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Foreword

Pharmacokinetics and pharmacodynamics (PK/PD) have become essential disci-
plines in drug research and development. Rational use of PK/PD allows for better
decision making and streamlines dose optimization. In the past, PK/PD concepts
have been primarily been applied to the development of small drug molecules.
However, in recent years more and more drug candidates come form the field of
biotechnology and are larger molecules. Pharmacokinetics and Pharmaco-
dynamics of Biotech Drugs gives an excellent overview of the state of the art of ap-
plying PK/PD concepts to large molecules.

After a comprehensive introduction, the basic PK/PD properties of peptides,
monoclonal antibodies, antisense oligonucleotides and gene delivery vectors are
reviewed. In the second part, the book covers a number of challenges and oppor-
tunities in this field such as bioanalytical methods, bioequivalence and pulmonary
delivery. The text finishes with a detailed presentation of some real-life examples
and case studies which should be of particular interest to the reader and integrate
many of the concepts presented earlier in the text.

The book was written by a group of international expert scientists in the field. It
is well-structured and easy to follow. The book is of great value for everybody
working in this area.

Hartmut Derendorf, Ph.D.

Distinguished Professor and Chairman
Department of Pharmaceutics
University of Florida
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Preface

In recent years, biotechnologically-derived drugs (biotech drugs) including pro-
teins, peptides, monoclonal antibodies and antibody fragments, as well as anti-
sense oligonucleotides and DNA preparations for gene therapy, have been a major
focus of research and development (R&D) efforts in the pharmaceutical industry,
and biotech drugs constitute already a sizable fraction of the medications used in
clinical practice.

Pharmacokinetic (PK) and pharmacodynamic (PD) concepts impact every stage
of the drug development process starting from lead optimization to the design of
Phase III pivotal trials. PK and PK/PD evaluations are widely considered corner-
stones in the development of new drug products and are usually deeply embedded
in the discovery and development plan. The widespread application of PK/PD con-
cepts in all phases of drug development has repeatedly been promoted by indus-
try, academia, and regulatory authorities, most recently through FDA’s Critical
Path to New Medical Products initiative and the concept of integrated model-
based drug development.

An understanding of PK and PD and the related dose-concentration-effect rela-
tionship is crucial to any drug – including biotech products – since it lays the
foundation for dosing regimen design and rational clinical application. While gen-
eral PK and PD principles are just as applicable to biotech agents as they are to
traditional small molecule drugs, PK and PK/PD analyses of biotech agents fre-
quently pose extra challenges related to factors such as their similarity to endogen-
ous molecules and/or nutrients and their immunogenicity.

This textbook provides a comprehensive overview on the PK and PD of biotech-
derived drug products, highlights the specific requirements and challenges related
to PK and PK/PD evaluations of these compounds and provides examples of their
application in preclinical and clinical drug development. The impetus for this pro-
ject originated from the notion that at the time of its initiation there was no com-
prehensive publication on the market that specifically addressed this topic.

Following a short introduction, the book is structured into three sections: The
‘Basics’ section discusses individually the pharmacokinetics of peptides, monoclo-
nal antibodies, antisense oligonucleotides and gene delivery vectors. The subse-
quent ‘Challenges and Opportunities’ section includes more detailed considera-
tions on selected topics, including technical challenges such as bioanalytical

VII



methodologies, noncompartmental data analysis and exposure-response assess-
ments. It furthermore discusses biopharmaceutical challenges as exemplified by
the delivery of oligonucleotides and of peptides and proteins to the lung, and pro-
vides insights into the opportunities provided by chemical modification of biotech
drugs and the regulatory challenges related to follow-on biologics. The third and
final section provides examples for the ’Integration of Pharmacokinetic and Phar-
macodynamic Concepts into the Biotech Drug Development Plan’, including the
preclinical and early clinical development of tasidotin, and the clinical develop-
ment programs for cetuximab and pegfilgrastim.

The book addresses an audience with basic knowledge in clinical pharmacology,
PK and PD, and clinical drug development. It is intended as a resource for gradu-
ate students, postdocs, and junior scientists, but also for those more experienced
pharmaceutical scientists that have no experience in the PK and PD evaluation of
biotech drugs and wish to gain knowledge in this area.

I would like to express my gratitude to all contributors of this project for provid-
ing their unique array of expertise to this book project which allowed us to com-
pile a wide variety of viewpoints relevant to the PK and PK/PD evaluation of bio-
tech drugs and derived products. In addition, I would like to thank Dr. Romy
Kirsten and Dr. Andrea Pillmann at Wiley-VCH for their assistance in producing
this book and Ms. Faith Barcroft for her invaluable text editing.

Finally I would like to dedicate this book to my family for their patience, encour-
agement and support during this project.

Memphis, Summer 2006 Bernd Meibohm
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Part I

Introduction





1

The Role of Pharmacokinetics and Pharmacodynamics

in the Development of Biotech Drugs

Bernd Meibohm

1.1

Introduction

During the past two decades, advances in biotechnology have triggered the devel-
opment of numerous new drug products. This group of so-called biotech drugs
is a subset of the therapeutic group of biologics. Therapeutic biologic products,
or biologics, are defined by the U.S. Food and Drug Administration (FDA) as
any virus, therapeutic serum, toxin, antitoxin, or analogous product applicable to
the prevention, treatment or cure of diseases or injuries of man. Biologics are a
subset of drug products distinguished by their manufacturing process. While
classical drugs are synthesized via a chemical process, biologics are manufac-
tured utilizing biological processes and are typically derived from living material
– human, plant, animal, or microorganism. Biotech drugs can be considered as
those biologics that are manufactured using biotechnology-based production pro-
cesses.

The similarity in the drug development and evaluation process for biotech
drugs and conventional, chemically synthesized drugs has recently been acknowl-
edged in the FDA’s 2003 decision to transfer certain product oversight responsibil-
ities from the Center for Biologics Evaluation and Research (CBER) to the Center
for Drug Evaluation and Research (CDER). The biologics for which oversight was
transferred include monoclonal antibodies for in vivo use, proteins intended for
therapeutic use, including cytokines (e.g., interferons), enzymes (e.g., thromboly-
tics), growth factors, and other novel proteins that are derived from plants, ani-
mals, or microorganisms, including recombinant versions of these products, and
other non-vaccine and non-allergenic therapeutic immunotherapies. Classical bio-
logics such as blood, blood components and vaccines remain under the regulatory
authority of the CBER. Even under this new structure, however, the biologic pro-
ducts transferred to the CDER will continue to be regulated as licensed biologics –
that is, a Biologic License Application (BLA) must be submitted to obtain market-
ing authorization as compared to a New Drug Application (NDA) which is used
for traditional, chemically manufactured drug products.
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For the purpose of this book, biotech drugs include not only therapeutically
used peptides and proteins, including monoclonal antibodies, but also oligonu-
cleotides and DNA preparations for gene therapy. Although oligonucleotides are,
due to their chemically defined production process, classified by the FDA as classi-
cal drugs requiring an NDA prior to marketing authorization, and DNA prepara-
tions for gene therapy are regulated by the CBER, they are both included in the
class of biotech drugs as their therapeutic application relies heavily on the princi-
ples of molecular biology and they are considered by analysts as biotech com-
pounds.

1.2

Biotech Drugs and the Pharmaceutical Industry

In parallel with the development of the discipline of biotechnology during the
past two decades, an increasing fraction of pharmaceutical R&D has been devoted
to biotechnology-derived drug products. It has been estimated that more than
250 million patients have benefited from already approved biotechnology medi-
cines to treat or prevent heart attacks, stroke, multiple sclerosis, leukemia, hepati-
tis, rheumatoid arthritis, breast cancer, diabetes, congestive heart failure, kidney
cancer, cystic fibrosis and other diseases [1]. This number is expected to increase
significantly with the introduction of new biotech drugs into the marketplace.
According to a survey by the Pharmaceutical Research and Manufacturers of
America (PhRMA) in 2004, 324 biotechnology medicines were in development for
almost 150 diseases. These include 154 medicines for cancer, 43 for infectious dis-
eases, 26 for autoimmune diseases, and 17 for AIDS/HIV and related conditions.
These potential medicines – all of which were at the time of the survey either in
human clinical trials or under review by the FDA – will enlarge the list of 108 bio-
technology medicines already approved and available to patients (Fig. 1.1) [1].

Biotech and genomic companies currently perform almost one-fifth of all phar-
maceutical R&D, and this figure is set to double during the next 10 years [2]. It
has been suggested that over half of all the New Active Substances developed dur-
ing the next 10–15 years will result from research into antibodies alone. Biotech-
nology products accounted for more than 35% of the 37 New Active Substances
that were launched in 2001 [2]. This success in drug development is underlined
by the fact that several biotech drugs have achieved blockbuster status, earning
more than US$ 1 billion in annual sales, including Epoetin-� (Epogen/Procrit/
Eprex), interferon-�2b (IntronA, PEG-Intron/Rebetron combination therapy), and
filgrastim (Neupogen) [3].

Since the development of biotech drugs generally rests on a fundamental under-
standing of the related disease, their clinical development has also proven to be
more successful than for conventional, chemically derived small-molecule drugs.
Only 8% of the new chemical entities that entered the clinical phases of drug de-
velopment between 1996 and 1998 reached the market, compared to 34% of bio-
tech drugs (Fig. 1.2). This means that biologics have, at the time of their first-in-
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man studies, a fourfold greater chance than traditional, chemically defined drugs
of making it into the marketplace. Thus, greater use of biologics will likely reduce
the attrition rate at every stage of the clinical drug development process [2]. Based
on these facts, it can be predicted that biotech drugs will play a major – if not
dominant – role in the drug development arena of the next decades.

1.3

Pharmacokinetics and Pharmacodynamics in Drug Development

The general paradigm of clinical pharmacology is that administration of a dose or
the dosing regimen of a drug results in defined drug concentrations in various
body compartments and fluids. These are, in turn, the driving force for the drug’s
desired and undesired effects on the human body that collectively constitute the
drug’s efficacy and safety profile. Based on this paradigm, the basis for the phar-
macotherapeutic use of biotech drugs is similar to that of small molecules – a de-
fined relationship between the intensity of the therapeutic effect and the amount
of drug in the body or, more specifically, the drug concentration at its site of action
(i. e., an exposure–response relationship). The relationship between the adminis-
tered dose of a drug, the resulting concentrations in body fluids and the intensity
of produced outcome may be either simple or complex, and thus obvious or hid-
den. However, if no simple relationship is obvious, it would be misleading to con-
clude a priori that no relationship exists at all rather than that it is not readily ap-
parent [4, 5].

The dose–concentration–effect relationship is defined by the pharmacokinetic
(PK) and pharmacodynamic (PD) characteristics of a drug. Pharmacokinetics
comprises all processes that contribute to the time course of drug concentrations
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in various body fluids, generally blood or plasma – that is, all processes affecting
drug absorption, distribution, metabolism, and excretion. In contrast, pharmaco-
dynamics characterizes the effect intensity and/or toxicity resulting from certain
drug concentrations at the assumed effect site. When simplified, pharmacoki-
netics characterizes “what the body does to the drug”, whereas pharmacodynamics
assesses “what the drug does to the body” [6]. Combination of both pharmacologi-
cal disciplines by integrated PK/PD modeling allows a continuous description of
the effect–time course resulting directly from the administration of a certain dose
(Fig. 1.3) [4, 5].

The increased application and integration of PK/PD concepts in all stages of
preclinical and clinical drug development is one potential tool to enhance the in-
formation gain and the efficiency of the decision-making process during drug de-
velopment [7]. PK/PD analysis supports the identification and evaluation of drug
response determinants, especially if mechanism-based modeling is applied [8].
PK/PD analysis also facilitates the application of modeling and simulation (M&S)
techniques in drug development, and allows predictive simulations of effect inten-
sity-time courses for optimizing future development steps.

Pharmaceutical drug development has traditionally been performed in sequen-
tial phases, preclinical as well as clinical Phases I to III, in order to answer the
two basic questions – which compound should be selected for development, and
how it should be dosed. This information-gathering process has recently been
characterized as two successive learning-confirming cycles (Fig. 1.4) [8, 9]. The
first cycle (traditional Phases I and IIa) comprises learning – in healthy subjects –
what dose is tolerated and confirming that this dose has some measurable bene-
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fits in the targeted patients. An affirmative answer at this first cycle provides the
justification for a larger and more costly second learn–confirm cycle (Phases IIb
and III), where the learning step is focused on how to use the drug in representa-
tive patients for maximizing its benefit/risk ratio, while the confirming step is
aimed at demonstrating an acceptable benefit/risk ratio in a large patient popula-
tion. It has repeatedly been suggested to leave the sequential approach of preclini-
cal/clinical phases and to streamline drug development by combining preclinical
and early clinical development as parallel, exploratory endeavors and to expand
the learning process to all phases of drug development. Such a strategy might pro-
vide a deeper understanding of the drug’s action prior to taking it further in devel-
opment. This will ensure that the limited resources available in drug development
are allocated to the most promising drug candidates [10].

For several years, the widespread application of PK/PD concepts in all phases of
drug development has repeatedly been promoted by industry, academia, and regu-
latory authorities [11–16]. Rigorous implementation of PK/PD concepts in drug
product development provides a rationale, scientifically based framework for effi-
cient decision-making regarding the selection of potential drug candidates, for
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maximum information gain from the performed experiments and studies, and for
conducting fewer, more focused clinical trials with improved efficiency and cost-
effectiveness [2, 10]. Examples of applications of PK/PD in drug development are
provided in Figure 1.4.

1.4

PK and PK/PD Pitfalls for Biotech Drugs

Pharmacokinetic and pharmacodynamic principles are equally applicable to con-
ventional small-molecule drugs and biotech drugs such as peptides, proteins, and
oligonucleotides. Since biotech drugs are frequently identical or similar to endo-
genous substances, however, they often exhibit unique pharmacokinetic and phar-
macodynamic properties that are different from traditional small-molecule drugs
and resemble more those of endogenous macromolecules.

The distribution and metabolism of protein-based biotech drugs, for example,
generally follows the mechanisms of endogenous and nutritional proteins. This
includes, for example, unspecific proteolysis as a major elimination pathway for
proteins rather than oxidative hepatic metabolism typical for the majority of
small-molecule drugs. As a consequence, drug interactions studies focused on cy-
tochrome P-450 enzymes do not usually need to be performed for protein-based
biotech drugs [17].

Due to their structural similarity as polypeptides, it is generally much easier for
peptide-based biotech drugs to predict how they will be distributed, metabolized
and eliminated, and they typically have much faster development cycles. As the
handling of peptides is relatively well preserved between different mammalian
species, this also implies that knowledge generated in pharmacokinetic studies in
animals can be extrapolated to predict the situation in humans with a relatively
high reliability. Thus, allometric scaling is usually much more successful for bio-
tech drugs than for traditional small-molecule compounds [17].

Another pharmacokinetic feature frequently observed for biotech drugs, but only
rarely seen for traditional small-molecule drugs, is target-mediated drug disposi-
tion [18]. In this case, interaction of the drug with its pharmacological target is not
reversible, but initiates the elimination of the drug, for example through intracellu-
lar metabolism after internalization of a drug–receptor complex. If the number of
pharmacological target molecules is in the same magnitude or larger than the
number of drug molecules, drug elimination via interaction with the pharmacolo-
gical target may constitute a substantial fraction of the overall elimination clearance
of the drug. In this case, pharmacokinetics and pharmacodynamics are no longer
independent processes, but become inseparable and bidirectionally interdepen-
dent, in contrast to being unidirectionally interdependent as is the case if drug con-
centrations determined by pharmacokinetics are the driving force of drug effect via
the concentration–effect relationship described by pharmacodynamics.

Target-mediated drug disposition is often associated with nonlinearity in the
pharmacokinetics of the affected drug, as the elimination pathway mediated via
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interaction with the pharmacological target is frequently saturated at therapeu-
tic concentrations. The consequence is an over-proportional increase in sys-
temic exposure with increasing dose once this elimination pathway becomes sa-
turated.

As mentioned earlier, one of the reasons for the success of biotech com-
pounds in drug development is the fact that the biological approach rests on a
fundamental understanding of the disease at the molecular level [2, 19]. Never-
theless, nonlinear pharmacokinetics, target-mediated disposition, as well as
their metabolic handling may not only pose extra challenges, but also provide
opportunities during the preclinical and clinical development of biotech drugs
that are different from small-molecule drug candidates and may require addi-
tional resources and unique expertise. Some of the associated challenges, pit-
falls and opportunities will be addressed in the subsequent chapters of this
textbook.

1.5

Regulatory Guidance

Regulatory guidance documents supporting the drug development process with
regard to pharmacokinetics and PK/PD evaluations have, in general, a similar re-
levance for biotech drugs as they have for traditional, chemically defined small-
molecule compounds. These include for example the exposure–response gui-
dance document from 2003 [20] and the population pharmacokinetics guidance
document from 1999 [20] as issued by the FDA, and the ICH E4 guideline on
“Dose Response Information To Support Drug Registration” [21] of the Interna-
tional Conference on Harmonization of Technical Requirements for Registration
of Pharmaceuticals for Human Use (ICH).

Additional guidance documents, however, have been issued that address the
specific needs of and requirements for biotech drugs. Besides specific guidance
documents for biologics with regard to chemical characterization, stability and
manufacturing, there are also documents affecting clinical pharmacology evalua-
tions. The ICH S6 guideline on “Preclinical Safety Evaluation of Biotechnology-
Derived Pharmaceuticals”, for example, addresses among other topics preclinical
pharmacokinetics and pharmacodynamics as well as exposure–response and drug
metabolism studies [22].

1.6

Future

Biotech drug development is frequently described as occurring in waves. The in-
itial wave occurred following the introduction of recombinant human insulin in
1982, and comprised recombinant endogenous proteins. The introduction of mul-
tiple monoclonal antibodies into pharmacotherapy constitutes the second wave of
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innovation. Further waves are expected to occur during the second part of this dec-
ade, with the widespread introduction of humanized or fully human monoclonal
antibodies and the marketing approval of antibody-derived products such as anti-
body fragments and fusion proteins [23].

The further development and promotion of model-based drug development
through the FDA’s critical path initiative is likely to further foster the application
of PK/PD concepts and M&S in the development of biotech drug compounds.
This move is further bolstered by initiatives of the pharmaceutical industry as well
as professional organizations in pharmaceutical sciences and clinical pharmacol-
ogy to embrace a more holistic and integrated approach to quantitative methods
in drug development stretching from drug discovery to post-marketing surveil-
lance, with PK/PD-based M&S at its core.

In the near future, one of the major challenges for the biotech industry, as well
as for the regulatory authorities, will be the introduction of biogeneric drugs, also
termed biosimilar drugs or “follow-on” biologics. This group of drugs is the bio-
tech analogue of generic drug products for traditional small-molecule com-
pounds. Biogenerics have been defined as new protein drug products that are
pharmaceutically and therapeutically equivalent to a reference product, for exam-
ple an innovator product after expiration of its patent protection.

The activity of those biotech drugs that are macromolecules is often dependent
upon their conformation, which is based on the secondary, tertiary and sometimes
quaternary structure. As conformational changes can result in changes of the
drug’s activity profile, it is crucial to ensure that the essential conformational fea-
tures are maintained in biogeneric compared to innovator products. This situation
is further complicated by the fact that the manufacturing conditions are largely
determining the final product, and that changes in this process may already result
in activity changes, for example conformational changes or changes in the glyco-
sylation pattern. In addition, there is often only limited knowledge available as to
which features are essential for the biotech drug’s in-vivo effectiveness [24].
Although the extensive discussions on biogeneric products are still ongoing, the
European Medicines Agency (EMEA) has recently issued a “Guideline on Similar
Biological Medicinal Products” [25]. In this document, the EMEA argues that the
standard generic approach for the establishment of bioequivalence applied to che-
mically derived small-molecule drugs is not appropriate for biologics or biotech-
nology-derived drug products due to their complexity. Instead, a “similar biologi-
cal medicinal products” approach, based on a comparability exercise, must be ap-
plied. The issue of biogenerics is discussed in detail in Chapter 8.

Biotech drugs, including peptides, proteins and antibodies, oligonucleotides
and DNA, are projected to cover a substantial market share in the healthcare sys-
tems of the future. It will be crucial for their widespread application in pharma-
cotherapy, however, that their respective drug development programs are success-
fully completed in a rapid, cost-efficient and goal-oriented manner. Model-based
drug development utilizing pharmacokinetic and pharmacodynamic concepts in-
cluding exposure–response correlations has repeatedly been promoted by indus-
try, academia, and regulatory authorities for all preclinical and clinical phases of
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drug development, and is believed to result in a scientifically driven, evidence-
based, more focused and accelerated drug product development process [10].
Thus, PK/PD concepts are likely to continue expanding their role as a cornerstone
in the successful development of biotech drug products in the future.
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Pharmacokinetics of Peptides and Proteins

Lisa Tang and Bernd Meibohm

2.1

Introduction

Although small numbers of peptide- and protein-based therapeutics have long
been used in medical practice (e.g., calcitonin or glucagon), it has been the ad-
vances in biotechnology and their application in drug development that have pro-
pelled peptides and proteins from niche products to mainstream therapeutics. Re-
combinant human insulin, which was approved in 1982, was the first of these bio-
technologically derived drug products, and many more have followed during the
past 25 years. Today, peptide- and protein-based drug products constitute a sizable
fraction of all clinically used medications. Nevertheless, there are distinct differ-
ences between these drug products and small molecule-based therapeutics that
may require the use of different technologies and methodological approaches and
experimental designs during their preclinical and clinical development, including
pharmacokinetic and exposure–response assessments.

Pharmacokinetic and exposure–response concepts impact every stage of the
drug development process, starting from lead optimization to the design of
Phase III pivotal trials [1]. An understanding of the concentration–effect relation-
ship is crucial to any drug – including peptides and proteins – as it lays the foun-
dation for dosing regimen design and rational clinical application. General phar-
macokinetic principles are equally applicable to protein- and peptide-based drugs
as they are to traditional small-molecule drugs. This includes pharmacokinetic-re-
lated recommendations for drug development, such as the recently published ex-
posure–response guidance document of the U.S. Food and Drug Administration
(FDA) and the ICH E4 guideline of the International Conference on Harmoniza-
tion [2, 3].

The assessment and interpretation of the pharmacokinetics of peptides and pro-
teins, however, frequently poses extra challenges, and requires additional re-
sources compared to small-molecule drug candidates. One such challenge arises
from the fact that most peptide- and protein-based drugs are identical or similar
to endogenous molecules, and must be identified and quantified next to a myriad
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of structurally similar molecules. The resulting bioanalytical challenges are dis-
cussed in Chapter 6. The following sections of this chapter provide a general
discussion on the pharmacokinetics of peptide- and protein-based therapeutics.
Additionally, they outline some of the associated challenges and obstacles in the
drug development process and illustrate them with examples of approved and
experimental drugs. An overview of the basic pharmacokinetic parameters of
select FDA-approved protein- and peptide-based drugs is provided as reference in
Table 2.1.

2.2

Administration Pathways

Peptides and proteins, unlike conventional small-molecule drugs, are generally
not therapeutically active upon oral administration [4–6]. The lack of systemic
bioavailability is mainly caused by two factors: high gastrointestinal enzyme activ-
ity, and low permeability through the gastrointestinal mucosa. In fact, the sub-
stantial peptidase and protease activity in the gastrointestinal tract makes it the
most efficient body compartment for peptide and protein metabolism. Further-
more, the gastrointestinal mucosa presents a major absorption barrier for water-
soluble macromolecules such as peptides and proteins [4]. Absorption may be, at
least for peptides, further impeded through presystemic metabolism by the func-
tional system of cytochrome P450 3A and p-glycoprotein (P-gp) [7–9].

Due to the lack of activity after oral administration for most peptides and pro-
teins, administration by injection or infusion – that is, by intravenous (IV), subcu-
taneous (SC), or intramuscular (IM) administration – is frequently the preferred
route of delivery for these drug products. In addition, other non-oral administra-
tion pathways have been utilized, including nasal, buccal, rectal, vaginal, transder-
mal, ocular, or pulmonary drug delivery. Some of these delivery pathways will be
discussed in the following sections in the order of the increasing biopharmaceutic
challenges to obtain adequate systemic exposure.

2.2.1

Administration by Injection or Infusion

Injectable administration of peptides and proteins offers the advantage of circum-
venting presystemic degradation, thereby achieving the highest concentration in
the biological system. Examples of FDA-approved proteins given by the IV route
include the tissue plasminogen activator (t-PA) analogues alteplase and tenecte-
plase, the recombinant human erythropoietin epoetin-�, and the granulocyte col-
ony-stimulating factor filgrastim. However, IV administration as either a bolus
dose or constant rate infusion may not always provide the desired concentration–
time profile depending on the biological activity of the product, and IM or SC in-
jections may be more appropriate alternatives. For example, luteinizing hormone-
releasing hormone (LH-RH) in bursts stimulates the release of follicle-stimulating
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Table 2.1 Pharmacokinetic parameters of select FDA-approved protein/peptide drugs as reported in the prescribing information.

Generic name/ Class Manufacturer Route Bioavailability Clearancea) Volume of Half-life

Trade name distributionb)

Abarelix/Plenaxis LHRH antagonist Praecis IM 208 ± 48 L/day 4040 ± 1607 L 13.2 ± 3.2 days

Agalsidase/Fabrazyme �-Galactosidase Genzyme IV – Nonlinear PK 45–102 min

Aldesleukin/Proleukin Antineoplastic (IL-2) Chiron IV – 268 mL/min 85 min

Alefacept/Amevive Immunosuppressant Biogen IV, IM 63% (IM) 0.25 mL/h/kg 94 mL/kg 270 h

Alteplase/Activase Thrombolytic Genentech IV – 380–570 mL/min PLV
˙

<5 min

Anakinra/Kineret Antirheumatic (IL-1Ra) Amgen SC 95% 4–6 h

Asparaginase/Elspar Antineoplastic Merck IV, IM 70–80% PLV 8–30 h (IV)
39–49 h (IM)

Cetrorelix/Cetrotide LHRH antagonist Serono SC 85% 1.28 mL/min/kg 1.16 L/kg 62.8 (38.2–108) h

Cyclosporine Immunosuppressant
Neoral Novartis PO 10–89% 5–7 mL/min/kg 3–5 L/kg 8.4 (5–18) h
Sandimmune Novartis IV, PO 30 (PO) 19 (10–27) h

Darbepoetin-�/Aranesp Anti-anemic Amgen IV, SC 37 (30–50)% 21 h (IV)
49 (24–72) h (SC)

Denileukin diftitox/ Antineoplastic Ligand IV – 1.5–2.0 mL/min/kg 0.06–0.08 L/kg 70–80 min
Ontak

Desmopressin/ Antidiuretic Aventis PO, IN 3.2% (IN) 75.5 min (IN)
DDAVP 0.16%(PO) 1.5–2.5 h (PO)

Drotrecogin-�/Xigris Activated protein C Eli Lilly IV – 40 L/h

Epoetin-�/ Anti-anemic Amgen, Ortho IV, SC 4–13 h (IV)
Epogen, Procrit 16.3 ± 3.0 h (SC)
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Table 2.1 (continued)

Generic name/ Class Manufacturer Route Bioavailability Clearancea) Volume of Half-life

Trade name distributionb)

Eptifibatide/Integrilin GPIIb/IIIa inhibitor Millennium IV – 55–58 mL/h/kg 2.5 h

Etanercept/Enbrel Antirheumatic Amgen SC 89 mL/h 115 (98–300) h

Exenatide/Byetta Incretin mimetic Amylin SC 9.1 L/h 28.3 L 2.4 h

Follitropin/Gonal-f Follicle-stimulating Serono SC 66 ± 39% 0.7 ± 0.2 L/h 10 ± 3 L 32 h
hormone

Follitropin beta/ Follicle-stimulating Organon SC 77.8% 0.01 L/h/kg 8 L 33.4 h
Follistim AQ hormone

Ganirelix/Antagon LHRH antagonist Organon SC 91% 2.4 ± 0.2 L/h 43.7 ± 11.4 L 12.8 ± 4.3 h

Glucagon/Glucagon rh Glucagon Eli Lilly IV, IM, SC 13.5 mL/min/kg 0.25 L/kg 8–18 min (IV)

Goserelin/Zoladex LHRH agonist AstraZeneca SC 110.5 ± 47.5 mL/min 44.1 ± 13.6 L 4.2 ± 1.1 h
(men) (men) (men)
163.9 ± 71.0 mL/min 20.3 ± 4.1 L 2.3 ± 0.6 h
(women) (women) (women)Insulins

Lispro (Humalog) Insulin analogue Eli Lilly SC 55–77% 0.26–0.36 L/kg 60 min (IV)
Aspart (Novolog) Insulin analogue Novartis SC 55–77% 1.22 L/h/kg 81 min (SC)
rh (Humulin R) Eli Lilly SC 55–77% 0.26–0.36 L/kg 90 min (IV)
Glargine (Lantus) Insulin analogue Aventis SC 11 h (T25%)
Inhaled rh (Exubera) Pfizer IH Assumed to be identical to rh insulin

Interferon �-1b/ Biological response Berlex/Chiron SC 50% 9.4–28.9 mL/min/kg 0.25–2.88 L/kg 8 min – 4.3 h (IV)
Betaseron modifier

Interferon �-1b/ Immunomodulator InterMune SC >89% 1.4 L/min 38 min (IV)
Actimmune 2.9 h (IM)

5.9 h (SC)
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Table 2.1 (continued)

Generic name/ Class Manufacturer Route Bioavailability Clearancea) Volume of Half-life

Trade name distributionb)

Leuprolide/Eligard LHRH agonist Atrix SC – 8.36 L/h 27 L 3 h

Laronidase/Aldurazyme Lysosomal hydrolase Genzyme IV – 1.7–2.7 mL/min/kg 0.24–0.6 L/kg 1.5–3.6 h

Octreotide/Sandostatin Somatostatin analogue Novartis IV, SC 100% 7–10 L/h 13.6 L 1.7–1.9 h

Oprelvekin/Neumega Thrombopoietic Wyeth SC >80% 6.9 ± 1.7 h
stimulant (IL-11)

Pegaspargase/Oncaspar Antineoplastic Enzon IM, IV 5.69 ± 3.25 days

Pegfilgrastim/Neulasta Hematopoietic Amgen SC Nonlinear PK 15–80 h
stimulant

Peginterferon �-2a/ Biological response Roche SC 84% 94 mL/h 80 (50–140) h
Pegasys modifier

Pramlintide/Symlin Amylin analogue Amylin SC 30–40 % 1 L/min 15–27 L 48 min

Reteplase/Retavase Thrombolytic Centocor IV – 250–450 mL/min 13–16 min

Sargramostim/Leukine Hematopoietic Berlex IV, SC 431 mL/min/m2 (IV) 60 min (IV)
stimulant 549 mL/min/m2 (SC) 162 min (SC)

Tenecteplase/TNKase Thrombolytic Genentech IV – 99–119 mL/min PLV
˙

90–130 min

Teriparatide/Forteo Parathyroid hormone Eli Lilly SC 95% 94 L/h (men) 5 min (IV)
62 L/h (women) 0.12 L/kg (IV) 1 h (SC)

Triptorelin/Trelstar LHRH agonist Pfizer IM 83% 212 ± 32 mL/min 30–33 L 2.81 ± 1.21 h

Urokinase/Abbokinase Thrombolytic Abbott IV – 11.5 L 12.6 ± 6.2 min

a) PLV plasma volume (40 mL/kg); rh = recombinant human; IV = intravenous; IM = intramuscular;
IN = intranasal; SC = subcutaneous.

b) Clearance and volume of distribution terms for drugs not administered by IV usually reflect clearance
and volume terms divided by bioavailability (i. e., CL/F or V/F).



hormone (FSH) and luteinizing hormone (LH), whereas a continuous baseline le-
vel will suppress the release of these hormones [10]. To avoid the high peaks from
an IV administration of leuprorelin, an LH-RH agonist, a long-acting monthly de-
pot injection of the drug is approved for the treatment of prostate cancer and en-
dometriosis [11]. A recent study comparing SC versus IV administration of epoe-
tin-� in patients receiving hemodialysis reports that the SC route can maintain
the hematocrit in a desired target range with a lower average weekly dose of epoe-
tin-� compared to IV [12].

The drawbacks of SC and IM injections include potentially decreased bioavail-
ability that is secondary to variables such as local blood flow, injection trauma, pro-
tein degradation at the site of injection, and limitations of uptake into the sys-
temic circulation related to effective capillary pore size and diffusion. The bioavail-
ability of numerous peptides and proteins is, for example, markedly reduced after
SC or IM administration compared to their IV administration. The pharmacokine-
tically derived apparent absorption rate constant is thus the combination of ab-
sorption into the systemic circulation and presystemic degradation at the absorp-
tion site. The true absorption rate constant ka can then be calculated as:

ka � F � kapp

where F is the bioavailability compared to IV administration. A rapid apparent ab-
sorption rate constant kapp can thus be the result of a slow absorption and a fast
presystemic degradation – that is, a low systemic bioavailability [13].

Several approved peptides and proteins, including insulin, enfuvirtide [14], and
the recently approved pramlintide [15], are administered as SC injections. Follow-
ing a SC injection, peptide and protein therapeutics may enter the systemic circu-
lation either via blood capillaries or through lymphatic vessels [16]. In general,
macromolecules larger than 16 kDa are predominantly absorbed into the lympha-
tic system, whereas those under 1 kDa are mostly absorbed into the blood circula-
tion. Studies with recombinant human interferon �-2a (rhIFN �-2a) indicate that,
following SC administration, high concentrations of the recombinant protein are
found in the lymphatic system, which drains into regional lymph nodes [17].
Furthermore, there appears to be a linear relationship between the molecular
weight of the protein and the proportion of the dose absorbed by the lymphatics
(Fig. 2.1) [18]. This is of particular importance for those agents for which the ther-
apeutic targets are lymphoid cells (i. e., interferons and interleukins) [17]. Clinical
studies show that palliative low-to-intermediate-dose SC recombinant interleu-
kin-2 (rIL-2) in combination with rhIFN �-2a can be administered to patients in
the ambulatory setting with efficacy and safety profiles comparable to the most ag-
gressive IV rIL-2 protocol against metastatic renal cell cancer [19].
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2.2.2

Inhalational Administration

Inhalational delivery of peptides and proteins offers the advantage of ease of ad-
ministration, the presence of a large surface area (75 m2) available for absorption,
high vascularity of the administration site, and bypass of hepatic first-pass meta-
bolism. Disadvantages of inhalation delivery include the presence of certain pro-
teases in the lung, potential local side effects of the inhaled agents on the lung
tissues (i. e., growth factors and cytokines), and molecular weight limitations
(Fig. 2.2) [20, 21].

The success of inhaled peptide and protein drugs can be exemplified by inhaled
recombinant human insulin products, with Exubera being the first approved pro-
duct (2006), and several others in clinical development. Inhaled insulin offers the
advantages of ease of administration and rapid onset with a shorter duration of ac-
tion for tighter postprandial glucose control as compared to subcutaneously admi-
nistered regular insulin [22]. A study involving 26 patients with type II diabetes
mellitus showed that inhalation insulin treatment for 3 months significantly im-
proved glycemic control when compared to baseline, as assessed by hemoglobin
A1c levels [23]. Another clinical study with 249 type II diabetic subjects showed
comparable efficacy between inhaled insulin and the conventional SC insulin re-
gimen [24]. These clinical trials demonstrate that the non-invasive administration
of inhaled insulin offers similar efficacy, but better patient compliance than sub-
cutaneously administered insulin.

Dornase-�, which is indicated for the treatment of cystic fibrosis, is another ex-
ample of a protein drug successfully administered through the inhalation route.

232.2 Administration Pathways

Fig. 2.1 Correlation between molecular weight and cumulative recovery

(mean ± SD) of rINF �-2a (MW 19 kDa), cytochrome C (MW 12.3 kDa), inulin

(MW 5.2 kDa) and 5-fluoro-2’-deoxyuridine (FUDR) (MW 246 Da) in the effer-

ent lymph from the right popliteal lymph node following subcutaneous admin-

istration into the lower part of the right hind leg in sheep (n = 3). The linear

regression line has a correlation coefficient r = 0.998 (p <0.01) (from [18]).



In a multi-center, two-year clinical study, inhaled dornase-� was shown to signifi-
cantly improve lung function and reduce the risk of respiratory exacerbations in
pediatric cystic fibrosis patients [25].

2.2.3

Intranasal Administration

Similar to the inhalation route, intranasal administration of peptides and proteins
offers the advantages of ease of administration, delivery to a surface area rich in
its vascular and lymphatic network, and the bypassing of hepatic first-pass meta-
bolism [26]. Intranasal absorption of a variety of peptide and protein drugs includ-
ing calcitonin, oxytocin, LH-RH, growth hormone, interferons, and even vaccines
has been extensively investigated over the past decade. In general, polypeptides
with a molecular weight up to 2000 Da have been found to be pharmacologically
active via the intranasal route. In contrast, pharmaceutical peptides with molecu-

24 2 Pharmacokinetics of Peptides and Proteins

Fig. 2.2 Plasma bioavailability of therapeutic peptides versus molecular

weight (MW) after pulmonary administration. Bioavailability is expressed

as percentage of the dose deposited in the lungs relative to subcutaneous

administration in humans (open symbols) and various animal species

(solid symbols; square and circle: rodents; triangle: monkey).

PTH: parathyroid hormone; GH: growth hormone (from [20]).



lar weights of 2000–6000 Da (i. e., insulin, calcitonin, and LH-RH) require the addi-
tion of absorption enhancers in order to reach adequate bioavailability [10]. Limita-
tions that may preclude the use of the intranasal route of administration include
high variability in absorption associated with the site of deposition, the type of deliv-
ery system, changes in mucus secretion and mucociliary clearance, as well as the
presence of allergy, hay fever, or the common cold in the target population [27].

Intranasal administration has recently been proposed as a means to deliver pro-
tein therapeutics directly into the central nervous system (CNS), thereby bypass-
ing the blood–brain barrier [28]. In particular, one study reported achieving a
higher concentration of 125I-labeled recombinant human insulin-like growth fac-
tor-I (125I-rhIGF-I) in the CNS after intranasal administration rather than IV ad-
ministration [29]. The effectiveness of intranasal delivery of IGF-1 for the treat-
ment of stroke has been reported in a more recent study through a rat model. The
investigators reported that 150 µg of intranasal IGF-1 could effectively reduce in-
duced infarct size and neurologic deficits as compared to controls [29].

2.2.4

Transdermal Administration

Transdermal drug delivery offers the advantages of bypassing metabolic and che-
mical degradation in the gastrointestinal tract, as well as first-pass metabolism
by the liver. Methods frequently used to facilitate transdermal delivery include
sonophoration and iontophoresis. Both methodologies increase skin permeability
to ionic compounds – sonophoration by applying low-frequency ultrasound, and
iontophoresis by applying a low-level electric current. Therapeutic doses of insu-
lin, interferon-�, and epoetin-� have all been successfully delivered transdermally
via sonophoresis [30]. Additionally, transdermal iontophoresis has been applied
in delivery of a host of proteins and peptides including leuprolide [31], insulin
[32], growth hormone-releasing factor [33], calcitonin [34], and parathyroid hor-
mone [35].

2.2.5

Peroral Administration

Most peptides and proteins are currently formulated as parenteral formulations
because of their poor oral bioavailability. Nevertheless, oral delivery of peptides
and proteins would be the preferred route of administration if bioavailability
issues could be overcome, as it offers the advantages of convenient, pain-free ad-
ministration. Although various factors such as permeability, chemical and meta-
bolic stability and gastrointestinal transit time can affect the rate and extent of ab-
sorption of orally administered peptides and proteins, molecular size is generally
considered the ultimate obstacle [36].

Several promising strategies have emerged from the intensive recent research
efforts into the oral delivery of peptides and proteins [6, 36, 37]. Absorption enhan-
cers may be used either to temporarily disrupt the intestinal barrier so that drug
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penetration is increased, or to serve as transport carriers for the protein via com-
plex formation. The oral co-administration of parathyroid hormone, an 84-amino
acid protein, with N-[38]amino caprylic acid, a transport carrier, resulted in posi-
tive bioactivity as demonstrated in a rodent model of osteoporosis [38]. While para-
thyroid hormone has no oral bioavailability when administered alone, co-adminis-
tration of this absorption enhancer resulted in 2.1% oral bioavailability relative to
SC administration in monkeys [38]. Increasing intestinal paracellular absorption
was demonstrated in a study involving insulin and immunoglobulins co-adminis-
tered with zonula occulens toxin (Zot), another permeation enhancer. In animal
models, Zot reversibly increased the intestinal absorption of both insulin and im-
munoglobulins in a time-dependent manner [5].

Encapsulation in microparticles or nanoparticles may be used to shield peptides
and proteins from enzymatic degradation. These solid particles may be taken up
via endocytosis by the intestinal cells or passage through paracellular tight junc-
tions. Due to their stability in the gastrointestinal tract, they appear more favor-
able for oral delivery than liposomes. In particular, the gut-associated lymphoid
tissue (GALT) organized in Peyer’s patches has been suggested as a useful oral de-
livery target for encapsulated peptides and proteins. Peyer’s patches cover approxi-
mately 25% of the gastrointestinal mucosal surface area and are characteristically
high in phagocytotic activity with limited lysosomal activity. More importantly,
protein and peptide delivery through GALT offers the advantage of bypassing he-
patic first-pass metabolism [6]. The concept has successfully been demonstrated
by oral delivery of glucagon-like peptide-1 (GLP-1) in PLGA microspheres to dia-
betic mice. Mice treated with the microsphere preparation had indeed a lower gly-
cemic response to oral glucose challenge than mice treated with GLP-1 without
encapsulation into microspheres [39].

Because Peyer’s patches contain a large number of IgA-committed cells that can
be stimulated by antigens absorbed through membranous (M) cells, they have
also been targeted for oral vaccine delivery [40]. While significant gastrointestinal
degradation complicates oral vaccine delivery, recent studies have shown success-
ful chitosan microparticle absorption in oral vaccine delivery through Peyer’s
patches using ovalbumin as a model vaccine [41].

Other strategies of oral peptide and protein delivery include amino acid back-
bone modification, alternate formulation design, chemical conjugation to improve
their resistance to degradation, and inhibition of enzymatic degradation by co-ad-
ministration of protease inhibitors [6,42]. However, novel approaches to improve
oral protein and peptide drug delivery may not always be ideal. For example, the
use of absorption enhancers including EDTA, bile salts, and surfactants can actu-
ally cause disaggregation of insulin and increase its rate of degradation. Thus, de-
spite numerous approaches, development of orally administered proteins and
peptides still poses a major challenge and remains a key area in drug delivery re-
search [6].
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2.3

Administration Route and Immunogenicity

Antibody formation is a frequently observed phenomenon during chronic dosing
with protein drugs, especially for those derived from animal proteins. The pre-
sence of antibodies can obliterate the biological activity of a protein drug. In addi-
tion, protein–antibody complexation can also modify the distribution, metabolism
and excretion (i. e., the pharmacokinetic profile) of the protein drug. Elimination
can either be increased or decreased, with faster elimination of the complex occur-
ring if the reticuloendothelial system is stimulated. Elimination is slowed down if
the antibody–drug complex forms a depot for the protein drug. This effect would
prolong the drug’s therapeutic activity, which might be beneficial if the complex
formation does not decrease therapeutic activity [43].

Immunogenicity may be affected by the route of administration. Extravascular
injection has been shown to stimulate antibody formation more than IV applica-
tion, but this is most likely due to the increased immunogenicity of protein ag-
gregates and precipitates formed at the injection site [44]. A recent study investi-
gated the effect of the route of administration of INF-� preparations on inducing
anti-INF-� antibodies in multiple sclerosis patients. The results indicate that IM
injections appear less immunogenic compared to SC injections, resulting in
both a lower serum level of anti-INF-� antibodies as well as a delay in their ap-
pearance [45].

The immunogenicity of proteins can be reduced by chemical modifications of
the molecule, for example by conjugation with polyethylene glycol (PEG), a pro-
cess known as PEGylation [46, 47]. PEGylation can shield antigenic determinants
on the protein drug from detection by the immune system through steric hin-
drance [48]. This concept was successfully applied to overcome the high rate of
allergic reactions towards l-asparaginase, resulting in pegaspargase [49]. More
details of the effect of chemical modifications of peptides and proteins, including
PEGylation, are discussed in Chapter 11.

Other major advantages of PEGylation include its ability to manipulate the
pharmacokinetics and physico-chemical properties of the protein drug. Conjuga-
tion of protein drugs with PEG chains increases their hydrodynamic volume,
which in turn can result in a reduced renal clearance, restricted biodistribution,
and prolonged residence time. PEGylation can also protect against proteolytic de-
gradation and increase drug solubility [47]. Pegfilgrastim is the PEGylated version
of the granulocyte colony-stimulating factor filgrastim, which is administered for
the management of chemotherapy-induced neutropenia. PEGylation minimizes
filgrastim’s renal clearance by glomerular filtration, thereby making neutrophil-
mediated clearance the predominant route of elimination. Thus, PEGylation of fil-
grastim results in so-called “self-regulating pharmacokinetics”, since pegfilgras-
tim has a reduced clearance and thus prolonged half-life and more sustained dura-
tion of action in a neutropenic setting because few mature neutrophils are avail-
able to mediate its elimination [50]. The pharmacokinetics of pegfilgrastim are
discussed in detail in Chapter 15.
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2.4

Distribution

Whole-body distribution studies are essential for classical small-molecule drugs in
order to exclude any tissue accumulation of potentially toxic metabolites. This
problem does not exist for protein drugs, where the catabolic degradation products
(amino acids) are recycled in the endogenous amino acid pool. Therefore, biodis-
tribution studies for peptides and proteins are performed primarily to assess tar-
geting to specific tissues as well as to identify the major elimination organs [4].

The volume of distribution of a peptide or protein drug is determined largely by its
physico-chemical properties (e.g., charge, lipophilicity), protein binding, and depen-
dency on active transport processes. Due to their large size – and therefore limited
mobility through biomembranes – most therapeutic proteins have small volumes of
distribution, typically limited to the volumes of the extracellular space [26, 51].

After IV application, peptides and proteins usually follow a biexponential
plasma concentration–time profile that can best be described by a two-compart-
ment pharmacokinetic model [13]. The central compartment in this model repre-
sents primarily the vascular space and the interstitial space of well-perfused or-
gans with permeable capillary walls, especially liver and kidneys, while the periph-
eral compartment comprises the interstitial space of poorly perfused tissues such
as skin and (inactive) muscle [4].

In general, the volume of distribution of the central compartment (Vc), in which
peptides and proteins initially distribute after an IVadministration, is typically equal
to or slightly larger than the plasma volume of 3–8 L (approximate body water
volumes for a 70-kg person: interstitial 12 L, intracellular 27 L, intravascular 3 L).
Furthermore, the steady-state volume of distribution (Vss) is usually no more than
twice the initial volume of distribution, or approximately 14–20 L [13, 37, 43]. This
distribution pattern has been described for the somatostatin analogue octreotide
(Vc 5.2–10.2 L; Vss 18–30 L), and t-PA analogue tenecteplase (Vc 4.2–6.3 L;
Vss 6.1–9.9 L) [52]. Epoetin-� also has a volume of distribution estimated to be close
to the plasma volume at 0.0558 L/kg after an IVadministration to healthy volunteers
[53]. Similarly,Vss for darbepoetin-� has been reported as 0.0621 L/kg after an IV ad-
ministration in patients undergoing dialysis [54], and distribution of thrombopoie-
tin has also been reported to be limited to the plasma volume (~3 L) [55].

Active tissue uptake and binding to intra- and extravascular proteins, however,
can substantially increase the volume of distribution of peptide and protein drugs,
as for example observed with atrial natriuretic peptide (ANP) [56].

There is a tendency for Vss and Vc to correlate one with another, which implies
that the volume of distribution is predominantly determined by distribution in
the vascular and interstitial space as well as unspecific protein binding in these
distribution spaces. The distribution rate is inversely correlated with molecular
size and is similar to that of inert polysaccharides, suggesting that passive diffu-
sion through aqueous channels is the primary distribution mechanism [57].

The distribution, elimination and pharmacodynamics are, in contrast to conven-
tional drugs, frequently interrelated for peptides and proteins. The generally low
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volume of distribution should not necessarily be interpreted as low tissue penetra-
tion. Receptor-mediated specific uptake into the target organ, as one mechanism,
can result in therapeutically effective tissue concentrations despite a relatively
small volume of distribution. Nartograstim, a recombinant derivative of the gran-
ulocyte-colony stimulating factor (G-CSF), for example, is characterized by a speci-
fic, dose-dependent and saturable tissue uptake into the target organ bone mar-
row, presumably via receptor-mediated endocytosis [58].

Another factor that can influence the distribution of therapeutic peptides and
proteins is binding to endogenous protein structures. Physiologically active endo-
genous peptides and proteins frequently interact with specific binding proteins in-
volved in their transport and regulation.

A wide range of protein drugs, including growth hormone [59], recombinant
human DNases used as mucolytics in cystic fibrosis [60], and recombinant human
vascular endothelial growth factor (rhVEGF) [61], have all been shown to associate
with specific binding proteins. Protein binding not only affects whether the pep-
tide or protein drug will exert any pharmacological activity, but on many occasions
it may also have an inhibitory or stimulatory effect on the biological activity of the
agent [59]. Recombinant cytokines, when injected into the bloodstream, may
encounter various cytokine-binding proteins including soluble cytokine receptors
and anti-cytokine antibodies. In either case, the binding protein may either pro-
long the cytokine circulation time by acting as a storage depot, or it may enhance
the cytokine clearance [62]. Growth hormone, for example, has at least two bind-
ing proteins in plasma [63]; this protein binding substantially reduces growth hor-
mone elimination with a tenfold smaller clearance of total compared to free
growth hormone, but also decreases its activity via reduction of receptor interac-
tions.

Apart from these specific bindings, peptides and proteins may also be non-spe-
cifically bound to plasma proteins. For example, metkephamid, a met-enkephalin
analogue, was described as being 44–49% bound to albumin [64], while octreotide,
a somatostatin analogue, is up to 65% bound to lipoproteins [27].

Aside from the physico-chemical properties and protein binding of peptides and
proteins, site-specific and target-oriented receptor-mediated uptake can also influ-
ence biodistribution. In the case of rhVEGF, the administration of high doses of
the protein results in nonlinear pharmacokinetics. This nonlinearity has been
attributed to saturable binding, internalization, and degradation of VEGF mediated
by high-affinity receptors that line the vasculature (see Section 2.5.5) [61].

2.5

Elimination

In general, peptides and protein drugs are almost exclusively eliminated by meta-
bolism via the same catabolic pathways as endogenous or dietary proteins, result-
ing in amino acids that are reutilized in the endogenous amino acid pool for de-

novo biosynthesis of structural or functional body proteins. This has, for example,
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been described for enfuvirtide, a 36-amino acid synthetic peptide used in the treat-
ment of HIV-1 infection [65].

Non-metabolic elimination pathways such as renal or biliary excretion are gen-
erally negligible for most peptides and proteins, although biliary excretion has
been described for some peptides and proteins such as immunoglobulin A and oc-
treotide [27]. Clearance through biliary excretion has also been observed for the
opioid peptides DPDPE [66], as well as the prodrug form of DADLE [67]. If biliary
excretion of peptides and proteins occurs, it generally results in subsequent meta-
bolism of these compounds in the gastrointestinal tract (see Section 2.5.2) [13].

General tendencies in the in-vivo elimination of proteins and peptides may of-
ten be predicted from their physiological function. Peptides, for example, fre-
quently have hormone activity and usually have short elimination half-lives. This
is desirable for a close regulation of their endogenous levels and thus function. In
contrast, transport proteins such as albumin or �-1 acid glycoprotein have elimi-
nation half-lives of several days or weeks, which enables and ensures the continu-
ous maintenance of necessary concentrations in the bloodstream.

The elimination of peptides and proteins can occur unspecifically almost every-
where in the body, or it can be limited to a specific organ or tissue. The locations
of intensive peptide and protein metabolism include not only the liver, kidneys,
and gastrointestinal tissue, but also the blood and other body tissues. The deter-
mining factors for rate and mechanism of protein and peptide clearance include
molecular weight (Table 2.2) as well as a molecule’s physico-chemical properties,
including size, overall charge, lipophilicity, functional groups, glycosylation pat-
tern, secondary and tertiary structure and propensity for particle aggregation [68].
The metabolism rate generally increases with decreasing molecular weight from
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Table 2.2 Molecular weight as major determinant of the elimination mechanisms

of peptides and proteins. As indicated, mechanisms may overlap. Endocytosis

may occur at any molecular weight range. (modified from [43]).

Molecular weight

[Da]

Elimination

site(s)

Predominant elimination

mechanism(s)

Major determinant

<500 Blood, liver Extracellular hydrolysis
Passive lipoid diffusion

Structure, lipophilicity

500–1000 Liver Carrier-mediated uptake
Passive lipoid diffusion

Structure, lipophilicity

1000–50 000 Kidney Glomerular filtration and
subsequent degradation
processes (see Fig. 2.2)

Molecular weight

50 000–200 000 Kidney, liver Receptor-mediated endocytosis Sugar, charge

200 000–400 000 Opsonization �2-macroglobulin, IgG

>400 000 Phagocytosis Particle aggregation



large to small proteins to peptides. Due to the unspecific degradation of numer-
ous peptides and proteins in blood, clearance can exceed cardiac output – that is,
>5 L/min blood clearance and >3 L/min for plasma clearance [13]. Investigations
into the detailed metabolism of peptides and proteins are relatively difficult be-
cause of the myriad of molecule fragments that may be formed [69, 70].

A model example of the dependency of clearance on the physico-chemical prop-
erties of a protein is given by regular human insulin and its rapid-acting analo-
gues insulin lispro and insulin aspart. The insulin analogues differ structurally
from regular insulin through amino acid substitutions on the B chain, leading to
conformational changes that result in a shift in binding to the C-terminal portion
(Fig. 2.3). These structural alterations allow the rapid-acting insulin analogues to
have an onset of action between 5 and 15 min, and an effective duration lasting at
most 6 h as compared to regular human insulin with a much later onset of 30–
60 min and a longer duration up to 8–10 h. These properties of the rapid-acting
insulin analogues allow them to facilitate a much tighter control of postprandial
hyperglycemia in diabetic patients compared to regular human insulin [71].
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Fig. 2.3 Amino acid alterations in insulin lispro and insulin aspart compared

to regular human insulin (from [71]).



2.5.1

Proteolysis

Proteolytic enzymes such as proteases and peptidases are ubiquitous throughout
the body. Sites capable of extensive peptide and protein metabolism are not only
limited to the liver, kidneys, and gastrointestinal tissue, but also include the blood
and vascular endothelium as well as other organs and tissues. As proteases and
peptidases are also located within cells, intracellular uptake is per se more an elim-
ination rather than a distribution process [13]. While peptidases and proteases in
the gastrointestinal tract and in lysosomes are relatively unspecific, soluble pepti-
dases in the interstitial space and exopeptidases on the cell surface have a higher
selectivity and determine the specific metabolism pattern of an organ. The proteo-
lytic activity of subcutaneous tissue, for example, results in a partial loss of activity
of SC compared to IV administered interferon-�.

2.5.2

Gastrointestinal Elimination

For orally administered peptides and proteins, the gastrointestinal tract is the ma-
jor site of metabolism. Presystemic metabolism is the primary reason for their
lack of oral bioavailability. Parenterally administered peptides and proteins, how-
ever, may also be metabolized in the intestinal mucosa following intestinal secre-
tion. At least 20% of the degradation of endogenous albumin takes place in the
gastrointestinal tract [13].

2.5.3

Renal Elimination

For parenterally administered and endogenous peptides and proteins, the kidneys
are the major elimination organ if the peptide/protein size is less than the glomer-
ular filtration limit of ~60 kDa, though controversy persists with regard to glomer-
ular filtration selectivity in terms of size, molecular conformation, and charge of
the peptide or protein. The importance of the kidneys as elimination organ has
been shown for interleukin-2, M-CSF and interferon-� [57, 63].

Complex mathematical models have been developed in order to calculate the
sieving coefficient, or the average filtrate-to-plasma concentration ratio along the
length of a representative capillary [72]. Glomerular size–selectivity studies have
used dextran and Ficoll, a co-polymer of sucrose and epichlorohydrin, as test
macromolecules over a wide range of molecular sizes [73]. Despite several existing
models for size selectivity which provide basic frameworks in relating structure to
actual functional properties of the glomerular barrier, future studies are still war-
ranted to elucidate the effects of shape and deformability, as well as the steric hin-
drance of protein and peptide molecules [72–75]. In addition to size–selectivity,
glomerular charge–selectivity has also been observed where anionic polymers
pass through the capillary wall less readily than neutral polymers, which in turn
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pass through less readily than cationic polymers. Many of the charge–selectivity
studies have utilized combinations of dextran (neutral)/dextran sulfate (anionic)
and neutral horseradish peroxidase (nHPR)/anionic horseradish peroxidase
(aHPR) [75].

Renal metabolism of peptides and small proteins is mediated through three
highly effective processes (Fig. 2.4). Consequently, only minuscule amounts of in-
tact protein are detectable in the urine.

The first mechanism involves the glomerular filtration of larger, complex pep-
tides and proteins, followed by reabsorption into endocytic vesicles in the proxi-
mal tubule and subsequent hydrolysis into small peptide fragments and amino
acids [76]. This mechanism of elimination has been described for IL-2 [77], IL-11
[78], growth hormone [79], and insulin [80].

The second mechanism entails glomerular filtration followed by intraluminal
metabolism, predominantly by exopeptidases in the luminal brush border mem-
brane of the proximal tubules. The resulting peptide fragments and amino acids
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Fig. 2.4 Renal elimination processes of peptides and proteins: Glomerular

filtration followed by either (a) intraluminal metabolism or (b) tubular reab-

sorption with intracellular lysosomal metabolism, and (c) peritubular extrac-

tion with intracellular lysosomal metabolism (modified from [76]).



are reabsorbed into the systemic circulation. This route of disposition applies to
small linear peptides such as angiotensin I and II, bradykinin, glucagon, and
LH-RH [81, 82]. Recent studies implicate the proton-driven peptide transporters
PEPT1 and PEPT2 as the main route of cellular uptake of small peptides and pep-
tide-like drugs from the glomerular filtrates [83]. These high-affinity transport pro-
teins seem to exhibit selective uptake of di- and tripeptides, which implicates their
role in renal amino acid homeostasis [84].

For both mechanisms, glomerular filtration is the dominant, rate-limiting step,
as subsequent degradation processes are not saturable under physiologic condi-
tions [13, 76]. Hence, the renal contribution to the overall elimination of peptides
and proteins is reduced if the metabolic activity for these proteins is high in other
body regions, and it becomes negligible in the presence of unspecific degradation
throughout the body. In contrast, the contribution to total clearance approaches
100% if the metabolic activity is low in other tissues, or if distribution is limited.
For recombinant IL-10, for instance, elimination correlates closely with glomeru-
lar filtration rate, making dosage adjustments necessary in patients with impaired
renal function [85].

The third mechanism is peritubular extraction of peptides and proteins from
postglomerular capillaries and intracellular metabolism. Experiments using iodi-
nated growth hormone (125I-rGH) have demonstrated that, while reabsorption
into endocytic vesicles at the proximal tubule is still the dominant route of dispo-
sition, a small percentage of the hormone may be extracted from the peritubular
capillaries [79, 86]. Peritubular transport of proteins and peptides from the baso-
lateral membrane has also been shown for insulin [87] and the mycotoxin ochra-
toxin A [88].

2.5.4

Hepatic Elimination

Aside from gastrointestinal and renal metabolism, the liver may also contribute
substantially to the metabolism of peptide and protein drugs. Proteolysis usually
starts with endopeptidases that attack in the middle part of the protein, and the re-
sulting oligopeptides are then further degraded by exopeptidases. The ultimate
metabolites of proteins, amino acids and dipeptides, are finally reutilized in the
endogenous amino acid pool. The rate of hepatic metabolism is largely dependent
on specific amino acid sequences in the protein.

Substrates for hepatic metabolism include insulin, glucagon, and t-PAs [89,90].
For insulin, an acidic endopeptidase (termed “endosomal acidic insulinase”) ap-
pears to mediate internalized insulin proteolysis at a number of sites [91]. Specifi-
cally, the endosomal activity results from cathepsin D, an aspartic acid protease
[92]. Similarly, proteolysis of glucagon has also been attributed to membrane-
bound forms of cathepsins B and D [93].

An important first step in the hepatic metabolism of proteins and peptides is
uptake into the hepatocytes. Small peptides may cross the hepatocyte membrane
via passive diffusion if they have sufficient hydrophobicity. Uptake of larger pro-
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teins, such as t-PA (65 kDa), is facilitated via receptor-mediated transport pro-
cesses. Radio-iodinated t-PA (125I-t-PA) studies implicate the role of mannose and
asialoglycoprotein receptors in the liver for facilitating t-PA uptake and clearance
[90]. Additionally, evidence also points to another hepatic membrane receptor – the
low-density lipoprotein receptor-related protein – for contributing to overall t-PA
clearance [90, 94].

2.5.5

Receptor-Mediated Endocytosis

For conventional small-molecule drugs, receptor binding is usually negligible
compared to the total amount of drug in the body, and rarely affects their pharma-
cokinetic profile. In contrast, a substantial fraction of a peptide and protein dose
can be bound to receptors. This binding can lead to elimination through receptor-
mediated uptake and subsequent intracellular metabolism. The endocytosis pro-
cess is not limited to hepatocytes, but can also occur in other cells, including the
therapeutic target cells. The binding and subsequent degradation via interaction
with these generally high-affinity, low-capacity binding sites is a typical example
for a pharmacologic target-mediated drug disposition, where binding to the phar-
macodynamic target structure affects drug disposition [95]. Since the number of
receptors is limited, drug binding and uptake can usually be saturated within ther-
apeutic concentrations, or more specifically at relatively low molar ratios between
the protein drug and the receptor. As a consequence, the pharmacokinetics of
these drugs frequently does not follow the rule of superposition, i. e., clearance,
and potentially other pharmacokinetic parameters are dose-dependent. Thus, re-
ceptor-mediated elimination constitutes a major source for the nonlinear pharma-
cokinetic behavior of numerous peptide and protein drugs, resulting in a lack of
dose proportionality [4].

For example, M-CSF, in addition to linear renal elimination, undergoes a non-
linear elimination pathway that follows Michaelis–Menten kinetics and is linked
to a receptor-mediated uptake into macrophages. At low concentrations, M-CSF
follows linear pharmacokinetics, whereas at high concentrations the nonrenal
elimination pathways are saturated, and this results in nonlinear pharmacokinetic
behavior (Fig. 2.5) [96, 97]. Similarly, pharmacokinetic analysis of the in-vivo tissue
distribution of the G-CSF derivative nartograstim revealed a nonlinear clearance
process by the bone marrow and spleen with increasing doses of nartograstim
[58]. Further studies with nartograstim suggested that nonlinearity in the early-
phase bone marrow clearance might be due to the down-regulation of G-CSF re-
ceptors on the cell surface [98]. For recombinant human vascular endothelial
growth factor (rhVEGF), a mechanism-based target-mediated drug distribution
model had to be developed in order to accurately describe the drug’s nonlinear
pharmacokinetics in patients with coronary artery disease [61]. Nonlinear elimina-
tion of rhVEGF has been shown to be caused by binding to saturable high-affinity
receptors followed by internalization and degradation.
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2.6

Interspecies Scaling

Peptides and proteins exhibit distinct species specificity with regard to structure
and activity. Peptides and proteins with identical physiological function may have
different amino acid sequences in different species, and may have no activity or
be even immunogenic if used in a different species.

The extrapolation of animal data to predict pharmacokinetic parameters by allo-
metric scaling is an often-used tool in drug development, with multiple ap-
proaches available at variable success rates [99–101]. In the most frequently used
approach, pharmacokinetic parameters between different species are related via
body weight using a power function:

P � a � Wb

where P is the pharmacokinetic parameter scaled, W is the body weight (in kg),
a is the allometric coefficient, and b is the allometric exponent. a and b are specific
constants for each parameter of a compound. General tendencies for the allo-
metric exponent are 0.75 for rate constants (i. e., clearance, elimination rate con-
stant), 1 for volumes of distribution, and 0.25 for half-lives.

For most traditional small-molecule drugs, allometric scaling is often imprecise,
especially if hepatic metabolism is a major elimination pathway and/or if there
are interspecies differences in metabolism. For peptides and proteins, however, al-
lometric scaling has frequently proven to be much more precise and reliable,
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Fig. 2.5 Nonlinear pharmacokinetics of M-CSF, presented as measured and

modeled plasma concentration–time curves (mean ± SE) after intravenous

injection of 0.1 mg/kg (n = 5), 1.0 mg/kg (n = 3), and 10 mg/kg (n = 8) in

rats (from [97]).



probably because of the similarity in handling peptides and proteins between dif-
ferent mammalian species [4, 43]. Interspecies scaling can lay the foundation for
determining dosing as it relates to efficacy and toxicity. Clearance and volume of
distribution of numerous therapeutically used proteins such as growth hormone
or t-PA follow a well-defined, weight-dependent physiologic relationship between
laboratory animals and humans [85, 102]. This information often provides the ba-
sis for quantitative predictions for toxicology and dose-ranging studies based on
preclinical findings.

In a study investigating the allometric relationships of pharmacokinetic para-
meters for five therapeutic proteins, the allometric equations for clearance and vo-
lumes of distribution, however, were found to be different for each protein [102].
This variability was attributed to possible species specificity and immune-
mediated clearance mechanisms. Species specificity refers to the inherent differ-
ences in structure and activity across species. Minute differences in the amino
acid sequence may render an agent inactive when administered to foreign species,
and may even generate an immunogenic response. Immunogenicity has been
clearly demonstrated in a study with the tumor necrosis factor receptor-immuno-
globulin fusion protein lenercept. This all-human sequence protein elicits an im-
mune response in laboratory animals which ultimately results in the rapid clear-
ance of the protein [103].

To further complicate the matter, studies have shown that the extent of glycosy-
lation and/or sialylation of a protein molecule also exhibits species specificity that
may affect drug efficacy, clearance, and immunogenicity. This is of particular im-
portance if the production of human proteins is performed using bacterial cells
[63]. While epoetin-�, interferon-�, and follicle-stimulating hormone are naturally
glycosylated, others, such as insulin and growth hormone, are not. This requires
careful selection of the animal model to assure an adequately intended pharmaco-
logical effect. Despite such differences, allometric scaling can still form the basis
of estimating effective regimens for initial human studies. This is especially sig-
nificant given that materials are often in limited supply for preclinical and early
clinical development, where dose optimization is crucial [102].

2.7

Conclusions

Peptide and protein drugs are subject to the same general principles of pharmaco-
kinetics and exposure–response correlations as conventional small-molecule
drugs. Due to their similarity to protein nutrients and/or especially regulatory en-
dogenous peptides and proteins, however, numerous caveats and pitfalls related
to bioanalytics and pharmacokinetics must be considered and addressed during
their drug development process. Furthermore, pharmacokinetic/pharmacody-
namic correlations are frequently complicated due to the close interaction of pep-
tide and protein drugs with endogenous substances and receptors, as well as regu-
latory feedback mechanisms. Additional investigations and resources are neces-
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sary to overcome some of these difficulties in order to ensure a rapid and success-
ful drug development process. Nevertheless, pharmacokinetic evaluations provide
a cornerstone in the development of dosage regimens for a rational, scientifically
based clinical application of peptide and protein therapeutics that ultimately will
ensure the success of this class of compounds in applied pharmacotherapy.
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Pharmacokinetics of Monoclonal Antibodies

Katharina Kuester and Charlotte Kloft

3.1

Introduction

The foundations for the generation of novel pharmaceuticals, the monoclonal
antibodies (mAbs), were laid approximately 30 years ago. Due to their ability to se-
lectively hit a specific target, the mAbs can be regarded as very closely fitting the
concept first proposed by Paul Ehrlich, a century ago, of a “magic bullet” to treat
medical disorders.

The first therapeutic mAbs were developed and entered preclinical and clinical
trials during the late 1970s. Subsequently, during the early 1980s, recombinant
DNA and expression technologies were applied to the antibody research field,
while during the later part of that decade different expression systems (bacterial,
yeast, and mammalian cells) became available as novel production and engineer-
ing tools. Later still, during the 1990s, these techniques allowed not only the pro-
duction of large quantities of the drug substance but also the design and engineer-
ing of a wide range of antibody structures.

Following the success of recombinant proteins such as insulin, therapeutic mAbs
today represent the second wave of innovation created by the biotechnology industry
during the past 20 years. The recent success of a number of new mAb therapies, for
example rituximab (Rituxan) and infliximab (Remicade), suggests a resurgence of
the biotech industry for the coming years. For serious chronic diseases such as cancer
or rheumatoid arthritis, mAb therapy has indeed proven its clinical efficacy.

Natalizumab (Tysabri) was regarded as a highly promising new therapeutic
principle for the treatment of multiple sclerosis, but its withdrawal from the mar-
ket in 2004 was a clear setback. The voluntary decision to discontinue the sale of na-
talizumab was taken by its manufacturers following the report in the SENTINEL
trial of two cases of a rare but usually fatal demyelinating disorder, the so-called
progressive multifocal leukoencephalopathy [1]. Although the mechanisms of and
reasons for this adverse event are not yet fully understood, they are most likely attri-
butable to some special characteristics of this mAb (such as the IgG4 isotype; see
Section 3.3.1.1) rather than to a drug class effect.
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Despite this setback, the clinical and financial prospect for mAbs remains im-
pressive and highly favorable:

� In 2002, mAbs represented ~16% of the value of the total global biotech indus-
try, with a rising tendency.

� At present, between one-third and one-half of potential biotech drugs in human
clinical trials or under development are mAbs.

� To date, approximately 20 mAbs have been approved for various indications.

Monoclonal antibodies have a significant potential as therapeutic agents because
of their ability to bind to specific structures as targets. This principle of “targeted
therapy” results in high clinical efficacy whilst minimizing adverse reactions, and
thus increases mAb tolerability and use.

For a successful preclinical and clinical development, approval and therapeutic
application of mAbs, a thorough understanding of the pharmacokinetic charac-
teristics of these compounds is crucial at every stage. This chapter addresses the
pharmacokinetic characteristics of mAbs within the context of the principle of
“targeted therapy”. In the first two sections, the basic principles of the immune
system and the role of physiological antibodies will be presented. A thorough de-
scription of the various types of physiological and therapeutic antibodies with
the different effector functions and modes of action will follow. Next, the prere-
quisites of mAb therapy will be provided. The next three sections will provide de-
tailed insights into the pharmacokinetic characteristics of antibodies and discuss
various approaches to the analysis of pharmacokinetic data for mAbs. Finally,
the pharmacokinetics and their relationship to pharmacodynamics will be dis-
cussed both for approved therapeutic mAbs and for some of those under devel-
opment.

3.2

The Human Immune System

The first examples of immunotherapy with serum emerged at the end of the nine-
teenth century, since which time different types of immunotherapy with various
classes of antibodies have been developed that will, in the future, generate exciting
new pharmaceuticals. To correctly classify and understand the therapeutic princi-
ple of antibodies, the constitution of the immune system of the human body will
briefly be presented in the following sections.

In order to recognize and protect the human body against foreign substances or
invading microorganisms, the immune system has developed several defense me-
chanisms, the ultimate goal being to eliminate these potentially harmful interfer-
ences from the body. In general, the entire immune system is divided into two
main branches – humoral and cellular. An overview of the immune system based
on this subdivision is provided in Table 3.1.

46 3 Pharmacokinetics of Monoclonal Antibodies



Table 3.1 An overview of the human immune system.

Different immune response types

Specific Nonspecific

Humoral Antibodies Complement system

Cellular T lymphocytes, APC, Macrophages, natural killer cells,
(B lymphocytes) granulocytes, monocytes

APC: antigen-presenting cell.

3.2.1

The Cellular Immune Response

The cellular immune system or cell-mediated immunity involves different cell
types which also synthesize and release a number of soluble factors or mediators
(cytokines). It is further subdivided into two components:

� Specific cellular immunity is a type of (more specialized) acquired immunity
which is based primarily on T lymphocytes. Several subpopulations of T lympho-
cytes are differentiated in the thymus, where one subset has identical structures
on the cell surface to recognize a specific set of antigen. Each subpopulation per-
forms different effector functions. The dominant T-cell type involved is the so-
called cytotoxic T lymphocyte. In addition, T-helper cells are important for en-
hancing the immune response. By synthesizing and secreting various cytokines
such as interferon � (INF-� or interleukin 2 (IL-2), T-lymphocytes also have an
important role in controlling other major parts of the immune system.

� Non-specific cellular immunity: All other immune cell types such as granulo-
cytes, various cells of the mononuclear phagocytosis system (macrophages/
monocytes, dendritic cells) or natural killer cells form part of the (less specia-
lized) innate immunity.

The major part of this section will deal with humoral immunity, which is mediated
by the release of antibodies, and the response of the complement system. In the
following section, attention will be focused on the role and structure of the differ-
ent types of antibodies.

3.2.2

The Humoral Immune Response

Humoral immunity can also be divided into nonspecific and specific components:

� Nonspecific humoral immunity is mediated via the complement system. After
activation of the complement system a cascade is initiated in which more than
15 individual glycoprotein compounds in the plasma react with each other in a
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predetermined manner. The result includes the attraction and stimulation of
immune cells (e. g., macrophages), the initiation of phagocytosis, or the lysis of
cells that are targeted by the complement system.

� Specific humoral immunity is activated by the contact of an antigen with the im-
mune system, with the immune response being mediated by B lymphocytes that
mature in the bone marrow and express immunoglobulins on their surface. At
one to two weeks after the initial contact with the antigen, immunologically ac-
tive B lymphocytes begin to secrete antibodies; these are strictly defined pro-
ducts that contain a complementary region towards the binding part of the anti-
gen (antigenic determinant). The principle of the interlocking interaction be-
tween an antibody and an antigen can be compared to a key that matches a lock.

3.3

Physiological Antibodies

Under physiological conditions, the immune system is capable of generating its
own antibodies against invading material with antigenic determinants. These
antibodies are called immunoglobulins (Ig), and are glycoproteins produced by
B lymphocytes. As part of the specific humoral immune system they are secreted
into the blood or lymph system to identify and neutralize foreign invading objects
such as microorganisms (bacteria, parasites, or viruses) or their products, or other
non-endogenous substances and objects.

3.3.1

Classes of Antibodies

Antibodies can be classified according to the GADME system based on their con-
figuration and function. The five different classes (also referred to as isotypes) are
presented, along with their function, in Table 3.2. Also integrated into this over-
view are the molecular mass, half-life and the proportion of each class. In the fol-
lowing section, emphasis will be placed on the kinetic aspects of the isotypes.

3.3.1.1 Immunoglobulin G

Immunoglobulin G (IgG) represents the most important class of immunoglobu-
lins, with a serum concentration of approximately 12 mg/mL. IgG molecules have
the lowest molecular mass and are the predominant antibody for immunochemis-
try. Due to differences in chemical structure (see Section 3.3.2) and biological
function among IgGs, four subclasses (also referred to as subisotypes) can be dis-
tinguished. The proportion of IgG1, IgG2, IgG3 and IgG4 is 70 : 20 : 7 : 3. Further-
more, there are also several subtypes for certain subclasses such as IgG1 a and
IgG1b. IgG has the longest half-life among the different isotypes (21 days), with
the exception of the subclass IgG3 (only 7 days). The numerous biological func-
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tions of IgG and modes of action will be described in Section 3.5. Two kinetic
properties of IgG shall be emphasized:

� Kinetics of the immune response by antibodies: Following the first exposure of
an individual to an unknown antigen, the first occurrence of specific IgG can
be detected approximately three weeks later (primary response). If these parti-
cular antigens appear in the body for a second time, however, IgG will be pro-
duced much more rapidly and in larger amounts to eliminate the antigen (sec-
ondary response).

� Distribution: The IgG class (except subclass IgG2) is the only class of immuno-
globulins capable of crossing the placental barrier. Since a fetus is unable to
synthesize immunoglobulins during the first three to four months of preg-
nancy, the initial immunity of the fetus is of maternal origin. The protection by
the transferred IgG, however, is lost three months after birth due to catabolism
of the maternal molecules.

3.3.1.2 Immunoglobulins A, D, M, and E
� IgA accounts for 15% of all immunoglobulins. The approximate concentration

in serum is low (1.8 mg/mL), but higher in secretions where it is always pre-
sent in the dimeric form. IgA is specialized in the defense against antigens on
the surface of human mucosal membranes, for example in the intestine or in
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Table 3.2 Immunoglobulins.

Class Sub- Function Molecular mass Proportion t1/2

classes [kDa] of total Ig [%] [days]

IgG IgG1
IgG2
IgG3
IgG4

Main Ig in blood and
extravascular region.
Binds to antigen
and toxins

150 75 21
21
7

21

IgA IgA1
IgA2

Main Ig in seromucous
excretion.
Surface protection

Monomer: 160
Dimer: 390
Secretory dimer:
385a)

15 6
6

IgD IgD Mainly in humans.
On B lymphocytes

180 0.5 3

IgM IgM First Ig on B lymphocytes.
Favors agglutination

970 7 10

IgE IgE Main role in allergies.
Surface protection

190 0.002 2

a) Heterogeneous distribution; also larger polymers.



the nose. A large number of exogenous pathogens, including parasites, are neu-
tralized by preventing them from penetrating epithelial cells.

� IgD is found on B lymphocytes during certain stages of maturation, and
is jointly responsible for their activation. The serum concentration is low
(0–0.04 mg/mL).

� IgM forms pentamers, and is the first class of immunoglobulins to be produced
by the immune system if an unknown antigen enters the body, or following im-
munization (approximately one to two weeks). After the primary reaction, the
concentration decreases due to the cessation of production (in contrast to the
increase in IgG).

� IgE has the lowest percentage of total Ig at only 0.002%, and the serum concen-
tration approximates only 0.00002 mg/mL. This isotype is derived from adenoid
tissue and then transported into the blood. In spite of its small quantities, IgE
is very important in, and is responsible for, about 90 % of allergic reactions. The
impact of this immunoglobulin is to trigger the release of vasodilators for an
inflammatory response, for example histamine. IgE may also protect external
mucosal surfaces by promoting inflammation and enabling IgG, complement
proteins and leucocytes to enter the tissue.

In general, immunoglobulins – as proteins with hydrophilic and glycosylated
moieties – have a high molecular weight of approximately 150–200 kDa. The only
exception is the tentameric IgM, which has a larger molecular mass of 970 kDa.

3.3.2

Chemical Structure of Antibodies

Physiological antibodies have as a monomer a typical common chemical structure
consisting of several structural elements, two identical heavy and long chains (H-
chains), and two identical light and short chains (L-chains). These chains are held
together by a number of disulfide bridges, and may be glycosylated. The L-chain
consists of 220 amino acids, and appears in two different configurations, the
�- and �-chains. Any individual of a species produces both types of L-chain. The
ratio of �- to �-chains varies with the species; for example, humans have 60 % and
mice 95% �-chains. In any Ig molecule, however, the L-chains are always either
both �-chains or both �-chains. The type of H-chain of about 450–550 amino acids
determines the GADME classification referred to in Section 3.1.1. There are five
different types of H-chains: type � in the IgG molecule; type � in the IgA mole-
cule; type � in the IgD molecule; type µ in the IgM molecule; and type 	 in the
IgE molecule. Thus, the different classes and subclasses of human Ig differ in the
structure of the heavy chain, the number and localization of the disulfide bridges,
and the glycosylation pattern.

As shown in Fig. 3.1, the shape of antibodies resembles the letter “Y” which is
due to the disulfide bridges between the two H-chains and between each H-chain
with one L-chain (IgG). These endings tend to crystallize, and for this reason the
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region is referred to as “fragment crystallizable” (Fc). The Fc region is responsible
and important for: (1) the binding to the Fc receptor of cytotoxic immune cells
(see Section 3.5); (2) the activation of the complement system (see Section
3.5.2.1); (3) the passage of the placenta (see Section 3.3.1.1); and (4) the catabo-
lism of an antibody (see Section 3.8).

The antigen-binding fragment (Fab) is located where H- and L-chains are linked
by both covalent bindings (disulfide bridge) and noncovalent bindings. At the end
of this part there is a region in both L-chains which is variable, the so-called Fv re-
gion. Within the Fv region special hypervariable sequences of amino acids, the
complementarity-determining regions (CDR), are responsible for the huge differ-
entiation of antibodies as they vary in each immunoglobulin in both length and
sequence. The steric structure of the summary of only six CDRs builds a contact
surface, the counterpart to the epitope, also referred to as the antigenic determi-
nant, which binds to the antibody. The area between these CDRs, called the frame-
work region (FR), provides the basis for the stability of the frame. Based on these
structural features, antibodies show very specific recognition of highly diverse
antigenic determinants, despite their generally uniform structure.
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Fig. 3.1 The structure of antibodies. H-chain: heavy chain, consisting of

VH, CH1, CH2 and CH3; L-chain: light chain, consisting of VL and CL;

VH: variable part of H-chain; VL: variable part of L-chain; CL: constant part

of L-chain; CH1–3: constant parts 1, 2 or 3 of H-chain; -S-S-: disulfide bridge;

Fc: crystallizable fragment; Fab: antigen-binding fragment; Fv: variable part

of Fab; CDR: complementarity-determining regions, special hypervariable

sequences of amino acids.



3.4

Therapeutic Antibodies

Therapeutic antibodies must be distinguished as mAbs (and derived products)
and polyclonal antibodies when discussing their different pharmacokinetic prop-
erties and therapeutic applications. mAbs are already – and will in the future – be
much more important in drug development and applied pharmacotherapy due to
their favorable properties and higher clinical success rates compared to polyclonal
antibodies. Thus, although both types of antibody will be discussed in the follow-
ing sections, most emphasis will be placed on mAbs.

3.4.1

Therapeutic Polyclonal Antibodies

Polyclonal antibodies are a mixture of antibodies produced from different B-lym-
phocyte lines, and are accordingly directed against various antigens. Typically,
polyclonal antibodies are obtained by immunizing animals with a chosen antigen
and subsequently harvesting immunoglobulin fractions from their serum. Ro-
dents (rabbits > mice > rats) are the most commonly used laboratory animals for
the production of polyclonal antibodies. For the production of larger amounts of
antibodies, however, goats, sheep and horses are frequently used.

Physiologically, polyclonal antibodies are formed in the body following an active
immunization. After the injection of a chosen antigen, which is usually bound to
a carrier to increase the molecular mass for recognition as foreign by the immune
system, the antigenic determinants of the antigen are recognized by the surface
immunoglobulins on B lymphocytes. This triggers the differentiation of the
B lymphocytes into plasma cells, which subsequently results in the production of
immunoglobulin molecules specific for that antigen. Initially, low-affinity IgM
class antibodies are secreted, but during the course of the immune response – and
particularly if repeated injections of the antigen are administered – IgG, IgA and
IgE class antibodies with higher affinity are generated. Due to the different B-lym-
phocyte cell lines involved in this process, the antibodies produced are character-
ized by an inconsistent composition and thus vary in their specificity as well as af-
finity towards an epitope.

The advantage of polyclonal antibodies lies in a higher tolerance towards minor
changes of the antigen, as a slightly modified antigen will most probably also be
recognized. Polyclonal antibodies as therapeutics are also used if the specific epi-
tope is not established due to practical or financial reasons.

Polyclonal antibodies however, also have some drawbacks. Due to the non-hu-
man molecular heterogeneity, unspecific reactions are likely to occur and may
cause a large variety of adverse reactions. In addition, the dose to be administered
to target a specific antigen is relatively high compared to that for mAbs; this is due
to the heterogeneity in specificity and affinity. Furthermore, the immune system
will produce anti-antibodies to attack the non-human structures on polyclonal ther-
apeutic antibodies, thereby potentially leading to serious hypersensitivity reactions.
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The antithymocyte globulin (ATG) Fresenius S, produced in rabbits, is an ex-
ample of a polyclonal antibody mixture used in immunosuppressive therapy in
combination with other immunosuppressive agents (e.g., cyclosporine, predni-
sone) after organ transplantation.

3.4.2

Therapeutic mAbs

The first report of the treatment of a tumor patient with a mAb was published in
1980 [2]. The principle of the production of mAbs can be traced back to the Nobel
prize (Medicine 1984)-winning research of César Milstein and Georges Köhler [3].
The first extracted mAbs were produced using a method called the hybridoma
technique, and emanated from murine B cells. The biotechnological steps in-
volved in the hybridoma technique are initiated by the immunization of a mouse
with a specific antigen (Fig. 3.2). The subsequent immune reaction results in an
increase of B lymphocytes that produce and secrete antibodies. These antibodies
react with the antigen and accumulate in the spleen. After removal of the spleen,
the B lymphocytes are isolated and an antibody-producing B lymphocyte is fused
with a malignant myeloma cell (an “immortal” cancer cell capable of replicating
indefinitely). The result is a so-called “hybridoma cell” or cell line, which produces
only a single type of antibody targeted against a particular antigen. The major ad-
vantage of the fusion of the two cell types (myeloma cell and B lymphocyte) is the
unification of their original characteristics, the capability of the myeloma cell for
unlimited growth, and the ability of the B-lymphocyte to produce a specific anti-
body.

For the production of mAbs, the cell line with the best binding to the targeted
epitope of the antigen is chosen from several engineered hybridoma cell lines.
The obtained species of antibodies is referred to as “mAbs” because they derive
from one original B lymphocyte and thus they are all identical (clones).

3.4.2.1 Murine mAbs

Murine mAbs are antibodies of murine origin. The first murine mAb to be ap-
proved for clinical use was muromonab-CD3 (Orthoclone OKT3), an mAb with
CD3 on T cells as the molecular target, and used in organ transplantation.

The therapeutic application of antibodies of non-human origin may cause prob-
lems because murine mAbs are recognized by the human immune system as ex-
trinsic substances. In general, the first administration of 100% murine mAbs is
well tolerated. However, it can induce the production of specific anti-antibodies by
the human body, the so-called human anti-murine antibodies (HAMAs), against
the murine mAbs. Repeated administration of 100% murine mAbs may cause an
immune response with influenza-like symptoms and even severe states of shock.

New technology developed during the 1980s allowed the development of the fol-
lowing antibody species.
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3.4.2.2 Chimeric mAbs

The introduction of recombinant gene technology made it possible to overcome,
or at least minimize, some of the limitations of murine mAbs by conferring the
Fv region to another antibody. Transfer of the Fv region of a murine antibody to
the constant regions of a human antibody achieved a significant decrease in the
murine fraction to approximately one-third, resulting in so-called chimeric mAbs.
The term “chimeric” can be traced back to Greek mythology, where the Chimera
was a creature with both human and animal proportions. In spite of the extensive
reduction of the murine part, immune reactions are still observed for chimeric
mAbs, though to a smaller extent than for murine mAbs. In particular, the re-
maining framework regions in the molecule are responsible for the immune re-
sponse. The antibodies produced against the chimeric mAb are referred to as hu-
man anti-chimeric antibodies (HACAs).

3.4.2.3 Humanized mAbs

Further progress was achieved by the humanization of murine antibodies. In hu-
manized mAbs, the murine fraction of 5–10% consists only of the murine CDRs
and, if necessary, some exclusive parts of the framework region. The human im-
mune system can also produce antibodies against these humanized antibodies,
so-called human anti-human antibodies (HAHAs).

The extent of antibody formation against therapeutic mAbs is an adverse reac-
tion that depends heavily on several factors, including the type of mAb, dosage re-
gimen, and route of administration. It ranges from <1% up to 60 % of the treated
patient population. Therefore, close monitoring of the development of HAHAs,
HACAs or HAMAs under therapy is obligatory. These anti-antibodies can also in-
fluence the pharmacokinetics, and especially the clearance, of therapeutic mAbs
(see Section 3.9.3).

3.4.2.4 Human mAbs

More recent developments using cDNA libraries of B lymphocytes and phage dis-
play technology have made it possible to produce complete human mAbs. The
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� Fig. 3.2 Hybridoma technique for the produc-

tion of monoclonal antibodies. Spleen (milt)

cells, which have been taken from mice (being

immunized with an antigen X) contain anti-X-

antibody-producing B cells. These cells are

fused with myeloma cells in the presence of

polyethylene glycol (PEG) and then taken to

the HAT (hypoxanthine-aminopterin-thymi-

dine) medium. HAT will induce death to mye-

loma cells because of the absence of the enzy-

me hypoxanthine-guanine-phosphoribosyl-

transferase (HGPRT). Hybridoma cells, how-

ever, possess this enzyme due to the originat-

ing spleen cells and will survive in the HAT

medium selectively. The growing hybridoma

cells will be tested for their ability to produce

antibodies and will accordingly be cloned. As

a result, each cell clone secretes a specific

antibody, the monoclonal antibody against the

antigen X. (Modified from Vollmar, A., Dinger-

mann, T. 2005. Immunologie. Wissenschaft-

liche Verlagsgesellschaft mbH, Stuttgart, with

permission).



first licensed human mAb was adalimumab (Humira), which is directed against
tumor necrosis factor-� (TNF-�). Adalimumab received marketing approval by the
U.S. Food and Drug Administration (FDA) in December 2002. Despite its nature
as being completely human, with some in-vitro modification after production to
increase the affinity to the target, reports have been made describing the occur-
rence of HAHAs.

Examples of the four different types of mAbs, together with the year of their
first approval and manufacturer, are listed in Table 3.3. The different types of
mAbs, together with the appropriate suffixes in the compound names, their mur-
ine fraction and their degree of immunogenicity, are shown in Fig. 3.3.

Table 3.3 An overview of monoclonal antibodies.

Class of Suffix Example Approval Manufacturer

antibody (or prefix) compound year

Murine ‘muro- . . . ab’ Muromonab-CD3 1986 Ortho Biotech
(first approval)

Chimeric ‘-ximab’ Rituximab 1997 Biogen Idec/
Genentech

Humanized ‘-xumab, Alemtuzumab 2001 Genzyme
-zumab’

Human ‘-mumab’ Adalimumab 2002 Abbott

3.4.2.5 Further Species of mAbs

In addition to these four types of mAbs, several further species of mAbs have
been developed by new engineering technologies, predominantly during the past
decade. The production of these mAbs is based on the ability to generate human
(or at least human-like) binding sites from a number of starting positions and to
link them genetically or chemically to a wide variety of effector elements (see
Section 3.5).

3.4.2.5.1 Primatized mAbs

These antibodies are genetically engineered from cynomolgus macaque monkey
and human components, and are structurally indistinguishable from human anti-
bodies. They may, therefore, be less likely to cause adverse reactions in humans
compared to humanized mAbs, making them potentially suitable for long-term
treatment in chronic diseases [4]. In December 2004, there was a notice that lumi-
liximab, a primatized anti-CD23 macaque/human chimeric antibody that inhibits
the production of IgE antibodies, was under development for the treatment of
allergic conditions (Biogen Idec).
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3.4.2.5.2 Bispecific mAbs

Bispecificity means that one binding part of the mAb is responsible for specific
targeting (for example, a structure solely available on pathogenic cells), and the
other part for binding to a specific receptor on immune cells to enhance or recruit
additional effector mechanisms. In other bispecific antibodies the second binding
site can also be specific for toxins such as saponin to enhance killing of the tar-
geted cell [5]. Bispecific antibodies can be produced in three different ways: (1) by
linkage of two Fab regions (chemically) ; (2) by linkage of two Fab regions via leu-
cine zippers (genetically) ; or (3) by fusion of two hybridoma cells resulting in a hy-
brid-hybridoma (also called a quadroma).

3.4.2.5.3 Monoclonal Intrabodies

One very new and powerful area of research is that of “monoclonal intrabodies”
(also called intracellular antibodies), which represent a new class of targeting mo-
lecules with potential use in gene therapy. Due to their totally different targets,
namely inside a cell, and thus different effector functions, they may have a high
potential in the treatment of human diseases [6].
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The engineered single chain antibodies consist of one heavy chain (only variable
domain), which is linked via a peptide chain to one light chain (also only variable
domain). Therefore, intrabodies mainly occur in the single chain fragment (scFv)
format engineered by conjugated neighboring genes encoding the heavy chain
and light chain variable regions. Yet, the affinity of the parent antibody is still pre-
served. Thus, despite the smaller size of the polypeptide (1/5 to 1/6) with a mole-
cular mass of ~30 kDa, monoclonal intrabodies maintain the complete recogni-
tion ability but not always total functional ability [7].

Monoclonal intrabodies show certain advantages over intact immunoglobulin
molecules, especially with respect to pharmacokinetic properties. Recognition of
these antibody fragments by the human immune system should also be minimized.
In addition, most scFv antibodies can nowadays be expressed in prokaryotic systems
in a convenient procedure. Due to the high specificity and affinity that can be
achieved in intrabodies, they represent very effective biologicals against intracellular
or viral targets. This principle has already been used for targets such as structural,
regulatory and enzymatic proteins of the human immunodeficiency virus (HIV-1).
However, there are many significant problems to overcome before intrabodies will
actually be used in the treatment of human diseases such as HIVor cancer.

In an attempt to increase efficacy in therapy, the production of bivalent or multi-
valent species by linking subunits (non-covalently, covalently, or by disulfide
bonds) has been proposed. For example, a bispecific single-chain antibody frag-
ment has been investigated for malaria therapy. This is a combination of two scFv,
one directed against the CD3 molecule on human T lymphocytes, and the other
against an epitope of a surface protein of Plasmodium falciparum, the parasite
which causes malaria [8].

In summary, only a few therapeutic polyclonal antibodies are still marketed to-
day. The main advantages of mAbs are their high specificity towards the target
and the capability of an unlimited production of these homogeneous biological
molecules. In future, new antibody or antibody-derived pharmaceuticals will be
developed and can be expected to have favorable efficacy, a lack of immunogeni-
city, and appropriate pharmacokinetics such that they can be used to treat intracel-
lular medical disorders.

3.5

Effector Functions and Modes of Action of Antibodies

Antibodies display several different effector functions and modes of action as part
of their function in the human immune system.

3.5.1

Biological Effector Functions of mAbs

The following list provides an overview of the variety of possible defense mechan-
isms of the immune system after an antigen–antibody reaction has taken place:
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� Antibody-dependent cellular cytotoxicity by natural killer (NK) cells.
� Complement-dependent cytotoxicity (CDC).
� Neutralization of exotoxins and viruses.
� Prevention of bacterial adherence to host cells.
� Membrane attack complex (MAC) resulting in cytolysis.
� Agglutination of microorganisms.
� Immobilization of bacteria and protozoa.
� Opsonization.

The Fc and Fab regions of the antibodies are responsible for different mechan-
isms in the immune response. Fc enhances CDC, ADCC and opsonization (pha-
gocytosis and cytolysis). Independent from the Fc region are the following direct
mechanisms of therapeutic mAbs: blockage of ligands or ligand interaction via re-
ceptor modulation and subsequent signal transduction.

3.5.2

Modes of Action of mAbs

In the following, the four most important and best-understood effector functions/
modes of action of therapeutic mAbs or antibody-derived products (e.g., antibody
fragments) will be discussed, and will focus on cancer therapy. The different
modes of action of mAbs in cancer therapy are depicted in Fig. 3.4. As this topic is
not entirely within the scope of this chapter, the reader is referred to textbooks on
immunology for more details on the modes of action of mAbs.

3.5.2.1 Antibody-Dependent Cellular Cytotoxicity (ADCC)

One effector function/mode of action of mAbs is the so-called “antibody-depen-
dent cellular cytotoxicity”. mAbs are able to activate this very important function of
the human immune system. After several steps, immune cells will finally kill tar-
get cells, for example cancer cells. In general, ADCC is induced by unconjugated
(also called “naked”) mAbs or antibody fragments. They can either induce apopto-
sis, negative growth signals or indirectly activate host defense mechanisms [5].

The chronological sequence of ADCC is as follows [9]:
� The Fab region of the mAb reacts with its antigen on the cell surface.
� Fc receptors on host NK cells and monocytes are activated by the antigen–

antibody interaction and are bound to the Fc region of the mAbs.
� The resulting complex triggers a cytolytic response and induces apoptosis.
� In addition, macrophages are able to opsonize antibody-bound cells.

With the modification of mAbs using a new technology (the Potelligent Technol-
ogy), binding affinity for Fc receptors was reported to be enhanced and thus
ADCC activity increased. As a result, this type of mAb would be expected to
achieve a higher tumor cell killing activity than conventional antibodies.
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3.5.2.2 Complement-Dependent Cytotoxicity

Another effector function/mode of action of mAbs is the so-called “complement-
dependent cytotoxicity” or “complement-mediated cell death”. Activation of the
complement system can lead to lysis of the antigen-presenting cell, or can in-
duce inflammation reactions aimed at eliminating these cells efficiently. The suc-
cessive steps of the complement activation can be summarized in a simplified
way [9]:

� The glycoprotein C1q of the complement system binds to the Fc regions of two
antibodies which must have previously formed a Fc dimer.

� The glycoprotein iC3 b is produced.
� The cytolytic membrane attack complex (MAC) is formed.
� In addition, ADCC is enhanced by binding of iC3 b to complement receptor 3

on the surface of immune cells.
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It must be noted that not all mAbs of the IgG1 or IgG3 isotypes are capable of acti-
vating CDC, most likely because in some cases the density of the antigen may be
too low to support the formation of Fc dimers.

Clearly, one prerequisite for ADCC or CDC is an intact immune system. Hence,
unconjugated mAbs are unsuitable for the treatment of immunocompromised pa-
tients. In contrast to classical cytotoxic agents, tumor cells will also be attacked in
the G0 phase by the antibody-induced ADCC and CDC mechanisms, this being a
major advantage of mAbs in antineoplastic therapy.

3.5.2.3 Blockage of Interaction between (Patho)Physiological Substance and Antigen

Apart from the recruitment of the body’s own effector mechanism of the immune
system, “naked” mAbs or antibody fragments show further diverse mechanisms
of action. As the antigen often represents a receptor or an enzyme, the interaction
with its (patho)physiological ligand or substrate is blocked by the antigen–anti-
body interaction. By this mechanism, therapeutic mAbs are able to disrupt (or at
least perturb) downstream reactions that may be followed by down-regulation of
the antigen, modification of cell growth, inhibition of angiogenesis, or induction
of apoptosis. For example, the humanized “naked” mAb matuzumab which is di-
rected against the epidermal growth factor receptor (EGFR) shows promising re-
sults in clinical studies. The mode of action is neither ADCC nor CDC, but rather
blocking the binding of ligands such as EGF to the receptor, thereby impairing
downstream signaling [10].

3.5.2.4 Conjugated Unlabeled mAbs

Conjugated mAbs combine the specific targeting of a mAb with another beneficial
principle within one substance. For oncologic applications, for example, mAbs are
conjugated with a cytotoxic drug. The conjugated therapeutic mAbs selectively
bind to the targeted cells with the antigen on the surface (e.g., tumor cells), and
the conjugated cytotoxic substance is only delivered to these cells. The major ad-
vantage of this “targeted therapy” lies in a reduced systemic toxicity compared to
conventional therapy with a cytotoxic agent.

In clinical studies, conjugates with methotrexate, doxorubicin, derivatives of ri-
cin, and Staphylococcus enterotoxin A or immunomodulatory cytokines have been
investigated [11]. It has also been shown that it is favorable for therapy to conju-
gate a cytotoxin such as Pseudomonas exotoxin to a mAb which is targeted against
a specific antigen at the surface of tumor cells [11]. In 2000, the FDA approved
gemtuzumab ozogamicin (Mylotarg), a calicheamicin derivative conjugated to a
mAb for the treatment of CD33+ acute myeloid leukemia (AML).

3.5.2.5 Radioactively Labeled mAbs

Another mode of action is the targeted delivery of a defined dose of radiation by a
mAb, which is used almost exclusively in tumor therapy. One common radiation
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source used is 131I (iodine-131 isotope), which emits beta radiation. Other beta-
emitting nuclides include 90Y, 77Lu, 67Cu, 186Re, and 188Re. Alpha-emitting nu-
clides such as 212Bi, 213Bi and 211At are also of interest because of their high-level
radiation (> 6000 keV). Due to their small range of activity they act very effectively,
and with particular selectivity at the tumor target.

The isotope 131I has several advantages: it is readily available, cost-effective, che-
mically easily bound to proteins, and sufficiently stable with a radioactive half-life
of approximately 8 days. Furthermore, the concomitantly emitted gamma radia-
tion can be used for imaging methods, although it may present safety concerns to
both the patient and the environment. Radiation hazards from undirected high-le-
vel gamma radiation might occur, depending on the 131I-activity administered. In
the USA, the Nuclear Regulatory Commission’s guideline on the release of pa-
tients undergoing radioimmunotherapy with 131I permits the use of this therapy
in an outpatient setting.

Compared to 131I (610 keV), the beta-emitting nuclide 90Y (2280 keV) has a
higher radiation energy and a wider range of activity in tissue (12 mm versus
2 mm, respectively); this results in a very good therapeutic response, especially in
the irradiation of large tumors. In addition, there is also a difference in the stabi-
lity of the radioisotope to the antibody that influences the pharmacokinetics and
pharmacodynamics of these compounds. The degradation of 131I is more rapid
than that of 90Y, which leads to a longer residence time at the target site and deliv-
ery of a larger radiation dose of 90Y compared to 131I. Since 90Y is a pure beta-emit-
ter it is not possible to observe the distribution of the labeled mAb in the human
body by imaging techniques and thus to ensure successful tumor targeting.
In pharmacotherapy with ibritumomab tiuxetan (Zevalin), this deficiency is
overcome by using the following approach. Prior to the start of therapy with 90Y-la-
beled ibritumomab tiuxetan, a low dose of the 111In-labeled molecule is adminis-
tered. In this way, the tumor-specific binding of ibritumomab can be visualized
by imaging methods (gamma-emitting 111In) before regular treatment with the
90Y-labeled mAb is started.

3.6

Prerequisites for mAb Therapy

The successful application of mAbs in the treatment of diseases means that sev-
eral requirements need to be fulfilled, including four major components: the pa-
tient; the antibody; the target cell; and the antigen.

3.6.1

The Patient

For unconjugated mAbs in particular, it is a fundamental necessity for successful
treatment that the immune system of the patient is completely intact. In particu-
lar, ADCC and CDC must operate efficiently as the primary effector functions.
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3.6.2

The Antibody

For successful therapy, high specificity and high affinity of the mAb towards the
complementary antigen are needed, so that only the targeted site is affected by the
therapy. Cross-reactivity – that is, the reaction of the therapeutic antibody with a sec-
ond or more antigens – must be limited to a minimum. Early attempts at applying
mAbs to patients suffered major drawbacks due to the development of HAMA (see
Section 3.4.2.1). In this case, murine mAbs are rapidly blocked in their binding abil-
ities to the specific antigen and removed from the circulation. Thus, high serum
stability is now considered a prerequisite for the development of new mAbs. Cur-
rent and future developments aim at humanizing chimeric mAbs or developing
fully human mAbs if multiple dosing in chronic treatment is needed [9].

3.6.3

The Target Cell

The target of a mAb must be as “unique” as possible for the disease to be treated.
If the target resides on the surface of a cell, a high expression rate is important. In
these cases, or if the target is a soluble substance such as TNF-�, the antigen
must be selectively expressed, or at least overexpressed at the target site. In cancer
therapy the tumor-specific antigen should be (over)expressed only on the malig-
nant cells/tissue, but not on benign or healthy cells/tissue. An example is the fi-
broblast activation protein (FAP) of activated tumor stroma fibroblasts. This anti-
gen is a 95-kDa glycoprotein with proteolytic activity enhancing tumor cell inva-
sion and metastasis as well as angiogenesis. Activated tumor stromal fibroblasts
consistently induce the formation of this cell-surface molecule. It is expressed in
>90 % of malignant epithelial tumors, but rarely occurs in healthy tissue. Thus,
FAP of activated tumor stroma fibroblasts presents a promising antigenic target
in carcinoma patients [9, 12]. If the expression of the antigen is not exclusive in
the target cells/tissue, adverse reactions are more likely. In some cases, the anti-
gen is only (over)expressed in a limited number of patients. The humanized mAb
trastuzumab for example is directed against a receptor (her-2/neu) that is only
overexpressed in 20–30% of the entire patient population. Hence, treatment is
only successful and thus adequate in the antigen-positive patients.

3.6.4

The Antigen

Another requirement for successful mAb therapy concerns the antigen itself. It is
essential that the antigen presents a homogeneous target population and does not
show heterogeneity. Hence, all antigen molecules should be recognized as the tar-
get by the antibody. This requirement is very often fulfilled and is highly advanta-
geous in oncology as malignant cells themselves are often heterogeneous and dis-
play genetic variability. Mutations in the target structure are highly undesirable.
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3.7

Issues in the Bioanalysis of Antibodies

Pharmacokinetic data analysis requires determination of the analyte in various
body fluids. In the case of therapeutic antibodies, serum is the most common ma-
trix to be analyzed. For a critical interpretation of pharmacokinetic data the chosen
bioanalytical methods must be considered. The most frequently used for mAbs in-
clude enzyme-linked immunosorbent assay (ELISA), capillary electrophoresis
(CE)/polyacrylamide gel electrophoresis (PAGE), fluorescence-activated cell sort-
ing (FACS), and surface plasmon resonance (SPR). The challenges and limita-
tions of bioanalytical methods used for the analysis of mAb concentrations are dis-
cussed in detail in Chapter 6.

A common analytical problem in immunoassays is that of cross-reactivity,
which is the unspecific binding of the therapeutic antibodies determined in the
assay with a second (or more) antigen(s). These interfering bindings must be kept
to a minimum. Among other factors, specificity of the enzyme-labeled anti-Fc and
anti-Fab antibodies used for detection is of major importance. In general, each as-
say design bears its special drawbacks that must be carefully evaluated for its in-
tended use.

Another challenge may occur from the samples to be analyzed. If human anti-
idiotype antibodies, HAxAs (HAMAs, HACAs or HAHAs) against the therapeu-
tic mAb have been developed in the patient, almost all assays may unfortunately
give unreliable results of the concentration of therapeutic antibody. If the HAxAs
bind to the Fc region of the therapeutic antibody and do not interfere with the
antigen or with the detection antibody in the respective ELISA set-up, it should
not matter if HAxAs are present. However, if the HAxAs bind to the Fab region
and interfere with the antigen binding, the results will be useless because the
measured values do not correlate with the actual concentration of the therapeutic
antibody.

Typically, the relationship in the assay between the detection signal and the con-
centration of the mAb is nonlinear. A simple regression analysis is, therefore, not
possible. Usually, a third-to-fifth degree polynomial is used to relate the detection
signal to the concentration. Because of this relationship, a typical sample dilution
is not possible and careful evaluations are necessary if the concentration of the
antibody is above the upper limit of quantification of the assay. As a consequence,
the assay should ideally cover the whole concentration range of all samples mea-
sured.

Compared to other bioanalytical methods such as high-performance liquid
chromatography (HPLC), the methods used to quantitate mAbs often display less
precision and a higher between-day variability. In choosing a bioanalytical method
it must also be considered that some assays measure the unbound fraction, the
bound fraction, or both. When using FACS, only the fraction of the therapeutic
antibody that is bound to its antigen on the cells is counted. In contrast, ELISA
measures only the unbound fraction in serum that can react with the offered anti-
gen.
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In summary, because of the differences between assays, careful consideration of
which assay has been applied is highly recommended when evaluating the con-
centration data of mAbs in pharmacokinetic analyses.

3.8

Catabolism of Antibodies

Before discussing the pharmacokinetic characteristics of therapeutic mAbs, the
present section will focus on the catabolism of physiological antibodies. This pro-
cess is also highly relevant for therapeutic mAbs.

The rate of catabolic elimination of intact antibodies is variable and depends on
the immunoglobulin class/isotype. The catabolic rate constant and resulting half-
lives were determined for the four different subclasses of IgG: IgG1, IgG2 and
IgG4, with 93% of the total IgG immunoglobulins, show a very long half-life of
18–21 days. The other subclass, IgG3, and the two larger classes, IgM and IgA,
have substantially shorter half-lives of 7, 5 and 5–6 days, respectively.

3.8.1

Proteolytic Degradation

Although the mechanisms involved are not yet fully understood, one elimination
process of IgG as proteins is a slow proteolytic degradation; this takes place predo-
minantly in hepatic and reticuloendothelial cells.

3.8.2

Neonatal Fc Receptor (Fc-Rn)

One factor responsible for the extraordinarily long half-lives of the three IgG sub-
classes was identified a few years ago [13], after having been postulated several
decades earlier by Brambell et al. [14]. In the regulation of IgG homeostasis, these
authors proposed a protective role of a “factor” to which immunoglobulins were
bound. After isolation and cloning of the “factor”, experiments revealed that the
“factor” not only influenced catabolism/elimination of antibodies but also
mediated their absorption in the gastrointestinal tract of neonates (see Section
3.9.1). Due to this role, it was named the Fc receptor of neonates (Fc-Rn). Further
investigations showed that Fc-Rn only binds IgG class antibodies, since in Fc-Rn
knockout mice the catabolism rate constant of IgG was significantly increased
(10- to 13-fold) whereas those of the other immunoglobulins remained un-
changed.

The protective function against catabolism is illustrated in Fig. 3.5. The IgG
enters a cell by receptor-mediated endocytosis (pinocytosis), and is bound to
Fc-Rn. As the binding sites are limited at physiological concentrations, not all IgG
molecules will be bound to the membrane-associated receptor by the Fc region.
After cellular uptake, the intracellular vesicle (phagosome) fuses with a lysosome.
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The resultant decrease in pH value leads to an increase in binding affinity to the
protective Fc-Rn, and to degradation by proteases of unbound antibody molecules.
The degradation products will reside in the lysosome, while the intact IgG mole-
cules bound to Fc-Rn will be transported to the cell membrane and can be re-
turned intact to the extracellular space. The Fc-Rn can transport the bound anti-
body bidirectionally to the apical and basolateral membrane, delivering it to the in-
terstitial fluid or the systemic circulation. As a result, the residence time of the in-
tact antibody in the body is prolonged.

Further experiments revealed that the higher the serum IgG concentration, the
shorter the half-life (Fig. 3.6). At lower concentrations, IgG is bound to phago-
some membrane-associated receptors and protected from proteolysis (Fig. 3.7, left
column). At high concentrations, however, phagosome Fc receptors are saturated
much more rapidly, and more unbound IgG molecules are digested; this results
in a higher apparent catabolic rate and hence a shorter half-life (Fig. 3.7, right col-
umn). Therefore, the protective role of Fc-Rn on IgG homeostasis fits very well
with the hypothesis by Brambell et al. The impact of serum IgG concentrations
on IgG catabolism was demonstrated in several animal studies. The administra-
tion of a high dose of purified human IgG (~2 g/kg) to mice resulted in a large de-
crease (> 60%) in baseline mouse IgG1 and IgG3 serum concentrations. Similar
results were reported for the effect of a large dose of human IgG (2 g/kg) in rats.
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Fig. 3.6 Relationship between serum
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Fig. 3.7 Protective influence of Fc-Rn at
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3.9

Pharmacokinetic Characteristics of mAbs

Compared to small-molecule drugs, therapeutic mAbs display different pharma-
cokinetic characteristics, including nonlinear pharmacokinetic behavior. As the
majority of therapeutic mAbs present IgG (or more specially IgG1) molecules, the
emphasis will be placed on this isotype, although the characteristics of newer
types of molecule such as antibody fragments will also be included.

3.9.1

Absorption

Due to their high molecular mass (and other reasons), the vast majority of mAbs
that have been approved or are currently in clinical development are administered
by intravenous (IV) infusion. This route allows the total dose to be available in the
circulation, as F (the systemically available fraction of the dose) is, by definition, 1.
In consequence, maximum concentrations in serum are rapidly observed, and are
higher compared to those achieved by other routes. Therefore, adverse reactions
after IV administration occur more often but are generally reversible. In addition,
IV infusions represent the most inconvenient (they often require hospitalization)
as well as time- and cost-consuming means of administration. Consequently, ex-
travascular routes have been chosen as alternatives, including subcutaneous ad-
ministration (SC; e. g., adalimumab, efalizumab) and intramuscular administra-
tion (IM; e. g., palivizumab) ( Table 3.4).

Table 3.4 Approved dosing regimens and pharmacokinetic parameters related

to absorption/bioavailability for therapeutic monoclonal antibodies.

Monoclonal Dosea) Dose Dosing Route of Cmax
b) tmax

c) Fd)

antibody unit interval admin-

[h] istration [mg/L] [h] [%]

Abciximab 0.25/ mg/kg Indi- IV bolus/ n.a. 0.17 100
0.125 µg/kg vidual IV infusion

Adalimumab 40 mg 336 SC 4.7 ± 1.6 131 ± 56 64

Alefacept 7.5/15e) mg 168 IV/IM 0.96 ± 0.26/ 2.8 ± 1.9/ 100/
0.36 ± 0.19 86 ± 60 63

Alemtuzumab 3/10/30 mg 24 f) IV 0.5–8g) 2 100

Basiliximab 20 mg 96 IV 7.1 ± 5.1 0.5 100

Bevacizumab 5 mg/kg 336 IV n.a. n.a. 100

Cetuximab 400/250 mg/m2 168 IV 185 ± 55 2 100

Daclizumab 1 mg/kg 336 IV 32 ± 22 0.25 100
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Table 3.4 (continued)

Monoclonal Dosea) Dose Dosing Route of Cmax
b) tmax

c) Fd)

antibody unit interval admin-

[h] istration [mg/L] [h] [%]

Efalizumab 0.7/1.0 mg/kg 168 SC 12 ± 8 24–48 50

Etanercept 25 mg 84 SC 1.7 ± 0.7 48 76

Gemtuzumab 9 mg/m2 h) IV 3.1 ± 2.1 n.a. 100
ozogamicin

Ibritumomab Indi- mCi/kg i) IV n.a. 0.4 100
tiuxetan vidual

Infliximab 3 mg/kg 336/672/ IV 77 2 100
1344 j)

Muromonab 5 mg 24 IV 0.9k) < 0.01 100

Omalizumab 150–375 mg l) SC n.a. n.a. 62

Palivizumab 15 mg/kg 672 IM 40 720 n.a.

Rituximab 375 mg/m2 168 IV 206 ± 60 m) 100

Tositumomab n) mg n) IV n.a. n.a. 100

Trastuzumab 4/2 mg/kg 168/504 IV 110 1.5 100

n.a.: not available, not applicable.
a) If initial dosing regimen differs from maintenance dosing regimen, the loading

dose and dosing interval will be listed first, followed by the maintenance dose
and dosing interval.

b) Maximum concentration after single dose.
c) Time of maximum concentration after single dose.
d) Systemically available fraction (bioavailability) after single dose.
e) 7.5 mg (IV) or 15 mg (IM) once weekly.
f) First three days daily (1st day: 3 mg, 2nd day: 10 mg, 3rd day: 30 mg); afterwards

twice-thrice weekly (30 mg).
g) After first 30 mg dose (= third dose).
h) Second dose after 2 weeks.
i) Day 1: 250 mg/m2 rituximab; day 8: rituximab 250 mg/m2, then 0.3–0.4 mCi/kg

(max. 32 mCi) ibritumomab-tiuxetan.
j) Second dose after 2 weeks, 3rd dose 4 weeks later, the following doses with an

interval of 8 weeks.
k) After the 3rd dose (not after single dose).
l ) Every 2 or 4 weeks.
m) After end of infusion with a rate of 50 mg/h for the first 30 min; thereafter

an increase by 50 mg/h is possible, with a maximum rate of 400 mg/h.
n) Two steps with sequential infusions each: 1. Dosimetric step: 2 × 225 mg +

35 mg tositumomab + 131I tositumomab. 2. Therapeutic step (7–14 days later) :
same amounts, but higher radioactivity.
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The mechanism of absorption after SC or IM administration is thought to occur
via the lymphatic system. The mAbs enter the lymphatic system by convective
flow of interstitial fluid into the porous lymphatic vessels. The molecular mass
cut-off of these pores is >100-fold the molecular mass of mAbs. From the lympha-
tic vessels, the mAbs are transported unidirectionally into the venous system. As
the flow rate of the lymphatic system is relatively low, mAbs are absorbed over a
long time period after administration. The resulting time of maximum concentra-
tion (tmax) is much later (typically 1–8 days), and the systemically available fraction
(F) is equal or lower (typically 0.5–1.0) compared to the IV administration of
mAbs. For example, SC injection of 40 mg adalimumab results in a tmax of ap-
proximately 5 days, and F is approximately 64%.

Both routes, however, have one major limitation – that the injection volume is
limited. The upper limit of volume not causing any discomfort in patients (mainly
pain) is 2.0–2.5 mL for SC injection, and 4.5–5.0 mL for IM injection. With re-
spect to the solubility and doses of the mAbs that are to be given, these small in-
jection volumes very often present a problem. The solubility of IgG usually is in
the range of 100 mg/mL, so that the maximum SC or IM doses possible range
from 200 to 250 mg, or 450 to 500 mg, respectively.

In addition to these three parenteral routes, oral administration has been inves-
tigated and applied, albeit to a much smaller extent. The reasons for this become
evident from the chemical structure of classical mAbs:

� A high molecular mass of ~150–1000 kDa and high polarity prevent, or at least
disfavor, permeation by diffusion across the epithelial cells along the gastro-
intestinal tract.

� The acidic environment of the stomach encourages denaturation of the glyco-
protein mAbs.

� As glycoproteins, mAbs are substrates of proteases in the gastrointestinal tract.
Since the number of proteases in the gastrointestinal tract is limited, proteolytic
enzyme degradation is saturable, leading to less degradation if higher doses are
administered.

It has been shown that antibodies can reach the systemic circulation after oral ad-
ministration, but only to a very small extent. The antibodies pass the intestinal
epithelium not by passive transcellular but by receptor-mediated transcellular or
paracellular transport. The Fc part of the antibody is responsible for the saturable
receptor-mediated transport, especially IgG in breast-fed neonates. As the receptor
is found primarily in the gastrointestinal tract of neonates, it was called Fc-Rn
(Fc receptor neonatal). Apart from this location, Fc-Rn has also been discovered in
other tissues such as the liver. Its role will be further discussed in Section 3.9.3.

The pharmacokinetic parameters of approved mAbs with regard to absorption,
maximum concentration (Cmax) and tmax after single dose administration, sys-
temically available fractions (F), and the commonly used dosing regimens and
routes of administration are summarized in Table 3.4.
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3.9.2

Distribution

In general, the distribution of classical mAbs in the body is poor. Limiting factors
are, in particular, the high molecular mass and the hydrophilicity/polarity of the
molecules. Nevertheless, mAbs are able to reach targets outside the systemic cir-
culation. Distribution throughout the body has been visualized for conjugated
mAbs using imaging techniques such as single photon emission computed tomo-
graphy (SPECT).

3.9.2.1 Transport

Permeation of mAbs across the cells or tissues is accomplished by transcellular or
paracellular transport, involving the processes of diffusion, convection, and cellu-
lar uptake. Due to their physico-chemical properties, the extent of passive diffu-
sion of classical mAbs across cell membranes in transcellular transport is mini-
mal. Convection as the transport of molecules within a fluid movement is the ma-
jor means of paracellular passage. The driving forces of the moving fluid contain-
ing mAbs from: (1) the blood to the interstitial space of tissue; or (2) the interstitial
space to the blood via the lymphatic system, are gradients in hydrostatic pressure
and/or osmotic pressure. In addition, the size and nature of the paracellular pores
determine the rate and extent of paracellular transport. The pores of the lymphatic
system are larger than those in the vascular endothelium. Convection is also af-
fected by tortuosity, which is a measure of hindrance posed to the diffusion pro-
cess, and defined as the additional distance a molecule must travel in a particular
human fluid (i. e., in vivo) compared to an aqueous solution (i. e., in vitro).

Cellular uptake of mAbs takes place via endocytosis and can be either receptor-
mediated, or non-receptor-mediated. Endocytosis is an absorptive process of large
and polar molecules such as mAbs, and involves the formation of intracellular ve-
sicles from parts of the cell membrane. The process can be divided in three differ-
ent subtypes:

� Phagocytosis (literally “cell eating”): the cell membrane is folded around large
molecules outside the cell such as mAbs to envelop them. A vesicle called a
“phagosome” is formed as a subcellular compartment by internalization. The
phagosome may merge with other intracellular vesicles such as lysosomes,
which contain proteolytic enzymes. In this way, the included mAbs can be de-
graded.

� Pinocytosis (literally “cell drinking”): by invagination, the cell membrane forms
a “pit” that is filled with interstitial fluid. All molecules (including mAbs) pre-
sent in the interstitial fluid will also move into the pit, which becomes detached
from the cell membrane to form an intracellular vesicle.

� Receptor-mediated endocytosis is a form of pinocytosis that is actively initiated.
The trigger is the binding of a large extracellular molecule (e.g., a mAb) to a
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receptor on the surface of the cell membrane. Analogous to pinocytosis, a “pit”
is formed around the bound antibody and subsequently internalized to form an
intracellular vesicle.

In all three cases the contents of the intracellular vesicles will finally be released
into the cytoplasm, or transported to the cell membrane to be released into the ex-
travascular space. Receptor-mediated endocytosis is the predominant mechanism
of cellular uptake for mAbs. As mentioned previously (see Sections 3.9.1 and
3.9.3), Fc-Rn is present in a large variety of cells and is very often involved in this
process. In addition, the antigen–antibody complex via Fab can also undergo “re-
ceptor“-mediated endocytosis. The impact of this internalization process on the
pharmacokinetics of mAbs will be discussed later.

3.9.2.2 Volume of Distribution

Generally, the concentration of mAbs in the interstitial fluid is rather small, with
reported serum:tissue ratios in biopsy samples ranging from 2 to 10. However, as
this sampling technique normally uses homogenization during preparation, only
a mixed concentration across all different cell types and fluids of the entire tissue
is provided, and the ratios will most likely be an overestimation of the real situa-
tion.

Generally, the estimated volumes of distribution are small and relatively homo-
geneous (Table 3.5). mAbs initially distribute into a restricted central volume (Vc)
of 3–5 L, which in humans approximates the serum volume. In order to evaluate
the value in patients with respect to physiology, it must be kept in mind that, espe-
cially in tumor patients, the cellular fraction in blood and the hematocrit may be
decreased and hence the serum volume will be increased.

The steady-state volume of distribution (Vss, the sum of central and peripheral
distribution volume) of approximately 5–10 L (0.06–0.2 L/kg) suggests a limited
distribution outside serum, which is consistent with the behavior of endogenous
IgG immunoglobulins. As expected for intact mAbs as macromolecules of
�150 kDa, transport through the endothelial capillaries occurs only to a small ex-
tent. If a compartmental or physiological approach in pharmacokinetic modeling
is chosen, the low values for the estimate of the peripheral volume and inter-
compartmental clearance, Q, also indicate that distribution is limited. A typical
Q-value of 20–50 mL/h might be a good indicator for extravascular transport
when compared to albumin (60 kDa protein), where 60 % of the protein is located
outside the serum. As can be expected for intact mAbs as macromolecules of
150 kDa or more, transport through the endothelial capillaries occurs to a smaller
extent.

With the development of special types of mAbs such as monoclonal intrabodies,
antibody fragments with considerably lower molecular mass (see Section 3.4.2.5),
enhanced tissue penetration is expected. Studies conducted in vitro or in animals
revealed that small-sized antibody fragments can penetrate tissues more easily,
might potentially cross the blood–brain barrier, and can be delivered locally to the
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Table 3.5 Pharmacokinetic disposition parameters of therapeutic monoclonal antibodies.

Monoclonal antibody Volume of Clearance (CL) Half-life (t1/2)

distribution (Vss) [L] [mL/h] [days]

Abciximab 0.07a) 183 ± 72b) 30c)

Adalimumab 5.0–6.0 11–15 14

Alefacept 0.094a) 0.25d) 11.25

Alemtuzumab 9 n.a. 8

Basiliximab 8.6 ± 4.1 75 7.2 ± 3.2

Bevacizumab 2.9 231 13–21

Cetuximab 4.0 35–140 2.9–4.2

Daclizumab 5.9 15 11.25–38.3

Efalizumab 0.110/0.058e) 24 ± 19 5.5–10.5

Etanercept 7.6 120 2.9

Gemtuzumab ozogamicin 20 336 ± 51.5 66.2 ± 34.9

Ibritumomab tiuxetan n.a. n.a. 1.2

Infliximab 3.0–4.1 n.a. 8–9.5

Muromonab n.a. n.a. 0.75

Omalizumab 0.096 ± 0.035a) 3.5 ± 1.7 f) 22 ± 8.7

Palivizumab n.a. n.a. 9.5–27

Rituximab n.a. 38.2 ± 18.2 9.4

Tositumomab n.a. 30.2–260.8g) 1.17–4.79

Trastuzumab 2.95 16–41 2.85–10

n.a.: not available
a) L/kg
b) mL/min
c) min
d) mL/h/kg
e) 0.11 L/kg after administration of 0.03 mg/kg; 0.058 L/kg after administration of 10 mg/kg
f) mL/kg/day
g) mg/h (unit according to FDA Product Approval Documentation – Labeling document)



lung through inhalation. With a dimension of approximately 30 kDa, monoclonal
intrabodies as single-chain Fv recombinant proteins show a higher extravascular
distribution and thus, for example in oncologic applications, a better tumor pene-
tration. Some mono- or bivalent Fab fragments have shown excellent tumor pene-
tration and good efficacy in preclinical and clinical cancer trials, though the tumor
residence time is much shorter than for complete mAbs.

3.9.2.3 Types of Binding

The vast majority of mAbs undergoes almost irreversible binding, with affinity
constants in the range of to 1010 to 1011 M. As binding is usually related to distri-
bution, the two different types of binding that must be distinguished will be pre-
sented here. As shown in Fig. 3.8, the nonspecific binding occurs via the Fc re-
gion, and the resulting effector functions of the bound antibody have been de-
scribed previously (see Section 3.5). Specific binding is mediated by the Fab re-
gion. Here, three different cases of complex equilibria must be considered, de-
pending upon the type of antigen that is targeted:

(A) The antigen presents a soluble substance, such as TNF-� (e. g., infliximab).

(B) The antigen is located on the surface of a (activated) cell and presents a recep-
tor or an enzyme. The antigen is not shed to the systemic circulation.

(C) The antigen has the same properties as in case B, but is shed to the systemic
circulation, such as the her-2/neu receptor (e.g., trastuzumab).

The complexity of the competitive situation increases from case A to C (Fig. 3.9).
In cases A and B, both the mAb and the physiological receptor or physiological li-
gand/enzyme merely compete for the same binding site, the antigen. In case C,
however, the antigen occurs at different sites (on the cell surface and in the sys-
temic circulation), so that there are in total four binding equilibria. The mAb and
the physiological ligand/enzyme can bind to the soluble antigen as well as to the
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Fig. 3.8 Two types of monoclonal antibody binding.

Left: Fab-directed binding. Right: Fc-directed binding.



antigen on the cell surface. The overall equilibrium depends on the concentra-
tions of the mAb, the concentration of the physiological ligand/enzyme, the ex-
pression rate of the antigen on the cell surface, and the extent of shedding of the
antigen. A high expression rate on (activated) cells results in a high density of the
antigen that might also lead to issues of steric hindrance. In general, the mAb pre-
ferentially binds to soluble antigen, whereas the physiological ligand/enzyme
favors the antigen on the cell surface.
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Fig. 3.9 Binding equilibria for different types of antigen. (A) The antigen is a

soluble substance, for example TNF-� (B) The antigen is a receptor or enzyme

on a cell surface, but is not shed. (C) The antigen is a receptor or enzyme on a

cell surface and is shed, for example her-2/neu or CD20.



3.9.3

Elimination

3.9.3.1 Clearance

As glomerular filtration has an approximate molecular size limit of 20–30 kDa,
mAbs do not undergo filtration in the kidneys due to their relatively large size.
The situation is different, however, for low molecular-mass antibody fragments,
which can be filtered. Tubular secretion has not been reported to occur to any sig-
nificant extent for mAbs, and peptides/small proteins are readily reabsorbed in
the proximal or distal tubule of the nephron (potentially also mediated by the neo-
natal Fc receptor, Fc-Rn), or are even metabolized. Thus, renal elimination in total
is uncommon or low for mAbs. Biliary excretion of mAbs has been reported only
for IgA molecules, and only to a very small extent. Therefore, total clearance (CL)
does usually not comprise renal or biliary clearance.

Across mAbs, clearance estimates range from about 11 to almost 400 mL/h (ex-
cept for abciximab: ~11 000 mL/h), and display a much higher variability among
mAbs compared to volume of distribution (see Table 3.5). A data trend towards
nonlinearity in clearance can be found even in simpler approaches of modeling
(see Section 3.10). Therapeutic mAbs show different elimination pathways, in-
cluding catabolic proteolysis, irreversible binding to antigen, and irreversible bind-
ing by anti-idiotype antibodies.

3.9.3.2 Proteolysis

MAbs undergo proteolytic degradation similar to that of physiological immunoglo-
bulins. The protective mechanism of Fc-Rn against catabolism is mainly responsi-
ble for the long terminal half-lives of the therapeutic antibodies if the IgG molecule
is complete and does not belong to the IgG3 subclass. The half-lives of mAbs range
from several days to weeks (Table 3.5). The shorter half-lives of the approved thera-
peutic mAbs compared to physiological immunoglobulin (IgG1) might be attribu-
table to a less-efficient binding to the Fc-Rn receptor and lower protection against
proteolysis (see Fig. 3.5). It has been reported that the different glycosylation pat-
tern of therapeutic and physiological antibodies might contribute to this observa-
tion. The only approved Fab antibody fragment, abciximab, lacking the Fc part re-
sponsible for binding to Fc-Rn is characterized by an unusually short half-life of
30 min. Thus, the elimination half-lives of IgG antibody-derived therapeutics are di-
rectly related to the binding affinity to the Fc-Rn. Genetically modified mice that
lack the expression of Fc-Rn receptors demonstrated antibody hypercatabolism and
faster elimination. The development of etanercept, for example, as a fusion protein
can be seen as a strategy to attach an “instable” protein to the Fc region for stabiliza-
tion against proteolytic degradation. Attempts have also been made to increase the
binding affinity of molecules to the Fc-Rn receptor, thereby enhancing the protec-
tive mechanism. So far, however, no licensed products have evolved.

Another reason for the different half-lives among mAbs lies in the origin of the
therapeutic antibodies. Degradation will be more rapid for more nonhuman anti-
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bodies. There is a clear relationship between the human fraction of the mAb and
the half-life. The lower the nonhuman fraction, the longer the half-life – that is,
the order of half-life is murine (few days) < chimeric < humanized � human
(few weeks) mAbs. Fc-Rn has been reported to have high affinity to human and
rabbit Fc regions, but low or no affinity to mouse, rat, or horse immunoglobulins.

Antibody fragments, such as the chimeric Fab fragment abciximab, and other
fragments (in particular single-chain fragments under development) usually show
a very short circulation period in vivo; this is advantageous in acute conditions,
but limits the use for chronic diseases. By conjugation with polyethylene glycol
(PEG) or additional glycosylation, however, it has been shown that proteolysis can
be diminished for these compounds, which suggests that the half-life can be
“tuned” as required to address acute as well as chronic diseases (for details, see
Chapter 11).

3.9.3.3 Binding to Antigen

Binding of mAbs not only affects distribution (similar to the situation for small-
molecule drugs) but also reflects another means of elimination. Binding of the
Fab region to the antigen with high affinity must be regarded as almost irreversi-
ble. The antigen–antibody complex, if located on the surface of a cell, will be inter-
nalized and subsequently degraded.

3.9.3.4 Binding to Anti-Idiotype Antibodies

A third elimination pathway occurs if anti-idiotype antibodies are formed as an
immune response of the human body to the administration of mAbs. Following
repeated administration, anti-idiotype antibodies are usually observed after one to
two weeks, with the extent of the adverse reaction strongly depending on several
factors:

� Type of mAb: the lower the extent of “humanization”, the more anti-idiotype
antibodies are likely to be formed.

� Dosage regimen: single doses rarely evoke a strong immunological response,
whereas multiple dosing often results in anti-idiotype antibody formation.

� Route of administration: SC injection has a higher incidence of forming anti-
idiotype antibodies than IM or IV administration.

� Patient’s genetics: patients with autoimmune diseases or prior anti-antibody
production are more likely to produce an immune response.

The formed anti-idiotype antibodies almost irreversibly bind the therapeutic anti-
bodies and therefore, by neutralization, eliminate them from the body. In total,
the formation of anti-idiotype antibodies will alter the pharmacokinetics and con-
sequently the pharmacodynamic effect (loss of effectiveness) of affected mAbs.
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3.9.3.5 Drug Interaction Studies

mAb drugs do not undergo classical metabolic reactions involving the superfamily
of cytochrome P450 (CYP) isoenzymes. Hence, co-medication with CYP isoen-
zyme substrates, inducers or inhibitors is not expected to result in clinically rele-
vant pharmacokinetic drug–drug interactions. The clinical development of mAbs
therefore usually does not include in-vitro or in-vivo drug–drug interaction studies
with CYP substrates, inducers or inhibitors.

3.9.4

Comparison of Pharmacokinetics of mAbs and Traditional Small-Molecule Drugs

Compared to small-molecule drugs (as chemically defined entities), therapeutic
mAbs (as biologics) display several different, partly unique pharmacokinetic char-
acteristics; for a summary, see Table 3.6. The tissue penetration of small-molecule
drugs is often much more extensive compared to that of the macromolecular
mAbs. Binding of small-molecule drugs to macromolecules is usually reversible,
whereas the binding of mAbs to the antigens is practically irreversible and can sig-
nificantly contribute to their elimination. With regard to degradation, the majority
of small-molecule drugs is metabolized predominantly by hepatic enzymes,
whereas mAbs as glycoproteins undergo ubiquitous proteolytic degradation. At
therapeutic doses, small-molecule drugs rarely show nonlinear pharmacokinetics,
which in contrast is seen very frequently for mAbs at therapeutic doses. For both
small-molecule and mAb drugs, the unbound molecules – that is, the nonbound,
free fraction of drug – are considered to exert the pharmacodynamic effects. Addi-
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Table 3.6 Comparison of pharmacokinetic characteristics between traditional

small-molecule drugs and therapeutic monoclonal antibodies.

Characteristic Small-molecule drugs Monoclonal antibodies

Tissue penetration Often good Usually poor

Binding Usually implies distribution Usually implies clearance

Degradation Metabolic degradation Proteolytic degradation

Renal clearance Often important Uncommon

Unbound concentration Considered to exert effect Considered to exert effect +
may cause immunogenicity

Pharmacokinetics Usually linear Often nonlinear
Usually independent from Often dependent on pharmaco-
dynamics dynamics and HAxA

HAxA: anti-idiotype antibodies against therapeutic monoclonal antibodies, such as
HAMA (human anti-murine antibody), HACA (human anti-chimeric antibody),
and HAHA (human anti-human antibody).



tionally, the unbound concentration of mAbs induces also the production of anti-
antibodies that cause negative immunological reactions.

3.10

Pharmacokinetic Modeling of mAbs

Although, during the early applications of therapeutic mAbs, pharmacokinetic
modeling was rarely applied, a variety of analytical techniques has been used over
the years to characterize the pharmacokinetics of this class of compounds. The ap-
plication and information derived from three different methods of noncompart-
mental analysis, individual compartmental analysis, and population analysis will
be discussed in the following sections.

3.10.1

Noncompartmental Pharmacokinetic Analysis

In pharmaceutical research and drug development, noncompartmental analysis is
normally the first and standard approach used to analyze pharmacokinetic data.
The aim is to characterize the disposition of the drug in each individual, based on
available concentration–time data. The assessment of pharmacokinetic para-
meters relies on a minimum set of assumptions, namely that drug elimination oc-
curs exclusively from the sampling compartment, and that the drug follows linear
pharmacokinetics; that is, drug disposition is characterized by first-order pro-
cesses (see Chapter 7). Calculations of pharmacokinetic parameters with this ap-
proach are usually based on statistical moments, namely the area under the con-
centration–time profile (area under the zero moment curve, AUC) and the area
under the first moment curve (AUMC), as well as the terminal elimination rate
constant (�z) for extrapolation of AUC and AUMC beyond the measured data.
Other pharmacokinetic parameters such as half-life (t1/2), clearance (CL), and vo-
lume of distribution (V) can then be derived.

An assumption concerning the number of compartments is, by nature, not re-
quired. For reliable results and precise parameter estimates, however, a relatively
large number of data points per individual are required. Phase 1 studies of mAbs
usually provide sufficient data for a noncompartmental analysis, but the assump-
tion of linear pharmacokinetics is not valid for most mAbs. This prerequisite,
however, was frequently neglected during the early years of therapeutic mAb de-
velopment, and an overall estimate for CL, for example, was frequently reported
in the literature. In dose-escalating studies, however, the concentration–time plots
of the raw data clearly indicate that the slope of the terminal phase is not parallel
for the different doses, but increases with increasing dose (Fig. 3.10). As a result,
the listing of different clearance values for different doses can be found. For
example, the clearance of trastuzumab was reported to be 88.3 mL/h for a 10-mg
dose, 34.3 mL/h for a 50-mg dose, 25.0 mL/h for a 100-mg dose, 19.0 mL/h for a
250-mg dose, and 16.7 mL/h for a 300-mg dose.
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Despite these limitations, even today noncompartmental analysis approaches
are sometimes the only way in which pharmacokinetic data of mAbs are analyzed.
Especially for the mechanistic understanding of the behavior of mAbs in the body,
a noncompartmental analysis cannot be recommended.

3.10.2

Individual Compartmental Pharmacokinetic Analysis

In contrast to noncompartmental analysis, in compartmental analysis a decision
on the number of compartments must be made. For mAbs, the standard compart-
ment model is illustrated in Fig. 3.11. It comprises two compartments, the central
and peripheral compartment, with volumes V1 and V2, respectively. Both com-
partments exchange antibody molecules with specific first-order rate constants.
The input into (if IV infusion) and elimination from the central compartment are
zero-order and first-order processes, respectively. Hence, this disposition model
characterizes linear pharmacokinetics. For each compartment a differential equa-
tion describing the change in antibody amount per time can be established. For
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Fig. 3.10 Concentration–time data for different doses of sibrotuzumab.

Fig. 3.11 Schematic depiction of

the simple two-compartment phar-

macokinetic model with an input,

transport between two compart-

ments, and elimination from the

central compartment.



the simple two-compartment model depicted in Fig. 3.11 the integrated forms of
these differential equations are available to calculate individually the pharmacoki-
netic parameter values and the resulting model-predicted concentration–time pro-
file. However, due to the nonlinear disposition of mAbs this linear disposition
model is often inadequate to describe the concentration–time data of mAbs. To
overcome this model misspecification, more sophisticated models with nonlinear
components needed to be developed to adequately represent the complex elimina-
tion pathways of mAbs (as discussed in Section 3.9.3). Since nonlinearity in phar-
macokinetics is difficult to quantify in individual subjects, population data analy-
sis techniques were identified as a more valuable approach for providing a deeper
understanding of the pharmacokinetic behavior of mAbs.

3.10.3

Population Pharmacokinetic Analysis

Although the fundamental research for population analysis techniques was car-
ried out almost 30 years ago, modern computing power has allowed a more so-
phisticated development of the technique and the transfer to applied research.
The hallmark characteristic of population analysis is the simultaneous evaluation
of all pharmacokinetic data of all individuals available. Pooling of data from differ-
ent studies is, therefore, possible and also desirable to obtain a dataset represent-
ing the entire target population with a large variety of different study designs, dos-
ing regimens and patient characteristics. The obtained datasets can be unbalanced
with regard to the number of data points contributed by each individual subject
(Fig. 3.12). In a typical dataset there are individuals with several data points (con-
nected by a thin line), but in the extreme only one or two data points per indivi-
dual may be available. In the simultaneous evaluation, all concentration–time
data contribute to the description of the typical concentration–time course of the
population, represented by the thick line in Fig. 3.12. Apart from the typical phar-
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Fig. 3.12 Data set for a population pharmacokinetic data analysis. Individual

data points from one individual are connected by thin lines. The thick line

represents the population time course.



macokinetic parameters to describe the typical time course, variability parameters
are also estimated in a population pharmacokinetics analysis describing for exam-
ple the deviation of single data points from the typical time course. The technique
is applied as a valuable tool in drug development for multiple purposes, including
methods to explore rational dosing regimens, to identify subgroups of special
populations and characterize their pharmacokinetics, and to generate population
parameters (typical disposition and variability) necessary to perform therapeutic
drug monitoring by Bayesian estimation.

Various methods are available to estimate population parameters, but today the
nonlinear mixed effects modeling approach is the most common one employed.
Population analyses have been performed for mAbs such as basiliximab, daclizu-
mab and trastuzumab, as well as several others in development, including clenolixi-
mab and sibrotuzumab. Population pharmacokinetic models comprise three sub-
models: the structural; the statistical; and covariate submodels (Fig. 3.13). Their
development and impact for mAbs will be discussed in the following section.

3.10.3.1 Structural Submodel

The structural submodel describes the central tendency of the time course of the
antibody concentrations as a function of the estimated typical pharmacokinetic
parameters and independent variables such as the dosing regimen and time. As
described in Section 3.9.3, mAbs exhibit several parallel elimination pathways.
A population structural submodel to mechanistically cover these aspects is de-
picted schematically in Fig. 3.14. The principal element in this more sophisticated
model is the incorporation of a second elimination pathway as a nonlinear process
(Michaelis–Menten kinetics) into the structural model with the additional para-
meters Vmax, the maximum elimination rate, and km, the concentration at which
the elimination rate is 50 % of the maximum value. The addition of this second
nonlinear elimination process from the peripheral compartment to the linear
clearance process usually significantly improves the fit of the model to the data.
Total clearance is the sum of both clearance parts. The dependence of total clear-
ance on mAb concentrations is illustrated in Fig. 3.15, using population estimates
of the linear (CLL) and nonlinear clearance (CLNL) components. At low concentra-
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Fig. 3.13 Components of a population pharmacokinetic model.



tions relative to km, nonlinear clearance typically is much higher than the clear-
ance for the linear pathway, and total clearance is almost independent of serum
concentration. The elimination capacity via the linear fraction of clearance is gen-
erally low. As concentration increases relative to km, the nonlinear pathway be-
comes saturated – that is, total clearance becomes highly dependent on serum
concentration. At concentrations much higher than km, CLL dominates the total
clearance and the influence of the nonlinear clearance pathway becomes negli-
gible.

Mechanistically, the linear clearance pathway represents most probably the slow
and nonspecific proteolytic degradation of mAbs in hepatic endothelial and reticu-
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Fig. 3.14 Schematic depiction of a two-compartment pharmacokinetic model

typical for the pharmacokinetics of mAbs, with an input, transport between

two compartments and two elimination pathways, one from each compartment.

Fig. 3.15 Dependence of clearance on concentration in the pharmacokinetic

model shown in Fig. 3.14.



loendothelial cells. At higher antibody concentrations, where only the linear part
of the CL determines total clearance, a terminal half-life of approximately one to
two weeks can usually be derived from the population parameter estimates.

The nonlinear elimination route is usually operative at low serum concentra-
tions relative to km, and results in a convex-upward terminal serum concentra-
tion–time profile with a limiting terminal half-life of approximately a few days
(Fig. 3.16). The typical values for km and Vmax suggest a low capacity, high-affinity
saturable elimination process. This Michaelis–Menten process was hypothesized
to be attributable to the saturable binding to Fc-Rn (see Section 3.8.2). Saturable
binding has been reported to occur at high IgG1 concentrations (hyperglobuline-
mia). While the physiological range lies between 5 and 11 mg/mL in adults, how-
ever, the maximum concentrations at the end of a mAb infusion do generally not
exceed 0.7–0.9 mg/mL but are typically much lower for most antibodies (see Ta-
ble 3.4). These figures suggest that a saturation of the Fc-Rn is not responsible for
the nonlinear pattern.

Furthermore, the nonlinear pathway is not effective at high but at low concen-
trations of the mAb (Fig. 3.15). This suggests that the nonlinear behavior is pre-
sumably attributable to specific interactions with the antigen – that is, a target-
mediated elimination pathway. One potential mechanism for the nonlinearity
might be steric hindrance for binding or limited access at high antibody concen-
trations, or complete binding of available antigen. Another potential source of
pharmacokinetic nonlinearity that has been observed for the T-cell antigen of cle-
noliximab, might be up-modulation or diminishing down-modulation of the anti-
gen at decreasing antibody concentrations. In the case of antigens located on the
surface of soluble cells, the amount of antigen and/or of interacting therapeutic
antibody might be quantified by FACS analysis and incorporated into the model-
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Fig. 3.16 Convex-upward terminal concentration–time profile for a mAb with

two elimination pathways, one linear and one non-linear route.



ing. Overall, there are still gaps in the understanding of the entire clearance me-
chanism of mAbs.

3.10.3.2 Statistical Submodel

The statistical submodel characterizes the pharmacokinetic variability of the mAb
and includes the influence of random – that is, not quantifiable or uncontrollable
factors. If multiple doses of the antibody are administered, then three hierarchical
components of random variability can be defined: inter-individual variability; in-
ter-occasional variability; and residual variability. Inter-individual variability quan-
tifies the unexplained difference of the pharmacokinetic parameters between indi-
viduals. If data are available from different administrations to one patient, inter-
occasional variability can be estimated as random variation of a pharmacokinetic
parameter (for example, CL) between the different administration periods. For
mAbs, this was first introduced in sibrotuzumab data analysis. In order to indivi-
dualize therapy based on concentration measurements, it is a prerequisite that in-
ter-occasional variability (variability within one patient at multiple administra-
tions) is lower than inter-individual variability (variability between patients). Resi-
dual variability accounts for model misspecification, errors in documentation of
the dosage regimen or blood sampling time points, assay variability, and other
sources of error.

3.10.3.3 Covariate Submodel

Covariate analysis aims at identifying patient- or study-specific characteristics
with a significant influence on pharmacokinetic parameters, and at quantifying
their impact. Covariates include demographic data such as age, gender or weight,
laboratory parameters such as organ function, disease-related data such as sever-
ity, co-illnesses, or concomitant medication, and patient status such as genetic or
smoking status. Significant and clinically relevant covariates should reduce inter-
individual variability in pharmacokinetic parameters and finally allow for a more
appropriate dose selection according to the needs of the individual patient. So far,
covariate analysis has only been performed for a very limited number of mAbs. In
many cases, for example sibrotuzumab [13], body weight was found significantly
to affect pharmacokinetic parameters, leading to marked differences in the
model-predicted concentration–time profiles after multiple dosing of the same
dose in patients with low and high body weights (Fig. 3.17).

In the case of trastuzumab, where shed antigen is found in the circulation, high
antigen concentrations resulted in lower trough trastuzumab concentrations. This
effect was modeled using only a linear clearance term and the shed antigen base-
line concentration as covariate.

Common demographic covariates other than weight, such as age, and liver or
kidney function, do not seem to alter the pharmacokinetics of mAbs, and should
not be considered for dosage adjustments in the clinical use of mAbs. Other mea-
sures of body size – including body surface area (BSA), which is traditionally used

853.10 Pharmacokinetic Modeling of mAbs



for dosing in oncology – were found to be inferior to body weight in explaining in-
ter-patient variability. Consequently, the dosing of mAbs based on BSA cannot be
recommended.

In conclusion, robust population pharmacokinetic models may contribute to
the mechanistic understanding of the fate of mAbs in the body. Factors that may
influence the pharmacokinetics of mAbs should be investigated for their potential
influence on dosage regimen design in clinical trials and therapeutic use.

3.11

Pharmacodynamics of mAbs

Compared to polyclonal antibodies, mAbs display molecular homogeneity and sig-
nificantly higher specificity leading to increased in-vivo activity. For example,
100–170 mg serum containing polyclonal antibodies against the tetanus toxin are
necessary to achieve the same effect as 0.7 mg of a respective mAb. This section
will provide an overview on therapeutic antibodies which have either been ap-
proved or are in clinical development, and will classify them according to different
pharmacodynamically relevant properties.

In total, 19 mAbs have been approved by the FDA and/or EMEA since 1986.
The approval year, as well as the proprietary name and indication for use, are
listed-�betically in Table 3.7. A comprehensive summary of the structure-related
pharmacodynamic characteristics of the approved mAbs is provided in Table 3.8.
All 19 approved mAbs belong to the IgG class, with 15 to IgG1, three to IgG2, and
one to the IgG4 subclasses. With regard to the origin and extent of humanization,
there are three murine, five chimeric, eight humanized and three human (one hu-
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Fig. 3.17 Weight-dependent concentration–time profile following the same

fixed-dose dosing regimen to three patients with minimum, median, and

maximum body weight (WT, range ~100 kg) of the studied patient population.



man and two chimeric proteins) mAbs available on the market. There has been a
clear tendency during the past few years towards the development of more hu-
man-like mAbs.

With respect to the different modes of actions and effector function (as dis-
cussed in Section 3.5), there are:

� 12 intact unconjugated mAbs: adalimumab, alemtuzumab, basiliximab, cetuxi-
mab, daclizumab, efalizumab, infliximab, muromonab, omalizumab, palivizu-
mab, rituximab, trastuzumab.

� Three intact conjugated unlabeled mAbs: alefacept (+ protein), etanercept
(+ protein), gemtuzumab ozogamicin (+ toxin).

� Two intact radiolabeled mAbs: ibritumomab tiuxetan (90Y and 111In), tositumo-
mab (131I).

� One mAb fragment: abciximab.

Three different pharmacodynamic principles of action can be distinguished for
mAbs, comprising lysis or apoptotic activity, coating activity, and inactivating activ-
ity (see Section 3.5.2), depending on the type of antigen and the antigen–antibody
interaction.

In the first two cases, the ideally disease-specific antigen is located on the sur-
face of a cell (see Table 3.8). The majority of mAbs (abciximab, alefacept, alemtu-
zumab, basiliximab, cetuximab, daclizumab, efalizumab, gemtuzumab ozogami-
cin, ibritumomab tiuxetan, muromonab, palivizumab, rituximab, tositumomab,
and trastuzumab) exert their pharmacodynamic activity by Fc-mediated ADCC/
CDC activation or delivery of toxic substance to the targeted cell [15]. Cell death
will be the ultimate result. In some cases “only” a coating of the antigen-binding
site by the antibody takes place, which will lead to a “down-regulation” of the anti-
gen. As more knowledge is acquired, it is being recognized that by additional
blockage of downstream signaling, apoptosis might also finally be induced.

Four mAbs (adalimumab, bevacizumab, infliximab, omalimumab) are directed
against soluble substances as antigens (cytokine, growth factor, immunoglobulin).
The pharmacodynamic principle is to block the antigen-binding activity to its re-
ceptor and thereby inactivate the target antigen function. The binding of the thera-
peutic antibody to the target antigen finally leads to agglutination and neutraliza-
tion of the antigen. The question on the degree of occupancy for a therapeutic ef-
fect has not been satisfactorily addressed in the literature.

Efficacious mAbs are used in a variety of therapeutic indications such as cancer,
rheumatoid arthritis, Crohn’s disease, psoriasis, organ transplantation, asthma, in-
fectious diseases, and cardiovascular diseases, while for other diseases research
and development is currently ongoing. The current three major therapeutic areas
include oncology (eight mAbs against solid tumors and lymphoma/leukemia), in-
flammatory diseases (five mAbs), and the immunosuppression/prophylaxis or
treatment of organ rejection in transplantation (three mAbs). The reader is re-
ferred to Chapter 12 for a detailed discussion on the exposure–response relation-
ships and pharmacodynamics of therapeutically administered mAbs.
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Table 3.7 Indication and approval of therapeutic monoclonal antibodies.

Monoclonal Brand Indication for use Year of approvala)

antibody name

Abciximab ReoPro Unstable angina
(percutaneous coronary intervention)

1994

Adalimumab Humira Rheumatoid arthritis 2002

Alefacept Amevive Chronic plaque psoriasis 2003
(not by EMEA)

Alemtuzumab Campath B-cell chronic lymphocytic leukemia
(B-CLL)

2001

Basiliximab Simulect Treatment of the acute rejection of kidney,
heart and liver transplants

1998

Bevacizumab Avastin Metastasized colorectal carcinoma 2004

Cetuximab Erbitux Metastasized colorectal carcinoma
(EGFR-positive)

2004

Daclizumab Zenapax Prophylaxis of acute rejection after
allogenic kidney transplantation

1997

Efalizumab Raptiva Plaque psoriasis 2003

Etanercept Enbrel Rheumatoid arthritis; psoriatic arthritis 1998

Gemtuzumab
ozogamicin

Mylotarg Relapsed acute myeloid leukemia 2000
(not by EMEA)b)

Ibritumomab
tiuxetan

Zevalin CD20-positive follicular
non-Hodgkin’s lymphoma

2002

Infliximab Remicade Rheumatoid arthritis; Morbus Crohn;
ankylosing spondylitis

1998

Muromonab Orthoclone
OKT 3

Prophylaxis of rejection after heart
transplantation; immunosuppression

1986/1992

Omalizumab Xolair Asthma (positive skin test or in-vitro

reactivity to a perennial aeroallergen)
2003
(not by EMEA)c)

Palivizumab Synagis Respiratory tract infections caused by
respiratory syncytial virus

1998

Rituximab Rituxan/
MabThera�

Follicular lymphoma (grade III- IV);
CD20-positive non-Hodgkin’s lymphoma

1997

Tositumomab Bexxar CD20-positive, follicular,
non-Hodgkin’s lymphoma

2003
(not by EMEA)d)

Trastuzumab Herceptin Metastasized breast cancer 1998

a) Approved by FDA and EMEA unless stated otherwise.
b) European Commission granted orphan designation (October 2000).
c) Committee for Medicinal Products for Human Use (CHMP) recommended to

grant a marketing authorization (July 2005).
d) European Commission granted orphan designation (February 2003).
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Table 3.8 Characterization of approved therapeutic monoclonal antibodies.

Monoclonal

antibody

Classa) Subclass Antigen Type of

antigen

Physiological ligand/

substrate/receptor

Abciximab Chimericb) IgG1 GPIIb/IIIa
(CD41)c)

Receptor Fibrinogen, von
Willebrand factor,
other adhesive
molecules

Adalimumab Human IgG1 TNF-�d) Soluble
substance

TNF-� receptord)

Alefacept Humane) IgG2-Fc CD2 Surface
marker

LFA-3f)

Alemtuzumab Humanized
(rat CDR)

IgG1 CD52 Surface
marker

–

Basiliximab Chimeric IgG1 IL-2R (CD25)g) Receptor IL-2h)

Bevacizumab Humanized IgG1 VEGF i) Soluble
substance

VEGF receptor

Cetuximab Chimeric IgG1 EGFR j) Receptor EGF, TNF-�
TNF-�k)

Daclizumab Humanized IgG1 IL-2R (CD25)g) Receptor IL-2h)

Efalizumab Humanized IgG1 CD11a Receptor LFA-1 l)

Etanercept Humanm) IgG1-Fc TNF-�/TNF-�
receptord)

Receptor TNF-�
TNF-�d)

Gemtuzumab
ozogamicin

Humanizedn) IgG4 CD33 Surface
marker

Host cell

Ibritumomab
tiuxetan

Murineo) IgG1 CD20 Channel
constituent

Calcium

Infliximab Chimeric IgG1 TNF-�d) Soluble
substance

TNF-� receptord)

Muromonab Murine IgG2a CD3	 Part of T-cell
receptor
complex

Peptides presented
by MHC on APCp)

Omalizumab Humanized IgG1 IgE Soluble
substance

Fc	RIq)

Palivizumab Humanized IgG1 RSV F proteinr) Surface
protein

Host cell

Rituximab Chimeric IgG1 CD20 Channel
constituent

Calcium

Tositumomab Murines IgG2a CD20 Channel
constituent

Calcium

Trastuzumab Humanized IgG1 her2/neut) Receptor EGF, TNF-�u)

Footnotes see page 90.
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Conclusions

The current global mAb pipeline comprises approximately 140 drugs in develop-
ment (with approximately 75 in clinical development), and is prepared to deliver
as many as 13 new mAbs between 2005 and 2008. Despite problems and limita-
tions in different arenas with regard to production and preclinical/clinical devel-
opment (e.g., high cost and adverse reactions), continued effort is being underta-
ken in the development of mAb drug products. In 2003, sales of mAbs reached ap-
proximately US$ 5 billion, this being a 27% increase compared to 2001.

Important questions that remain to be addressed in the future include how to
identify new targets for mAbs, how to increase the effectiveness and specificity of
new mAbs, how to reduce the side effects of mAb therapy, how to validate specific
assays, how to identify which targets are active in which group of patients (respon-
ders versus nonresponders), and how to predict the responsiveness. For an effec-
tive pharmacotherapy with mAbs, however, those factors which impact upon the
pharmacokinetics and pharmacodynamics of antibody-based therapeutics must
be understood. They are also relevant for optimizing the drug development pro-
cess, for increasing its probability of success, and for the optimal use of mAbs in
clinical applications. An exciting future with diversity in novel targets is foreseen
for the therapeutic application of mAbs in many acute and chronic diseases.
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Footnotes to Table 3.8

a) If not stated otherwise: non-human part is of murine origin.
b) Chimeric Fab fragment comprised of murine variable fraction and human

constant region.
c) Glycoprotein IIb/IIIa.
d) Tumor necrosis factor.
e) Fusion protein (also called chimeric protein): two molecules of human

leukocyte function antigen-3 (LFA-3) conjugated to human Fc region.
f) Leukocyte function antigen-3.
g) Interleukin 2 receptor.
h) Interleukin 2.
i) Vascular endothelial growth factor.
j) Epidermal growth factor receptor.
k) Epidermal growth factor receptor, tumor necrosis factor.
l) Leukocyte function antigen-1.
m) Fusion protein (also called chimeric protein): two molecules of human tumor

necrosis factor receptor 2 (TNFR2/p75) conjugated to human Fc region.
n) Conjugated with calicheamicin (bacterial toxin).
o) Conjugated with 111In or 90Y.
p) MHC on APC: major histocompatibility complex on antigen-presenting cells.
q) Fc	 receptor type I.
r) Respiratory syncytial virus fusion protein.
s) Conjugated with 131I.
t) Human epidermal growth factor receptor 2.
u) Epidermal growth factor, tumor necrosis factor: other ligands (e. g., PICK1)

may also potentially bind.



Acknowledgments

The authors acknowledge Ms. Sabrina Albrecht, Ms. Stephanie Mendow, and
Ms. Uta Zschoeckner for their technical help in these studies.

913.13 References

3.13

References

1 Langer-Gould, A., S.W. Atlas, A.J. Green,
A.W. Bollen, and D. Pelletier. 2005. Pro-
gressive multifocal leukoencephalopathy
in a patient treated with natalizumab.
N. Engl. J. Med. 353 : 375–381.

2 Nadler, L.M., P. Stashenko, R. Hardy,
W.D. Kaplan, L.N. Button, D.W. Kufe,
K.H. Antman, and S.F. Schlossman. 1980.
Serotherapy of a patient with a mono-
clonal antibody directed against a human
lymphoma-associated antigen. Cancer Res.
40 : 3147–3154.

3 Kohler, G., and C. Milstein. 1975.
Continuous cultures of fused cells secret-
ing antibody of predefined specificity.
Nature 256 : 495–497.

4 Schopf, R.E. 2001. Idec-114 (Idec).
Curr. Opin. Investig. Drugs 2 : 635–638.

5 Reff, M.E., K. Hariharan, and
G. Braslawsky. 2002. Future of mono-
clonal antibodies in the treatment of
hematologic malignancies. Cancer Control

9 : 152–166.
6 Lobato, M.N., and T.H. Rabbitts. 2004.

Intracellular antibodies as specific
reagents for functional ablation: future
therapeutic molecules. Curr. Mol. Med.
4 : 519–528.

7 Rondon, I.J., and W.A. Marasco. 1997.
Intracellular antibodies (intrabodies) for
gene therapy of infectious diseases.
Annu. Rev. Microbiol. 51 : 257–283.

8 Molnar, E., J. Prechl, A. Isaak, and
A. Erdei. 2003. Targeting with scFv:
immune modulation by complement

receptor specific constructs. J. Mol.

Recognit. 16 : 318–323.
9 Lin, M.Z., M.A. Teitell, and G.J. Schiller.

2005. The evolution of antibodies into ver-
satile tumor-targeting agents. Clin. Cancer

Res. 11 : 129–138.
10 Weiner, L.M., and P. Carter. 2003. The

rollercoaster ride to anti-cancer antibodies.
Nat. Biotechnol. 21 : 510–511.

11 Pai, L.H., R. Wittes, A. Setser, M.C.
Willingham, and I. Pastan. 1996. Treat-
ment of advanced solid tumors with
immunotoxin LMB-1: an antibody linked
to Pseudomonas exotoxin. Nat. Med.
2 : 350–353.

12 Kloft, C., E.U. Graefe, P. Tanswell,
A.M. Scott, R. Hofheinz, A. Amelsberg,
and M.O. Karlsson. 2004. Population
pharmacokinetics of sibrotuzumab, a
novel therapeutic monoclonal antibody,
in cancer patients. Invest. New Drugs

22 : 39–52.
13 Ghetie,V., S. Popov, J. Borvak, C. Radu,

D. Matesoi, C. Medesan, R.J. Ober, and
E.S. Ward. 1997. Increasing the serum
persistence of an IgG fragment by ran-
dom mutagenesis. Nat. Biotechnol.
15 : 637–640.

14 Brambell, F.W.R.,W.A. Hemmings, and
I.G. Morris. 1964. A theoretical model of
�-globulin catabolism. Nature 203 : 1352–
1355.

15 Carter, P. 2001. Improving the efficacy of
antibody-based cancer therapies. Nat. Rev.

Cancer 1 : 118–129.





4

Pharmacokinetics and Pharmacodynamics

of Antisense Oligonucleotides

Rosie Z. Yu, Richard S. Geary, and Arthur A. Levin

4.1

Introduction

Decreasing gene expression by selectively blocking mRNA translation can be ac-
complished using single-strand antisense molecules or, as more recently demon-
strated, by double-strand RNA constructs now known as RNAi. Antisense com-
pounds are short synthetic oligonucleotides, usually between 15 and 25 nucleo-
tides in length, designed to hybridize to RNA through Watson–Crick base pairing.
Upon binding the target RNA, the oligonucleotide prevents translation of the en-
coded protein product in a sequence-specific manner. Since the rules for Watson–
Crick base pairing are well characterized [1], antisense oligonucleotides represent,
in principle, a simple method for the rational design of drugs. In practice, the ex-
ploitation of antisense oligonucleotide technology for therapies has presented a
unique set of challenges, some of which relate to their pharmacokinetic behavior.

The oligonucleotide chemistry that has advanced furthest in clinical develop-
ment is that of single-strand phosphorothioate oligodeoxynucleotides. Phosphor-
othioate (PS) oligodeoxynucleotides differ from native DNA only in the substitu-
tion of one non-bridging oxygen with sulfur in the phosphodiester bridge connect-
ing one base to another. Thus, a 20-base PS oligodeoxynucleotide would contain
19 sulfur atoms, one for each internucleotide bridge (Fig. 4.1 a). The addition of
sulfur serves to stabilize the oligonucleotide to nuclease digestion and increases
nonspecific plasma protein binding, likely due to the increased charge density of
the sulfur backbone. Thus, this simple chemical modification to natural DNA im-
parts these small oligonucleotides with favorable pharmacokinetic properties, in-
cluding prolonged residence time in tissues and cells, improved tissue distribu-
tion, and reduced urinary excretion. Currently there is one antisense PS oligo-
deoxynucleotide product on the market, and numerous additional agents in clini-
cal trials, several of which are in advanced stages of development (Table 4.1).

Significant resources have been applied towards the identification of chemical
modifications that further improve upon the pharmacokinetic and pharmacody-
namic properties of PS oligodeoxynucleotides (Table 4.2). The vast majority of

93



94 4 Pharmacokinetics and Pharmacodynamics of Antisense Oligonucleotides

Fig. 4.1 Representations of the chemical structure of first-generation oligonu-

cleotides and 2
-MOE partially modified phosphorothioate oligonucleotides

(second-generation oligonucleotides) (B = G, C, T, or A).

Table 4.1 Antisense phosphorothioate oligodeoxynucleotides studied in

human clinical trials.

Oligonucleotide Molecular target Disease

indication

Route of

administration

Sponsor

Vitravene (fomivirsen,
ISIS 2922)

Human cytomegalo-
virus IE-2 gene

CMV
retinitis

Intravitreal Isis/Ciba
Vision

GEM91 HIV HIV
infection

Intravenous Hybridon

Alicaforsen
(ISIS 2302)

ICAM-1 Ulcerative
colitis

Topical Enema Isis

Affinitac
(ISIS 3521, LY900003)

PKC-� Cancer Intravenous Lilly/Isis

ISIS 5132 c-raf kinase Cancer Intravenous Isis

ISIS 2503 H-ras Cancer Intravenous Isis
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Table 4.1 (continued)

Oligonucleotide Molecular target Disease

indication

Route of

administration

Sponsor

Genasense
(G 3139)

BCL-2 Cancer Intravenous Genta

ISIS 14803 HepC Hepatitis C
infection

Intravenous Isis

INX-3001 c-myb Cancer Intravenous Inex

INX 3280 c-myc Restenosis Local stent Inex

Veglin VEGF Cancer Intravenous VasGene

RX-0201 Akt Cancer Intravenous Rexahn

GPI-2A HIV gag gene HIV Intravenous Novopharm

Table 4.2 Antisense 2
-alkoxy modified phosphorothioate oligonucleotides

currently with clinical trial experience.

Oligonucleotide Molecular target Disease

indication

Route of

administration

Sponsor

ISIS 104838 TNF-� Rheumatoid
arthritis

Subcutaneous Isis

ISIS 113715 PTP-1B Diabetes Subcutaneous Isis

ISIS 301012 ApoB-100 HoFH/
HeFH

Subcutaneous/
Oral

Isis

ATL 1102 VLA-4 Multiple
sclerosis

Intravenous ATL/Isis

ATL 1101 IGF-1R Psoriasis Topical ATL/Isis

OGX-011 Clusterin Cancer Intravenous Oncogenex/
Isis

LY2181308 Survivin Cancer Intravenous Lilly/Isis

GEM132 Human CMV CMV infection Intravenous Hybridon

GEM 92 HIV-1, gag AIDS Intravenous Hybridon

GEM 231 PKA, RI� Cancer Intravenous Hybridon

MG 98 DNA-methyl
transferase

Cancer Intravenous Methyl-
Gene/MGI
Pharma

MBI 1121 E1-HPV Genital warts Local injection Micrologix

AEG 35156/
GEM 640

XIAP Cancer Intravenous Aegera



these modified PS oligonucleotides have followed a model of mixing 2
-alkoxy
modifications placed at the 3
- and 5
-termini of the oligonucleotides with deoxy-
nucleotides in the intervening gap. This RNA/DNA construct has provided even
greater biological stability to the molecule, higher binding affinity to its target
mRNA while maintaining RNase H activity [2, 3] and decreasing general nonhy-
bridization toxicities [4]. Within this second chemical class of so-called second-
generation oligonucleotides, there exist at least two subclasses – the 2
-O-methyl
and 2
-O-(methoxyethyl) PS oligodeoxynucleotides (Fig. 4.1b). As expected, there
is significantly more information regarding the pharmacokinetic properties of
first-generation PS oligodeoxynucleotides available in the literature [1, 5–20] (to
cite just a few). Proprietary 2
-alkoxy partially modified PS antisense oligonucleo-
tides are at a relatively early stage in their development, and available data are less
plentiful [21–26]. RNAi, although an excellent in-vitro tool, is – relatively speak-
ing – in its medicinal chemistry infancy [27], with no compound yet developed for
systemic use and no literature from which to glean its pharmacokinetic behavior
in vivo. Therefore, in this chapter we will review the pharmacokinetics of single-
strand antisense oligonucleotides. Pharmacokinetic/pharmacodynamic properties
of primarily PS 2
-O-(methoxyethyl) (abbreviated as 2
-MOE) partially modified
single-strand PS oligodeoxynucleotides are reviewed and summarized in this
chapter.

4.2

Pharmacokinetics

Antisense oligonucleotides are administered parenterally in the majority of re-
ported in-vivo studies: intravenous (IV), intraperitoneal (IP), or subcutaneous (SC).

Parenteral administration has been the preferred route because it allows com-
plete systemic availability. Non-parenteral administration of antisense oligonu-
cleotides is only made possible with the aid of novel formulations intended to
overcome barriers to absorption (see Chapter 10). Similar to first-generation anti-
sense oligonucleotides (ASOs), the pharmacokinetics of 2
-MOE partially modified
ASOs are characterized by:

� A plasma concentration–time profile that is poly-phasic with rapid distribution
half-life (�1 h) and long elimination half-life reflecting slow elimination from
the tissues.

� High binding to plasma proteins (>90 % across species).
� Plasma clearance that is dominated by distribution into the tissues.
� Long tissue elimination half-life cleared by nuclease-mediated metabolism.
� Minor urinary or fecal excretion of the intact drug.

The major difference in pharmacokinetics between PS oligodeoxynucleotides and
2
-MOE partially modified ASOs is that 2
-MOE partially modified ASOs have im-
proved metabolic stability to nucleases [28]. Therefore, tissue residence time for
the 2
-MOE partially modified ASOs is much longer compared to the first-genera-
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tion ASOs, and this is reflected in an approximate five-fold increase in elimination
half-lives (10–30 days) in tissue over the first-generation ASOs [8, 14, 18, 22, 29].
The pharmacokinetic section of this chapter will focus on 2
-MOE partially modi-
fied ASOs.

4.2.1

Plasma Pharmacokinetics Across Species

The pharmacokinetic profile of 2
-MOE partially modified ASOs was similar in
mice, rats, dogs, monkeys, and humans in that the drug was cleared within hours
from the plasma and distributed to the tissues. Following IV administration, the
plasma concentration–time profiles of 2
-MOE partially modified ASO are poly-
phasic, characterized by a rapid distribution phase (half-lives of 30–80 min), fol-
lowed by at least one additional much slower elimination phase with half-lives re-
ported from 10 to 30 days. The recent development of ultrasensitive hybridization
ELISA methods have made it possible to follow plasma concentrations for up to
three months after dose administration, enabling the investigators to determine
terminal plasma elimination half-lives [24, 26, 30, 31]. Representative plasma con-
centration–time profiles with the rapid distribution phase along the slow terminal
elimination phase in monkeys and humans for a 2
-MOE partially modified ASO,
ISIS 104838 are shown in Figure 4.2 [26].

The initial rapid distribution to tissues dominates plasma clearance (>90 %),
which is characterized by a near-complete distribution with a several-fold log de-
cline of plasma ISIS 104838 concentrations over a 24-h period. The rapid and
complete distribution phase is similar to that of the first-generation PS oligodeox-
ynucleotides. However, plasma concentrations of 2
-MOE partially modified ASOs

974.2 Pharmacokinetics

Fig. 4.2 Polyphasic pharmacokinetic profiles of ISIS 104838 in plasma following

1-h IV infusion in monkey and human. ISIS 104838 concentrations in plasma

were measured using a hybridization ELISA method (LLOQ = 0.7 ng/mL).



decline more slowly during the elimination phase. For example, the terminal
elimination half-life for ISIS 104838 in monkey plasma is 27 days, which is consis-
tent with the slow elimination of ISIS 104838 from monkey tissues, and reflects
an equilibrium with oligonucleotide in tissue [26].

Similar to PS oligodeoxynucleotides, the pharmacokinetics of 2
-MOE partially
modified ASOs is dose-dependent. Typically, the distribution half-life is seen to in-
crease with increasing dose, while the area under the curve (AUC) increases were
greater in proportion to the dose in mouse and monkey [26]. This observation sug-
gests that there is a saturable component in the disposition of these compounds
[26]. Consistent with a relatively rapid distribution from plasma, there is no evi-
dence of measurable accumulation in peak plasma concentrations following re-
peat-dose administration on an every-other-day or every fourth-day schedule (data
not shown). The nonlinear kinetics is characterized by slower apparent distribu-
tion half-lives at higher doses, and a slowing in overall plasma clearance at higher
doses. The most likely explanation for the nonlinear kinetics is that the distribu-
tion to organs that take up a large fraction of the oligonucleotide dose (liver and
kidney) is saturated as the dose increases [18, 19, 26, 29, 32]. Taken together, these
data suggest that the nonlinear behavior observed in plasma clearance may be re-
lated to the saturation of distribution to the major organs of distribution.

Following SC injection, peak concentrations (Cmax) occur at approximately 1 and
3 h after injection in mice and monkeys, respectively, and are several fold lower
compared to IV administration. The dominant apparent plasma half-life for the
distribution of ASO from plasma to tissue is approximately 30 min in mice, and
1–4 h in monkeys. The plasma half-life following SC administration is longer
than that after IV injection, and is indicative of continued absorption from the in-
jection site during the disposition phase. Consistent with the IV administration,
peak plasma concentrations following SC injection increased in a dose-dependent
manner in studies performed in mice and monkeys. In addition, the plasma clear-
ance was attributed to a rapid distribution to the tissues and, to a much lesser de-
gree, urinary excretion. The increase in AUC was greater in proportion to the dose
in mouse and monkey [26]. Plasma absolute bioavailability following SC injection
generally ranged between 70 % and 100%. Plasma bioavailability may underesti-
mate the ultimate complete tissue absorption, since animal studies have shown
that the entire dose is ultimately distributed to tissues such that there is no differ-
ence between IV and SC administration with regard to end organ drug concentra-
tions [26].

2
-MOE partially modified ASOs are also highly bound to plasma proteins,
though not as extensively as PS oligodeoxynucleotides. At clinically relevant doses,
more than 90 % of ASO in plasma is bound to plasma proteins in mice, rats, mon-
keys, and humans [33]. For all species tested, there is little change in the whole
plasma protein binding capacity over the concentration range from approximately
1 µg/mL to 75 µg/mL. A shift from lower-capacity proteins such as �2-macroglo-
bulin and �1-acid glycoprotein to albumin most likely occurs when the concentra-
tion exceeds 10 µg/mL. Binding to plasma proteins has been shown to be both
salt- and pH-dependent, which suggests that the binding is most likely a nonspeci-
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fic electrostatic interaction. The binding affinity of ASO to �2-macroglobulin was
found to be greater than that of ASO to albumin. The dissociation constants were
measured as 3.1 µM (Kd1) and 11.9 µM (Kd2) for albumin, while the dissociation
constants were 4 nM (Kd1) and 72 nM (Kd2) for �2-macroglobulin (measured using
surface plasma resonance (SPR); internal data, unpublished). However, albumin
appears to have a much greater binding capacity (>10-fold) to ASO than does �2-
macroglobulin.

Protein binding may explain many other pharmacokinetic properties of this
class of compounds. The high degree of protein binding in the circulation pre-
vents any significant urinary excretion. Therefore, there is minimal glomerular fil-
tration of the protein-bound oligonucleotide, and the excretion of intact com-
pound in urine is a minor pathway in its clearance from the plasma [26].

Allometric scaling of plasma clearance estimated at doses ranging from 2 to
5 mg/kg across all species, from rat to human, shows a linear (slope of 0.98–1.01)
relationship based on body weight alone (Fig. 4.3). Mouse appears to be the single
“outlier”, with five- to ten-fold more rapid weight-normalized plasma clearance.
The faster plasma clearance in mice appears to be a function of a faster tissue dis-
tribution, due to a more rapid circulation to tissues, or larger liver and kidney vo-
lumes relative to body weight [34], or to a lower plasma protein-binding capacity
in mice [33]. It is not clear which of these mechanisms is the major contributor,
but all may play a role in the plasma clearance of ASOs. Nevertheless, similar to
oligodeoxynucleotides, the pharmacokinetics of 2
-MOE partially modified ASO
scales well across species, utilizing allometric correlation as a function of body
weight.

994.2 Pharmacokinetics

Fig. 4.3 Allometric relationship of plasma clearance for ISIS 104838, ISIS

113715, and ISIS 301012. Each point represents the average of three to six

individuals. Doses ranged from 2 to 5 mg/kg.



4.2.2

Tissue Distribution

As a consequence of rapid plasma clearance during the distribution phase,
2
-MOE partially modified ASOs distribute both widely and extensively into the
tissues in mice, rats, and monkeys, with peak concentrations generally achieved
by 24–48 h post dose [26, 35]. The characteristics in tissue distribution are similar
to those of first-generation ASOs [8, 11, 12, 18, 36, 37]. A representative total oligo-
nucleotide tissue distribution at 24 h following a single 20 mg/kg dose in rats of
[3H]-ISIS 104838 and [3H]-ISIS 113715, respectively, is shown in Figure 4.4. The
highest concentrations of oligonucleotides in all species studied were found in
kidney, liver, spleen, and lymph nodes, but oligonucleotides can be measured in
almost every tissue, except brain, at 24 h after IV administration. Consistent with
the pattern of distribution, liver and kidney were monitored closely for evidence of
toxicity in mouse and monkey toxicology studies.

Concentrations of oligonucleotide in the liver and kidney of mice and monkeys
after three months of treatment were dose-dependent, but were generally less
than dose-proportional (especially in the case of mouse kidney), indicating a satur-
able process for tissue uptake and distribution. Tissue concentrations of oligonu-
cleotides after four and 13 weeks of treatment were generally higher in monkeys
than in mice at comparable dose levels [26]. In both mice and monkeys, it ap-
peared that steady-state concentrations were almost attained in liver and kidney
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Fig. 4.4 Tissue distribution of total radioactivity at 24 h after single IV bolus

administration of 5 mg/kg [3H]-labeled ISIS 104838 or ISIS 113715 to rats.

Concentration values represent total radioactivity concentration in micro-

gram equivalent/g (µg eq/g).



by four weeks with a loading regimen during the first week, because there were
only slight increases over the next nine weeks. In line with the tissue half-life of
10 to 30 days, it could take two to three months to reach steady-state concentra-
tions in tissues without a loading regimen.

2
-MOE partially modified ASOs in tissues are cleared slowly over the course of
days, and tissue half-lives are approximately five-fold longer than for the first-gen-
eration ASOs [8, 14, 18, 22, 26, 29, 35]. The most rapid clearance from tissue was
observed in mice, with half-lives of three to seven days [26]. Longer tissue half-lives
were seen in monkeys, ranging from approximately 10 to 34 days, depending on
the nucleotide sequence (Table 4.3). In rats administered the radiolabeled oligonu-
cleotide, the radiolabel was cleared slowly, with half-lives of 18 to >30 days. The
half-life observed in tissues appeared to be consistent with the long terminal
plasma half-life. Indeed, the terminal elimination phase observed in the plasma of
healthy human volunteers was similar to that seen in monkeys [24, 26]. Plasma
concentrations of ISIS 104838 observed during the terminal elimination phase
are shown to represent ISIS 104838 that is in equilibrium with tissue(s) (Fig. 4.5),
and this provides a measure of the tissue elimination rate (based on nonclinical
experience with measured tissue elimination over time). In addition, trough
plasma concentrations can be used as a surrogate for predicting liver concentra-
tions (Fig. 4.6). The terminal elimination phase observed in the plasma of healthy
human volunteers was similar to that seen in monkeys (see Fig. 4.2) at a similar
dose level. In summary, the pharmacokinetics of oligonucleotides in humans is
predictable on the basis of pharmacokinetics measured in monkeys, and based on
similarities in plasma pharmacokinetics, elimination half-life, and trough accu-
mulation.

Table 4.3 Elimination half-lives and exposure in liver and kidney across

sequences for 2
-MOE partially modified antisense oligonucleotides

in monkeys.

Half-life (days) Conc. (�g/g)a) at Steady-state

Sequence Liver Kidney cortex Liver Kidney cortex

ISIS 104838 13.0 17 201 436
ISIS 113715 7.7 16 110 472
ISIS 301012 34.0 33 126 228

a) Concentrations were normalized to 3 mg/kg per week.
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4.2.3

Metabolism

While distribution to tissues relies on the mechanism of plasma clearance, whole-
body clearance is the result of metabolism and the excretion of low molecular-
weight oligonucleotides. Ubiquitous nucleases are known to metabolize oligonu-
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Fig. 4.5 Correlation of plasma concentrations with tissue concentrations

of ISIS 104838 following the final dose after 3 months‘ administration

(10 mg/kg, administered every fourth day, via a 1-h IV infusion).

Fig. 4.6 Correlation of plasma trough concentrations (24 h post dose)

with liver concentrations of ISIS 113715 after 3 months’ administration

(1 to 10 mg/kg administered once weekly, via a 1-h IV infusion).



cleotides, although the latter do not serve as substrates for P450 oxidative metabo-
lism.

An HPLC-ES/MS method, which permits the separation of shorter oligonucleo-
tide metabolites from the parent compound, has been used to identify oligonu-
cleotide metabolites generated from tissues and urine following IV administration
to rats of ISIS 104838 and ISIS 113715 [26, 35]. A proposed metabolic pathway for
ISIS 113715 is illustrated in Fig. 4.7. The first step in the metabolism of oligonu-
cleotides appears to be an endonuclease-mediated cleavage of the deoxynucleotide
region in the center of the molecule; cleavage results in two shorter sequences,
one with a 5
-MOE-protected terminus, and the other with a 3
-MOE-protected ter-
minus. Subsequently, these endonuclease-cleaved molecules are subjected to exo-
nucleolytic cleavage of the exposed deoxynucleotides to yield shorter oligonucleo-
tide fragments and a mononucleotide or mononucleoside. The thiophosphate
group on the nucleotide can be spontaneously oxidized to sulfate and phosphate,
cleaved by a phosphatase, or excreted in urine as an entire thiophosphate mono-
nucleotide. Monodeoxynucleotide and monodeoxynucleoside metabolites are
identical to endogenous nucleotides, and are catabolized by the normal pathways
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Fig. 4.7 Metabolic pathways for the degradation of ISIS 104838. Upper-case

letters indicate 2
-MOE modified nucleotides; lower-case letters indicate

deoxynucleotides.



for purines and pyrimidines. Metabolites consistent with endonuclease cleavage
in the deoxy-portion of the parent oligonucleotides were observed in plasma, tis-
sue and urine, as shown by HPLC with radiometric detection (Fig. 4.8, see also
pp. 105 and 106). Although numerous chain-shortened oligonucleotide metabo-
lites were identified in the tissues, the predominant oligonucleotide species was
the parent compound at all time points analyzed. These data, when taken together,
suggest that exonuclease metabolism of the intact molecule does not play a promi-
nent role in the initial metabolism of the parent oligonucleotide. This metabolic
pattern is consistent with the exonuclease-resistant 2
-MOE modifications placed
at both the 3
- and 5
-ends of these 2
-MOE partially modified ASOs.
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Fig. 4.8 HPLC radiometric metabolite profiling of extracts of (a) plasma,

(b) kidney, and (c) urine samples from rats treated with [3H]-ISIS 104838 or

[3H]-ISIS 113715 [35].



4.2.4

Elimination and Excretion

Similar to PS oligodeoxynucleotide, 2
-MOE partially modified ASOs are highly
bound to plasma proteins, which prevents their glomerular filtration and limits
urinary excretion (see Section 4.2.1). Therefore, urinary excretion is a minor elimi-
nation pathway for 2
-MOE partially modified ASOs across species (Table 4.4), in-
cluding human [24, 26, 35]. Although remaining low, the percentage of urinary ex-
cretion increases with dose in all species, suggestive of a possible saturation of
plasma protein binding at higher doses. Protein binding in plasma is relatively
weak (Kds in the µM range), and the binding sites of these hydrophilic drugs dif-
fer from the binding sites of low molecular-weight hydrophobic drugs. Therefore,
few drug–drug interactions on the level of plasma protein binding are expected at
clinically relevant concentrations.
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Fig. 4.8b (legend see p. 104)



As discussed in Section 4.2.3, the elimination of 2
-MOE partially modified
ASOs is attributed to slow (but continuous) nuclease-mediated metabolism in tis-
sue, followed by ultimate excretion of these shortened metabolites in the urine.
This major elimination pathway for 2
-MOE partially modified ASOs is shown gra-
phically in Fig. 4.9, where approximately 75% of the total radiolabeled dose is ex-
creted in the urine by 90 days after a single dose (5 mg/kg) of [3H]-ISIS 104838 to
rats [26]. Another example of the ultimate elimination of this class of compound
via slow metabolism in tissues, followed by the urinary excretion of metabolites, is
the mass-balance study with [3H]-labeled ISIS 113715. Here, between 8% and
37% of administered dose was excreted within the first 24 h, followed by a daily ur-
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Fig. 4.8c (legend see p. 104)



inary excretion of �1–2% of the administered dose for the next 90 days; this was
consistent with a slow tissue clearance. By 90 days post drug administration, the
amount of radioactivity associated with the excreta accounted for the majority of
the administered dose (>80 %), with the larger proportion being recovered in the
urine (ca. 70 %) and the remainder in the feces [35]. It should be noted that the tri-
tium radiolabel ([3H]) was placed at the 5-C position of thymidine of the 2
-methox-
yethyl-modified portion at the 3
-termini for ISIS 104838, and at both the 3
- and
5
-termini for ISIS 113715. The radiochemical purity of these compounds was
>94%. Taken together, the metabolism and excretion data obtained from the rat
mass-balance study indicate that, although tissue metabolism is slow, it is continu-
ous and represents the primary route of whole-body elimination as oligonucleotide
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Table 4.4 Twenty-four-hour urinary excretion following a single 1-h infusion in

monkeys across sequences.

Sequence Dose Route Dose excreted Dose excreted

as parent drug as total oligo

[%] [%]

ISIS 104838 3 mg/kg 1-h IV 0.1 1.1
ISIS 113715 3 mg/kga) 1-h IV 0.02 2.3
ISIS 301012 4 mg/kg 1-h IV 1.3 2.3
ISIS 112989 3 mg/kg 1-h IV 0.11 0.68

a) Urine samples collected following two doses of ISIS 113715.

Fig. 4.9 Mass-balance excretion of

radiolabel residue associated with

[3H]-ISIS 104838 over 90 days after

single 5 mg/kg IV bolus injection

[26].



fragments are excreted from the body in urine. These data demonstrate the impor-
tance of metabolism and subsequent urinary excretion as the ultimate elimination
pathway of the 2
-MOE partially modified ASOs.

4.3

Pharmacodynamics

The application of pharmacokinetic and pharmacodynamic analyses to guide and
expedite drug development has received increasing interest during recent years
[38]. Although these principles are well accepted and widely used for low molecu-
lar-weight drugs, only limited reports have been made to date of investigations
into the pharmacokinetic and pharmacodynamic relationships of antisense thera-
peutic agents. A majority of studies with ASOs, both in laboratory animals and in
the clinic, have characterized the pharmacology with respect to structure–activity
relationships (i. e., sequence and mismatched sequence data) and dose–response
relationships [39–42]. Hence, this section will review investigations into the corre-
lation between oligonucleotide concentrations (exposure) in target organs or
plasma (as a surrogate) and pharmacological effects.

The mechanism of action for antisense compounds is to inhibit gene expres-
sion sequence-specifically by hybridization to mRNA through Watson–Crick base-
pair interactions; this is followed by degradation of the target mRNA through an
RNase H-dependent terminating mechanism [43]. Consequently, the ASO pre-
vents translation of the encoded protein product, or the disease-causing factor in a
highly sequence-specific manner. Because of the unique mechanism of action of
antisense therapeutics, investigations of the pharmacological effects of antisense
oligonucleotide in vivo have focused primarily on:

� target mRNA reduction and the subsequent reduction in protein translation;
� downstream effects resulting from target protein reduction, which are depen-

dent on the target studied; or
� clinical outcomes dependent upon disease indication.

Therefore, this review of pharmacokinetic/pharmacodynamics (PK/PD) correla-
tion will include investigations between the effective concentrations at the target
sites of antisense oligonucleotides with each of the pharmacological effects dis-
cussed above. Moreover, an establishment of the correlation between plasma equi-
librium concentrations with concentrations at the target sites is pertinent, en-
abling plasma concentrations to be used as a surrogate in clinical studies to estab-
lish relationships between pharmacodynamics and pharmacokinetics.

Although the mechanisms of action for antisense oligodeoxynucleotide and
2
-MOE partially modified ASOs are the same, the 2
-MOE modifications provide
increased affinity to the target mRNA while maintaining favorable RNase H activ-
ity and, therefore, enhanced potency and specificity over the first-generation
ASOs [28, 40, 44, 45]. The pharmacodynamic section of this chapter will, once
again, focus on 2
-MOE partially modified ASOs.
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4.3.1

Pharmacological Endpoint: Reduction of Target mRNA and Protein

Because the direct pharmacological response of antisense therapeutics is target
mRNA reduction, establishment of the correlation of target organ concentration
and target mRNA reduction is most widely used in studying the PK/PD relation-
ships in animal models. Furthermore, any reduction in target mRNA levels corre-
lates directly with a subsequent reduction in target protein levels. However, be-
cause target protein analysis relies on Western blotting and is considered semi-
quantitative, protein levels are often used only on a confirmatory basis when as-
sessing target reduction [46, 47]. Thus, any estimation of ASO pharmacodynamics
is generally based on target mRNA expression.

Although ASOs are widely and extensively distributed to the tissues, the highest
concentrations of oligonucleotides are always found in the kidney and liver (see
Section 4.2.2). As such, liver targets are increasingly attractive due to the unique
pattern of ASO biodistribution. Consequently, several PK/PD studies have been
reported for 2
-MOE partially modified ASOs targeting the liver [46–49]. PK/PD
relationships have also been demonstrated in the human synovium, using a
2
-MOE partially modified ASO, ISIS 104838, to target TNF-� in patients with
rheumatoid arthritis [50], and also in the prostate gland, with a 2
-MOE partially
modified ASO, OGX-011 targeting the clusterin mRNA in patients with prostatic
cancer [42]. To date, however, no PK/PD studies targeting other tissues or organs
with 2
-MOE partially modified ASOs have been reported.

One of the first reported applications of PK/PD modeling to characterize anti-
sense PK/PD relationships was a study of a 2
-MOE partially modified ASO, ISIS
22023, targeting murine Fas mRNA expressed exclusively in hepatocytes [46, 47].
In this study, the PK/PD relationships of ISIS 22023 were characterized not only
in the target organ (the mouse liver), but also in sub-organ levels within the liver.
The results showed that the time course of mRNA reduction (pharmacological ac-
tivity) correlated closely with the time course of ISIS 22023 concentrations in he-
patocytes. A subsequent downstream effect was also demonstrated using protec-
tion from Fas antibody-induced fulminant hepatitis, consistent with target mRNA
reduction and subsequent reduction in translation of Fas protein in the liver. Dif-
ferential kinetics were observed in different cell types within the liver, where ISIS
22023 was cleared more rapidly from hepatocytes than from Kupffer and endothe-
lial cells; hence, the kinetics of ISIS 22023 in the whole liver was not representa-
tive of the kinetics in the hepatocyte (Fig. 4.10). Moreover, the pharmacodynamics
of ISIS 22023 correlated better with the pharmacokinetics in hepatocytes, support-
ing the concept that the presence of oligonucleotide in target cells results in a
reduction in mRNA and, ultimately, in pharmacological activity. Using an inte-
grated PK/PD model, the estimated EC50 in hepatocytes for ISIS 22023 was
29.0 ± 5.3 �g/g liver. In summary, the results of this study demonstrated apparent
differences in the patterns of uptake and elimination in different types of liver
cell. The results also provide a comprehensive understanding of the kinetics of an
antisense drug at the site of action, and show that the reductions in mRNA in-
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duced by this antisense oligonucleotide correlate with its concentrations in the tar-
get cell. Based on the estimated PK/PD parameters from this study, a 24 mg/kg
dose given once weekly should maintain liver concentrations of ISIS 22023 in ex-
cess of the EC50, and Fas mRNA reduction greater than 50 %, thus providing suffi-
cient protection for mice subjected to an agonistic and normally lethal Fas anti-
body challenge. Indeed, results from a 20-week long-term study using the above
simulation-based regimen showed reasonable correlation between model-pre-
dicted ISIS 22023 concentrations and Fas mRNA reduction with observed values
(Fig. 4.11). Moreover, the targeted downstream effect, 100% protection, was
achieved for up to 20 weeks in mice receiving ISIS 22023 treatment and subjected
to agonistic Fas antibody challenge (R.Z. Yu, unpublished data).

An additional study which was performed with ISIS 116847, targeting mouse,
rat, and human putative protein tyrosine phosphatase (PTEN) mRNA, showed
that ASO concentrations in the target cell are critical for activity [48]; these data
also indicated that dose regimen modifications can be used to optimize expo-
sure. In this study, three treatment regimens were used to deliver the same total
dose (200 mg/kg) over a four-week period: 25 mg/kg twice a week (BIW),
7.14 mg/kg daily (D), or 20 mg/kg daily as loading for the first five days, fol-
lowed by 33 mg/kg once weekly maintenance (L/M). The results showed that
whole-liver concentrations of ISIS 116847 were similar for the BIW regimen
compared to the L/M regimen. However, hepatocyte concentrations of ISIS
116847 were doubled for the BIW regimen compared to the L/M regimen, sug-
gesting more rapid clearance in hepatocytes than in the whole liver, since rats
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Fig. 4.10 Pharmacokinetic/pharmacodynamic relationship of ISIS 22023 in

mouse liver following SC administration of a single 50 mg/kg dose to mice.

Symbols represent observed concentrations or Fas mRNA levels (error bars

represent standard deviation for ISIS 22023 concentrations, or standard error

for Fas mRNA levels; n = 3). Solid lines represent predicted ISIS 22023

concentrations or Fas mRNA levels using nonlinear regression.



were treated two times less frequently with the L/M regimen compared to the
BIW regimen. Subcellular trafficking differences across cell-types in the liver
may also explain differences in activity.

Differences in ASO pharmacodynamics between species were noted in diabetic
animal models [49]. In a PK/PD study with ISIS 116847, db/db mice and fa/fa
rats were treated with doses ranging from 0 to 50 mg/g administered once weekly
for four weeks. An inhibitory effect sigmoid Emax model was used to fit the phar-
macodynamic data. The liver EC50 was estimated to be approximately 50 µg/g in
mice, and 150 µg/g in rats. This species difference in EC50 is likely related to spe-
cies-specific sub-organ distribution in the liver, as observed previously with first-
generation ASOs, where oligonucleotide concentrations in hepatocytes were two-
fold higher in mice compared to rats at similar doses, and with the greatest differ-
ences being found in the nuclear and membrane fractions [51]. Further studies
with other targets in different animal models are warranted in order to provide a
better understanding of species similarities and differences in pharmacody-
namics.

In the clinic, PK/PD relationships with the direct pharmacological effect, reduc-
tion of target mRNA and protein as the response measure, have been demonstrated
in two studies with 2
-MOE partially modified ASOs [42, 50]. In a Phase IIa study in
patients with rheumatoid arthritis, ISIS 104838 was targeted at the mRNA of TNF-
� (a cytokine which is important in immune response and inflammation). The re-
sults showed that TNF-� mRNA and protein reduction in synovial tissue biopsies
correlated positively with concentrations of ISIS 104838 in the synovial tissues [50].
Another investigation of PK/PD relationships was conducted in a Phase II dose-
ranging study in prostate cancer patients treated with OGX-011, a 2
-MOE partially
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Fig. 4.11 Correlations between observed and model-predicted ISIS 22023

concentrations and Fas mRNA expression in mouse liver after once-weekly

SC administration of ISIS 22023 (24 mg/kg) for 20 weeks. Symbols represent

observed concentrations or Fas mRNA levels (error bars represent standard

deviation for ISIS 22023 concentrations, or standard error for Fas mRNA

levels; n = 3). Solid lines represent predicted ISIS 22023 concentrations or

Fas mRNA levels using nonlinear regression.



modified ASO targeting clusterin mRNA (weekly dose 320 to 640 mg) [42]. The
clusterin gene encodes a cytoprotective chaperone protein that promotes cell survi-
val and confers broad-spectrum resistance. Inhibition of clusterin expression in
prostate cancer cells, as assessed by several methods such as quantitative real-time
PCR and immunohistochemistry, occurred in a dose- and prostate drug concentra-
tion-dependent manner. The study results led to a recommended Phase II dose of
OGX-011 of 640 mg administered once weekly, based on the optimal biologic activ-
ity in inhibiting clusterin expression and tolerability in humans at this dose.

The establishment of PK/PD relationships using plasma exposure has been of
long-term interest in this field. However, PT oligonucleotides, including those
with MOE-modified termini, are rapidly cleared from plasma within hours and
distributed to the tissues. Hence, the elimination phase – which is in equilibrium
with tissue levels – could not be quantitated with earlier assays [52–54]. However,
with the development of highly sensitive and selective hybridization ELISA meth-
ods [24, 26, 30], characterization of the full pharmacokinetic behavior of antisense
oligonucleotides is now possible. This includes monitoring the terminal elimina-
tion phase, which can be used to correlate plasma and tissue concentrations for
PK/PD studies, and to establish exposure–response relationships using trough
plasma levels. When the ELISA method first became available, a link-model was
developed to correlate plasma kinetics with liver Fas mRNA reduction following a
single IP dose of 50 mg/kg ISIS 22023 in mice (Fig. 4.12). The estimated half-life
at the effect site was 4.3 days (unpublished data), which was shorter than that in
the whole liver (18.8 days) [46]. These data were consistent with observations of
differential sub-organ kinetics within the mouse liver, where ISIS 22023 is cleared
more rapidly from hepatocytes (the effect site) than from the whole liver.
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Fig. 4.12 Pharmacokinetic/pharmacodynamic relationship of ISIS 22023 in

mouse plasma with liver Fas mRNA reduction following subcutaneous

administration of a single dose (50 mg/kg). Symbols represent observed

concentrations or Fas mRNA levels (error bars represent standard deviation

for ISIS 22023 concentrations, or standard error for Fas mRNA levels; n = 3).

Solid lines represent predicted ISIS 22023 concentrations in plasma or Fas

mRNA levels using nonlinear regression.



4.3.2

Pharmacological Endpoint: Downstream Effects

The downstream effects, subsequent to the direct pharmacological effects of inhibi-
tion of target mRNA expression and protein translation, will depend on which gene
the ASO targets. Some of the downstream effects are easily quantified with plasma
biomarkers; for example, the measurement of plasma glucose or insulin for ASOs
targeting metabolic diseases, or serum apoB-100 and LDL-cholesterol for ASOs tar-
geting hyperlipidemia. However, some downstream effects cannot easily be quanti-
fied or have no assessable biomarkers; for example, ASOs targeting inflammatory
conditions such as Crohn’s disease or rheumatoid arthritis (RA). A semi-quantita-
tive assessment scoring system is generally used when evaluating the downstream
effect or clinical endpoint for inflammatory diseases (see Section 4.3.3).

To date, PK/PD relationships using downstream effects have not been reported
in the literature. However, dose-dependent downstream effects have been demon-
strated in numerous animal models and humans for a number of targets. For ex-
ample, a significant dose-dependent decrease in plasma glucose and/or insulin
was shown in diabetic mouse and rat models with ISIS 116847 targeting PTEN
[39], with ISIS 113715 targeting protein-tyrosine phosphatase 1B (PTP1B) [55],
and with several 2
-MOE partially modified ASOs targeting the glucagon receptor
[56] or glucocorticoid receptor (GCCR) [57]. In a mouse model bearing a PC-3 tu-
mor, a clusterin ASO demonstrated a dose-dependent reduction in PC-3 tumor vo-
lumes [40]. More recently, a mouse-specific 2
-MOE partially modified antisense
compound, ISIS 147764, targeting apoB-100, has been shown to cause reductions
in liver and serum apoB-100 levels in several mouse models of hyperlipidemia in
both dose- and time-dependent manner [58]. Consistent with these findings, total
cholesterol and LDL-cholesterol were also decreased accordingly. These findings,
together with data from a Phase I trial with a human apoB-100 antisense drug
[59], suggest that it might be possible not only to exploit this target for therapeutic
activity but also, because of the easy readout of pharmacologic activity, to dissect
out the details of the PK/PD relationship. Information gathered from these stu-
dies will clearly aid in the development of other antisense therapeutics.

4.3.3

Relationship between ASO Pharmacokinetics and Clinical Outcome

In clinical studies, the clinical outcome or clinical endpoint are generally used as
a measure of a drug’s pharmacological effect. Depending on the disease indica-
tion, the clinical outcome can be either quantitative or semi-quantitative. Very few
published studies have investigated the relationships between exposure and clini-
cal outcome, or PK/PD relationships for ASOs. These investigations have in-
cluded therapeutic areas of inflammatory diseases [24, 60], oncology [61, 62], and
metabolic diseases including lipid-lowering agents [59, 63, 64]. In these studies,
ASO was used either concomitantly with other marketed agents of different me-
chanisms, or as monotherapy.
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Three approaches have been used to estimate pharmacodynamics using plasma
concentrations as surrogate for target tissue exposure:

� Studying the correlation between clinical endpoint and total plasma exposure
(plasma AUC or cumulative AUC).

� Estimation of plasma EC50 by linking plasma kinetics to target dynamics and
building a plasma PK/PD link model.

� Estimation of plasma EC50 by an inhibitory effect Emax model at equilibrium.

An example of the first approach is a population-based PK/PD study for a first-
generation ASO, ISIS 2302, targeted to human intercellular adhesion molecule-1
(ICAM-1) mRNA for the treatment of Crohn’s disease [60, 65]. A correlation be-
tween the plasma AUC and clinical endpoint (complete clinical remission rate)
was established using a linear mixed effect model, and the exposure–response
model was used to predict clinical outcome in a Phase III trial simulation [66]. An-
other example of the first approach is a Phase IIa study with ISIS 104838 targeting
TNF-� mRNA [50]. Clinical outcome, defined as the response rate of achieving the
American College of Rheumatology 20 % improvement-criteria (achievement of
ACR 20), was both dose- and exposure-dependent. The response was sustained for
up to two months after treatment, consistent with the drug’s long tissue half-lives.

A PK/PD relationship in humans has recently been reported for a novel hypoli-
pidemic agent, ISIS 301012, a 2
-MOE partially modified antisense inhibitor of
human apoB-100 [59, 64]. ApoB-100 is a structural component of LDL-cholesterol,
and plays a key role in its metabolism and transport. Preliminary data from this
study indicate that antisense inhibition of apoB-100 results in both dose- and con-
centration-dependent sustained reductions in serum levels of apoB-100, LDL-cho-
lesterol and total cholesterol, but does not affect levels of HDL-cholesterol.

With the development of a sensitive hybridization-based ELISA bioanalytical as-
say [24, 30], it has been possible to measure the trough plasma concentrations and
to define the terminal elimination kinetics of ASOs. In fact, plasma concentra-
tions in the terminal elimination phase have been shown to represent ASO that is
in equilibrium with tissue(s), and thus to provide a measure or surrogate of tissue
exposure and elimination rate (based on nonclinical experience with measured tis-
sue elimination over time) [31]. In addition, trough plasma concentrations can be
used as a surrogate for predicting liver concentrations, and thus can be used as
surrogate in estimating ASO pharmacodynamics in humans (see Fig. 4.6). Addi-
tional PK/PD analyses with linking plasma exposure at equilibrium to clinical
endpoints are ongoing.

This chapter has described the pharmacokinetics of PT 2
-MOE partially modi-
fied ASO following parenteral administration, and has shown that ASOs in this
chemical class distribute extensively to many tissue types, with prolonged half-
lives. Moreover, exposure–response relationships have been established in both
animal models and humans. However, there are a few tissues to which parenter-
ally administered oligonucleotides do not distribute, or are distributed minimally;
these include brain, muscle, eyes, and skin. Consequently, ASOs targeted to these
tissues will require local delivery, as outlined in Chapter 10.
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4.4

Summary

The pharmacokinetic characteristics of single-strand antisense PT oligonucleo-
tides are governed by the molecule’s chemical class, and are largely independent
of sequence. The reliance of broad whole-body biodistribution of ASOs on plasma
protein binding must not be underestimated. Alternative chemical modifications
have, on occasion, failed to take this important property into consideration, and
this has led to failures in distribution and loss of compound via rapid urinary ex-
cretion. Future gains are likely to be attributed to chemical modifications that bal-
ance plasma protein binding with optimal target binding.

Not surprisingly, the pharmacodynamics of ASOs are closely linked to target tis-
sue and cell pharmacokinetics. Indeed, it is this property that demands careful
consideration for the ultimate selection of an appropriate molecular target for this
technology. If ASOs are to be rationally targeted, their use must take into consid-
eration their intrinsic biodistribution, both to whole organs and to the various cell
types within that organ. Particular attention in this chapter has been focused on
the liver and, more specifically, upon the hepatocyte within the liver – an organ
and cell type that is particularly well-served by the intrinsic biodistribution of
ASOs.

The PK/PD properties of ASOs provide a framework for rapid drug develop-
ment. Challenges to the promise of antisense therapeutics are not unlike those
for any other new chemical entity, and they include proper application of the phar-
macokinetic properties in order to select both target and delivery methods. The
profound difference from the situation of small molecule discovery is the relative
predictability of the pharmacokinetics, independent of target selection.
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5

Pharmacokinetics of Viral and Non-Viral Gene Delivery Vectors

Martin Meyer*, Gururaj Rao*, Ke Ren, and Jeffrey Hughes

5.1

General Overview of Gene Therapy

Gene therapy refers to the introduction of new genetic material of therapeutic va-
lue into somatic cells. This approach is a potentially powerful method for the
treatment of diseases for which classical pharmacotherapy is unavailable or not
easily applicable. A variety of delivery systems (also known as “vectors”), including
viruses and plasmid-based systems, have been evaluated. The function of the vec-
tor is to transverse the biological barriers for reaching its attended target, usually
the nucleus. The infectivity characteristics that make viruses attractive as a deliv-
ery system also pose their greatest drawback; consequently, a significant amount
of attention has been directed at plasmid-based approaches. These systems offer
advantages over viral methodologies for gene delivery. Most significant is their
lack of immunogenicity and the ease of customization of the vector system. In ad-
dition, since plasmid-based systems are not infectious agents and are incapable of
self-replication, they pose no risk of evolving into new classes of human patho-
gens.

A current theme in plasmid-based delivery approaches is to mimic Nature’s
methods for nucleic acid delivery. To date, the best system to emulate Nature has
been viral vectors. Briefly, most viral vectors escape immune surveillance, interact
with cell membranes (e.g., receptor), internalize (via endocytosis), escape from
endosomes, migrate to the nuclear envelope, enter the nucleus, and finally take
over cellular functions. Plasmid-based systems (cationic liposomes and cationic
polymers) can mimic portions of these events. This chapter will explore the bar-
riers facing gene delivery vectors, with an emphasis of the pharmacokinetic beha-
vior of these systems. In order to understand the in-vivo barrier, a brief review of
physiology will be provided.
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5.2

Anatomical Considerations

Capillaries are the exchange vessels of the body. They have structural variations to
allow different levels of metabolic exchange (of exogenous and endogenous sub-
stances) between blood and the surrounding tissues. The structure of the walls
varies depending on their resident tissue. There are three major types of blood ca-
pillaries: continuous; fenestrated; and sinusoidal (discontinuous) [1]:

� Continuous capillaries are found in the skin, all types of muscle, mesenteries,
and the central nervous system (blood–brain barrier). These capillaries are char-
acterized by tight junctions between the endothelial cells and an uninterrupted
basement membrane. The restrictive capacity of the capillary walls barely allows
extravasation of macromolecules into the parenchyma of these tissues.

� Fenestrated capillaries are present in all exocrine and endocrine glands, gastric
and intestinal mucosa, choroid plexuses of brain, renal tubules and glomeruli,
and ciliary body of the eye. The passage of macromolecules through these capil-
lary walls is restricted by size (the fenestrae are 40–60 nm in diameter), and by
the presence of the basement membrane.

� Discontinuous capillaries are present in the liver, bone marrow, and spleen.
These capillaries have relatively large gaps between the endothelial cells
(30–500 nm), and have incomplete basement membranes, which make them
best suited for extravasation of macromolecules.

Most gene therapy applications require extravasation of the DNA carriers so that
only relative small DNA complexes can pass through the blood vessels and inter-
act directly with parenchymal cells after vascular administration [2]. Under patho-
physiological conditions, the structure of the vasculature can change. This phe-
nomenon – termed the “enhanced permeation effect” – has been utilized to pas-
sively target macromolecules to tumors, since blood vessels in tumors are rela-
tively more leaky.

5.3

Naked DNA

The in-vivo disposition and tissue distribution of naked plasmid DNA has been
studied by several investigators after administration via various routes, including in-
travenous (IV), intramuscular (IM), intradermal, and intranasal. It is generally diffi-
cult to determine pharmacokinetic parameters for naked DNA as it is rapidly and ex-
tensively degraded in plasma. Our studies indicated that supercoiled DNA is de-
graded with a half-life of 1.2 min upon incubation in isolated rat plasma at 37 �C [3].
The open-circular form has a half-life of 21 min, while the linear form degrades with
a half-life of 11 min. Other studies show similar results,with most of the supercoiled
form of plasmid converting to open-circular and linear forms by 15 min [4]. The
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clearance from plasma after IV administration is even more rapid. The supercoiled
form of plasmid DNA was found to be detectable in plasma only after the adminis-
tration of a very high dose of plasmid (ca. 7.5 mg/kg) to rats [5]. Similar results were
obtained by Kawabata et al. [4], wherein the levels of plasmid DNA dropped to levels
lower than the lower limit of detection of the applied assay by about 5 min. This indi-
cated that the plasmid is subjected to distribution mechanisms in addition to degra-
dation that cause its rapid clearance from the blood. Tissue distribution and in-vivo

tissue localization studies using [32P]-labeled DNA at 5 min after injection showed
that maximum radioactivity was taken up by non-parenchymal cells in the liver. Co-
administration of polyanions such as dextran sulfate inhibited this hepatic uptake of
radioactivity, suggesting that uptake into the non-parenchymal cells may involve a
scavenger receptor. This result was corroborated by another study using a liver per-
fusion technique [6]. We investigated the effect of the plasmid topoform on the in-

vivo pharmacokinetics of naked plasmid DNA, after IV bolus injection in rats [5].
Supercoiled (SC pDNA), open-circular (OC pDNA) and linear (L pDNA) were in-
jected at four different doses, ranging from 250 µg to 2500 µg. Plasmid DNA was ex-
tracted from the blood, and the three topoforms were separated using agarose gel
electrophoresis. SC pDNA was detectable in the bloodstream only after a 2500 µg
dose, and had a (mean ± SD) clearance of 390 ± 50 mL/min and a volume of distri-
bution (Vd) of 81 ± 8 mL. The pharmacokinetics of OC pDNA exhibited non-linear
characteristics, with clearance ranging from 8.3 ± 0.8 to 1.3 ± 0.2 mL/min and
a Vd of 39 ± 19 mL. L pDNA was cleared at 7.6 ± 2.3 mL/min, and had a Vd of
37 ± 17 mL. AUC analysis revealed that 60 ± 10% of the SC was converted to the OC
form, and that OC pDNA was almost completely converted to L pDNA. Clearance of
SC pDNA was decreased after liposome complexation to 87 ± 30 mL/min. However,
the clearance of OC and L pDNA was increased relative to naked pDNA at an equiva-
lent dose to 37 ± 9 mL/min and 95 ± 37 mL/min, respectively. Plasmid DNA phar-
macokinetics have also been studied after alternative modes of administration.
Quantitative PCR analysis after intramuscular and intradermal injections of naked
plasmid showed that DNA persisted at the injection site and in lymph nodes up to
28 days after injection. After IV injections, plasmid was detected in the blood, lungs,
lymph nodes and spleen at 2 days post-injection. However, DNA levels were below
detection limits in all tissues by 14 days post-injection. In another study, plasmid
DNA biodistribution was studied using quantitative PCR following intranasal ad-
ministration. At 15 min and 24 h post-administration, maximum levels of DNA
were detected in the liver, kidney, and heart. Interestingly, significant levels of DNA
were also detected in the brain at both time points. The maximum serum concentra-
tion (430 pg/mL) was reached at 90 min post-administration. The AUC after intra-
nasal administration was 1.5 × 103 pg h/mL compared to 11 × 103 pg h/mL ob-
tained after IVadministration.

Liu et al. [7] found significant differences between the disposition of complexed
and uncomplexed [125I]-labeled plasmid DNA in mice. An equal amount of radio-
activity was found in blood and liver at 15 min after injection of naked plasmid
DNA. In contrast, at the same time-point, a major portion of injected DNA was in
the lung when DNA–lipid complexes were injected.
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Osaka et al. (1996) followed the pharmacokinetics and tissue distribution of
[33P]-labeled plasmid DNA coding for luciferase. Differences in the distribution of
plasmid DNA administered alone or complexed with cationic lipids were studied
using whole-body autoradiography and microautoradiography [8]. The results
showed that there were distinct differences between the distribution patterns of
the two groups at the early time points. The initial plasma half-life for naked DNA
(6.6 min) was longer than that for complexed DNA (4.3 min). This was attributed
to entrapment of the lipid–DNA complexes in the tissue vasculature. Maximum
levels of radioactivity were observed in the liver upon administration of uncom-
plexed plasmid. In contrast, lung and spleen had the highest levels of radioactivity
when a plasmid–lipid complex was administered. In addition, luciferase expres-
sion was also markedly different between the [33P]-DNA and [33P]-DNA/lipid-trea-
ted groups. No gene expression was observed upon administration of naked DNA,
while expressed protein was observed only in the lung at 1.5 h after administra-
tion of the complex. At 24 h after administration, gene expression levels did not
correlate well with the levels of radioactivity in all organs examined, except in the
lung. This disassociation between the levels of radioactivity (and thus the levels of
plasmid DNA-related material) and actual gene expression has been partly eluci-
dated by a few studies using direct methods such as PCR and Southern blotting
for detection and quantitation of DNA [9,10]. In these studies, it was observed that
the introduced DNA is largely degraded in most tissues by 24 h. This strongly sug-
gests that the radioactivity observed in the tissues at this time point represents de-
graded, functionally inactive DNA.

5.4

Non-Viral Vectors

Non-viral vectors have attracted considerable interest as gene delivery systems dur-
ing the past decade [11]. Chemical vectors include polycationic carriers such as
liposomes (lipoplexes) and polymers (polyplexes). These carriers avoid the DNA
size limitations and immunogenicity associated with viral vectors. Although the
transfection efficiency remains lower than viral vectors, this approach seems use-
ful for many in-vivo applications. An ideal delivery system has to fulfill a number
of functions, such as packaging the DNA, migrating through blood capillary ves-
sels, targeting, cellular uptake, and tracking to the nucleus. After administration,
non-viral vectors encounter resistance due to the barriers in gene delivery
(Fig. 5.1). Systemic barriers include degradation of DNA by plasma nucleases, op-
sonization of DNA complexes by negatively charged serum components, uptake
by the reticuloendothelial system, and distribution of DNA to non-target tissues
[2]. Cellular barriers include internalization at the cell surface, endosomal release,
cytoplasmic degradation, and translocation into the nucleus (Fig. 5.2) [12].

Compared to ex-vivo gene therapy, the in-vivo approach faces further barriers as
mentioned above: interactions with blood components, vascular endothelial cells,
and uptake by the reticuloendothelial system. Several target cells are not directly
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accessible, and can only be reached via systemic delivery. In this case, the efficient
and specific delivery of therapeutic genes to the target site of action is a challenge
that will need to be overcome. With respect to the important factors of biodistri-
bution and circulation time, the physico-chemical parameters must be taken in
account.

In the case of non-viral gene therapy, efficacy depends on the intrinsic proper-
ties of plasmid DNA and the delivery system used. The topology of plasmid DNA
is known to affect its in-vitro transcriptional efficiency. Higher gene expression
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levels are obtained with the supercoiled form of plasmid than with the open-circu-
lar or linear forms [13–15]. This does not appear to be related to the efficiency of
DNA uptake, because topology does not affect the amount of DNA incorporated
into the cell nucleus [16]. One possible reason for the higher efficiencies could be
that the supercoiled plasmid interacts more effectively with nuclear transcrip-
tional factors than the other topoforms [14]. Another reason could be the greater
intracellular stability of the supercoiled plasmid form under physiological condi-
tions. The covalently closed circular state of the supercoiled plasmid makes it
more resistant to nuclease degradation [17–19]. This argument is supported by
the observation that transfection efficiencies of covalently closed open-circular
plasmid are similar to those obtained with supercoiled DNA [20]. In contrast,
nicked open-circular forms of plasmid show lower efficiencies [13]. Transfection
efficiencies can also be affected by the regulatory elements (such as promoters
and enhancers) present in the plasmid [21]. Transcriptional regulatory elements
determine various parameters, such as cell-specificity, efficiency, and duration of
transgene expression. For non-viral gene delivery approaches, very strong promo-
ter/enhancers, such as cytomegalovirus (CMV) immediate-early promoter and
SV40 early promoter, have been widely used to obtain high levels of transgene ex-
pression [22].

Several non-viral carriers have been developed and tested for gene delivery, but
none of the currently available vectors contains all the desirable features. Two of the
most promising delivery systems include liposomal formulations and cationic poly-
mers [23]. Despite their different chemistry and structure, these vectors show simi-
larities in their biological and pharmacokinetic characteristics. Both charged and
neutral liposomal carriers have been used for gene delivery. In the case of neutral
and anionic liposomes, DNA is usually encapsulated inside the liposome. Although
this is beneficial in that it protects the DNA from degradation, this method has dis-
advantages such as low encapsulation efficiency and poor transfection rates. From
the chemistry point of view, the positively charged functional groups, which aid in
the complexation of the negatively charged DNA [24], are important.

Pharmacokinetic aspects on the cellular, organ, and whole-body level should be
considered for the development of sophisticated vectors, with physico-chemical
properties of the DNA–vector complex (e.g., charge, size) being mainly responsi-
ble for the destiny of the gene delivery system in a biological organism [25].

5.4.1

Polymer-Based Vectors

5.4.1.1 Introduction

The first reports of using cationic polymers for DNA delivery can be traced back to
1973, before the use of cationic lipids. However, until recently, research in the
area of polymer-mediated gene delivery lagged behind that of lipid-based delivery
vectors [26]. Recent advances in the development of polymers have regenerated
the interest in polymer-mediated gene delivery. Polycationic carriers are either
naturally occurring or chemically synthesized compounds. Examples include his-
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tones, protamines, cationized human serum albumins, chitosans, cationic pep-
tides (e.g., polylysine, polyhistidine and polyarginine), and polyamines such as
polyethylenimine (PEI), and polyamidoamide (PAMAM) dendrimers (Fig. 5.3).
Among these, PEI is one of the most capable vectors. As a result of its ability to
protect DNA and RNA against degradation, as well as the high intrinsic endoso-
molytic activity as compared to other polycations, PEI has attracted considerable
attention and is one of the most extensively studied non-viral vectors [27].

5.4.1.2 Influence of Charge and Size

Cationic polymers form complexes with DNA via electrostatic interaction. The
concentrations of polycation and DNA in the polyplex are expressed in terms of
the N/P ratio; that is, the ratio of positively charged polymer nitrogens to nega-
tively charged DNA phosphates. Depending on the properties of the vector, the
N/P ratio and the preparation procedure, a DNA complex has its unique character-
istics. The surface charge of the complex is an important factor for in-vivo gene de-
livery and affects the biodistribution. Due to the presence of glycoproteins and gly-
colipids, the cell surface membrane is negatively charged. On the one hand, this
negatively charged membrane is a good target for cationic complexes and pro-
motes cellular uptake. However, on the other hand the ubiquitous negative charge
also leads to nonspecific binding of complexes, which presents an obstacle to the
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cell-specific delivery of genes after in-vivo administration. Negatively charged pro-
teins such as albumin are abundant in the blood, and can also bind to cationic
non-viral vectors. This leads to neutralization of the cationic charge, the formation
of aggregates, and an increase in size of the polyplexes – all of which affect trans-
fection efficiency. Acute toxicity could also result due to aggregation of the posi-
tively charged complexes with erythrocytes [28]. In addition, the plasma protein
complement C3 has been found to bind to the positively charged DNA complexes
and lead to activation of the complement system [29]. Opsonization of foreign par-
ticles with plasma proteins represents one of the first steps in the process of re-
moval of foreign particles by the innate immune system, which decreases the cir-
culation time.

Attempts have been made to shield the positive surface charge of polyplexes in
order to avoid these nonspecific interactions. One popular method is to attach
polyethylene glycol (PEG), a hydrophilic polymer, to the polyplexes. This shielding
strategy has been applied to the in-vivo gene delivery of polyplexes to tumors after
systemic injection [30]. Pegylation results in an almost charge-free surface (N/P
range between 2 and 6), stabilizes the particles against aggregation, reduces the
surface charge, blocks interactions with plasma and erythrocytes, and increases
the circulation time. In addition to hydrophilic polymers, proteins can be used to
shield the surface charge. Transferrin, a plasma protein, was able to shield the
complex against nonspecific interactions and also target the polyplexes to distant
tumors via the transferrin receptor [31].

Size of the gene delivery complexes is also important because it can affect tissue
distribution by restricting vascular permeability and organ access (see Section 5.2).
The endocytotic entry of complexes into cells is also a size-limited process. Polyca-
tions interact with the polyanionic DNA and condense it into compact particles.
This ability of vectors to condense DNA into nanoparticles is often crucial for trans-
fection efficiency: The particle size ranges from 50 nm up to 1000 nm, depending
upon several factors including the N/P ratio, the polymer used, the total concentra-
tion, and the ionic strength of the buffer. Small particles seem to be necessary to al-
low endocytosis into cells. Condensation of DNA with 25-kDa PEI resulted in parti-
cles with diameters of about 80–100 nm. Aggregates up to 2000 nm in size are
achieved when using 2-kDa PEI, which reduces the transfection ability [32]. How-
ever, some groups report that larger particles increase the in-vitro transfection effi-
ciency. Ogris et al. hypothesize that larger complexes show an increased sedimenta-
tion rate facilitating cell attachment and uptake in vitro [33].

5.4.1.3 Biodistribution and Gene Expression

When plasmid DNA is complexed with PEI (resulting in positively charged PEI/
DNA-polyplexes) and administered systematically, the lungs and liver are the
main organs of biodistribution. Positively charged complexes are cleared from the
circulation within minutes after mouse tail vein injection. Shortly after adminis-
tration, the complexes accumulate mainly in the lungs. The amount of plasmid
DNA then gradually decreases in the lung tissue, while it increases in the liver.
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The discontinuous vasculature in the liver might play an important role in allow-
ing the macromolecules access to the parenchyma. DNA biodistribution and gene
expression can be targeted to different organs. Even though reporter gene expres-
sion can be found in a diversity of organs, including the lungs, heart, liver, spleen,
and kidneys, the highest level of gene expression is primarily found in the lungs
[34]. It seems that the initial “targeting” of the DNA complexes towards the lungs
is responsible for high levels of gene expression. Furthermore, the extensive degra-
dation of plasmid DNA in the liver is a major reason for this discrepancy between
organ distribution and gene expression. The preferential distribution to the lungs
after tail vein injection may be a result of nonspecific interactions of positively
charged complexes with blood and cell components, which lead to the formation
of aggregates that are trapped in the lung capillaries. This is not surprising, be-
cause the lung provides the first capillary bed after IV injection. It should be men-
tioned that this “passive” targeting is also a reason for acute toxicity: lung embo-
lism was observed after IV administration of positively charged complexes [35].

If organs other than the lungs need to be targeted after systemic administration,
strategies must be developed for increasing the circulation time or the addition of
targeting ligands. As mentioned above, PEGylation leads to a masking of surface
charge and inhibition of nonspecific interactions. The significantly reduced up-
take by macrophages of the liver and spleen leads to an increased blood circula-
tion time. To add active targeting to the delivery system, ligands with high specifi-
city and affinity to recognition sites can be linked to the polymers. Antibodies,
peptides, proteins and sugar residues have been used for the targeting of polymer-
based DNA complexes (Table 5.1).

Table 5.1 Targeting ligands used with gene delivery systems.

Ligand Receptor Target cells Reference

Anti-CD3-antibody CD3 Lymphocytes [36]

Anti-JL1-antibody JL1 Lymphocytes [37]

Anti-platelet PECAM Endothelial cells [38]
endothelial cell
adhesion molecule
(PECAM) antibody

Asialoorosomucoid Asialoglycoprotein- Hepatocytes [39]
receptor

Epidermal growth factor EGF-receptor Tumor cells [40]

Mannose Mannose receptor Macrophages [41]

RGD-containing peptide Integrins Epithelial cells [42]

Transferrin Transferrin receptor Tumor cells [43]
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Several groups have combined PEGylation with the cell-targeting approach
(Table 5.2). In this case, a preferential expression in a distant tumor (up to
100-fold higher than in other organs) can be observed if the polyplexes are charge-
shielded with PEG and targeted with transferrin [31]. The ligands, as well as the
PEG, can be conjugated by different techniques which in turn influences the re-
sulting properties of the complex.

Table 5.2 Ligands used with the pegylation approach in polymeric gene

delivery systems.

Ligand Reference

Artery wall binding peptide [44]

Epidermal growth factor [45]

Folate [46]

Galactose [47]

RGD peptide [48]

Transferrin [49]

Gene delivery, specifically, protein expression using non-viral systems is usually
transient. For most cancer gene therapy strategies a short period of gene expres-
sion is sufficient, but prolonged and sustained release is necessary for treating
diseases such as hypercholesterolemia. Protein expression using PEI as vector
peaks at 4 to 24 h after dosing, and is undetectable in the kidney at 14 days after
administration [50]. Consequently, a repeated administration of the gene delivery
dose is necessary in order to attain a constant level of the expressed protein over a
longer time. Clearly, the frequency of dosing depends on the need of the treated
disease and also other factors such as the stability of the expressed protein in the
target tissue. However, repeated delivery of the vector may cause toxic effects
(e.g., induction of cytokines), which is a disadvantage of this approach [51]. In or-
der to avoid this drawback, several sustained-release gene delivery systems such
as nanoparticles or polymeric implants are currently under investigation [52–54].
For example, biodegradable nanoparticles formulated using a biocompatible poly-
mer, poly(d,l-lactide-co-glycolide), showed sustained gene delivery. Cells trans-
fected with wild-type (wt)-p53 DNA-loaded nanoparticles (antiproliferative therapy
for cancer treatment) demonstrated sustained p53 mRNA levels compared to cells
transfected with naked wt-p53 DNA or with a common commercially available
transfection agent [55].
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5.4.2

Lipid-Based Vectors

5.4.2.1 Introduction

Since Felgner et al. first reported in 1987 on the in-vitro transfection of eukaryotic
cells with cationic lipid, cationic liposomes have been used extensively for gene
delivery [56]. To date, numerous cationic lipids have been synthesized and tested
for gene delivery. In general, cationic lipids are composed of three parts (Fig. 5.4):
a positively charged head group; a hydrophobic tail group; and a linker bond be-
tween the two.

Head groups include quaternary ammonium salt lipids, lipoamines (primary,
secondary, tertiary amines), a combination of both, and various other groups. Lin-
kers are usually ethers or esters, but amides, carbamates and disulfides have also
been used. Tail groups usually consist of cholesteryl groups or saturated or unsa-
turated alkyl chains (12 to 18 carbons in length). DC-Chol (Fig. 5.5) was the first
cationic lipid to be used for clinical trials. Extensive reviews have covered the var-
ious published structures and the different aspects of structure–activity relation-
ships of cationic lipids [57]. Despite these various investigations that spotlight the
relationship between cationic lipid formulation and transfection activity, solid re-
sults are rarely achieved. However, it has been proven that the addition of neutral
co-lipids (helper lipids) increases the transfection efficiency. Cholesterol and dio-
leylphosphatidylethanolamine (DOPE) are the most common helper lipids [7,58].

It is accepted that cationic liposomes form complexes with the negatively
charged DNA molecules through electrostatic charge interaction/hydrophobic-
base interactions, thereby preventing degradation. Liposome–DNA complexes are
often heterogeneous in size, shape, and composition, and the structure of the lipo-
plexes may change over time. The structure of the complexes is determined by
many factors such as lipid:DNA ratio or the structure of the lipid. In general,
three types of structures have been reported:

� Beads on a string structure: positively charged liposomes adhere as an intact
bead on a negatively charged DNA strand.

� Spaghetti structure: the liposomes coat the DNA strand with a cylindrically
shaped bilayer.

� Multilamellar structure: the DNA strand is intercalated in multilamellar lipo-
some membrane.

In addition, combinations of these structures were found [59].
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The mechanism of transfection with lipoplexes is similar to that with vectors
such as cationic polymers, though some differences exist. The complexes are gen-
erally believed to interact with cells through a nonspecific charge interaction. A net
positive charge ensures efficient binding to negatively charged cell surfaces. It has
been proposed, due to the membranous structure of lipoplexes, that the com-
plexes can directly penetrate the cell membrane through fusion with the mem-
brane or lipid-mediated portion, but it was shown that there is no correlation be-
tween the capability for fusion with the plasma membrane and transfection effi-
ciency [60]. The majority of studies suggest that lipoplexes are taken up by cells
via endocytosis [61]. Following uptake, the cationic lipids play a role in destabiliz-
ing the endosomal membrane [62].

Studies have shown that cationic lipids interact with systems containing anionic
phospholipids [63]. Anionic phospholipids can displace cationic lipids from plas-
mids, which lead to a release of DNA. Additionally, the cationic lipids have the
ability to induce non-bilayer hexagonal (HII) phase structures. The hexagonal
structure has been correlated with high in-vitro transfection efficiency, whereas la-
mellar lipoplexes (L�) bind stably to anionic phospholipids vesicles and do not in-
duce the release of DNA [24]. The transition into the hexagonal phase also de-
pends on the presence of helper lipids such as DOPE, as well as the shape and
structure of the lipids [64]. Helper lipids promote the hexagonal phase conversion,
and structure–activity relationship studies have concluded that lipids with a small
head group part relative to the hydrophobic tail prefer the hexagonal phase, lead-
ing to a high transfection rate.

5.4.2.2 Influence of Physico-Chemical Properties

The in-vivo application of lipoplexes has been limited due to serum-associated in-
hibition of transfection and complement activation. Following systemic adminis-
tration, positively charged lipid–DNA complexes interact rapidly with plasma pro-
teins that reduce the surface charge of the complexes, rendering them more neut-
ral or negatively charged. They are eliminated due to nonspecific interactions with
the reticuloendothelial system, and may prove to be unstable. The introduction of
PEG, as in the case of polyplexes, helps to overcome this problem. Other ap-
proaches include neutralization of the cationic surface by serum binding protein
or glycolipid insertion. Although the addition of PEG does inhibit nonspecific in-
teractions to a certain degree, the cationic charges are not completely shielded and
interactions still occur. To solve this problem, negatively charged PEG molecules
were integrated in cationic lipoplexes [65]. These lipoplexes had an increased cir-
culation time and a higher tumor-to-lung ratio of gene expression. This is interest-
ing, because the PEG coating of lipoplexes normally decreases cell-surface interac-
tions, which leads to lower transfection efficiencies. It should be mentioned here
that PEG lipids stabilize the lamellar phase and can inhibit the transition to the
hexagonal phase, thus reducing DNA release following destabilization of the en-
dosomal membrane. In the case of cationic liposome-oligodeoxyribonucleotide
(ODN) complexes – which behave differently from DNA complexes – the incor-
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poration of PEG into the liposomes prevents aggregation, increases the particle
stability, and improves the biological activity of the ODNs. Meyer et al. [66] also
found that the PEG-coated ODN-lipoplexes were stable in plasma and enhanced
the cellular uptake of the ODNs in serum-containing cell culture medium. Analo-
gous to polymer-based vectors, many physico-chemical properties such as size or
pH influence the transfection efficiency of lipoplexes. In turn, the physico-chemi-
cal properties depend on parameters such as lipid:DNA and lipid:co-lipid ratios.
For example, it has been shown that highly positively charged complexes exhibit
a homogeneous size distribution, whereas complexes prepared from a 1 : 1 li-
pid : DNA charge ratio (neutral) are characterized by a heterogeneous size distribu-
tion [67].

5.4.2.3 Biodistribution and Gene Expression

Different methods (radiolabeled lipoplexes, PCR, Southern blot analysis) have
been used to investigate the blood clearance and biodistribution of lipoplex com-
ponents. The major organs of distribution after IV administration of lipoplexes
are the lungs and liver. Mahato et al. [68, 69] reported that at 15 min after the in-
jection of N-[1-(2, 3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride (DOT-
MA):DOPE complexes in mice, the majority of DNA was found in the lungs and
liver (followed by spleen, kidneys, heart, and blood), but the lung accumulation
decreased with time. Accumulation in the liver increased significantly with time
up to 24 h post-injection, but gene expression in the liver was least 100- to 200-
fold lower than that observed in the lungs. The lipoplex particles are removed
from the bloodstream by cells of the mononuclear phagocyte system, mainly
Kupffer cells in the liver. After phagocytosis, degradation of the DNA leads to a
low gene expression in the liver. However, gene expression in the liver has been
shown to be significantly increased by using intravenously injected lipoplexes pre-
pared from 1-[2-(oleoyloxy)ethyl]-2-oleyl-3-(2-hydroxyethyl)imidazolinium chloride
(DOTIM):cholesterol (1 : 1 molar ratio) multilamellar vesicles [7]. Mahato et al.
[69] investigated the effect of lipid:DNA charge ratio on gene expression at 24 h
after tail vein injection in mice by formulating pCMV-hGH (human growth hor-
mone) with oleyloleoyl l-carnitine ester (DOLCE) : DOPE or DOTMA :DOPE (2 : 1,
mol : mol; 400 nm extruded) at 0.5 : 1, 2 : 1, 3 : 1, and 5 : 1 (+: –) charge ratios. The
hGH serum levels increased with increasing lipid:DNA charge ratios, with the
highest hGH serum levels obtained with a 3 : 1 (+: –) ratio, but no difference was
observed between 3 : 1 and 5 : 1 (+: –) ratios. Similar results were obtained in lung
and liver when, with a different reporter gene, the results were similar. The same
group also determined the influence of cationic lipid : co-lipid ratio, injection
volume, plasmid dose, and liposome size. Extrusion of DOTMA : DOPE (2 : 1,
mol : mol) liposomes through 100-, 400-, and 800-nm pore size polycarbonate
membranes and complexation of pCMV-hGH with these extruded liposomes at a
3 : 1 (+: –) charge ratio resulted in mean particle sizes of 231, 256, and 328 nm.
The gene expression was five-fold higher with polyplexes prepared using 400-nm
extruded liposomes as compared with those prepared with 100-nm extruded lipo-
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somes. Clearly, gene expression is influenced by a wide variety of formulation fac-
tors.

It has been observed that levels of gene expression and the organs showing
maximum levels of gene expression differ, depending upon the lipid used. In one
study [70], plasmid DNA complexed with Lipofectin [DNA : lipid ratio, 1 : 3
(nmol : µg), dose 4 mg DNA/kg] did not result in detectable levels of gene expres-
sion. However, DNA complexed with Lipofectamine at the same DNA : lipid
ratio and same dose resulted in high levels of gene expression in all tissues [70].
Another study [71] using DNA complexed with Lipofectin [DNA : lipid ratio, 1 :8
(nmol : µg)] showed maximum levels of gene expression in the lungs, spleen,
heart, liver, kidneys, and lymph nodes when a dose of 5 mg DNA/kg was used.
However, gene expression levels increased in the lungs and liver but decreased in
the spleen, when the dose was increased to 7.5 mg DNA/kg. This is in contrast to
the findings of another study [72], where gene expression profiles were followed
after administration of DNA complexed with DLS liposomes [dioctadecylamido-
glycylspermine (DOGS)/DOPE]. In this study, when the amount of DNA was in-
creased to more than 5 mg/kg, expression levels in spleen and lungs reached a
plateau, whereas levels of expression in the liver decreased dramatically. This was
attributed to a toxic effect in the liver at higher concentrations. Liu et al. [73]
showed that all of the internal organs, including the lungs, liver, spleen, heart and
kidneys, expressed the transgene upon systemic administration of 1.25 mg/kg
plasmid DNA complexed with a DOTMA-Tween 80 lipid formulation, with the
lungs and spleen showing maximum expression. It was determined that gene ex-
pression levels increased in all organs upon increasing the dose of plasmid DNA
from 1.25 mg/kg to 5 mg/kg when a DNA:lipid ratio of 1 : 12 (nmol:�g) was used.

Besides the localization of gene expression, duration is an important criterion.
Protein expression in the lung can often be detected within the first hours after in-
jection, and decreases after 24 h. Furthermore, for transgene expression after a
second administration of lipoplexes, a certain span of time (up to two weeks) is
needed to reach the levels of expression similar to the levels after the first injec-
tion. The production of anti-inflammatory cytokines after the first administration
has been related to the refractory period because these cytokines are able to shut
down the viral promoters usually placed before the transgene. Hofland et al. [74]
investigated the duration of alkaline phosphatase (AP) expression after IV single
administration of a stable lipid–DNA complex. The highest activity was in the
lungs and spleen, followed by the heart, muscle, and liver. The AP activity in the
lung was apparent only 6 h after injection. In general, however, the AP activity
peaked at 24 h after injection, but then fell by approximately 10-fold at day 5. By
day 7, residual activity could only be detected in the lungs, heart, and muscle.
This lack of sustained transgene expression may be an important limitation to
therapy, and must be taken into account when setting up treatment regimens.
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5.5

Viral Vectors

At present, several types of virus are under investigation for gene delivery vectors,
but in this chapter only one of the more promising viral vectors will be described.
Recombinant adeno-associated virus (rAAV) has been widely used as a therapeutic
gene delivery vector. The main advantages of gene therapy are: (1) stable trans-
gene expression in dividing and post-mitotic cells, without inducing any signifi-
cant inflammatory toxicity; and (2) a lack of human pathogenicity. rAAV has been
selected for use in several clinical trials. The findings of recent studies have sug-
gested that the pharmacokinetic properties and biodistribution of viral vectors re-
quire consideration in order to achieve the safest and most effective application of
these molecular medicines.

5.5.1

rAAV: Properties

Adeno-associated virus (AAV) is a parvovirus with a diameter of ca. 25 nm [75]. It
is a single-strand 4.7-kb DNA (ssDNA) genome packaged into three viral capsid
proteins: VP1 (87 kDa),VP2 (73 kDa), and VP3 (62 kDa). These proteins form the
60-subunit viral particle in a ratio of 1 : 1 : 20. The linear ssDNA contains two open
reading frames (ORFs) flanked by two inverted terminal repeats of 145 nucleo-
tides each. The upstream ORF encodes four overlapping nonstructural replication
proteins (Rep), Rep78, Rep68, Rep52, and Rep40 [76]. The downstream ORF
codes for the capsid proteins. After injection into host cells, the ssDNA genome of
AAV is converted to the double-strand template in cell nuclei, and finally inte-
grated into the host genome at chromosome 19q13.3 [77, 78]. This chromosome-
selective integration is lost in rAAV vectors in which the Rep coding sequences
are removed. AAV has demonstrated a broad tropism of infection, including lung,
neuron, eye, liver, muscle, hematopoietic progenitors, joint synovium, and en-
dothelial cells [79]. rAAV vectors retain much of this tropism, with significant var-
iations seen among serotypes, depending on the tissue. These serotypes differ in
the composition of their capsid protein coat. rAAV serotype 2 (rAAV2) has been
the most widely studied and best described. It binds to both heparin sulfate pro-
teoglycans and fibroblast growth factor receptors as an essential step for cellular
entry [80]. Recently, rAAV5 and rAAV8 have also been investigated and found to
bind to different cellular receptors. This probably accounts for their different bio-
distribution properties when injected into brain and other tissues. The mechan-
isms whereby other AAV serotypes enter host cells are actively being studied.

The biodistribution of rAAV vectors, primarily for serotype 2, has been studied
and was reviewed recently along with the pharmacokinetic properties of other
viral vectors [81]. A general aim of distribution studies is to define the target or-
gans to which the vector spreads and cell types within the organ that can be in-
fected. This involves studies of the whole animal, for example after IV administra-
tion, and within individual organs, such as after parenchymal injections. The
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pharmacokinetic properties of a vector at the whole-animal level typically depend
on many factors, including the route and duration of administration, the dose, the
physical properties of the vector (e. g., size), and cell-tropism. The type of assay
used to monitor the distribution of the vector is also important. Quantitative PCR
is a standard technique in gene transfer because of its sensitivity and ability to de-
monstrate the presence of the vector even if the transgene is not expressed. Other
assays include radioactive tracers, nonquantitative or semiquantitative PCR,
Southern blotting, and immunohistochemistry to study the biodistribution of vec-
tors, as well as functional assays of transgene expression.

IV administration of rAAV2 generally results in the vector accumulating primar-
ily in the liver, although smaller amounts spread to many tissues including the
spleen, smooth muscle, striated muscle and kidneys; these were measured using
PCR and Southern blotting [82] as well as transgene expression [83]. After one
week, most of the remaining viral DNA was found in the liver, with some distribu-
ted to muscle. Watson et al. [83] used transgene expression to study rAAV2 biodis-
tribution after IV or intramuscular injection in a mouse model for lysosomal sto-
rage disease (MPS VII). The route of vector administration dramatically affected
its spread and distribution. Intramuscular injection resulted in high and localized
transgene production especially in the liver, while IV injection produced low ex-
pression in this tissue. It was interesting to note that the site of IV injection might
be important, with portal vein injections leading to more hepatic distribution of
AAV2 than tail vein injections. However, the overall pharmacokinetic pattern of
transgene expression over eight weeks was similar in animals after the injection
of vector particles either into the muscle, tail vein, or portal vein [84].

IV distribution of rAAV2 has been reported in the application of hemophilia B
(human factor IX) via portal vein or muscle. PCR was used to detect the gene ex-
pression. Stable and persistent human factor IX (hFIX) was observed. The ki-
netics of expression after injection of vector particles into muscle, tail vein, or por-
tal vein was similar, with hFIX detectable at two weeks and reaching a plateau by
eight weeks. Intraportal administration of vector resulted in a higher level of gene
expression compared to tail vein or intramuscular injection. PCR results showed a
predominant localization of the rAAV FIX genome in the liver and spleen after
tail vein injection, with a higher proportion in liver after portal vein injection.

Lai et al. [85] studied rAAV2 biodistribution after intrahepatic in-utero injection
in rhesus monkey fetuses. The vector genomes were distributed into many tis-
sues, including the brain, astrocytes, and peripheral blood. However, these vectors
do not appear to enter the brain in older animals possessing intact blood–brain
barriers. Favre et al. [86] also showed that rAAV2 mediated gene expression for at
least 18 months in lymph nodes and the liver, but not in the gonads.

Whether rAAV distributes to sperm cells has been of significant concern be-
cause of the possibility of introducing mutations in sperm. While AAV DNA can
be found in the testes of rodents, rabbits, and dogs following either hepatic arter-
ial or IM injections, these signals appear to be localized to the testis basement
membrane and the interstitial space, with no intracellular signal observed. In
mice and rats, there was a dose-dependent increase of vector expression in gona-
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dal DNA using PCR. However, in dogs and rabbits, DNA extracted from semen
was negative for vector sequences. In clinical studies, human subjects injected IM
with an AAV vector at doses up to 2 × 1012 vector genomes/kg showed no evidence
of vector sequences in semen [87]. These studies suggest that rAAV introduced
into skeletal muscle or the hepatic artery does not transduce male germ sperm
cells efficiently.

While there has been no report yet of using radiolabeled rAAV to determine bio-
distribution, this principle has been demonstrated with other viral vectors. Zinn
et al. [88] labeled recombinant adenovirus serotype 5 knob with the gamma emit-
ter 99mTc. The data showed that the radiolabeling process had no effect on recep-
tor binding. Using IV injections in mice, the experiment confirmed that the liver
had a 10-fold higher specific binding than heart, kidney, or lung. The localization
of this vector in the liver was also dose-dependent, as seen with rAAV vectors.

5.5.2

rAAV Serotype and Biodistribution

rAAV distribution within tissues appears to be serotype-dependent. In the brain,
most of the rAAV serotypes studied to date (rAAV1, 2, 5, and 8) predominantly
transduce neurons, though non-neuronal cells can be transduced at lower effi-
ciency either in vivo or in primary cultures. In contrast, rAAV4 transduces primar-
ily ependymal cells in the periventricular region, while rAAV5 transduces both
neurons and ependymal cells. Pseudotypes of rAAV2/5 and rAAV2/1, in which
rAAV2 DNA was encapsulated in the capsids of serotypes 5 and 1, led to greater
spread of transgene expression than rAAV2. rAAV2/1 and rAAV2/5 also trans-
duced different populations of neurons in the midbrain and hippocampus [89].
Whether this increased spread is due to differences in the distribution of the vec-
tor remains to be determined.

AAV serotype is also important in peripheral tissues. Despite extensive experi-
ence with rAAV2 vectors used in the lung, gene expression has been low in cys-
tic fibrosis (CF) gene therapy. Sirninger et al. [90] showed that rAAV5 provided
significantly more expression in this tissue. Similarly, intrapleural administra-
tion of rAAV5 led to a 10-fold increase in �1-antitrypsin transgene expression
compared to rAAV2. In liver, transgene expression was reported to be 10- to 100-
fold higher with AAV8 than observed with other serotypes. This improved effi-
ciency correlated with a higher number of transduced hepatocytes, although it is
not clear to what extent this reflected greater spread through the organ versus
cellular interactions with the vector (e.g., uptake into the cell or intracellular dis-
tribution) [91].
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5.6

Summary

In summary, current gene delivery vectors are extremely diverse. Each vector will
have to overcome particular vector-specific barriers to be effective in gene delivery.
Several of these barriers arise from the particulate nature of vectors. Depending
upon the intended target and administration site of the vector, these particles will
need to overcome numerous biological hurdles. Clearly, an understanding of the
pharmacokinetic behavior of these vectors will be of utmost importance when de-
signing an effective therapeutic regimen.
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Bioanalytical Methods Used for Pharmacokinetic Evaluations

of Biotech Macromolecule Drugs: Issues, Assay Approaches,

and Limitations

Jean W. Lee

6.1

Introduction

Rational drug discovery, combined with knowledge from genomics and proteomics,
have expanded drug development from traditional small-molecule drugs to a
plethora of macromolecular drugs discovered through biotechnological approaches.
These new drugs and approaches include proteins, peptides, monoclonal antibodies
(Ab), Ab fragments, as well as antisense oligonucleotides and DNA gene therapy. The
processes of bioanalytical method development and validation have been well devel-
oped to generate pharmacokinetic (PK) data to provide ADME (adsorption, distribu-
tion, metabolism, and elimination) information on small-molecule drugs. The bioa-
nalytical methods for small-molecule drugs, however, are not readily applicable to
macromolecules, due to basic differences in their chemistry and biology. Therefore,
different bioanalytical approaches must be considered for the method development,
validation, and assay implementation of macromolecules.

Sample extraction and chromatography serve as the basic tools of bioanalytical
methods for the separation of xenobiotic analytes from matrix components before
detection. The procedures are relatively straightforward for small molecules due to
their simple and well-defined molecular structures. Sample extraction, followed by
liquid chromatography tandem mass spectrometric (LC-MS/MS) detection, when
operated in a multiple reaction mode (MRM, also known as Selected Reaction Mon-
itoring), has become the workhorse of bioanalytical methods during the past dec-
ade. However, there are limited options available for the sample clean-up of a
macromolecule analyte. Unlike small-molecule drugs, most protein therapeutic
agents are analyzed without extraction, or with a crude protein precipitation step.
Method selectivity often rests upon the ligand avidity or the resolutioning power of
the mass spectrometer. Due to a lack of sample clean-up, extensive tests of the ma-
trix effects are required during method development. The ion transmission on a tri-
ple quadrupole MS is limited for mass/charge ratios (m/z) of less than a few thou-
sands, and therefore is not the best detection choice for macromolecule drugs.
Most biotech macromolecules are determined using a ligand-binding assay (LBA),
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with binding ligands such as antibodies (Ab) for immunoassays (IAs). Innovations
in MS instrumentation, with phenomenally high mass accuracy in a time-of-flight
(TOF) Fourier transfer ion cyclotron resonance (FT-ICR) and, more recently, in the
LTQ OrbitrapTM MS, have extended the mass range for the measurement of macro-
molecules. Therefore, mass spectrometry also plays a critical role in the develop-
ment of bioanalytical assays for macromolecule therapeutic agents.

Many biotech therapeutic agents are identical or similar to endogenous mole-
cules, which presents serious analytical challenges such as the possibility of cross-
reactivity, the establishment of standard calibrators and quality control (QC) pre-
parations, as well as changes in the PK profile caused by the endogenous compo-
nent. The catabolic and metabolic pathways of a therapeutic protein may not be
known during its drug development process. In addition, biotransformation (e.g.,
proteolysis, amidation and acetylation) may alter the antigenicity and immunor-
eactivity of the protein and therefore affect binding assays. The possibility of dif-
ferent metabolic products for the therapeutic agent, the different variant forms of
the endogenous protein, and anti-drug Ab can also impact upon the selectivity of
the method and data quality, which overall would affect the measured PK profile
[1, 2]. Endogenous protein variants and immunogenicity can be both population-
and patient-dependent. They may not appear until the late phases of drug develop-
ment. Thus, in addition to monitoring the assay performance of QC samples,
there will be a need to identify any unexpected assay deviation in patient samples,
such as the presence of anti-drug Ab. The issues of immunogenicity were recently
discussed in several reports and conferences [3]. Overall, the challenges in estab-
lishing a solid bioanalytical methods for macromolecule therapeutic agents are
numerous and more difficult to control than for small-molecule drugs.

In this chapter a number of approaches will be discussed that have been devel-
oped to address the challenges in macromolecule drug assays that impact upon
selectivity, accuracy, and precision. The most commonly used methods for pro-
tein/peptide drugs – IA and LC-MS/MS – are discussed in detail, with case studies
to illustrate the process, issues, assay approaches, and method limitations. Other
less common methods and emerging technologies will be briefly mentioned. Bio-
logic therapeutics that are not pure and/or not well characterized pose extra chal-
lenges which are beyond the scope of this chapter. Neither will biomarker assays
used to support pharmacodynamic (PD) studies be covered in this chapter.

6.2

Bioanalytical Methods for Macromolecule Drug Analysis: Common Considerations

6.2.1

Sample Integrity and Analyte Stability

Macromolecule therapeutic agents tend to be more reactive than small-molecule
drugs under various circumstances, from sample collection to analysis. Biological
and chemical transformation may occur as a result of enzyme hydrolysis, heat or
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shearing force (e.g., blood withdrawal using a small-diameter hypodermic needle,
or high-speed centrifugation) during blood collection, sample storage, shipping,
and through multiple freeze–thaw cycles. It is important to evaluate analyte stabi-
lity over these processes at the early phase of method development, even with a
preliminary technique. Serious risks will be undertaking by starting a clinical
study without stability data on sample collection, shipping, at least one freeze–
thaw cycle, and short-term storage. Freezing and thawing may cause protein ag-
gregation and the release of proteases or receptors from residual intracellular par-
ticles, and this in turn may adversely affect the analytical results. If sample vo-
lume permits, multiple aliquots of the same sample should be stored in order to
minimize the number of freeze–thaw cycles.

In general, EDTA plasma is preferable to serum or heparinized plasma, or a
special collection tube could contain a protease inhibitor cocktail. The samples
should be processed rapidly at low temperature to separate the biological fluids of
interest from the cell components, and stored at –70 �C. Other endogenous com-
ponents could be inadvertently converted to a form that is the same or similar to
the analyte, resulting in artificially high and variable concentrations. Bioanalytical
problems may also arise from the fact that a therapeutic protein can be a modified
form (e. g., by pegylation; see Chapter 11) of an endogenous protein [4], and the
IA might quantify the common epitope of the therapeutic agent as well as the en-
dogenous form. Therefore, sample integrity should be considered for a macromo-
lecule therapeutic agent if the assay does not distinguish it from the endogenous
form.

6.2.2

Surface Adsorption

Peptides and proteins in an aqueous medium tend to adhere to plastic surfaces.
For biological fluids containing ample quantities of proteins (e.g., plasma), sur-
face adsorption is not an issue. Experiments should be conducted during method
development to investigate any adhesion problems of the analyte in the deprotei-
nized extract, or in a low-protein medium such as urine. Sample collection tub-
ings, test tubes, transferring pipettes, storage containers and chromatographic
systems should be evaluated for surface adsorption. For example, the preferences
for LC-MS system are: PEEK tubings to stainless steel, ceramic probes to quartz
or stainless steel, and polymer- to silica-based packing materials.

Precautions should also be taken with the aqueous solvents used to prepare
standard working solutions in order to avoid adsorption problems, especially at
low concentrations. To minimize adsorption during standard curve and validation
sample (VS)/QC preparations, aliquots of the high-concentration stock solutions
should be spiked promptly into the control blank plasma to prepare the standards
and VS/QC. Once the compounds are in an environment of protein solutions, the
adsorption problem is negligible. If there is a problem, however, adding or pre-rin-
sing with a solution of protein or a chaotropic agent (e.g., Tween, Triton X-100 or
CHAPS) may help to alleviate the problem.
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6.2.3

Process of Method Development and Validation of Bioanalytical Methods

for Macromolecule Drug Analysis

The process of developing and validating bioanalytical methods for the analysis of
macromolecule therapeutic agents is similar to that for small molecules, with the
exception that special attention should be paid to the challenging issues discussed
below. The general process of method development and validation, which is often
dynamic and iterative, is illustrated schematically in Fig. 6.1. Method validation
includes all of the procedures required to show that a particular method is “reli-
able for the intended application” [5]. Pre-analytic plans include an understanding
of the intended applications, information on method/reagent availability and sam-
ple integrity, and to define the requirements for assay performance on sensitivity,
selectivity, linearity, reproducibility, and analyte stability.

Method development includes feasibility and optimization to meet the prede-
fined study requirements. The appropriate standard calibrator range and concen-
trations of VS and QC (see discussion below) should be established for the dosage
form and route of administration. The lessons learned during method develop-
ment are critical for the development of specific parameters for the performance
of the assay. For example, the number of validation batches and acceptance criteria
should be described in a validation plan, and the standard operating procedure
(SOP) should be written before conducting the pre-study validation. The correct
approach should be to “develop a valid (acceptable) method,” rather than simply
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Fig. 6.1 The processes of method development and validation. Activities

from pre-validation planning, method development, pre-study validation to

implementation (in-study validation) of bioanalytical methods.



to “validate (accept) a developed method” [6]. The QC data provide the in-study va-
lidity for acceptance of the assay batches and monitoring of assay performance.

The industry standard for bioanalytical method validation of small-molecule drugs
to provide bioavailability and bioequivalence PK data was presented in a conference
report and in a guidance document by the U.S. Food and Drug Administration
(FDA) [7, 8]. Method validation and sample analysis in adherence to this guidance are
referred to as “GLP-compliant”. While the principles of the FDA May 2001 guidance
for small-molecule drugs should be applied to macromolecule drugs, due to the het-
erogeneous nature of macromolecules and the inherent variability of IAs, the gui-
dance cannot be directly applied to macromolecules. Several position papers have
been published to discuss the issues in its application, and recommendations were
proposed [9,10]. A conference is planned for 2006 by the FDA and the American As-
sociation of Pharmaceutical Scientists (AAPS) for consensus discussions.

6.2.4

Reference Standards

In general, the reference standard of a macromolecule drug is accompanied by a
certificate of analysis, with information on potency (defined by the standardized
biological activity per unit weight or volume) or purity in mass with the peptide se-
quence, salt form and water content. The activity unit may be standardized by the
World Health Organization (WHO) or the United States Pharmacopeia (USP).
However, not all macromolecule therapeutic agents are characterized by a standar-
dized method with consistency [11–13]. Furthermore, the analytical method used
to characterize the reference standard is often different from the analytical method
used for biological samples. For example, a cell-based bioassay and an HPLC
method are used for analytical characterization, while an IA is used for bioanalyti-
cal samples. Due to differences in post-translational modifications, such as the ex-
tent of deamidation and glycosylation, proteins from different sources can vary in
their potency and immunoreactivity. It is important to note that potency, chroma-
tographic responses, and immunoreactivity may vary for proteins from different
sources, upon aggregation, or due to other unforeseen changes in the environ-
ment or manufacturing process. It is the responsibility of the bioanalytical labora-
tory to compare various reference lots using the same validated method. Immu-
noassay calibrator curves from two lots of reference standard for a protein thera-
peutic agent are illustrated in Fig. 6.2. It is apparent that the immunoreactivity be-
haviors of the two reference lots were different, clearly illustrating that assump-
tions which might have held true for small molecules are not necessarily true for
macromolecule therapeutic agents. Therefore, the development of an SOP to in-
clude considerations of these possibilities is important. It is also important to rea-
lize that many unpredictable factors could affect the therapeutic agent, and a sys-
tematic detailed analysis of these factors may be required as part of the overall pro-
cedure. For example, if a protein therapeutic agent were suspected to form aggre-
gates under environmental or process changes, a method or methods relevant to
its biological activity must be included in the certification analysis plan.
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6.2.5

Drug Compounds that Exist Endogenously

Many protein therapeutics are the recombinant or modified products of endogen-
ous components. In some cases, the protein drug may not be distinguishable
from the endogenous form by the assay. If the endogenous concentration is much
lower than the pharmacological concentrations, the assay accuracy will not be af-
fected by the presence of the endogenous component. However, if the endogenous
component concentrations were substantial, it would be difficult to find an ana-
lyte-free biological matrix to prepare standard calibrators [1, 5, 7, 8, 14]. In such
case, an alternative analyte-free matrix is used, including protein buffers, analyte-
depletion by charcoal stripping, high-temperature incubation, acid or alkaline hy-
drolysis, or affinity chromatography; alternatively, a heterologous matrix lacking
the analyte or containing a non-cross-reactive homologue may be used [14–16].
The substitute matrix may not be exactly the same as that of the study samples,
presenting the problem of matrix effects. Analytical bias due to matrix effects can
be evaluated by the method of standard addition [17].
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Fig. 6.2 An example of the impact of reference

standard lot inconsistency on assay perfor-

mance. Y-axis: mean value of the OD reading,

X-axis: concentration in pg/mL. Circles: stan-

dard curve using calibrators prepared with the

original reference standard lot. Squares: stan-

dard curve using calibrators prepared with a

different lot. The standard curves showed that

the new reference standard behaved differ-

ently from the original in immunoreactivity

with shallower slope, higher background noise

and decreased sensitivity. The assay format is

noncompetitive.



6.2.6

Validation Samples, Quality Controls, and Assay Range

While a substitute matrix can be used to prepare standard calibrators for a drug
compound that exists endogenously,VS/QCs should be prepared in the authentic
matrix, regardless. VS data are used during method validation to characterize the
intra- and inter-run accuracy/precision and stability. QC data are used for assay
performance monitoring and to accept or reject a run during in-study validation.
For pre-study validation, no validation batch should be rejected, unless with as-
signable causes. VS from a pre-study validation can be used later as QC samples.

VS/QCs should be prepared independently from the standard calibrators. Five
or more levels of VS, including the low limit of quantitation (LLOQ), low, mid,
high, and upper limits of quantitation (ULOQ) concentrations are often prepared.
The three concentrations at low, mid, and high within the curve range can be re-
tained for in-study QCs. For analytes that exist endogenously, matrix from multi-
ple individuals should be screened with a preliminary method to identify lots with
low or undetectable analyte concentrations. The samples may be pooled and ali-
quots spiked with varying amounts of reference material to create various concen-
trations of VS and QC samples.

VS and QC concentrations should reflect the expected study sample. For exam-
ple, the plasma sample concentrations from intravenous or inhaler dosing would
be very different. The concentration of samples around the Cmax region may ex-
ceed the ULOQ. In that case, a VS/QC should be prepared to mimic the high con-
centration samples and tested for dilution linearity to extend the assay range.

6.2.7

Protein Binding Problems

Protein binding of circulating macromolecule drugs is more complicated and less
understood than that of small-molecule drugs. Binding may occur with low and/
or high affinity-binding proteins/receptors that are soluble, in the cell mem-
branes, or within cell organelles. Binding proteins are known to cause interfer-
ence in the IA of protein analytes such as cytokines [18, 19], growth hormone [20],
tissue plasminogen activator [13], and insulin-like growth factors-1 and -2 [21, 22].
The binding kinetics and equilibrium are dependent upon the specific configura-
tion of the drug and binding protein, and are affected by factors such as phosphor-
ylation, protein folding, and cofactors. Disagreement in serum concentrations
may occur when Ab with different specificities are used for the determination of a
therapeutic protein. Extraction procedures used to dissociate small molecules
from serum proteins are usually not applicable because they will also denature
the protein therapeutic agent. In addition, binding to anti-drug Ab as a result of
repeated administration can also cause analytical interference and may alter the
PK and PD profiles of the therapeutic protein [17,23,24].
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6.3

The Bioanalytical Method Workhorses

The most common bioanalytical tools applied for macromolecule drug bioanalysis
are IA, HPLC, and LC-MS/MS.

Most macromolecule drugs are antigenic, or they bind to another biomacromo-
lecule ligand such as nucleic acid probes, receptors, and specific binding proteins.
Naturally, ligand-binding assays – especially IAs – have been the most commonly
used bioanalytical methods for these drugs. The widely used enzyme-linked im-
munoadsorption assay (ELISA), which exploits the specificity conferred by a cap-
turing Ab and a detecting Ab, is shown schematically in Fig. 6.3. The detecting Ab
is conjugated to a reporter enzyme, which converts a substrate into the detection
product. The method is flexible, with many enzymes/substrates and assay formats
for many method options [1, 14, 25].

HPLC-UV is often used for formulation product analysis, but its sensitivity and
selectivity is inadequate for bioanalytical application. A gradient elution of 30 to
60 min is often used to provide column separation from the matrix proteins.
HPLC-UV methods are not desirable due to low signal-to-noise (S/N) ratios and
long chromatographic run times.
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Fig. 6.3 Scheme of an ELISA sandwich assay.

Left panel: A typical assay format using a

96-well microplate, pre-coated with a capture

antibody (Ab). The drug analyte in the sample

is bound to the immobilized capture Ab. The

extraneous matrix components are washed

away before addition of the detector second

Ab, which is conjugated with horseradish per-

oxidase (HRP) enzyme. The enzyme catalyzes

the release of luminescence from the sub-

strate, such as tetramethylbenzidine (TMB).

More details are given in the example in Sec-

tion 6.3.1. This format represents a non-com-

petitive assay. Right panel: The two formats of

noncompetitive and competitive assays.



LC-MS/MS has been the workhorse for the bioanalysis of small drug com-
pounds over the past decade because of its superior sensitivity, selectivity, and al-
most universal detection of any ionizable molecule. The technology can be applied
to peptide drugs of a few thousand Daltons because peptides with multiple
charges would have m/z-values well within the limited detection mass range of
triple quadrupole MS instruments. The pore size and size distribution of packing
materials for chromatographic columns have been optimized for macromolecules
to enable rapid solute diffusion for shorter run times and adequate peak shape
[26, 27]. However, limited sample clean-up, harsh fragmentation and inconsistent
ionization could contribute to quantitative problems. Recently, more sensitive MS
instruments with soft ionization [e. g., electrospray (ESI)] and high-mass resolu-
tion [e.g., TOF and Fourier transform mass spectrometers (FTMS)] have become
available commercially to alleviate these problems. LC-ESI-MS/MS methods have
been applied to peptide drugs and have proven to be a reliable workhorse in addi-
tion to IAs [28, 29].

Capillary electrophoresis (CE) has high separation efficiency, especially for chro-
matographically challenging large molecules such as oligonucleotides and glyco-
proteins. Unfortunately, the advantage of nanoliter sample loading volume be-
comes its own severe detection limitation. Laser-induced fluorescence detection
can be used to provide adequate sensitivity for peptides labeled with a fluorescent
probe detected by a monochromatic laser, especially at the near-infrared region.
However, this application is limited to peptides with reactive functional groups
[30, 31]. CE-MS has been used for the analysis of oligonucleotides and glycopro-
teins (e.g., human erythropoietin) [32, 33]. This technique has enabled the differ-
entiation of post-translational glycosylation variants between the recombinant and
endogenous human erythropoietins [34].

The method of choice is dependent upon the analyte, the assay performance
required to meet the intended application, the timeline, and cost-effectiveness.
The assay requirements include sensitivity, selectivity, linearity, accuracy, preci-
sion, and method robustness. Assay sensitivity in general is in the order of IA
> LC-MS/MS > HPLC, while selectivity is IA 
 LC-MS/MS > HPLC. However,
IA is an indirect method which measures the binding action instead of relying
directly on the physico-chemical properties of the analyte. The IA response ver-
sus concentration curve follows a curvilinear relationship, and the results are
inherently less precise than for the other two methods with linear concentra-
tion–response relationships. The method development time for IA is usually
longer than that for LC/MS-MS, mainly because of the time required for the
production and characterization of unique antibody reagents. Combinatorial
tests to optimize multiple factors in several steps of some IA formats are
more complicated, and also result in a longer method refinement time. The
nature of IAs versus that of LC-MS/MS methods are compared in Table 6.1.
However, once established, IA methods are sensitive, consistent, and very cost-
effective for the analysis of large volumes of samples. The more expensive
FTMS or TOF-MS methods can be used to complement IA on selectivity con-
firmation.
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Table 6.1 General differences between chromatographic methods

(HPLC and LC-MS/MS) and ligand-binding assays (immunoassays).

Property HPLC LC-MS/MS Immunoassays

Basis of measure Physico-chemical
(UV, fluorescence)

Physico-chemical (ESI) Biochemical binding
action (many
detection modes)

Detection method Direct Direct Indirect

Analytical reagents Common and
available

Common and available,
except IS

Unique, may not be
available

Analytes Small and
macromolecules

Small peptides and
oligonucleotides

Most
macromolecules

Sample preparation Extraction for
small molecules

Protein precipitation or
solid-phase extraction

Usually no
extraction

Calibration model Linear Linear Nonlinear

Assay environment Aqueous and
organic

Usually contains organic Aqueous (pH 6–8)

Development time Weeks Weeks Months
(Ab production)

Inter-assay variability Moderate
(15–20% CV)

Low (<10 % CV) Higher (>20 % CV)

Imprecision source Intra-assay Intra-assay Inter-assay

Working range Broadest Moderately broad Limited

Equipment cost Expensive Inexpensive

Analysis mode Series, batch Batch

Assay throughput Good Excellent

During the course of drug development, several bioanalytical methods might
have been applied to meet the intended applications. Under certain circum-
stances, comparison and cross-validation of the methods may be required to pro-
vide continuity and proper interpretation of the data. For example, an HPLC
method might be used for the high concentration samples from toxicology stu-
dies, while a more sensitive LC-MS/MS or ELISA method may be developed and
validated for human studies. Alternatively, an LC-MS/MS method might be used
for the initial PK profiling of the peptide drug and metabolites, followed by an
ELISA method for late phase monitoring of the drug only. Study samples from
multiple subjects and QCs should be used for the cross-validation of different
methods. Although the results may, or may not, show comparable accuracy, they
will provide information for the interpretation and proper use of the data gener-
ated from these methods.
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The advantages, issues and limitations of these methods are discussed in the
following sections.

6.3.1

Ligand-Binding Assays: Immunoassays

6.3.1.1 Common Method Approach

While many reagents and assay format choices are available for ligand-binding
assays, the most commonly used ELISA method is discussed here as an example.
Typical ELISA formats of noncompetitive (left panel) and competitive (right pa-
nel) sandwich assays are illustrated in Fig. 6.3. The basic reagent components
are: (1) capturing Ab; (2) detector Ab; (3) the drug analyte itself; and (4) a solid
phase platform (such as microplate wells). An ELISA method for measuring an
antibody drug is illustrated in a case study in Section 6.4.1. The ELISA method is
a heterogeneous assay in that the analyte is separated from the bulk of the matrix
by forming an immunocomplex with the immobilized Ab on the solid phase, fol-
lowed by several wash cycles. Assays without separation steps are homogeneous
assays (e.g., proximal scintillation or fluorescence methods), often used for drug
discovery screening. Besides microplates, beads with activated functional groups
to covalently bind the capturing agents can be used. Magnetic beads have been
used for easy washing and decanting. The capturing ligand can be an Ab or a pro-
tein drug, or the ligand protein of a monoclonal Ab drug. The flexible assay for-
mats include homogeneous versus phase-separation assays, competitive versus
noncompetitive reactions, binding reaction in solution phase versus solid phase,
and the use of general capturing and reporter ligand reagents. In addition, other
ligands besides Ab can be used, such as receptors, binding proteins, DNA probes,
and aptamers.

There is a plethora of detecting system pairs of various enzyme conjugates and
multitudes of corresponding substrates. Some of the common pairs are alkaline
phosphatase/p-nitrophenylphosphate and horseradish peroxidase (HRP)/tetra-
methylbenzidine (TMB). To increase sensitivity, the detection signal can be ampli-
fied by systems such as biotin-avidin (or streptavidin), acetylcholine esterase, and
diaphorase-NADPH-alcohol dehydrogenase-crystal violet. There are many instru-
mental detection choices, including colorimetric, fluorometric, time-resolved
fluorescent, chemiluminescent, electrochemiluminescent, and flow cytometric de-
tection. It is important to consider signal readout and background noise to obtain
higher S/N values, as well as a wide dynamic reading range. In order to reduce
the need for custom-labeled reagents, a variety of secondary Abs are commercially
available as a general reporter to decrease method development time. However,
the use of anti-idiotypic antibodies in a sandwich assay would offer better selectiv-
ity than a general reporter or capture antibodies. The adoption of diagnostic kits
of endogenous proteins for the measurement of therapeutic protein agents in PK
studies would also circumvent reagent development. The use of commercial kits
for the analysis of a recombinant protein with an endogenous counterpart is illu-
strated in a case study in Section 6.4.2.
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The reader should refer to books and review articles on ligand-binding assays
for general IA method development [1, 14, 25, 35, 36]. The approach to method
development and validation for macromolecule drugs using ligand-binding assays
has been discussed in recent workshops, and a position paper published by the
AAPS Ligand Binding Assay Bioanalytical Focus Group [10]. The advantages, is-
sues, and limitations of IA applications to macromolecule drug bioanalysis are de-
tailed in the following section.

6.3.1.2 Advantages of Immunoassays

The most important advantage of IA is the sensitivity for macromolecules (e. g., in
the range of attomolar (aM) and yoctomolar (yM), using a small sample volume of
~100 �L per assay) as compared to that of LC-MS/MS methods (e.g., fM and aM
using a larger sample volume of ~500 �L per assay). In addition, IA does not re-
quire expensive instruments that need to be operated and maintained by specia-
lists, as is necessary for MS. Also, the assay formats are versatile and flexible. The
turnaround time for IA is similar to that for LC-MS/MS, or better, as the readouts
are parallel (96-well simultaneously) rather than sequential (peak-by-peak and in-
jection-by-injection), and there is minimal signal drift within a batch. IA has the
advantage of unlimited molecular size of the macromolecule analytes due to their
antigenicity. Once the suitable ligand reagents are produced in sufficient amounts
and characterized, a consistent supply can be guaranteed with proper project
management. IA is amenable to mass production by automation at relatively low
cost, especially for late-phase clinical studies.

6.3.1.3 Issues and Limitations of Immunoassays

6.3.1.3.1 Reagent Characterization, Consistency, and Stability

One of the drawbacks of IA is the considerable time required to produce and charac-
terize the ligand reagents. In general, multiple bleeds of polyclonal Ab or multiple
lots of monoclonals are screened for their specific affinity to the desired epitopes.
Several lots are then chosen for feasibility tests for an assay platform. For example,
Ab specific for the drug molecules, discriminating them from the endogenous
forms, post-translation variants, and degradation metabolites, might be selected.
An Ab pair would be finalized to be the capture and reporter Ab, and characterized
in the method development. It is important to document the quality of the Ab and
other critical reagents such as blocking buffer, conjugating reagents, washing buf-
fers, enzyme conjugate, and substrate. Method development includes optimization
of the reagent binding stoichiometry (titer Ab and reagents) and factors affecting re-
action kinetics and equilibrium (e.g., time, temperature, ionic strength, and pH of
buffer). Specificity should be demonstrated against structurally similar endogen-
ous components and known metabolites for the finalized method.

Because the unique antibody reagents are labile and prone to change, reagent
stability and lot-consistency should be investigated and documented. The appro-
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priate preparation and storage conditions should be defined to assure consistent
supply over the entire course of drug development. In general, reagents should be
stored refrigerated, frozen, or lyophilized [35]. Lot-to-lot consistency of the re-
agents should be established, especially if the reporter labeled Ab are from com-
mercial vendors (e.g., variability of labeling). An inventory of prepackaged re-
agents (with defined reagent lot number, supplied in vials with expiration dates,
analogous to diagnostic supplies) can be planned and reserved upfront for speci-
fied studies. In addition, method robustness should be tested in stressed samples
that should include patient samples.

6.3.1.3.2 Selectivity and Matrix Effects

Selectivity is the ability of an assay to measure the analyte of interest in the pre-
sence of other constituents in the sample. Because IAs are often performed with-
out sample extraction, they are more prone to matrix interference than are chro-
matographic methods with extraction. Matrix interference could come from cross-
reactivity with structurally similar components in the sample, or from nonspecific
binding to structurally dissimilar components in the matrix. The results are high
background noise, loss of sensitivity, and inaccurate and nonreproducible data.
Sometimes, the problem may only occur in a few exceptional patient samples that
have structurally similar components such as unknown metabolites, or dissimilar
components from samples with hyperlipidemia, hemolysis, complement compo-
nents, rheumatoid factors, binding proteins, autoantibodies, and heterophilic
anti-immunoglobulin Ab.

The diligent analyst would develop a robust method with rigorous matrix effect
tests on multiple lots, including hemolyzed and lipidemic samples. An initial test
would be a spike-recovery evaluation on at least six individual lots. Samples
should be spiked at or near the LLOQ, and at a high level near the ULOQ. If ma-
trix interference were indicated by unacceptable relative error (RE) percentage in
certain lots, the spiked sample of the unacceptable lots should be diluted with the
standard calibrator matrix to estimate the minimum dilution requirement (MDR)
at and above which the spike-recovery is acceptable. The spike-recovery test should
then be repeated with the test samples diluted at the MDR. Note that this ap-
proach will increase the LLOQ for a less sensitive assay. If sensitivity is an issue,
then other venues will be required to address the matrix effect problem. For exam-
ple, the method can be modified to include sample clean-up, antibodies and/or
assay conditions may be changed, or the study purpose may be tolerable to ac-
knowledge that the method may not be selective for a few patients (whose data
may require special interpretation).

Because the catabolic and metabolic pathways of biotech drugs are often poorly
defined and sufficiently sensitive comparator assays are lacking, additional matrix
effect tests by parallelism should be conducted with actual study samples. These
are often performed on subject samples with aberrant PK profiles. A pool from
several time points with sufficient analyte concentration of that subject is serially
diluted. The observed concentration times the dilution factors should be within
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acceptable RE and CV %. Complementary technologies such as high-mass resolu-
tion MS methods can be used with IAs to confirm method selectivity.

6.3.1.3.3 Standard Curve Regression Model and Curve Fitting

Physico-chemical measurements using chromatographic methods produce re-
sponses that are linear to the concentrations. As IA measures the resulting signals
of a reaction, however, the response is a nonlinear function of the analyte concen-
tration. Often, the regression model used to describe this relationship is a four- or
five-parameter logistic function, as shown in the sigmoid shape standard curve in
Fig. 6.4.

Anchor points (asymptotic low- and high-calibrators outside the working range)
are included in the curve fitting for better interpolation near the limits of quantifi-
cation. The variance of a linear curve function is constant over the concentration
range, and weighting is relatively simple (usually by 1/concentration or 1/concen-
tration2). In contrast, the standard deviation of the replicate measurements in a
curvilinear model is not a constant function of the mean response. Therefore, spe-
cial statistical approaches of curve fitting and weighting are required for IA.
A weighted, nonlinear, least-squares method was recommended [37, 38]. Indivi-
dual weights often lead to undesirable statistical properties in the estimates of cali-

160 6 Bioanalytical Methods for Pharmacokinetic Evaluations of Biotech Macromolecule Drugs

Fig. 6.4 A four-parameter logistic standard

curve depicting a competitive assay. In this

format the antibody (Ab) is present in a lim-

ited amount. The known amount of labeled

drug competes with the drug analyte in the

sample for the limited sites of the Ab. The re-

sponse factor produced by the label antigen–

antibody complex (Ag–Ab) is inversely propor-

tional to the concentration of the drug analyte

in the sample. In this example the % B/B0

(% label bound at concentration X divided by

total bound at concentration zero) is used as

the response factor. The parameters of the

regression model are: (A) zero concentration

response, (B) slope factor (positive), (C) in-

flection point at middle response (EC50) and

(D) infinite concentration response. For a non-

competitive assay, the signal produced is pro-

portional to the drug analyte concentration

in the sample. The capturing Ab is present in

an excess amount, and the drug-occupied

Ab–Ag–Ab complex is being monitored.



bration curve parameters, particularly in the case of duplicate measurements. Fail-
ure to weigh responses properly will result in greater bias and imprecision in ana-
lytical results, particularly at analyte concentrations near the limits of quantifica-
tion [39]. The following items highlight the major points in IA regression models
and curve fitting recommended by DeSilva et al. [10]:

� More calibrator points (at least eight) should be used to describe the regression
model, and anchor points should be used.

� In general, the functional range of a curvilinear regression model is narrower
than that of a linear model; the assay range is extended by the dilution of sam-
ples with concentrations higher than the ULOQ. Dilution linearity also demon-
strates the lack of a prozone or hook effect of the assay. A hook (prozone) effect
is the phenomenon where the responses of higher concentrations of analyte are
lower than expected.

� VS data are used to select the regression model and curve fitting. The regression
model and weighting that generate the lowest total error (Absolute Bias + Inter-
mediate Precision) of the VS should be chosen.

� IA results are inherently less precise than those of chromatographic assays [40].
Owing to the greater inter-assay imprecision, more validation runs should be
used (e.g., at least six batches) to achieve an adequate level of confidence in the
estimates of assay performance [41]. Acceptance criteria should be defined
a priori for the method validation; they should be more lenient than those of
chromatographic methods.

� The use of a correlation coefficient is not recommended for model validation
[9, 17]. Even for a linear model, unacceptable calibration bias can exist, despite a
correlation coefficient > 0.9999 [42].

6.3.1.3.4 Single versus Multiple-Analyte Assays

Common IAs are geared for one analyte per assay. Multiplex methods such as Lu-
minex LabMAP, ELISPOT, and rolling-circle amplified antibody chips have been
used in drug discovery or biomarkers screening [43–45]. However, these technolo-
gies have not been used for the determination of drug compound and metabolites
for GLP-compliant applications. This could be due to a low demand for metabolite
data for biotech macromolecule drugs, as most of these metabolites are pharmaco-
logically inactive. More rigorous validation would be required for multiplex assays
to become useful for quantifications of multiple analytes, for example the pro-
drug, the active drug, variants of the endogenous form, metabolites, and/or iso-
types of the anti-drug Ab.
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6.3.2

HPLC-ESI-MS/MS Methods

6.3.2.1 Common Method Approach

ESI and atmospheric pressure chemical ionization (APCI) are the major LC-MS
ionization sources. In ESI-MS, the molecules are ionized in the solution phase in-
side electrically charged droplets before vaporizing into the gas phase; further pro-
tonation or deprotonation can then occur in the gas phase [46–48]. In APCI-MS,
the molecules in solution are vaporized in a heated gas stream, followed by chemi-
cal ionization in the gas phase. Being a “soft” ionization methodology, ESI is pre-
ferred for biomacromolecules [48]. The triple quadrupole LC-ESI-MS/MS has
been applied for the determination of peptides and oligonucleotides, such as insu-
lin [49], insulinotropins [50], endothelins [51], and multiple oligonucleotides [52].
In general, simple protein precipitation is used for sample clean-up. A gradient
elution offers good LC separation of the analyte from other analytes or matrix
components. The MRM, using distinctive m/z-values of the selective precursor
and product fragment ions, further improves selectivity [53].

6.3.2.2 Advantages of HPLC-ESI-MS/MS Methods

In general, it is easier (and faster) to develop an HPLC-ESI-MS/MS method for
multiple analytes with the matrix effects identified and under control as compared
to IA (see below). Furthermore, selectivity and interference from matrix compo-
nents and/or metabolites is less of a problem with an LC-MS/MS method com-
pared to IA. With an appropriate internal standard (IS), LC-MS/MS methods are
more precise than IA. Moreover, the LC-MS/MS calibration range is broader and
can accommodate disproportionate concentration ranges of the drug compound
and its metabolites. In contrast, most IA are geared to quantify only one analyte at
a time because the method development of multiplex IA is complicated and often
cannot be optimized for all analytes of interest.

6.3.2.3 Issues and Limitations of LC-ESI-MS/MS Methods

6.3.2.3.1 Matrix Effects

The pressure of a fast turnaround time for the expensive LC-MS instrument and
false confidence in MS mass resolution power often leads to compromised meth-
ods with shortened chromatographic runs. With limited sample clean-up for
macromolecules and inadequate chromatographic separation, matrix components
can co-elute with the analyte. They may compete for the limited charge or impede
(or promote) movement of the analyte ions to the surface of the droplets, resulting
in matrix effects [54]. Matrix effects can impact on selectivity, sensitivity, linearity
and reproducibility of the assay. For ESI, competition for ionization can occur
both in the mobile phase and the gas phase [55]. The pH, volatility, and surface
tension of the mobile phase will affect ionization efficiency. The major suppres-

162 6 Bioanalytical Methods for Pharmacokinetic Evaluations of Biotech Macromolecule Drugs



sing matrix components are salts, which can be easily separated chromatographi-
cally from the analyte. The capacity factor (k 
) of the analyte should be estimated
to assure column separation of the analyte from major hydrophilic matrix compo-
nents [54–56]. Late-eluting matrix components (hydrophobic components in a re-
versed-phase chromatography) often result in broad peaks at variable retention
times in subsequent chromatograms.

Matrix effects do not need to be completely eliminated as long as they are con-
sistent in the biological matrix among individuals, over the assay concentration
range, and allow for sufficient assay sensitivity. Similar to IA, the initial approach
to detect matrix effects is to perform spike-recovery experiments at or close to the
LLOQ and ULOQ concentrations on at least six individual matrix lots [10]. If the
recovery accuracy is inconsistent among the matrix lots, a post-column infusion
experiment can be performed to investigate the nature of the interfering compo-
nent [57, 58]. A diagram of the instrument setup is shown in Fig. 6.5. An analyte
solution is infused to the LC effluent of a control matrix extract via a ‘Tee’ into the
MS. The constant signal of the analyte infusion would show perturbation by the
matrix effluent. The upper trace in the inset shows a typical matrix suppression
peak. The mobile phase and/or water blank served as a control to the matrix ex-
tract, as shown in the lower trace. Figure 6.6 shows the matrix effect trace super-
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Fig. 6.5 Diagram of system set-up for post-

column infusion test for matrix effect. The

analyte in the mobile phase was infused by a

syringe pump at about 10 �L/min. The blank

matrix extract or the test control (mobile

phase or water blank extract) was injected into

the analytical column. The effluent from the

analytical chromatographic column was mixed

with the analyte infused via a “Tee”, and the

signal response of the analyte was monitored

by the mass spectrometer. The lower trace in

the inset shows the control blank injection

with a constant signal of the infused analyte;

the upper trace shows the matrix-suppressing

component.



imposed onto the chromatogram of the analyte, identifying a matrix-suppression
component at the analyte retention time, as well as broad late-eluting suppression
components. Changing the analytical column to one with higher resolution re-
solved the analyte peak away from the matrix components. The late-eluting com-
ponents were diverted to waste with a column-switching valve. The final method
showed no significant matrix effect, as confirmed by the spike-recovery test. Be-
sides chromatographic modification, matrix effects can be corrected with the help
of a co-eluting IS, preferably a stable isotope-labeled version of the analyte of inter-
est (see Section 6.3.2.3.3).

6.3.2.3.2 Limited Options of Sample Clean-Up

Protein Precipitation for Peptide Drugs. The most common sample clean-up for
peptide drugs is protein precipitation using organic solvents. Several issues
should be considered for this crude method, which are later illustrated in the case
study in Section 6.4.3.

� The goal is to achieve good, consistent recovery of the analyte, while the bulk of
the matrix protein is optimally removed with minimal volume change. Precipi-
tation is effective by adding a small volume of acetone. However, if the analyte
peptide is of moderate size, a strong organic solvent such as acetone could co-
precipitate the analyte, and methanol might be more preferable. The superna-
tant can be concentrated by a dry-down step to improve sensitivity.
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Fig. 6.6 Detection of matrix-suppression com-

ponents at the analyte retention time and at

late elution. The chromatogram of the drug

analyte is superimposed on the post-column

infusion trace of the matrix extract. The chro-

matography was reversed-phase with a short

run time of 3 min. The retention time of the

analyte (~2.5 min) is at the end of a region

where the bulk of hydrophilic suppressing

components elutes. Other ion-suppressing

components are shown at ~8–9 min. Locating

the ion-suppressing components enabled

chromatographic resolution of the matrix

effect problem.



� If the peptide drug binds strongly to the matrix protein(s), the peptide would
co-precipitate with the proteins. A small volume of a strong acid (such as HCl)
can be added to the sample to have the drug–protein complex dissociate prior to
precipitation.

� The extraction recovery should not be concentration-dependent.

� The procedure should be amenable to automation. For example, instead of
using test tubes and centrifugation, the processes of filtration by a 96-well mi-
croplate into a 96-well collection plate, drying, reconstitution and injection onto
the LC-MS/MS are more conducive to automation.

� Limited sample clean-up could overload the analytical column, and residual ma-
trix components can accumulate on the column after multiple injections. The
residual matrix components can also solidify and deposit over a period of time
in the LC-MS ionization source or vacuum interface, resulting in a decrease in
ion transfer efficiency. The decrease in instrumentation performance (i. e., sig-
nal intensity) can be monitored by the signals of system-suitability samples dis-
persed within an analytical batch. The practice of replacing the pre-column in
every run and “scrubbing” the analytical column periodically with a cleaning
mobile phase will help to maintain instrument performance.

Solid-phase Extraction for Peptides and Proteins. Specific bonded phases can be
designed to capture the protein or peptide analytes onto solid-phase particles.
These may include selective molecular recognition of the protein/peptide. For ex-
ample, cation or anion exchangers have been used in proteomic research to cap-
ture basic or acidic tryptic peptides, metal complex beads to capture phosphory-
lated peptides, ion exchangers for glycopeptides, and affinity chips were used for
the known target peptide sequences [59–62]. The solid-phase approach provides
means of capturing and concentrating the analyte of interest, and washing away
extraneous components. However, the commercial production of reliable, cost-ef-
fective packing materials and a good IS to track the processes are required for rou-
tine quantitative bioanalytical applications of this approach.

6.3.2.3.3 Internal Standard

An IS that co-elutes with the analyte is crucial for normalizing ESI-MS system
fluctuations and correcting for matrix effects. An ideal IS should also be chemi-
cally similar to cover variations in extraction recovery. Analogue IS are frequently
used. For example, an analogue of insulin with a single amino acid residue differ-
ence, such as arg-insulin or porcine insulin, was used to increase the assay preci-
sion for human insulin [63]. A stable isotope-labeled analyte would be an ideal IS,
and this approach has been widely used for small-molecule drugs. The application
for proteins/peptides is less straightforward due to the difficulties in producing
and purifying the labeled IS. The stable isotope-labeled IS can be prepared by in-
troducing 2H, 13C, 15N, or 18O via peptide synthesis, cell culture, or during proteo-
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lysis [64]. Deuterated and 13C-labeled IS are used most commonly. The IS should
be purified from the non-labeled form, and should show that there is no interfer-
ence due to impurity or cross-talk from isotopic abundance. (Less-abundant, heavy
isotopes are present in the natural elements, and appear as small peaks in the MS
spectra of a drug compound. The amount in a high-concentration sample could
be substantial in contributing to the heavy IS peak as “cross-talk” if the IS concen-
tration were set too low.) The IS should also be sufficiently heavier than the ana-
lyte in order to make enough difference in the transition m/z-values. In addition,
the 2H label should be positioned where there is minimal 1H/2H exchange.

6.3.2.3.4 Chromatography: Analytical Column and Mobile Phase Choices

Reversed-phase analytical columns of C18 or C8 bonded silica particles are com-
monly used for protein and peptide analysis. Unlike small molecules, porous par-
ticles with wide bore (300 Å) and large size (5 µm) are required for flow dynamics
and mass transfer. Polymeric and silica-based monolithic chromatography col-
umns are preferred choices due to faster mass transfer and higher resolution than
packed materials [65,66]. Because of protein/peptide adherence to the silica-based
surfaces, peak tailing and broadening often occurs. Trifluroacetic acid (TFA) is
usually added as a mobile phase modifier to alleviate this situation. However,
whilst TFA enhances peak sharpness it also causes signal suppression in the ESI,
reducing sensitivity [67]. A compromise in maintaining peak sharpness without
sacrificing sensitivity would be to reduce the amount of TFA in the mobile phase
(e.g., < 0.05%). Heptafluorobutyric acid may be used as an alternative to TFA.
Other alternatives involve the development of better packing materials for the ana-
lytical columns, such as C30 polymeric-bonded phases or thin porous layers of the
Poroshell spheres [26, 27].

Gradient elution is often used to provide high column resolution of the analyte
from the large amount of matrix components. For a hydrophilic analyte, an ion-
pairing reagent such as TFA is often used to increase column retention in re-
versed-phase chromatography. However, the low amount of TFA required to avoid
ion-suppression may not be sufficient to achieve column retention. In that case,
normal-phase or ion-exchange chromatography would be a better choice than re-
versed-phase chromatography for hydrophilic peptides.

6.3.2.3.5 MS Parameter Choices

The quadrupoles in an MS instrument serve as selective mass filters to isolate
ions with m/z-values specific for the analytes of interest. The triple quadrupole
MS/MS instrument is typically operated by a pneumatically assisted electrospray
source with an additional heated auxiliary gas flow for higher flow rates. There is
a trade-off between resolution (favored by lower flow) and sensitivity (favored by
higher flow) of the quadrupole analyzers. The biological molecules can be proto-
nated or deprotonated at multiple sites to produce ions of ‘n’ charged states
[M± nH]n±. The MRM-MS/MS scan mode has a high duty cycle for the detection
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of specific ions at high sensitivity. Multiple charged ions can be scanned for the
analytes at the appropriate ion energy of the precursor ions at Q1, and several of
the abundant product ions can be selected for selectivity and sensitivity tests. The
collision energy at Q2 is optimized to produce the specific product ions, which are
filtered selectively at Q3. The unique fragment of a peptide can be used to im-
prove resolution. High mass accuracy of the MS instrument offers the differentiat-
ing resolution by the filters at Q1 and Q3. Many MRM scans can be grouped to-
gether in one method to measure many selected ions, such as for several analytes,
and/or several product ions for one analyte. The method development and appli-
cation of an LC-ESI-MS/MS method of a peptide drug is illustrated in a case study
in Section 6.4.

6.4

Case Studies

6.4.1

Development and Validation of an ELISA Method for an Antibody Drug

Drug “X” is an Ab against a target macromolecule “Y”. An ELISA method was de-
veloped and validated for the determination of X in human and monkey plasma.
Since the purposes of these methods were to support preclinical and clinical PK
studies, the method validation and sample assays were conducted under an in-
house SOP, which is “GLP-compliant” with IA considerations according to De-
Silva et al. [10].

96-well microtiter plates were precoated with a solution of Y. The plates were
dried and blocked with 1% casein in phosphate-buffered saline (PBS). Automation
with a Tecan Genesis RSP-100 robotic pipettor was used for sample aliquotting
and dilution to increase sample throughput, precision, and accuracy. Samples
were added to the wells and allowed to bind to Y at room temperature for 2 h.
After washing five times with 0.5% Tween in PBS, a secondary Ab against human
(or monkey) IgG conjugated to HRP was added, allowed to bind to the immobi-
lized X for 2 h, and washed again. A peroxidase substrate solution was added and
incubated at room temperature for 1 h in the dark. The reaction was stopped by
adding 5% sodium dodecyl sulfate, and the plate read at 415 nm (reference wave-
length 490 nm) within 30 min. A four-parameter logistic regression was used to
calculate the content of X in the samples.

In order to assess matrix effects, spike-recovery experiments were performed on
samples from 10 individual human and six monkey matrix lots. Human samples
were spiked with concentrations at the LLOQ and 10-fold the LLOQ. Monkey sam-
ples were spiked with concentrations at the LLOQ, two- and 400-fold the LLOQ.
The results of the spike-recovery experiments are shown in Table 6.2. Some un-
spiked human samples showed a substantial amount of X, and their values were
subtracted from the spiked sample results before calculating the spike recovery.
For samples from monkey plasma samples, all samples were blank and no correc-
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tion was necessary. Eight of the 10 lots met the acceptance criteria of the spike-re-
covery, which satisfied the in-house SOP requirement. The human lots with
<LLOQ concentrations were pooled to prepare standards and VS/QC samples.

Method validation was carried out in six (monkey) or seven (human) validation
batches. Each batch included eight levels of standard calibrators, four levels of VS
at concentrations at the LLOQ, low, mid, and high concentrations within the cali-
brator range, and two additional concentrations higher than the ULOQ. The
>ULOQ VS were run at dilution factors of 20 and 400 to mimic the expected high
concentration samples. The accuracy and precision data of the VS in human
plasma are listed in Table 6.3.

Method robustness was established to show assay consistency with various sup-
plies of the reference standards and two other critical reagents:

� The target macromolecule Y, which might be subjected to conformational
changes: Multiple batches from two suppliers were procured and validated to
assure assay consistency and sufficient supply inventory; and

� Preparative batches of the mouse anti-human IgG-HRP conjugate: Titers were
determined to optimize every new preparation to maintain the same assay per-
formance.
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Table 6.2 Spike-recovery experiments of compound X to human and

monkey multiple matrix lots.

Matrix Human Recovery [%] Monkey Recovery [%]

lot unspiked spiked spiked unspiked spiked spiked spiked

conc. with with conc. with with with

LLOQ 10�LLOQ LLOQ 2�LLOQ 400�LLOQ

1 18.1 130 83.9 < LLOQ 110 113 92.7
2 < LLOQ 112 104 < LLOQ 102 98.8 104
3 < LLOQ 103 101 < LLOQ 95.5 96.6 99.1
4 0.7 103 111 < LLOQ 96.3 82.1 102
5 < LLOQ 97.9 101 < LLOQ 95.5 111 97.2
6 < LLOQ 111 84.8 < LLOQ 100 97.4 105
7 0.3 120 96.3
8 4.9 66.2 110
9 6.2 87.7 106

10 5.0 68.0 104

Acceptance criteria: Low limit of quantitation (LLOQ): within ±30 %
of the corrected mean of the matrix lots.
Higher concentrations: within ±20% of the corrected mean.
Overall: at least 80% of the lots are within acceptance.



6.4.2

Development and Validation of a Sandwich Immunoradiometric Method

Using Commercial Kits for a Recombinant Peptide Drug

The use of commercial kits eliminates the time required to produce and character-
ize Ab reagents. However, method validation must be conducted to show that the
kit developed for diagnostic use is suitable for the intended PK study application.
The kit selection and method validation processes are illustrated here for the bio-
analytical application of a recombinant human parathyroid hormone (rhPTH)
drug, ALX1–11 (Preos, NPS Pharmaceuticals).
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Table 6.3 Validation of compound X in human plasma.a)

Batch no. VS

[pg/mL]

25 75 225 750 4000 80000

1 Mean 22.9 70.2 196 767 4405 89669
CV% 14.3 5.0 5.0 8.0 6.0 7.8
RE% 8.5 6.0 13.0 –2.0 –10.0 –12.1

2 Mean 27.2 71 209 703 4054 89926
CV% 6.0 11.0 11.0 2.0 6.0 7.3
RE% –8.8 6.0 7.0 6.0 –1.0 –12.4

3 Mean 27.8 77 186 621 3924 86365
CV% 6.0 8.5 8.3 15.1 12.0 1.9
RE% –11.2 –3.2 17.5 17.2 1.9 –8.0

4 Mean 21.8 74.6 193 737 4042 81065
CV% 1.9 3.8 3.4 8.4 5.6 5.4
RE% 12.8 0.5 14.1 1.7 –1.0 –1.3

5 Mean 25.5 77.9 182 568 3824 87807
CV% 6.0 2.6 4.0 0.6 6.3 15.8
RE% –2.0 –3.9 19.0 24.3 4.4 –9.8

6 Mean 27.1 75.6 197 898 4254 82109
CV% 10.2 0.6 8.6 21.3 2.3 5.5
RE% –8.3 –0.8 12.4 –19.8 –6.3 –2.6

7 Mean 28.2 73.7 223 754 3651 82996
CV% 12.5 14.1 4.6 25.6 5.8 7.2
RE% –12.7 1.8 0.7 –0.5 8.7 –3.7

Overall Mean 24.5 72.8 198 745 3798 82667
CV% 11.4 8.7 9.3 17.1 11.6 9.4
RE% –2.0 –2.9 –12.0 –0.7 –5.1 3.3

a) Within- and between-batch accuracy and precision data of VS from seven pre-
study validation runs. VS at 4000 and 8000 pg/mL were diluted 20- and 400-fold
before assay, respectively. For each batch, mean, CV%, and RE% were calculated
from six replicates of VS. The overall statistics were calculated from all data
points (n = 42).



PTH is a naturally occurring polypeptide with 84 amino acid residues that acts as
the major regulator of calcium ion homeostasis [68]. The first two amino acids of
PTH from the amino N-terminus are required for biological activity. Proteolytic frag-
ments of PTH are inactive at the PTH-1 receptor, but may cross-react with an IA. The
putative peptide PTH (7–84) fragment was reported to exist at 10- to 20-fold higher
concentrations than the intact PTH (1–84), depending upon health status [69].

Sandwich immunoradiometric assay kits were developed with Ab against the
carboxyl C-terminus immobilized on beads to capture the analyte and radiolabeled
Ab against the N-terminus for detection. Although the widely used commercial
kit was supposed to be specific for the intact molecule [70, 71], it was found to
bind circulatory fragments [72]. Therefore, it is important to validate selectivity of
the commercial kits against peptide fragments. Three recently developed commer-
cial kits were assessed on cross-reactivity against N-terminal fragments of (3–84)
and (7–84), and the assay performance of standards and VS from four evaluation
runs was assessed for their suitability for PK study applications. The results in
Table 6.4 show that Kit A was superior to the other two kits in both assessments,
and it was selected for subsequent method validation.

Standard calibrators were prepared by spiking the recombinant drug to stan-
dard zero from the kit; they were run against the kit standards and found to be
comparable. To prepare VS/QCs, PTH was screened in plasma samples from 32
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Table 6.4 Comparison of three parathyroid hormone (PTH) commercial assay kits.

Kit A Kit B Kit C

Cross-reactivitya)

1–84 rhPTH 86% 95% 103%
3–84 fragment 0.6% 48% 139%
7–84 fragment <0.1% 1.3% 63%

Precision and accuracy from four evaluation batchesb)

Validation sample CV%
Low 9.1 13.1 11.7
Mid 4.8 8.4 9.1
High 3.9 9.4 11.8

Validation sample RE%
Low 4.2 –19.1 –12.9
Mid 6.4 12.3 20.4
High –3.2 20.8 3.2

a) Cross-reactivity test of the kits against the recombinant whole peptide
of 1–84, and fragments of 3–84 and 7–84.

b) Precision and accuracy of VS at low, mid, and high concentrations.
rhPTH: Recombinant human parathyroid hormone.



individual lots. The lower-concentration lots were selected, and pooled to form the
low VS/QC, which was spiked with rhPTH to prepare the mid and high VS/QCs.
The target value of the low VS/QC was determined from the mean of four evalua-
tion batches as 23.4 pg/mL. The theoretical values of the mid and high VS/QCs
were calculated from the spiked amount plus the basal value. Six pre-study valida-
tion runs were performed. To demonstrate the lack of interference in the matrix,
10 individual lots of control human plasma were tested for spike-recovery of
rhPTH at a concentration of 52.5 pg/mL. The spike-recovery was calculated by
subtracting the endogenous value of the unspiked samples from that of the spiked
sample. All 10 lots were quantitated within 20% of the theoretical spiked value,
even from samples with a high basal value of 54.3 pg/mL. The variance of the
spike recovery among the 10 lots was only 6% CV.

In order to use commercial reagents in a drug development program, it was im-
portant to negotiate and plan with the kit supplier to assure consistency of the Ab
reagents, and that sufficient quantities would be reserved. Method robustness in-
cluded the pre-study validation tests with a second lot of the capture Ab, three ana-
lysts, and three batches of radioiodinated detector Ab. Method robustness was
further demonstrated by in-study validation, with four additional analysts per-
forming sample analysis using 12 batches of radioiodinated detector Ab over a
time span of approximately three years.

6.4.3

Development and Validation of LC-MS/MS Method for a Peptide Drug

Enfuvirtide (Fuzeon, T-20, Ro 29–9800, Hoffmann-La Roche) is a 36-amino acid
synthetic peptide with a molecular weight of 4492 Da. It selectively inhibits hu-
man immunodeficiency virus (HIV) fusion to the host cell membranes [73]. The
N-terminus of the molecule is acetylated and the C-terminus is amidated. A meta-
bolite, M-20, is deamidated at the C-terminus. An ELISA method was initially
used during drug development of this compound, but the decision was made to
develop and validate an LC-ESI-MS/MS method for the simultaneous determina-
tion of enfuvirtide and M-20 for PK studies to support the NDA submission of
this product [53]. Some of the issues of LC-ESI-MS/MS application for peptide
bioanalysis are highlighted in the following.

Protein precipitation was optimized for peptides of this size to adequately de-
bulk the plasma proteins with sufficient analyte recovery. The commonly used
4 : 1 ratio of acetonitrile to plasma sample was reduced to 2 : 1 to prevent co-preci-
pitation of the peptide. The plasma sample was acidified to dissociate the drug
from protein binding before the addition of acetonitrile to the samples in a
96-well microplate. A semi-automated Tomtec Quadra 96 workstation was used
to perform all sample processing. After centrifugation at high speed, the superna-
tant was dried, reconstituted, and re-centrifuged before being injected onto the
LC-MS/MS system.

The LC-ESI-MS/MS system comprised an analytical column of C18, 50 × 2 mm,
300 Å with 5-µm particle size, a C18 guard column, and two pumps. A linear gra-
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dient elution was set up with mobile phase A of 0.2% acetic acid in water, and B
of 15% methanol in acetonitrile. Both mobile phases contained 0.02% TFA to
maintain good column retention and peak shape. The LC effluent was connected
to a Micromass Ultima or MDS Sciex-Applied Biosystem API 4000 triple quadru-
pole mass spectrometer with an ESI source operated in the positive ion MRM
mode.

The prominent molecular ion of four positive charges [M+4H]4+ had a m/z of
1124.0 for enfuvirtide, and of 1124.2 for M-20. Fragmentation yielded several pro-
duct ions: an abundant, singly charged fragment at m/z 159 (the immonium ion
of tryptophan), and a triply charged ion fragment generated from the molecular
ion. There was interference with the transition m/z of 1124 � 159 from the endo-
genous substances of the control plasma, probably due to the large number of
tryptophan-containing peptides in the plasma extract. The triply charged fragment
ion m/z 1343 was a large b33 fragment (4026 Da) and more specific to enfuvirtide
and M-20, providing excellent selectivity and S/N ratio for the analysis with the
transition m/z of 1124 � 1343. It was important to have chromatographic resolu-
tions of enfuvirtide and M-20 and their corresponding IS because they have the
same MRM transitions. Enfuvirtide and M-20 were well separated with retention
times of 2.70 and 3.02 min, respectively.

The wide-pore analytical column provided fast elution times for the large pep-
tides, with good peak shape. TFA in the mobile phase enhanced chromatographic
peak sharpness but caused signal suppression in the ESI, reducing MS-MS sensi-
tivity [67]. Mobile phases containing 0.02% TFA and 0.2% acetic acid provided a
good compromise of maintaining peak sharpness with adequate sensitivity. The
LLOQ was 10 ng/mL, with S/N ratios of ~10. There were no obvious differences in
the background noise between the control plasma lots from the HIV+ patients
and those of healthy volunteers.

The IS of the analytes were synthesized by labeling leucine (the fourth in the
peptide sequence) to produce d10 T-20 and d10 M-20, with purities of 88.8% and
86.1%, respectively. The hydrogen-containing impurity in the IS contributed to a
small signal in the blank control sample. However, this contribution by the d10-IS
was very small in comparison to the LLOQ signal. It had no effect on the linearity
of the standard curve or the accuracy of the LLOQ quantification. In order to mini-
mize the IS contribution to the analyte signal while maintaining adequate IS re-
sponse, the d10-IS was kept at a modest amount, not to exceed the mid-standard
concentrations of the analytes.

In order to minimize adsorption during standard curve and QC preparations,
aliquots of the stock solutions were spiked promptly into the control blank plasma
to prepare the standards and QCs. Once the compounds were in an environment
of protein solutions, the adsorption problem was alleviated. The de-proteinized ex-
tracted samples did not show an adhesion problem, as reflected by the stability
data of the extracts. There was very little tailing of the compound peaks, indicating
that they were not adhering to the LC-MS/MS system.
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6.5

Future Perspectives: Emerging Quantitative Methods

Rapid advances have been made in proteomic research, with growing success in
protein quantitation utilizing MS technologies [74–76]. The quantitative tools
from proteomics and other analytical innovations have great potential to be trans-
lated to macromolecule drug bioanalytical applications, and are discussed in the
following sections.

6.5.1

Sample Clean-Up

Immunoaffinity debulking reagents are commercially available for the removal of
abundant proteins such as serum albumin, immunoglobulins, and transferrin.
Depleting the major proteins would reduce the assay chemical noise in a plasma
sample. In addition, approaches of using novel solid-phase materials to trap the
analytes, selectively wash away extraneous components, and elute with a small vo-
lume greatly improve sensitivity and selectivity. Solid-phase extraction materials
of controlled sizes such as polymeric ion exchangers, porous carbide particles,
and beads with covalently bonded Ab can be good tools. They can be constructed
into a 96-well format for automation to increase precision and throughput. The
immunoaffinity particles can be used either on- or off-line to MS for sample
clean-up and analyte concentration.

6.5.2

Innovation in MS Instruments

Innovation in MS instruments for proteins elevated the potential of sensitive as-
says to pico- and femto-molar concentrations, including nano- or micro-flow
HPLC connected to nanospray MS, ion trap hybrid with triple quadrupole MS
(QTrap), LTQ Orbitrap, and ion mobility (FAIMS) as a second dimension of
ion separation. Direct determinations of the intact protein become possible with
very high-mass resolution instruments such as TOF-MS and FTMS. The non-
scanning types of instruments TOF-MS and FTMS are able to simultaneously
monitor multiple m/z values without significant losses of sensitivity and with
much higher mass resolution than that of the triple quadrupole instruments. For
example, TOF-MS offers the advantage of a wide dynamic range and high resol-
ving power of 10 000 to 15 000 with mass accuracy of 1 to 10 ppm for unlimited
analyte mass.

Matrix-assisted laser desorption ionization (MALDI) and surface-enhanced laser
desorption ionization (SELDI) have been used online with TOF-MS for protein
differential profiles of intact or hydrolyzed biological matrices in proteomics. The
potential use of affinity chips, grafted with specific Ab towards the drug com-
pound for MALDI or SELDI, will bring sensitive and selective tools for macromo-
lecules. Specific Ab towards either the intact protein or several signature peptides
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of the protein can be used for sample clean-up to capture and concentrate the ana-
lyte of interest to increase sensitivity and selectivity [59].

Capillary electrophoresis (CE) coupled to MS has the advantage of high resolu-
tion and soft ionization for biomolecules, which may be used to differentiate post-
translational modifications and variants of intact proteins and oligonucleotides.
Different modes of CE (capillary zone electrophoresis, capillary isoelectric focus-
ing, capillary electrochromatography, micellar electrokinetic chromatography,
nonaqueous capillary electrophoresis) to MS as well as online preconcentration
techniques (transient capillary isotachophoresis, solid-phase extraction, mem-
brane preconcentration) are used to compensate for the restricted detection sensi-
tivity of the CE methodology [77, 78].

Previous applications of ESI-MS could quantify intact proteins at relatively high
concentrations, such as that of human transferrin in plasma samples [79] and
�2u-globulin in urine and kidney samples [80]. With the use of solid-phase extrac-
tion combined with a high-sensitivity MS, improvements on sensitivity were
achieved, for example for the quantification of rk5 in monkey plasma reaching a
LLOQ of 10.29 ng/mL [81].

6.5.3

Quantification using Signature Hydrolytic Peptides

Instead of quantification of the intact protein, measurements can be made by
MRM-LC/MS monitoring the representative (signature) peptide(s) from a protein
digest with a triple quadrupole MS instrument. Barr et al. first reported the use of
a synthetic 2H-labeled tryptic peptide as reference standard for the quantification
of the native apoliprotein A1 by LC-MS [82]. Several applications were found for
the determination of HbA1c in human blood [83], rhodopsin in rod outer segment
suspensions [84], phosphorylated proteins in cell lysates with the phosphorylated
tryptic peptides purified by SDS/PAGE [85], human glutathione S-transferases in
human liver cytosol [86], and C-reactive protein in human serum [87]. Although
the signal response versus concentration of the MS is specific for individual pep-
tides, an absolute quantitation is possible by utilizing stable isotope-labeled pep-
tides.

Labeling with 2H, 13C, 15N and/or 18O can be introduced via peptide synthesis,
cell culture, or hydrolysis in labeled water [88]. The heavy isotope-labeled peptide
can be used as an IS to obtain quantitative measurements of the protein concen-
tration. Typically, the protein sample of interest is digested with trypsin, and the
isotope-labeled control peptides are added to the mixture. The signature peptides
in the digest can be separated and quantified by HPLC-ESI-MS/MS. Alternatively,
MALDI-MS can also be used for tryptic peptide determinations after some separa-
tion steps such as gel electrophoresis [89].

The uniqueness of the peptide chosen must be taken into account. Metabolites
of the protein drug may have the same sequence, or share a common sequence of
the product ions being monitored in the MRM-LC/MS method, possibly resulting
in interference. Databases are available to search for tryptic peptide sequences of
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known proteins. In addition, peptides and their corresponding heavy isotope-la-
beled IS should be purified and their purity defined in order to be used as refer-
ence standard and IS. Alternatively, protein/peptides can be tagged with isotope-
coded affinity tags (ICAT or iTRAC reagents) [74]. Method validation of the
MRM-LC/MS should also include reproducibility and efficiency of the enzyme di-
gestion and the peptide extraction recovery from the digestion matrix.

6.5.4

Advances in Ligand Reagents Design and Production

IA remains the major method for bioanalysis of macromolecule drugs. The rate-
limiting step of assay development is Ab production. Traditional polyclonal or
monoclonal Ab production in vivo takes about three to six months. Advancement
of in-vitro Ab production could reduce the time required for immunization and
clone selection. The interference problems of heterophilic Ab (human anti-animal
Ab) that are present in a small percentage of normal individuals could also be
eliminated.

One in-vitro approach is phage display, which offers highly specific recombinant
monoclonal Ab production selected from repertoires of libraries created by clon-
ing [90]. Large repertoires of Ab fragments were created from Ab V genes bypass-
ing hybridoma technology and immunization. Molecules of the desired functional
properties were rapidly selected and produced. The moderate binding avidity of
the Ab fragments (10–5 to 10–8 M) can be further improved by mutating residues
of determining regions or by increasing the number of binding sites making di-
meric, trimeric or multimeric molecules [91]. A second in-vitro approach is the
use of aptamers, which are short single-stranded DNA or RNA molecules of se-
lected sequence with affinity for a target molecule. Aptamers offer advantages
over traditional Ab in their ease of production, regeneration, and stability due to
the chemical properties of nucleic acids versus amino acids [92]. In contrast to Ab,
aptamers require the formation of a three-dimensional structure for binding, and
are anticipated to have a higher affinity for rapid competitive assays [93]. The se-
lection is based on binding characteristics, including binding constants and ki-
netics. Surface plasmon resonance instruments such as Biacore can be used to
study the Ab binding characteristics. Real-time kinetic studies of biomolecular in-
teractions in multiple channels from microfluidic cells can be performed. The
binding constants, kon and koff , can be calculated for the custom design of captur-
ing and/or detection ligands.

6.6

Conclusions

Biotech macromolecule drugs are chemically and biologically different from the
small-molecule drugs. Special considerations must be given for bioanalytical
method development, validation and applications, including the purity of the re-
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ference standard, analyte stability and sample integrity, heterogeneity of variant
forms existing endogenously, assay method sensitivity, selectivity, accuracy and
precision, and robustness. There are general issues of reference standard consis-
tency, sample clean-up methods, matrix effect, surface adsorption, and interfer-
ences from unknown metabolites and anti-drug antibodies. Specific method is-
sues, assay approaches, and limitations of the workhorse methods of IA and LC-
ESI-MS/MS were further discussed, with case studies as illustrations in this chap-
ter. Innovative technologies from proteomics and Ab productions will provide
more effective tools in the near future to remove some of the limitations for faster
method development, and more sensitive and selective methods, regardless of the
molecular size.
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7

Limitations of Noncompartmental Pharmacokinetic Analysis

of Biotech Drugs

Arthur B. Straughn

7.1

Introduction

Traditionally, linear pharmacokinetic analysis has used the n-compartment mam-
millary model to define drug disposition as a sum of exponentials, with the num-
ber of compartments being elucidated by the number of exponential terms. More
recently, noncompartmental analysis has eliminated the need for defining the rate
constants for these exponential terms (except for the terminal rate constant, �z, in
instances when extrapolation is necessary), allowing the determination of clear-
ance (CL) and volume of distribution at steady-state (Vss) based on geometrically
estimated Area Under the Curves (AUCs) and Area Under the Moment Curves
(AUMCs). Numerous papers and texts have discussed the values and limitations
of each method of analysis, with most concluding the choice of method resides in
the richness of the data set.

A basic assumption related to both methods of analysis is that the elimination
of drug from the body is exclusively from the sampling compartment (i. e., blood/
plasma), and that rate constants are first order. However, when some or all of the
elimination occurs outside the sampling compartment – that is, in the peripheral
or tissue compartment(s) – these types of analysis are prone to error in the estima-
tion of Vss, but not CL. In compartmental modeling, the error is related to the fact
that no longer do the exponents accurately reflect the inter-compartmental and
elimination (micro) rate constants. This “model misspecification” will result in an
error that is related to the relative magnitudes of the distribution rate constants
and the peripheral elimination rate constant. However, less widely understood is
the fact that this model misspecification will also result in errors in noncompart-
mental pharmacokinetic analysis.

This is particularly important when considering the disposition of “biotech”
drugs such as peptides, proteins or nucleic acids, which have in many instances
been shown to distribute to specific tissue sites, redistribute slowly back into the
systemic circulation compartment, and are prone to a much greater proportion of
elimination from the tissue sites rather than from the systemic circulation (i. e.,
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the sampling compartment). Besides problems in defining Vss when elimination
from peripheral compartments is present, additional complications arise when
nonlinear distribution, binding, and/or elimination exist, or the administration of
drug is not directly into the sampling compartment. It is the purpose of this chap-
ter to use simulations to illustrate – but not solve – the problem of determining
Vss from plasma concentration data when elimination from tissue sites repre-
sented by peripheral compartments is present.

7.2

The Concept of Volume of Distribution

It is fairly simple to define volume of distribution (V) as the proportionality con-
stant relating the total amount of drug in the body at a specified time (At) to the
concentration in the plasma at that same time (Ct) :

V �
At

Ct
�1�

This mathematical definition allows one to visualize a space into which a drug
distributes but represents a theoretical or apparent, and not a real, space. This is be-
cause the calculation is based on the concentration found in the real volume of the
sampling compartment (i. e., plasma or blood), which in most cases by itself is dif-
ferent from concentrations in other body spaces. This will result in many drugs ex-
hibiting a volume of distribution that is far larger than the plasma or blood volume,
total body water, or even body volume. However, this way of expressing the volume
of distribution is most useful in characterizing a drug’s relative affinity for space
outside the blood, and may be of value in deciding if the drug has a potential for
site-specific activity in the tissue. It may also be of value in determining a loading
appropriate dose (not dosage regimen) to achieve a desired target concentration.

Although Eq. (1) is a simple mathematical relationship, there are numerous
limitations to its appropriate application, based on the assumptions one makes
about the pharmacokinetic model to which it is applied. In the case where one as-
sumes instantaneous equilibrium of drug between the tissue and the plasma or
blood (i. e., a one-compartment model), the concentration in the sampling com-
partment is, by definition, proportional to the tissue concentration at all times
after dosing, and V determined for any At and Ct pair will be constant. Since At at
time 0 is the dose (D), it is common to express volume of distribution in a one-
compartment model as:

V �
D

C0
�2�

However, if the distribution of drug requires a finite amount of time to reach
equilibrium between the sampling compartment and peripheral or tissue com-
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partments (i. e., a two- or more compartment model), the application of Eq. (2)
will only account for the volume of the sampling compartment [i. e., plasma (Vp)
or central compartment (Vc)]. When equilibrium of drug among the compart-
ments is reached – that is, when steady-state is reached and the ratio of concentra-
tions in the plasma and tissue is constant – the volume of distribution can be ex-
pressed as:

Vss � Vp �
fup

fut
� Vt �3�

where fup and fut are unbound fractions of drug in the plasma and tissue, respec-
tively,Vp is the volume of the plasma water (ca. 3 L), and Vt is the volume of body
water outside the blood (ca. 35 L).

This physiological approach to defining volume is useful to help explain which
drug might be more likely to reside outside the blood based on tissue affinity (fup/
fut), but does not readily lend itself to a calculation because of the difficulty in de-
termining either free or total concentrations in the tissue. A simpler mathematical
expression of Vss would be one related to equilibrium conditions achieved with a
continuous intravenous (IV) infusion (R0) at steady-state where:

Vss �
Ass

Css
�4�

Although it is a relatively simple matter to assess Css in a clinical setting, the
evaluation of Ass would generally require sacrifice of the organism. As outlined in
the following section, the mathematical expression of Vss may be accurately ob-
tained after IV bolus dosing, with or without regard to the number of compart-
ments, as long as elimination is exclusively from the central compartment and all
rate processes are first order.

7.3

Calculation of Vss

Wagner [1] has shown, with IV bolus dosing, that the Vss for a n-compartment
open mammillary model with first-order elimination from the central compart-
ment is:

Vss � D �

� Ai

�
2
i

� Ai

�i

�

�

�

�

�

�

�

�

�

�

2

�5�

where Ai and �i represent the respective coefficients and exponents of the poly-
exponential equation describing the concentration versus time curve.
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In the case where only two exponential terms exist (i. e., a two-compartment
model), Eq. (5) reduces to:

Vss �
D

C0
� 1 �

k12

k21

	 


�6�

where D/C0 is Vc and k12 and k21 are the first-order distribution rate constants
from the central to tissue and tissue to central compartments, respectively.

More recently, Benet and Galeazzi [2] have described a noncompartmental vo-
lume of distribution as:

Vss �
D � AUMC

AUC2 �7�

where AUMC and AUC are the areas under the Ct × t versus t curve and Ct versus
t curve from 0 to infinity, respectively.

It should be noted that both the AUMC and AUC may be determined geometri-
cally using the trapezoidal rule with extrapolation from the last Ct to infinity
where:

AUMCt�� �
t � Ct

�z
�

Ct

�
2
z

�8�

AUCt�� �
Ct

�z
�9�

Note that �z is the terminal log-linear exponent from Eq. (5) and Ct is the last
concentration from the data set.

Equation (7) is more commonly expressed as:

Vss �
D

AUC
� MRT �10�

where MRT (Mean Residence Time) is AUMC/AUC.
The equations above apply strictly to drugs administered as a single IV bolus

dose, but for drug administered as an infusion or via oral route, or after multiple
dosing, the calculation of AUMC must be adjusted to account for drug input [i. e.,
infusion time (T) or absorption rate constant Ka and extent of bioavailability F], as
shown by Straughn [3]. Although, in theory, AUC will not be affected by the route,
the AUMC will be overestimated, and this will result in an overestimation of Vss.

It can be shown, of course, that Eq. (10) is identical to Eq. (5) in the n-compart-
ment model, but the use of Eq. (10) requires fewer assumptions to be made in de-
termining Vss. That is, Eq. (10) only requires that disposition rates are first order,
while Eq. (5) requires additional assumptions related to the underlying multi-
compartment pharmacokinetic model.
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7.4

Pitfalls in Calculating Vss

As stated above, the Vss calculation using Eqs. (5) or (10) is valid only when elim-
ination exclusively occurs from the sampling (plasma/blood) compartment.
When some or all elimination occurs from the tissue compartment (Fig. 7.1),
the concentration versus time profile will still be characterized by a bi-exponen-
tial equation; however, the ability of modeling systems to quantify the micro rate
constants is lost. That is to say, essentially identical bi-exponential concentration
time profiles are possible with and without elimination from the tissue compart-
ment. Therefore, when modeling from a plasma profile only, there is no way of
determining if the exit of drug from the body is exclusive to the central compart-
ment.

From an examination of Eq. (6) for a two-compartment model it is evident that
Vss is dependent on the quantification of K12 and K21. For this model K12 and K21

can be determined by nonlinear regression analysis of plasma concentration–time
data, either by deriving them from the fitted values of the coefficients and expo-
nentials of the bi-exponential expression describing the concentration–time data,
or by coding them directly into the modeling program. For the case where tissue
elimination exists, it is possible to code into the model the existence of a K20, but
the convergence process will not be able to resolve the appropriate micro rate con-
stant.

To evaluate the error associated with model misspecification related to the tissue
elimination dilemma, a set IV of bolus plasma concentration profiles was gener-
ated by numerical integration (Stella V 7.0.3, High Performance Systems Inc., Le-
banon, NH, USA) based on the model in Fig. 7.1, and using various values for the
micro rate constants (k10, k20, k12, and k21). Vss was then determined from the
AUCs and AUMCs using the noncompartmental approach (Eq. 10). The “true”
Vss [Eq. (4)] was calculated from the Css and Ass generated by simulating a con-
stant IV infusion using the respective micro constants used to generate the IV bo-
lus plasma concentration profiles.

As a side note, it can be shown that a slight modification of Eq. (6) can be used
to calculate the “true” Vss by incorporating K20 as follows:

1857.4 Pitfalls in Calculating Vss

Fig. 7.1 Two-compartment open model with plasma

and tissue elimination.



Vss � Vc � 1 �
k12

k21 � k20

	 


�9�

All simulations were based on an IV bolus dose of 1000 mg, an infusion dose
rate of 10 mg/h, and a Vc of 1 L. The micro rate constants used for the simulations
were chosen to generate a family of bi-exponential curves with terminal half lives
ranging from approximately 6 h to 3 days and exhibiting a fraction of drug elimi-
nated by the tissue (fe,T) from approximately 30 % to 99%. The parameters for 10
simulations are listed in Table 7.1.

Note that in a two-compartment model with tissue elimination the fe,T is:

fe�T � 1 �
k10

k10 � k20 �
k12

k21 � k20

	 


�

�

�

�

�

�

�10�

The tissue-to-blood ratio at steady-state (ss TB ratio) may be determined as:

ss TB ratio �
k12

k21 � k20
�11�
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Table 7.1 Simulation results and parameters used.

Cond. K10 K12 K21 K20 fe,T
a) Vss NCb) Vss True Ratio ss TB Terminal

[h] [h] [h] [h] [L] [L] True/NC ratioc) t1/2 [h]

9 0.01 0.1 0.10 0.01 0.476 1.83 1.91 1.04 0.91 69
8 0.10 1.0 0.10 0.01 0.476 9.26 10.09 1.09 9.09 39
2 0.10 0.1 0.10 0.10 0.333 1.25 1.50 1.20 0.50 6.9
3 0.10 1.0 0.10 0.10 0.833 3.50 6.00 1.71 5.00 6.9
6 0.01 0.1 0.01 0.01 0.833 3.50 6.00 1.71 5.00 69
1 0.01 0.1 0.01 0.10 0.901 1.08 1.91 1.77 0.91 8.4
7 0.01 1.0 0.01 0.01 0.980 26.0 51.00 1.96 50.00 69

10 0.10 1.0 0.01 0.01 0.833 26.0 51.00 1.96 50.00 64
4 0.01 1.0 0.01 0.10 0.989 1.83 10.09 5.51 9.09 7.0
5 0.10 1.0 0.01 0.10 0.901 1.83 10.09 5.51 9.09 6.9

a) fe,T = fraction eliminated by tissue.
b) Vss NC = volume of distribution at steady state determined by noncompartmental calculation.
c) ss TB ratio = tissue-to-blood ratio of drug at steady state after continuous IV infusion.



7.5

Results and Discussion

Figures 7.2 and 7.3 illustrate the profiles generated from the parameters given in
Table 7.1, with Fig. 7.2 (conditions 1–5) showing the profiles with the shorter
terminal half-lives and Fig. 7.3 (conditions 6–10) showing the longer terminal
half-lives. The data in Table 7.1 indicate that the noncompartmental method for
determining Vss will always underestimate the “true” Vss if elimination from the
tissue is present. The magnitude of this error (shown in Table 7.1 as the ratio of
the True to Noncompartmental Vss) is generally less for drugs with less extensive
tissue elimination ( fe,T) and larger for smaller tissue to blood transfer rate con-
stants (k21). However, this error appears to be unrelated to any of the other para-
meters. Although a more extensive evaluation of parameters effects may reveal
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Fig. 7.2 Simulations for conditions 1–5 (see Table 7.1 for conditions).

Fig. 7.3 Simulations for conditions 6–10 (see Table 7.1 for conditions).



other more precise trends in this error, it is clear from just these few simulations
that the overall shape of the concentration versus time profile will do little to re-
veal the presence or absence of such an error. Therefore, even with knowledge of
the extent of tissue distribution and elimination, the calculation of Vss from
plasma concentration data using the noncompartmental approach will result in
errors of unknown magnitude.

7.6

Conclusions

From these simulations based on a two-compartment model with both plasma
and tissue elimination, a Vss determined by utilizing noncompartmental methods
will have a value less than the “true” Vss. These simulations also show that the
shape of the plasma concentration–time curve and the relative magnitudes of the
plasma and tissue elimination rate constants do not correlate with the error. How-
ever, this error does tend to be greater for hypothetical drugs that are more exten-
sively eliminated by tissue routes.
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8

Bioequivalence of Biologics

Jeffrey S. Barrett

8.1

Introduction

The term “bioequivalence” has many definitions depending on the setting in
which it is referred. It can imply a concept, a metric, a criterion, a study design,
and/or a regulatory decision among possible intended uses. Within the context of
a small-molecule drug product, the various meanings related to bioequivalence
are reasonably well understood, and in some way relate to the in-vivo assessment
of active moieties (parent compound and/or metabolites) that have pharmacologic
activity. Biologic drug products are typically large molecules or complex proteins
that are synthetic or recombinant versions of natural biological substances. Com-
mon biologics include insulin, human growth hormone, vaccines, erythropoietin,
blood coagulation factors, and cell/tissue-based therapies [1], as discussed else-
where in this book. Unlike their small-molecule chemical drug counterparts, bio-
logics are difficult to produce with consistency, even by the same manufacturer. It
is estimated that by 2010, approximately half of all newly approved drug products
will be of biological origin [2].

Biopharmaceuticals represent an $ 18 billion industry in the United States, and
approximately $ 30 billion worldwide [3, 4]. The market is growing at about 10% an-
nually [3, 4]. During the 2004 fiscal year, the United States Food and Drug Adminis-
tration (FDA) approved 23 biologics and is likely to maintain or increase this pace
in the future. Over the next few years, patents are due to expire on about 18 biologics
having total annual sales of between $ 10 billion and $ 15 billion (see Table 8.1)
[5–6]. Amgen’s Epogen (epoetin-�) treatment for anemia, with more than $ 2 bil-
lion in annual sales [7], goes off-patent next year, as does Johnson & Johnson’s ery-
thropoietin version, Procrit, with $ 1.7 billion in annual sales. Biogen’s Avonex (in-
terferon �-1a) for multiple sclerosis, with $ 761 million in annual sales, lost patent
exclusivity in 2005. Schering-Plough’s Intron A (interferon �-2b) for leukemia and
hepatitis B and C, with $ 1.4 billion in annual sales, lost patent protection in 2004.

Likewise, generic drug makers are anxious to enter the lucrative arena of biolo-
gics. Yet, there is currently no means of easy access by the established regulatory
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mechanism used to register generic small-molecule drugs. Manufacturers of
small-molecule generic products may cite data from the original product to gain
drug approval when the generic product is only slightly different from the origi-
nal drug. Because of differences inherent to biologic drug products, guidelines
used to approve low-molecular-weight generics cannot be legitimately applied to
generic versions of biologics (biogenerics). No legal pathway exists in the United
States for the approval of biogenerics; however, the FDA is expected to draft
guidelines for so-called “follow-on biologics” in 2006. These recommendations
are expected to be similar to the guidelines issued by the FDA’s European coun-
terpart, the European Medicines Agency (EMEA), requiring more stringent ap-
proval for biogeneric drugs than for typical small-molecule generic products [8].

190 8 Bioequivalence of Biologics

Table 8.1 Biologic product expirations (US and EU Patents; as of 2005) [5].

Manufacturer Product Indication Market Exclusivity Expiration

(brand name/generic name) US EU

Genentech Nutropin (somatropin) Growth disorders Expired Expired

Abbott Abbokinase (urokinase Ischemic events Expired Expired

Eli Lilly Humulin (humin insulin) Diabetes Expired Expired

Genzyme Ceredase (alglucerase); Gaucher disease Expired Expired
Cerezyme (imiglucerase)

AstraZeneca Streptase (streptokinase) Ischemic events Expired Expired

Biogen/Roche Intron A (interferon �-2b) Hepatitis B and C Expired Expired
(France);
2007 (Italy)

Serono Serostim (somatropin) AIDS wasting Expired NA

Eli Lilly Humatrope (somatropin) Growth disorders Expired NA

Amgen Epogen, Procrit, Eprex Anemia 2013 Expired, 2004
(erythropoietin)

Roche NeoRecormon (erythropoietin) Anemia NA 2005

Genentech TNKase (tenecteplase) Acute myocardial infarction 2005 2005

InterMune Actimmune (interferon �-1b) Chronic granulomatous 2005, 2006, Expired, 2004
disease (CGD), 2012
malignant osteopetrosis

Genentech Activase (alteplase) Acute myocardial infarction 2005, 2010 2005

Chiron Proleukin (interleukin-2) HIV 2006, 2012 2005

Amgen Neupogen (filgrastim) Anemia, leukemia, 2015 2006
neutropenia



At the center of the conflict over potential FDA regulatory pathways for approval
of biogenerics are conflicting views regarding the feasibility of determining bioe-
quivalence without requiring extensive clinical testing. The use of chemical speci-
fications as criteria for determining bioequivalence has worked well for traditional
small-molecule drugs. Most small-molecule drug products have molecular
weights less than 1.5 kDa and can easily be evaluated solely on a specified and con-
trolled chemical structure. Structural classification is generally determined readily
by nuclear magnetic resonance, mass spectrometry, infrared spectrometry, X-ray
crystallography, or other well-known physical methods. Biologics, in contrast, typi-
cally contain active macromolecules and therefore exhibit far more complexity and
potential variability. Furthermore, such larger molecules may have more than one
active epitope. Additionally, for many biologics the causes and effects of variations
due to post-translational modifications are not fully characterized.

Opponents of generic biologics therefore contend that current analytical charac-
terization is not robust enough to ensure the safety and potency of biogenerics.
Generic manufacturers would not use the same production and purification
schemes and would not have access to the proprietary good manufacturing prac-
tice (GMP) and good laboratory practice (GLP) protocols of the manufacturer of
the innovator product. Opponents argue further that biologics are too complex for
generics manufacturers to successfully reverse-engineer the process.

The term generic will likely not be applied to biologics as the word carries a spe-
cific legal and scientific meaning as discussed in this chapter. Some researchers
and manufacturers have proposed the term therapeutically equivalent biologics

(TEB). The FDA other groups seem to prefer follow-on protein products (FOPPs) or
follow-on biologics (FOBs). Another proposed term is SEPP or subsequent entry pro-

tein pharmaceutical. Two other suggestions are second-generation biologics and bio-

similar drugs (term used currently by European Union regulators). In any event, it
is clear that the application of the concept of bioequivalence for biologics will be
different from what has been and continues to be applied for small-molecule drug
products. This chapter reviews the nature of biologics from the standpoint of char-
acteristics typically used to judge whether a new drug product (generic product)
can be substituted for an existing agent (innovator or reference product). The stan-
dard bioequivalence criterion is reviewed with an example of a classical bioequiva-
lence approach applied to a biologic product as a case study illustrating these con-
cerns.

8.2

Prevailing Opinion: Science, Economics, and Politics

Based on the Food, Drug and Cosmetic Act, bioavailability has been defined as
“the rate and extent to which the active ingredient or active moiety is absorbed
from a drug product and becomes available at the site of action. For drug products
that are not intended to be absorbed into the bloodstream, bioavailability may be
assessed by measurements intended to reflect the rate and extent to which the ac-
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tive ingredient or active moiety becomes available at the site of action.” The esti-
mation of bioavailability is based upon the assessment of drug exposure via mea-
sured blood or plasma concentrations following a given dose from a test formula-
tion relative to the reference formulation. Bioequivalence trials are used primarily
to infer therapeutic equivalence of different formulations based on the similarity
of the pharmacokinetic characteristics of the formulations tested.

Bioequivalence, as a regulatory requirement, has evolved over the past 35 years
and continues to be the topic of much discussion. Evidence of differences in bioa-
vailability from various oral formulations of the same therapeutic agents had be-
come apparent by the early 1960s. Implicit in the evolution of bioequivalence as a
science and a regulatory mechanism to ensure product quality, and likewise instill
consumer confidence with generic drug products, is the reality that the paths to
the current regulatory environment were most assuredly designed with homoge-
neous, small-molecule drugs in mind. Biologic drugs challenge some of the fun-
damental assumptions regarding the translation of safety and efficacy to proposed
substitutable drug products.

Currently, generic biologics cannot be marketed in the United States. The
Drug, Price Competition and Patent Restoration Act of 1984, commonly known as
the “Hatch-Waxman Act”, and its corresponding regulations govern the approval
and market-entry of generic drugs. The Hatch-Waxman Act’s Abbreviated New
Drug Application (ANDA) provisions specifically exclude biologics, however. The
exclusion of biologics within the scope of the Hatch-Waxman Act’s ANDA provi-
sions is most likely because only a few biotechnology-derived drugs existed when
the act was enacted in 1984. Recent socioeconomic and political changes, along
with continuous technological improvements in the ability to produce and test
biologically derived drugs, have significantly increased the likelihood that a regula-
tory framework permitting generic biologics in the US marketplace will eventually
emerge.

The FDA’s Center for Drug Evaluation and Research (CDER) has indicated that
the ANDA regulatory scheme does not allow the FDA to obtain enough evidence
to approve a generic biopharmaceutical, due in part to CDER’s inability to request
additional preclinical or clinical testing under an ANDA. Nevertheless, propo-
nents of generic biopharmaceuticals have asserted that section 505(b)(2) of the
Hatch-Waxman Act provides a new drug application pathway that may serve as an
ANDA-like approach to approval of generic versions of complex biologics origin-
ally approved under biologic license applications (BLAs). In October 1999, the
FDA announced that the section 505(b)(2) pathway may serve as a way to obtain
regulatory approval of a generic version of certain biological products originally
approved under a new drug application (NDA). A section 505(b)(2) application
would permit an applicant to obtain approval of an NDA based on the FDA’s ear-
lier findings of safety and efficacy from a previously approved NDA and thus
would not require an applicant to obtain a right of reference from the original ap-
plicants. The section 505(b)(2) applicant must also provide any additional clinical
data needed to demonstrate that differences between the original drug and its
copycat have not changed its safety and effectiveness.

192 8 Bioequivalence of Biologics



As with an ANDA application, a section 505(b)(2) applicant must include appro-
priate patent certifications and explain the basis upon which it believes that it
does not infringe any valid claim of a so-called “Orange Book” listed patent. Under
35 U.S.C. § 271(e)(2), the holder of the original NDA could then bring suit against
the later applicant and obtain a 30-month stay of the section 505(b)(2) approval.
Products marketed under approved section 505(b)(2) applications, like ANDA-
based products, may receive an “AB” substitutability rating in the Orange Book if
the product has the same active ingredient(s), dosage form, strength, and bioequi-
valence.

8.3

Biologics: Time Course of Immunogenicity

One of the major concerns with the desire to evaluate follow-on biologics for an
in-vivo quality control assessment is that the design commonly employed for
small-molecule drugs assumes that an acute exposure of the test agent will be an
adequate setting to confer chronic exposure and, more importantly, safety. As
mentioned above, biologic drugs present a challenge to this small-molecule as-
sumption as they typically exhibit some form of immunogenicity over an often
unpredictable time event scale. Immunogenicity to protein-based therapeutics
may manifest as: (1) anaphylactic reaction; (2) reduced efficacy of the therapeutic
protein; or (3) as production of antibodies (Abs) that bind to and reduce the pro-
duction of the native endogenous protein [9,10]. As an example we can examine
the third type of immunogenicity listed above resultant from erythropoietin ad-
ministration [11–13]. Other examples are compiled in Table 8.2.

Recombinant human erythropoietin (EPO) has been in use since 1988 in the
treatment of anemia, without any reports of significant immunogenicity. There
were a few cases (three reported prior to 1998) of pure red cell aplasia (PRCA) in
patients with chronic kidney disease. However, the number rose considerably in
1998 and reached a peak in 2002 (about 21 cases in two years). Patients with EPO-
associated PRCA develop antibodies to EPO that neutralize both the administered
EPO and also the endogenous EPO. This results in a depletion of the erythroid
precursor cells in the bone marrow, making these patients transfusion-dependent.
Almost all of the observed cases of PRCA occurred in patients with chronic kidney
disease receiving Eprex (epoetin-�; OrthoBiotech, a division of Janssen-Cialeg,
marketed outside the US) subcutaneously. The duration between the initiation of
therapy with Eprex and development of PRAC ranged from 0.3 to 82 months
(median 9 months). EPO-associated PRCA was not observed in patients receiving
Eprex intravenously. Following subsequent investigations, the presence of lea-
chates in the formulation, arising from an interaction between polysorbate 80 (a
component in the formulation) and the uncoated rubber stopper was found to be
responsible for the observed antigenicity.

This highlights how the combination of formulation constituents can result in
immunogenicity to the protein, and how this manifests a major concern in the
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Table 8.2 Immunogenicity outcomes from select biologic agents: Time course of observation and method of investigation.

Example Reference(s) Objective Study design/Duration Assay Outcome

Insulin 15 Immuno-
genicity of
rh-insulin
relative to
porcine insulin

100 subjects receiving
rh-insulin vs. 121
receiving porcine
insulin over 12 months

Species-
specific
binding
assay

~44% rh-insulin patients developed antibodies (Abs) reaching
a plateau at 6 months.
60% patients receiving porcine insulin developed Abs in
12 months

Growth
hormone

16 Evaluate Abs in
children treated
with rh-GH and
met-GH

46 GH-deficient children
treated for at least 12
months (20 naïve and 26
previous treatment with
pituitary extracted GH)

RIA Abs generated in 75% of treatment naïve group within 1 year;
12% of the pretreated group (only in the second year).
Abs remained through duration of treatment with met-GH,
but decreased and eventually become undetectable in subjects
receiving rh-GH. Abs did not affect clinical efficacy

17 Immunogenicity
over long-term
treatment

304 GH deficiency and
91 with Turner’s
syndrome ~54 months

ELISA 3% GH-deficient patients generated Abs within 3–12 months
(subsequently declined).
No patient with Turner’s syndrome generated detectable Abs

18 Immunogenicity
of six different
GH formulations

260 children with
GH deficiency

RIA Formulations differ by immunogenicity response
16% of the patients treated with Lilly product generate Abs
Abs increased up to 6–9 months followed by a decrease and
are undetectable at 30 months (Lilly product)

Anti-TNF 19 Immunogenicity Review Abs generated and detected in 3–16% of patients receiving
Etanercept (infliximab) within 12 months of treatment

20 Safety and
schedule of
infliximab

442 patients with Crohn’s
disease treated Q8weeks
for 46 weeks (observed
54 weeks)

ELISA 14% (64/442) of the patients had detectable levels of Abs and
46% had inconclusive results (in 54 weeks)
ELISA confounded by drug
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Table 8.2 (continued)

Example Reference(s) Objective Study design/Duration Assay Outcome

Erythropoietin
(Eprex)

13 Change in
formulation

Review of case studies EPO used since 1988 without reports of significant immuno-
genicity
Few cases (3 prior to 1998) of PRCA in patients with chronic
kidney disease; rise in 1998 peaking in 2002 (~21 cases in
2 years)
Most cases of PRCA from Eprex given by SC route
(OrthoBiotech)
Duration between therapy/development of PRAC ranged from
0.3 to 82 months (median 9). PRCA not observed in patients
given Eprex by IV route
Presence of leachates in the formulation found to be
responsible

Interferon-� 21 Immunogenicity
over long term
treatment

Review of case studies 20–30% of patients develop Abs to interferon
Patients with renal cell carcinoma, non-neutralizing Abs gen-
erated in 8 weeks (median time); neutralizing Abs in about
14 weeks
Patients with hairy cell leukemia, generated Abs starting
7 months

Abbreviations: EPO: erythropoietin; GH: growth hormone; PRCA: pure red cell aplasia;
RIA: radioimmunoassay; SC: subcutaneous; TNF: tumor necrosis factor.



manufacture and processing of biosimilar protein drugs. Also, the duration over
which such immunogenic reactions can occur makes long-term immunogenicity
evaluation of the biosimilars, for both innovator and follow-on sponsors, an im-
portant aspect in determining the safety of the product. Apart from the multitude
of formulation considerations, the disease being treated adds an additional level
of uncertainty to the onset of generation of antibodies to protein therapeutics. For
example, in patients with renal cell carcinoma receiving interferon-�, non-neutra-
lizing antibodies were generated in about 8 weeks (median time) of treatment,
and neutralizing Abs developed in about 14 weeks. In contrast, patients with hairy
cell leukemia receiving interferon-� generated antibodies starting at 7 months,
further supporting the need for immunogenicity evaluations in the target popula-
tion.

It is unlikely that immunogenic responses can be generalized based on our cur-
rent limited understanding of the involved processes. An increased risk of immu-
nogenicity is perceived with xenopeptides, however, as human-derived therapies
also induce antibody formation that in some cases has been associated with severe
clinical consequences. In reality, similar to clinical experiences with peptide-based
agents in general, antibody responses against xenopeptide hormone therapies in
the majority of cases have been benign in nature, with minimal clinical impact
[14]. This does not diminish the need to understand the time course of these
events, but it does play a role in the evaluation of consumer risk – a central tenet
in the regulation of follow-on biologic drug products.

8.4

Pharmaceutical Equivalence

Generic drug products are typically evaluated with respect to both pharmaceutical
equivalence and bioequivalence. While “bio”equivalence is generally the focus of
debates regarding biologics, pharmaceutical equivalence is not without issue and
is, in part, also a motivation for changing the nomenclature for biologics. Specifi-
cally, pharmaceutical equivalence ensures that two formulations have the same ac-
tive ingredients, same strength, same dosage form and route of administration,
comparable labeling, and meet compendial or other standards of identity,
strength, quality, purity, and potency. For small-molecule drug products, pharma-
ceutical equivalence reflects the first – and occasionally the minimal – hurdle over
which a sponsor company must evaluate its product against an approved refer-
ence product. In some cases, the characterization of pharmaceutical equivalence
is sufficient to evaluate manufacturing or process changes without the necessity
of an in-vivo bioequivalence trial [22, 23].

In contrast, for biologic drug products manufacturing changes cannot be accu-
rately classified as major or minor because any change can have a significant ef-
fect on quality, safety, and/or efficacy. In the case of biosimilar epoetins, such sig-
nificant variability exists among individual products that testing of each individual
compounds rather than establishment of class standards is recommended. Defin-
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ing analyses to ensure product similarity is necessary to permit consistency of
testing. The EMEA has recommended specific testing that varies based on drug
characteristics [24, 25]. Determinants of product comparability testing based on
EMEA guidelines are as follows:

� Quality findings
� Nature of the product
� Dosage regimen
� Route of administration
� Therapeutic window identified in dose-ranging studies
� Short- versus long-term use
� Extent of knowledge of structure–activity relationships
� Previous experience with immunogenic activity
� Mechanism of action
� Patient population(s)
� Availability of preclinical and clinical data

8.4.1

How Changes in Quality Might Affect Safety and Efficacy

The type and extent of preclinical and clinical studies should be determined on a
case-by-base basis. Establishing comparability among biologic products generally
requires a full characterization of physico-chemical properties, identification of
impurities, and quantification of biologic activity with both in-vitro and in-vivo test-
ing. Because of the inherent variability of biologic processes, batch-to-batch con-
sistency must also be ensured. If quality attributes (e.g., purity, potency, identity,
and stability) cannot be adequately assessed with analytic studies, then preclinical
and/or clinical studies will likely be needed.

Most of the emphasis on pharmaceutical product quality has been on the need
to improve analytical testing and to evaluate the correlation of such testing with
clinical findings. Combe et al. [26] recently reviewed literature reports of both ana-
lytic and clinical studies conducted with biosimilar epoetin products currently
marketed outside the United States and Europe in light of the recently implemen-
ted EMEA guidelines. The analytic studies reported that products differed widely
in composition, did not always meet self-declared specifications, and exhibited
batch-to-batch variation. Although several clinical studies demonstrated correction
of anemia with biosimilar epoetins by using an open-label or placebo-controlled
study design, only four of 22 studies were competitor-controlled. Most of the stu-
dies were small (median 41 patients; range 18 to 1079 patients) and of short dura-
tion (median 12 weeks; range 6 weeks to 1 year). Hence, while efforts to character-
ize biologic products have improved greatly [27] and, in some cases, may be ade-
quate to characterize a biologic drug product and its manufacturing process, these
are not portable to across or within class.

1978.4 Pharmaceutical Equivalence



8.5

Bioequivalence: Metrics and Methods for Biologics?

As discussed above, the metrics for assessing small-molecule drug products are
well established and, despite some limitation, provide a reasonable assessment
of in-vivo drug product performance, ultimately ensuring a degree of confidence
in the generic formulation with minimal consumer risk. The focal point of the
criteria for small molecules has been the pharmacokinetic behavior of the active
molecular entities as measured by drug bioavailability determination. Measures
of bioavailability for single-dose studies include the area under the blood, serum
or plasma drug concentration–time curve (AUC) and the peak blood, serum or
plasma drug concentration (Cmax). Other metrics are used for steady-state bio-
equivalence evaluations and, more recently, the FDA has advocated early-expo-
sure metrics in bioequivalence assessments. In addition, urinary recovery has
been used as a surrogate for systemic drug exposure. A list of the many metrics
used to assess bioequivalence, as well as the studies under which they are com-
monly generated and their basic operating characteristics [28], is provided in
Table 8.3.

Table 8.3 Metrics for bioequivalence evaluation [28].

Metric Study designs Operating characteristics

AUC: Area under
the curve for druga)

concentrationb)

against time –
may be qualified
by a specific time
(e.g., from 0 to 12 h,
AUC12 – partial
areas)c)

Single-dose crossover
(fasted or fed)
Parallel group
Steady-state (single
dose vs. steady-state
comparison may be
required)

Generally viewed as extent metric; partial
areas utilized as early exposure metric based
on AUC partition
Partial area may permit discrete characteriza-
tion of complicated absorption processes.
Systematic errors possible when inappropriate
data density utilized to generate AUC

AUC or AUC0-�:
AUC from zero to
infinity, obtained
by extrapolation

Single-dose crossover
Single-dose parallel

Extent of exposure metric
Less sensitive metric when terminal phase
accounts for a large portion of AUC

AUC0-�: AUC during
dosing interval (�)
at steady state

Steady-state Steady-state exposure metric; dependent on
reasonable demonstration of steady-state
attainment

Cmax: Observed
maximum or peak
concentration

Single-dose crossover
Parallel group
Steady-state (optional)

Rate metric (historical)
Subject to inaccuracy due to discrete sampling
Insensitive to absorption time course
differences
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Table 8.3 (continued)

Metric Study designs Operating characteristics

Cmax/AUC: Ratio of
Cmax to AUC

Scaled parameter
Variance estimate complicated due to
transformation (ratio) of correlated parameters

Cmin: Minimum
plasma concentration

Steady-state Sampling and assay dependencies possible

Cave: average plasma
concentration

Steady-state Extent metric; trade-off between sensitivity
and sampling bias

Fluctuation:
(Cmax– Cmin)/Cave

Steady-state Peak–trough exposure normalized to average
concentration
Dependent on attainment of steady-state

Swing:
(Cmax – Cmin)/Cmin

Steady-state Peak–trough exposure normalized to trough
Failure may identify absorption (rate)
differences
Dependent on attainment of steady-state

MAT: Mean
absorption time

Single-dose crossover Less sensitive to discrete sampling issues
May mask absorption profile differences

MRT: Mean
residence time

Single-dose crossover Extent metric; ratio of moments

Ae: Cumulative
urinary recovery of
drug – may be
defined for a specific
period, e.g., Ae from
0 to 12 h, Ae12)

Single-dose crossover Urine collection often more problematic
(variable) than plasma, serum, blood sampling
Useful when systemic profile cannot be
captured or influenced by non-absorption
dependencies (i. e., binding to plasma ACE)

Tmax: Time after
administration of
the drug at which
Cmax is observed

Single-dose crossover
Parallel group
Steady-state

Distribution defined by median and range;
non-normal distribution given discrete
sampling scheme

a) Drug refers to parent drug and/or metabolite.
b) Measured concentration in plasma, serum, whole blood or other relevant fluid

matrix.
c) Current FDA guidance recommends partial area truncated at population

median of Tmax for the reference formulation (at least two quantifiable samples
collected before expected peak for accurate estimate).

Using log-transformed data, bioequivalence is established by showing that the
90 % confidence interval of the ratio of geometric mean responses (usually AUC
and Cmax) of the two formulations is contained within the limits of 0.8 to 1.25
[22]. Equivalently, it could be said that bioequivalence is established if the hypoth-
esis that the ratio of geometric means is less than or equal to 0.8 is rejected with
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� = 0.05, and the hypothesis that the ratio of geometric means is greater than or
equal to 1.25 is rejected with � = 0.05. Thus, this criterion has been termed a “two
one-sided test procedure”. Although either presentation is correct, the confidence
interval appears to be the preferred option, presumably because of the ease of in-
terpretation. The confidence interval criterion provides a reliable indicator of the
likelihood that the true average responses of two formulations are within 20 % of
each other. It places no restrictions on the trial design.

The duration of studies is also a key design feature, ensuring that testing is suffi-
ciently long enough to allow detection of differences from the reference product
and to account for the intended duration of drug use in standard clinical practice.
Thus, a short-duration bioequivalence trial reliant on decision rules constructed on
pharmacokinetic metrics will not provide the same surrogacy of safety and efficacy
for biologics as it will for small-molecule drug products. More realistic study de-
signs given the objective to assess time-to-event (immunogenicity) can be proposed
for biologics, but will require agent-specific criteria in order to be relevant [29].

8.6

Case Study: Low-Molecular-Weight Heparins

To illustrate the application of a conventional bioequivalence approach to a biolo-
gic product, we refer here to a two-way crossover study with the low-molecular-
weight heparin (LMWH), tinzaparin [30]. The objective of the study was to exam-
ine the in-vivo response of two formulations of tinzaparin, both of which had been
evaluated in patients. It is common practice within the pharmaceutical industry to
modify formulations throughout the drug development process en route to the fi-
nal market image. While it is desirable to conclude such efforts prior to initiation
of clinical trials that will represent the pivotal clinical data supporting the efficacy
of a drug candidate, this is often difficult to achieve in practice. Likewise, there ex-
ists a multitude of reasons for which a drug sponsor may have to bridge clinical
trial results via comparability of bioavailability of two or more formulations in a
sample population – essentially a bioequivalence approach. This was the setting
for the tinzaparin study discussed herein. The results of this study were submitted
with the NDA and deemed acceptable in the evaluation of clinical data supporting
the safety and efficacy of the drug product. The “test formulation” in this study be-
came the eventual, commercial Innohep (tinzaparin sodium) drug product.

LMWHs are heterogeneous mixtures of glycosaminoglycans derived typically
from porcine mucosal spleen. LMWHs are depolymerized heparin preparations,
produced by either chemical or enzymatic methods. The resulting molecules have
a mean molecular mass of 4–8 kDa. More than 60 % of the polysaccharides have
molecular masses between 2 and 8 kDa, resulting in a reduction in thrombin-neu-
tralizing capacity (anti-factor IIa activity). The anticoagulant properties of heparin
depend primarily on the presence of specific pentasaccharide sequences with a
high affinity to antithrombin. The depolymerization methods used to prepare
LMWH result in destruction of some antithrombin-binding sites, thereby redu-
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cing the anticoagulant activity of LMWHs. Chemical modifications of the end
groups and internal structure, degree of sulfation, and charge density vary from
product to product and affect the characteristics of the resulting LMWH. Depend-
ing on the method of preparation, the LMWHs are different mixtures of various
polysaccharides with different anti-factor Xa, anti-factor IIa activities, endothelial
tissue factor pathway inhibitor (TFPI) release, differences in other cellular effects,
and hence different biological actions [31, 32]. Their principal indication is cen-
tered around the treatment and prophylaxis of thrombosis, although they have nu-
merous pharmacologic actions with great potential in varied indications, includ-
ing cancer.

LMWHs contain both biologically active and biologically inactive species. Thus,
pharmacodynamics (PD) determination, using anti-factor Xa activity, even in con-
junction with a battery of additional biological assays, does not reflect the actual
plasma levels of these multicomponent drug products. These various components
also exhibit multiple biological actions, each with a distinct time course, further
confounding the correlation of PD to pharmacokinetics (PK). Hence, assays devel-
oped for a single pharmacological activity more appropriately describe anticoagu-
lant PD, but not the PK. There are also analytical problems associated with the di-
rect measurement of a LMWH. First, the quantitative recovery of low concentra-
tions (1–10 µg/mL) of LMWH from plasma, containing many heparin-binding
proteins [33], is quite difficult. Second, analytical techniques capable of quantita-
tively determining each species in a LMWH have not been available. Third, detec-
tion sensitivities of the currently available analytical methods have been insuffi-
cient for PK determinations of LMWHs.

Plasma anti-factor Xa activity is an accepted surrogate for the concentration of
molecules that contain the high-affinity binding site for antithrombin, while anti-
factor IIa activity is correlated with the fraction of molecules that potentiate the in-
hibition of thrombin. US Pharmacopeia anticoagulant potency tests and amidoly-
tic measurements of the various LWMHs have demonstrated differences in anti-
Xa activities for each LMWH. However, since anti-IIa and anti-Xa activities of
each LMWH do not represent the total antithrombotic and antihemorrhagic ef-
fects of the respective agents, the International Society on Thrombosis and Hae-
mostasis recommends that vial labeling be based on weight. Labeling should also
include specific anti-IIa and anti-Xa activity as assessed against the International
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Fig. 8.1 The chemical structure of a representative chain of tinzaparin.

n = 1 to 25, R = H or SO3Na, R
 = H or SO3Na or COCH3

R2 = H and R3 = COONa or R2 = COONa and R3 = H



Standards and the recommended therapeutic dose. The antithrombotic potency
and potential bleeding effects of one product cannot be extrapolated to another on
the basis of weights in milligrams of anti-Xa or anti-IIa activities [34].

Tinzaparin, a sodium salt of a LMWH produced via heparinase digestion has an
average molecular weight between 5500 and 7500 Da; the proportion of chains
with molecular weight lower than 2000 Da is not more than 10 % in the marketed
tinzaparin formulation (Fig. 8.1). While this fraction is generally considered to be
pharmacologically inactive, this has never been evaluated in vivo. The importance
of the < 2000 Da fraction on the anti-coagulant pharmacodynamics of tinzaparin
assessed by anti-Xa and anti-IIa activity was studied in a two-way crossover trial.
This comparison also reflects the desire to assess bioequivalence between formu-
lations representing the diversity of drug product characteristics evaluated clini-
cally during the development of tinzaparin.

In this trial, 30 healthy volunteers received a single 175 IU/kg subcutaneous
dose of tinzaparin containing approximately 3.5% of the < 2000 Da fraction and a
tinzaparin-like LMWH containing 18.3% of the < 2000 Da fraction [30]. The anti-
Xa:anti-IIa ratios of the drug substances were comparable at 1.5 and 1.7 for tinza-
parin and the tinzaparin-like LMWH, respectively (Table 8.4). Both formulations
were safe and well tolerated, and there were no significant adverse events in sub-
jects receiving either LMWH (Table 8.5). An important distinction between
LMWHs and protein-based biologic drug products is the immunogenic potential,
which is quite low for LMWHs and likewise does not present the same safety con-
cerns or risk as for protein therapeutics.

The mean plasma anti-factor Xa and anti-factor IIa activities following single
175 IU/kg subcutaneous administration of test and reference formulations is
shown graphically in Fig. 8.2A and B, respectively. The mean maximum plasma
anti-Xa activity (Amax) was approximately 0.818 IU/mL at 4 h after tinzaparin in-
jection. Anti-Xa activity fell to undetectable levels by 24–30 h in all subjects. The
mean maximum plasma anti-IIa activity was 0.308 IU/mL at 5 h post-dose, and
anti-IIa activity fell to undetectable levels by 24 h in all subjects. Inter-subject var-
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Table 8.4 Formulation characteristics of test and reference LMWH (tinzaparin)

formulations evaluated in a single-dose crossover (bioequivalence) design.

Treatment Drug substance potency and MW distribution

Ratio Average % Da

Xa/IIa MW [Da] < 2000 2000–8000 >8000

Reference product:
Tinzaparin (tinzaparin sodium) 1.5 7250 3.5 65.4 31.1

Test product:
Tinzaparin-like LMWH 1.7 5650 18.3 59.7 22.0

MW: molecular weight.



iation was lower (<18% for both anti-Xa and anti-IIa metrics) than in previous
fixed-dose administration studies. Based on average equivalence criteria, the two
LMWH preparations were determined to be bioequivalent using either anti-Xa or
anti-IIa activity as biomarkers (Table 8.6). Within-subject comparisons of Amax and
AUC identified no discernable pattern in either the rate (Amax) or exposure (AUC)
of anti-Xa or anti-IIa activity. The calculated intra-subject variabilities were low
(<14% for anti-Xa activity; <18% for anti-IIa activity), yielding little evidence for a
significant subject-by-formulation interaction. Differences in the percentage of
molecules in the <2000 Da molecular weight fraction of tinzaparin did not trans-
late into differences in anti-Xa and anti-IIa activity in vivo.

Anti-Xa activity has been used extensively for monitoring heparin administra-
tion to patients, and remains a necessary feature of the current heparin dose-ad-
justment paradigm [35]. Moreover, anti-Xa and anti-IIa activity have been used
successfully in the exploration of patient covariates which may suggest regimen
modifications for certain disease states [35, 36] and subpopulations [37, 38]. These
parameters also appear to be sufficient to judge the in-vivo performance of such
agents. One reason for the lack of predictability of anti-Xa and anti-IIa activity
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Table 8.5 Observed safety profile following single 175 IU/kg subcutaneous ad-

ministration of tinzaparin or a tinzaparin-like LMWH test product to healthy

volunteers.

Preferred term Tinzaparin Tinzaparin-like LMWH

Total subjects 30 30

N % N %

Subjects with one or more AEs 16 53.3 16 53.3

Injection-site hematoma 10 33.3 6 20.0
Headache 4 13.3 3 10.0
Dizziness 1 3.3 4 13.3
Injection-site pain 2 6.7 3 10.0
Somnolence 0 0 3 10.0
Diarrhea 0 0 2 6.7
Hematoma 0 0 2 6.7
Phlebitis 2 6.7 0 0
Abdominal pain 0 0 1 3.3
Asthenia 1 3.3 0 0
Injection-site inflammation 1 3.3 0 0
Nausea 1 3.3 0 0
Paresthesia 1 3.3 0 0
Pharyngitis 1 3.3 0 0
Rhinitis 1 3.3 0 0
Taste perversion 0 0 1 3.3

AE: adverse effect.



with clinical outcomes might be the numerous methodologies available and the
inadequate sampling schemes used in some trial designs. In the absence of new
mechanistic predictors, these markers have served as the best means of quantify-
ing relevant drug product and manufacturing changes. Comparisons across
agents are less straightforward, and the biomarker response from one such agent
may not be portable to another with respect to outcomes that these markers may
contribute to but certainly do not predict. Recent clinical data support this sugges-
tion [39]. Indeed, it may very well be that a composite of several markers is re-
quired to make such comparisons.
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Fig. 8.2 Mean (± SD) anti-factor Xa (A) and anti-factor IIa (B) activity in

healthy volunteers (n = 30) administered 175 IU/kg tinzaparin and a

tinzaparin-like LMWH by subcutaneous injection.



8.7

Conclusions

That documentation of pharmaceutical- and bio-equivalence should be provided
to regulatory authorities is not at issue. However, the means by which these data
can and should be demonstrated remain the subject of discussion. Political, eco-
nomic and scientific hurdles pervade, and this issue remains unresolved. The im-
position of existing small-molecule equivalence criteria on the registration of gen-
eric biologic drug products is unlikely to provide an acceptable degree of consu-
mer protection. Likewise, the conventional bioequivalence trial used to infer thera-
peutic equivalence of different formulations based on the similarity of the phar-

2058.7 Conclusions

Table 8.6 Pharmacokinetic and bioequivalence metrics from a single-dose,

two-way crossover study of LMWH (tinzaparin) formulations administered to

healthy volunteers.

Anti-Xa metrics Anti-IIa metrics

Tinzaparin Tinzaparin-like Tinzaparin Tinzaparin-like

LMWH LMWH

Tmax (h) Median 5.0 5.0 5.0 5.0
Range 3.0–8.0 3.0–8.0 3.0–8.0 3.0–8.0
%CV 23.50 23.93 28.75 28.96

Amax (IU/mL) Mean (SD) 0.869 (0.236) 0.887 (0.141) 0.330 (0.073) 0.301 (0.074)
Range 0.631–1.917 0.625–1.200 0.212–0.456 0.200–0.467
%CV 27.15 15.84 22.08 24.51
Mean ratioa) 103.5 90.8
90% CI (97.4, 110.0) (84.1, 98.1)

AUC(0–last) Mean (SD) 8.641 (1.535) 9.768 (1.626) 2.901 (0.581) 2.507 (0.538)
(IU h/mL)

Range 6.618–12.174 6.918–12.987 1.894–4.255 1.604–3.505
%CV 17.76 16.65 20.04 21.47
Mean ratioa) 113.2 86.2
90% CI (108.5, 118.1) (81.3, 91.3)

AUC (0-�) Mean (SD) 9.696 (1.741) 10.317 (1.557) 3.787 (1.509) 3.115 (0.652)
(IU h/mL)

Range 6.892–13.764 7.664–13.486 2.138–10.720 2.121–4.491
%CV 17.96 15.09 39.84 20.95
Mean ratioa) 108.6 87.3
90% CI (104.8, 112.5) (82.2, 92.7)

t1/2 (h) Mean (SD) 4.4 (2.8) 4.2 (0.9) 5.7 (7.4) 4.3 (1.5)
Range 2.4–18.4 2.5–6.9 2.1–42.5 2.0–8.4
%CV 63.65 22.37 131.29 35.57

a) The ratio is designated as test/reference with the tinzaparin formulation as the
reference and the tinzaparin-like formulation as the test, respectively.



macokinetic characteristics of the formulations tested is likely ineffective without
additional requirements. At issue is both the complexity of the drug substance
characterization and the potential for immune-mediated toxicity. The characteriza-
tion of the active pharmaceutical ingredient would seem to be solvable by the
agreement on metrics that define the in-vitro performance and in-vivo response re-
gardless of the complexity of analytical testing. This would seem to suggest a re-
turn to agent-specific guidance provided by the FDA, consistent with expectations
for the sponsor with respect to any post-marketing formulation changes. The
safety issue is more problematic as it seeks to assess the similarity (or not) of a
hopefully, low-frequency adverse event. Metrics for comparison are less defined
and more likely to require larger trials of longer duration than the standard sin-
gle-dose, fasted bioequivalence trial. Hence, while the desire to promote generic
or follow-on biologics is good and in the best interest of the patient consumer, this
desire cannot prevail against assumptions that cannot be made or otherwise tested
following small-molecule guidelines.
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Biopharmaceutical Challenges: Pulmonary Delivery

of Proteins and Peptides

Kun Cheng and Ram I. Mahato

9.1

Introduction

Over the past few decades, recombinant DNA technology has produced a large
number of proteins and peptides, which can be used for the treatment of various ge-
netic and acquired diseases [1]. Because of their large size and susceptibility to pro-
teolytic degradation in the gastrointestinal tract, most pharmaceutical formulations
of protein and peptide drugs in the market are injectable [2]. However, administra-
tion by injection is not preferable and has poor patient compliance, especially for
chronic diseases requiring frequent and long-term treatment. Numerous efforts
have been made to identify alternative noninvasive administrations of proteins and
peptides. Among these, the pulmonary route has received a great deal of attention.

The lung as delivery site for peptide and protein drugs possesses several favor-
able characteristics, including a highly vascularized tissue, low intrinsic enzymatic
activity, large absorptive surface (>100 m2 in humans), and a greater tolerance to
foreign substances and higher permeability of the alveolar epithelium compared
to other administration sites. In addition, molecules absorbed in the lung bypass
the portal circulation and thus avoid first-pass metabolism in the liver [3–5]. Con-
sequently, many activities have focused on the pulmonary delivery of peptides and
proteins. Recombinant human deoxyribonuclease (Pulmozyme) was approved
in 1993 by the Food and Drug Administration (FDA) as the first protein drug to
be delivered via the pulmonary route for the treatment of cystic fibrosis. Formula-
tions for the pulmonary delivery of several proteins and peptides including insu-
lin, calcitonin, interferons, parathyroid hormone, and leuprolide are currently in
clinical studies for the treatment of pulmonary and systemic diseases (Table 9.1).

Several pharmaceutical and physiological barriers must be overcome for the
successful pulmonary delivery of peptide and protein drugs [3]. For example,
many of these macromolecular drugs have relatively low permeability when they
are administered without any absorption enhancers [4]. Furthermore, the clinical
toxicology of peptides/proteins in the lung, especially for chronic disease, should
be of some concern [6]. Therefore, cost-benefit ratios should be evaluated in the
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Table 9.1 Summary of peptide and proteins used for pulmonary delivery.

Peptide/

Protein

Indication Species Methods Results Refer-

ence

Insulin Diabetes Human
(416 type-1
diabetic patients)

Inhalation
(Exubera)

Inhaled insulin effective,
well-tolerated and well-
accepted

[60]

Insulin Diabetes Human
(18 type-I
diabetic patients)

Inhalation
(AERx)

Pharmacodynamic system
efficiency 12.7%. Dose–
response relationship close
to linear

[64]

Insulin Diabetes Human (Healthy
volunteers; type-II
diabetic patients

Inhalation
(Technosphere)

Relative bioavailability: 50%
for the first 3 h and 30% for
the entire 6-h period

[121]

Insulin Diabetes Human
(26 type-II
diabetic patients)

Inhalation 3-month treatment signifi-
cantly improved glycemic con-
trol compared with baseline

[122]

Leuprolide
acetate

Treatment
of prostate
cancer

Human male
volunteers

Aerosols Absolute bioavailability
ranging from 4% to 18%

[71]

Leuprolide
acetate

Treatment
of prostate
cancer

Rat; Human
male volunteer

Inhalation,
intranasal
administration

Successful systemic delivery
via lung
Bioavailability of suspension
aerosols four-fold greater than
that of solution aerosol

[72]

Detirelix Potent LHRH
antagonist

Sheep Intratracheal;
inhalation

Successful systemic
absorption via intratracheal
administration or inhalation

[73]

Dog Intratracheal;
inhalation

Absorption from lung slow
(Tmax 6.5 h; relative bio-
availability 29 ± 10%)

[74]

Cetrorelix Potent LHRH
antagonist

Rat Aerosol Bioavailability ranging from
48.4 ± 27.0% to 77.4±44.0%

[77]

1-Deamino-
cysteine-
8-d-arginine
vasopressin
(dDAVP)

Treatment
of diabetes
insipidus,
Alzheimer’s
disease, modu-
lation of blood
pressure

Rat Aerosol dDAVP transport over
respiratory tract via passive
transepithelial transport
process

[83]

Salmon
calcitonin
(SCT)

Reduce bone
resorption

Rat Intratracheal;
dry powder and
solution

Absorption enhancers in dry
powder more efficient than
in solution

[68]



early stages of the development process, particularly if the drug of interest is al-
ready available in injectable form. Nevertheless, the high permeability of many
peptides and proteins to the lung has opened up new avenues for the develop-
ment of their pulmonary delivery systems.

In this chapter, we will discuss the biophysical basis and recent advances in pul-
monary delivery of peptides and proteins.

9.2

Structure and Physiology of the Pulmonary System

The pulmonary system is responsible for oxygenation of the blood and the re-
moval of carbon dioxide from the body. The respiratory system is divided into the
proximal conducting (upper) airways, and the distal respiratory (lower) tracts
(Fig. 9.1). The conducting airways (generation 0~16) includes respiratory airways
from the pharynx down to the bronchioles, while the distal respiratory part (gen-
eration 17~23) contains terminal bronchioles, respiratory bronchioles and alveoli
(Table 9.2) [3]. There is extensive branching from a single trachea to the final
300~486 millions of alveoli sacs, as shown in Fig. 9.2 [7], which provides a surface
area of over 100 m2 for gas exchange between the air and blood [8].

The lung contains more than 40 different types of cells, amongst which epithe-
lial cells are vital for maintenance of the pulmonary blood–gas barrier. The epithe-
lium also provides absorptive and secretive functions. The diversity of epithelial
cell types is summarized as airway epithelium and alveolar epithelium cells.

2119.2 Structure and Physiology of the Pulmonary System

Table 9.1 (continued)

Peptide/

Protein

Indication Species Methods Results Refer-

ence

Alpha 1-
antitrypsin
(�1A)

Treatment of
�1A deficiency

Sheep Aerosol Aerosolized �1A able to pass
through alveolar epithelium
and gain access to interstitial
compartment of lung

[107]

Interferon-
�

(INF-�)

Treatment
of bronchiolo-
alveolar
carcinoma

Human
(10 patients)

Aerosol No tumor responses detected
according to standard criteria

[90]

Interferon--
gamma
(INF-�)

Antitumor Human
(Phase I trial)

Inhalation Inhalation increases alveolar
concentration of INF-� with-
out major side effects

[99]

Consensus
interferon
(Con-IFN)

Treatment
of viral
infections

Rat Aerosol Tmax 25–30 min; estimated
bioavailability ca. 70%

[101]



9.2.1

Airway Epithelium

The pharynx, larynx, trachea and bronchi are lined with pseudostratified, ciliated
columnar epithelium that contain at least eight cell types, including mucous se-
cretory goblet and Clara cells, which produce a protective mucus layer of 5–10 µm
thickness (see Table 9.2). Subepithelial secretory glands, present in the bronchial
submucosa, also contribute to the mucus blanket [9]. Through coordinated ciliary
movement a propulsive wave is created, which continuously moves the mucus
layer up towards the larynx. Consequently, the mucosal surface of trachea and
bronchi is constantly swept to remove inhaled materials. As the bronchi divide
into bronchioli, the ciliated columnar respiratory epithelium is much thinner and
changes to a simpler non-ciliated cuboidal epithelium. The epithelium in the
terminal and respiratory bronchioles consists of ciliated, cuboidal cells and a small
number of Clara cells. However, Clara cells become the most predominant type in
the most distal part of the respiratory bronchioles [10].
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Fig. 9.1 The “tree structure” of the lung (modified from [119] and [29]).
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Table 9.2 Airway branching and epithelium cell types in the lung (modified

from [24], [119]).

Site Generation Diameter

[mm]

Epithelial cell type Thickness

[�m]

Conducting
airways

Trachea 0 20–18

Pseudostratified cell
Ciliated cell
Columnar cell
Goblet cell
Serous cell
Mucous cell

20–40

Main bronchi 1 13

Lobar bronchi 2–3 7–5

Segmental
bronchi

4 4

Small bronchi 5–11 3–1

Bronchioles,
terminal
bronchioles

12–16

1.0–0.4
Ciliated cuboidal cell
Clara cell
Serous cell

10

Distal
respiratory
airways

Respiratory
bronchioles

17–19

Alveolar ducts 20–22 0.3 Alveolar type I
Alveolar type II

0.1–0.5
Alveolar sacs 23 0.3–0.225

Fig. 9.2 General structure and cross-section of alveoli.



9.2.2

Alveolar Epithelium

At the distal respiratory site, the alveolar epithelial cell layer is much flatter
(0.1 ~ 0.5 �m) and composed of two major cell types, squamous type I and agra-
nular type II pneumocytes. Type I pneumocytes are non-phagocytic and highly
flattened cells with broad and thin extensions. They occupy ~95% of the alveolar
luminal surface, although they are less numerous than type II cells. The remain-
ing surface is occupied by type II pneumocytes, which have blunt microvilli and
contain multivesicular bodies [3, 11].

Type I pneumocytes, joined with endothelial cells by fused basement mem-
branes, offer a very short airways–blood pathway for the diffusion of gases and
drug molecules. They are known to contain numerous endocytotic vesicles which
play an important role in the absorption process of proteins and transcellular
movement of transporters [12, 13]. The functions of type II pneumocytes are well
studied and include

� the production, secretion and reuptake of pulmonary surfactant, a mixture of
phospholipids (90 %) and proteins (10 %) to reduce the surface tension at the
air–fluid interface;

� differentiation into type I pneumocytes after epithelial barrier injuries; and
� regulation of immune responses in the lung [13–15].

Hydrophilic surfactant proteins A (SP-A) and D (SP-D), secreted by type II pneu-
mocytes, interact specifically with a wide range of microorganisms and play im-
portant roles in the innate, natural defense system of the lung [16]. Both mRNA
and protein levels of SP-A and SP-D increase dramatically in response to lung in-
fection, injury and endotoxin challenge [17]. Type II pneumocytes also express
class II major histocompatibility complex (MHC) antigens and intracellular adhe-
sion molecule (ICAM-1), which may facilitate pulmonary immune responses [15].

9.3

Barriers to Pulmonary Absorption of Peptides and Proteins

Barriers to pulmonary absorption of proteins and peptides include respiratory mu-
cus, mucociliary clearance, pulmonary enzymes/proteases, alveolar lining layer,
alveolar epithelium, basement membrane, macrophages and other cells [3, 18].
The molecular weight cutoff of tight junctions for alveolar type I cells is 0.6 nm,
while endothelial junctions allow the passage of larger molecules (4–6 nm). In or-
der to reach the bloodstream in the endothelial vasculature, proteins and peptides
must cross this alveolar epithelium, the capillary endothelium, and the interven-
ing extracellular matrix.

Alveolar epithelium and local proteases are believed to be the major barriers for
the efficient absorption of inhaled proteins and peptides. Many novel and potent
absorption enhancers have been investigated for the peptide/protein absorption
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from the lung [4]. On the other hand, Vanbever et al. [19] showed that alveolar
macrophages serve as another major barrier for the systemic transport of proteins
from the lung, especially for moderate to large-sized proteins. Consequently, phy-
sico-chemical means of minimizing the uptake of proteins/peptides by alveolar
macrophages are proposed as novel strategies for enhancing the pulmonary ab-
sorption of these compounds [19].

9.4

Strategies for Pulmonary Delivery

Peptides and proteins can be delivered to the lung for localized or systemic effects
by either intratracheal instillation or aerosol inhalation.

9.4.1

Intratracheal Instillation

Intratracheal instillation is a simple method for the direct administration of a
small amount of solution into the lung by cannula. Simplicity and accuracy of the
administered drug dose are the major advantages. The major disadvantages of in-
tratracheal instillation include localized and uneven drug distribution in the lung,
and more deposition occurring in the conducting airways with relatively less drug
reaching the distal regions of the lung [18]. Only a small absorptive area is used
for the absorption from deposition. Accordingly, bioavailability after intratracheal
instillation is lower than that achieved with aerosol delivery [20, 21]. Taken to-
gether, studies using intratracheal instillation can provide information about pro-
tein stability, systemic absorption and toxicity in initial studies.

9.4.2

Aerosol Inhalation

Therapeutic aerosol preparations are two-phase colloidal systems consisting of
very fine liquid droplets or solid particles dispersed in a gaseous medium [22].
The site of deposition of the inhaled aerosol depends on its physico-chemical char-
acteristics such as particle size, shape, charge, density, and hygroscopicity. Among
these factors, aerosol particle size is one of the most important in determining
drug deposition and distribution in the lung. Aerosol particle deposition in the re-
spiratory tract also depends upon biological factors such as lung morphology,
breath-holding, inspiratory flow rate, tidal volume, and disease state [3]. The parti-
cle size distribution is usually characterized by the mass median aerodynamic dia-
meter (MMAD) and geometric standard deviation (GSD). MMAD is a function of
particle size, shape and density. Strict control of the MMAD ensures reproducibil-
ity of drug deposition and retention within desired regions of the lung [1]. A GSD
>1.2 indicates a heterodisperse aerosol, while a GSD of 1 indicates a monodis-
perse aerosol [23]. Most therapeutic aerosols are heterodisperse.

2159.4 Strategies for Pulmonary Delivery



9.4.2.1 Aerosol Deposition Mechanisms

Aerosol particles deposit in the lung by three principal mechanisms: inertial im-
paction; gravitational sedimentation; and Brownian diffusion. Particles with a lar-
ger MMAD are deposited by the first two mechanisms, while smaller particles ac-
cess the peripheral region of the lung by diffusion.

9.4.2.1.1 Inertial impaction

Inertial impaction usually occurs in the first 10 generations of the lung, and is the
dominant deposition mechanism for particles greater than a few microns in size
[3, 23]. An aerosol particle with a large momentum will not be able to follow
changes in direction of the inspired air upon inhalation into bifurcations, and
therefore will be impacted onto the mucosal surfaces. Inertial impaction is the
main deposition mechanism in the upper airways and near-bronchial branching
points. The impaction increases with increasing breathing frequency, air flow ve-
locity and aerosol particle size [24]. The contribution of inertial impaction is nil in
the alveolar region because of negligible air velocity.

9.4.2.1.2 Gravitational Sedimentation

Gravitational sedimentation is the predominant deposition mechanism in the
last five to six generations of airways (e.g., the bronchioles and alveolar region),
where the air velocity is very low [23]. It allows deposition of particles into the
more peripheral parts of the respiratory tract. Inhaled particles of less than
~3 µm MMAD are too small to be deposited by inertial impaction on their way
through the airways; instead, they will be subjected to sedimentation under grav-
itational forces, which overcomes the total force of the air resistance. An increase
in particle size and a decrease in breathing rate will increase gravitational sedi-
mentation [24].

9.4.2.1.3 Brownian Diffusion

Deposition by diffusion is the main mechanism for particles smaller than
~0.5 µm, and is important in bronchioles, alveoli, and bronchial bifurcations.
Aerosol particles are displaced by a random collision of gas molecules; this results
in particle collision with the airway walls [24]. Deposition by diffusion increases
with the decrease in particle size, and breath-holding following inhalation was
also found to increase this deposition [25].

9.4.2.2 Devices for Pulmonary Drug Delivery

Delivery devices play a major role in the efficiency of pulmonary delivery, and ma-
jor advances have been made in the development of new devices in recent years.
The most commonly used devices for pulmonary drug delivery include nebuli-
zers, metered-dose inhalers (MDIs) and dry-powder inhalers (DPIs). These de-
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vices vary as much in their sophistication as they do in their effectiveness. Each
type of device has its own advantages and disadvantages. The selection of a suita-
ble aerosol device for pulmonary delivery was reviewed by Dolovich et al. [26].

9.4.2.2.1 Nebulizers

Nebulizers convert aqueous solutions or micronized suspensions of drug into an
aerosol for inhalation. They require minimal patient coordination, but are cum-
bersome, non-portable, and time-consuming to use [26]. There are two principal
types of nebulizers, air-jet (high-velocity air stream dispersion) and ultrasonic (ul-
trasonic energy dispersion) nebulizers. Both air-jet and ultrasonic nebulizers pro-
duce aerosol at a constant rate regardless of the respiration cycle, which leads to
loss of approximately two-thirds of aerosol during the expiration and breath-hold-
ing phases. Two improved nebulizers, such as breath-enhanced nebulizers and do-
simetric nebulizers, overcome this limitation, as they direct the patient’s inhaled
air within the nebulizer to enhance aerosol volume during inhalation phase and
release aerosol exclusively during the inhalation phase, respectively.

Other types of nebulizers rely upon compressed gas to vaporize a solution that
is then available for inhalation by the patient (Fig. 9.3). The stability of proteins
and peptides is a potential limitation in this case. Nebulization exerts high shear
stress on these macromolecules, which can lead to their denaturation. This is a
particular problem because 99% of the droplets generated are recycled back into
the reservoir to be nebulized during the next dosing. Furthermore, the physical
properties of drug solutions (e.g., ionic strength, viscosity, osmolarity, pH and sur-
face tension) may affect the nebulization efficiency [26]. The droplets produced by
nebulizers are rather heterogeneous, which results in very poor drug delivery to
the lower respiratory tract. They often require several minutes of use to adminis-
ter the desired dose of medicine. These drawbacks have led to the development
of newer devices such as the AERx (Aradigm, Hayward, CA) and the Respimat
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Fig. 9.3 Schematic representation of a typical air-driven nebulizer (modified from [120]).



(Boehringer, Germany), which generate an aerosol mechanically, while vibrating
mesh technologies such as AeroDose (Aerogen Inc, Mountain View, CA) have
been used successfully to deliver proteins to the lungs. The recent introduction of
recombinant human DNase � (rhDNase Pulmozyme) by Genentech (San Fran-
cisco, CA, USA) exemplifies the application of nebulizers for peptide and protein
delivery to the respiratory tract [27]. rhDNase reduces the viscosity of airway secre-
tions by cleaving the extracellular fibrillar aggregates of DNA from autolyzing
neutrophils in cystic fibrosis cases.

9.4.2.2.2 Metered Dose Inhalers

Metered dose inhalers (MDIs) generate aerosol for inhalation by expelling a me-
tered dose of pressurized liquid propellant containing drug via an orifice in the
proper particle size distribution. They are the most commonly used inhalation
aerosol devices today (Fig. 9.4) [22, 28], and are portable and easy to use [26]. A ty-
pical MDI comprises a canister, a metering valve, actuator, spacer and a holding
chamber. In addition, dose counters and content indicators are required in re-
cently issued FDA guidelines. During MDI manufacture, more aerosol formula-
tion than claimed is commonly added which is sufficient for additional 20 to 30
sprays. However, these additional doses are inconsistent and unpredictable. There-
fore, the new requirement by FDA will allow patients to track the number of ac-
tuations used and avoid using the product beyond the recommended number of
doses [28].

MDIs utilize propellants, such as chlorofluorocarbons (CFC) and hydrofluoro-
alkanes (HFAs) to emit the drug solution through a nozzle [29]. High velocity of
the generated aerosol spray results in substantial oropharyngeal deposition by im-
paction, and therefore loss of drug. This can be avoided by adding a spacer device
to reduce the aerosol velocity. Spacers can also overcome difficulties in the coordi-
nation of inhalation and actuation, leading to improved dosing reproducibility. In-
dividual doses are measured volumetrically by a metering chamber within the
valve.
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MDI delivery efficiency depends on the patient’s inspiratory flow rate, breathing
pattern and hand-mouth coordination. Increases in tidal volume and decreases in
respiratory frequency enhance the peripheral deposition in the lung. Most pa-
tients need to be trained to use the MDI correctly, as up to 70 % of patients fail to
do so [26, 30].

9.4.2.2.3 Powder Inhalers

Dry powder inhalers (DPIs) are one of the most popular methods of protein deliv-
ery to the lungs. DPIs generate aerosols by drawing air through loose dry powder
drugs. Compared to MDIs, they are easier to use, but they require a rapid rate of
inhalation to provide the necessary energy for aerosolization, which may be diffi-
cult for pediatric or distressed patients [26, 30]. DPIs range from unit dose sys-
tems employing only the patient’s breath to generate the aerosol, to multiple-dos-
ing reservoir devices that actively impart energy to the powder bed to introduce
aerosol particles into the patient’s respiratory airflow. For stability reasons, unit-
dose devices are most suitable for protein delivery. The schematic design of a new
powder inhaler (NovolizerTM) is shown in Figure 9.5.

Lung deposition of drug particles varies among different DPIs. DPIs are complex
systems, and their performance depends on the powder de-agglomeration princi-
ple, dry powder formulation and the airflow generated by the patient [31]. Both im-
provements in the device and formulations have been attempted to achieve super-
ior lung deposition. Carrier particles, such as lactose, are commonly added to re-
duce cohesive forces in the micronized drug powder. When air is directed through
the powder, turbulent airflow detaches small drug particles from the carrier parti-
cles [3]. Most of the therapeutic dry powders for DPIs are currently made with parti-
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Fig. 9.5 Schematic representation of a typical dry powder inhaler
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cles of small geometric diameter (<5 �m) and mass density of 1 ± 0.5 g/cm3. How-
ever, a new type of large porous particle, with a geometric diameter >5 µm and a
low mass density (<0.4 g/cm3) has been developed for DPIs and showed highly effi-
cient drug delivery into deep lung [32]. Large geometric diameters of the particles
reduce inter-particle interactive forces and ease their dispersion.

9.5

Experimental Models

An understanding of the absorption and metabolism of peptide and protein drugs
in the lung is crucial for the development of an effective formulation for pulmon-
ary delivery. Basically, the absorption and metabolism of drugs in the lung can be
investigated with three models: isolated perfused lung models; cell culture mod-
els; and in-vivo animal models. Isolated perfused lung and cell culture models are
simple to establish, but it is difficult to extrapolate results directly to in-vivo phy-
siology [33]. Intact lung models most closely resemble the in-vivo situation, but do
not allow distinction between permeation barriers presented by the alveolar
epithelium and other tissues of the lung as a result of the models‘ complexity.
Furthermore, the characterization of alveolar epithelial transport mechanisms in
the intact lung is rendered difficult by inaccessibility of the distal airways for pre-
cise dosing and sampling, along with the unknown experimental surface area.

9.5.1

Isolated Perfused Lung Model

Isolated perfused lung models have been widely used to study the absorption, meta-
bolism, and clearance of drugs administered to the lung [33–35]. The most com-
monly used species are rat, guinea pig, and rabbit. Briefly, the pulmonary artery and
vein are cannulated and the lung is removed from the chest cavity, and maintained
in an artificial thorax. This allows for ventilation of the lung as well as for pulmonary
administration of drug preparations. The lung is perfused throughout the experi-
ment, and the perfusate can be sampled at predetermined time points. The main ad-
vantage of the isolated perfused lung model is that pulmonary absorption and meta-
bolism of a drug can be investigated without the influence of its systemic elimina-
tion and metabolism. Furthermore, the experimental conditions are easily con-
trolled and the structural and cellular integrity of the lung is maintained [34].

9.5.2

Cell Culture Models

The lung comprises about 40 different cell types, amongst which type I and type
II alveolar epithelial cells are the major types targeted by pulmonary drug delivery
systems. Type I cells play an important role in the absorption process of proteins,
while type II cells produce surfactant, regulate the immune response, and serve
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as a progenitor of type I cells [12, 13]. Many cell culture systems of alveolar epithe-
lial cells have been developed, providing a simple way in which to study the trans-
port and metabolism mechanisms of a drug at cellular levels. For a review on re-
spiratory epithelial cell culture models, see Mathias et al. [36].

Cell lines of both airway and alveolar epithelial origin are available (immortal
cells, transformed or carcinoma-derived), the most commonly used being the
CALU-3 cell line derived from airway epithelium [37], and the A549 cell line de-
rived from a bronchioalveolar carcinoma [38]. However, these cultured cell lines
share only limited similarity in morphology, biochemical characteristics, and bar-
rier properties (low epithelial resistance due to the lack of tight junctions) with the
epithelia in vivo. Consequently, the results of absorption and metabolism studies
based on cultured cell lines should be interpreted with caution.

The primary cell culture model is a more valid model for the study of absorption
and transport processes of a drug via the pulmonary route. It provides a tight
epithelial barrier with morphological and functional properties resembling those
of the in-vivo condition. Primary alveolar epithelial cells from rats [39], rabbits [40]
and humans [41] which display morphological and biochemical characteristics si-
milar to the native epithelium have been isolated and can be used for drug trans-
port studies.

9.6

Pulmonary Delivery of Peptides and Proteins

9.6.1

Mechanism of Peptide Absorption after Pulmonary Delivery

Several peptides of 0.5–10 kDa have been administered to the lungs, including a
number of hormones, particularly metabolic hormones such as glucagon, insulin,
and calcitonin. To improve absorption by minimizing metabolic breakdown, in
some cases analogues of the native peptides have been designed. The co-adminis-
tration of proteolytic enzyme inhibitors can also be utilized to reduce enzymatic
degradation of peptides upon their exposure to the lung.

There is growing interest in studies of the transport of small peptides across
lung epithelia, and critical insights regarding pulmonary peptide delivery were ob-
tained by the administration of model peptides to the lung. The transport of di-
peptides and tripeptides in the lung has been studied using in-situ perfusion pre-
parations of rat lung, brush-border membrane vesicles prepared from alveolar
type II cells [42, 43], as well as in monolayers of primary cultured rat pneumocytes
[44]. In all cases, evidence for active transport of intact peptide through the pul-
monary epithelium was found, although the reported contribution of passive dif-
fusion to overall transport, as well as metabolic cleavage of the compounds, was
found to vary with the compounds used and the models used to study them.

The co-transport of di- and tripeptides with protons has been well studied in the
small intestine and kidneys, and showed enhanced absorption of peptides by the
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imposition of an inwardly directed proton gradient. The phenomenon was also
observed in the delivery of a model peptide (d-phe-l-Ala) in the lung and absorp-
tion of peptides into lung brush-border membrane vesicles was found increased
by an inwardly directed proton gradient. This suggests that the transporter ex-
pressed in the lung is similar to that of the kidneys and small intestine [43]. When
the transport of two model peptides, Gly-d-Phe and Gly-l-Phe, across primary cul-
tured monolayers of rat alveolar epithelial cells was investigated, both peptides
were transported in cell culture through paracellular pathways, while Gly-l-Phe
also showed a small component of transcellular pathway. The extent of degrada-
tion of peptides during transport appears to be peptide-dependent: peptides con-
taining amino acids in l-conformation are less resistant to peptidases present at
the cell membrane than their d-conformers [44]. The substitution of d- for l-
amino acids in peptides of interest may increase stability, but may also decrease
affinity of the peptide towards its putative epithelial transporter.

To investigate the effect of molecular weight, concentration and dose of peptides
on their pulmonary absorption, Byron et al. [45, 46] have studied a series of syn-
thetic peptidase-resistant poly-��-dl-aspartamides (PHEA), ranging from 4 to
43 kDa molecular weight, in the isolated rat lung model. Aqueous solutions of
these polymers were administered to the isolated perfused rat lung and transfer to
the perfusate was measured. Polymer transfer rates were dependent on the start-
ing molecular weight distribution, with larger molecules (up to 11.65 kDa) being
absorbed more slowly. Dose-ranging studies to investigate concentration depen-
dency indicated the presence of a saturable, carrier-mediated transport process for
PHEA with a Vmax of approximately 180 µg/h. For the lower molecular-weight
polypeptides (MW 3.98 kDa), the molecular size of the administered material was
the same before and after absorption into the perfusate. However, for F-PHEA
with a MW of 7.2 kDa the species transferred to the perfusate appeared to be smal-
ler molecules than those originally administered, indicating a molecular weight
limit of rapid transport of about 7 kDa for this hydrophilic polymer.

Hoover et al. [47] assessed the absorption of a series of model d-phenylalanine
analogues that were resistant towards enzymatic hydrolysis, after intrapulmonary
administration of aerosolized peptide solution into the rat lung. Compared to oral
administration, all peptides showed better absorption from the lung than from
the gut, with pulmonary absorption ranging from 55.1 to 68.5% for the methy-
lated series of these model peptides. However, some members of the non-methy-
lated peptide series were metabolized during the absorption process, which was
not observed in the intestinal absorption studies. Therefore, the advantage of pul-
monary over oral administration must be examined on a case-by-case basis.

9.6.2

Mechanisms of Protein Absorption after Pulmonary Delivery

It is generally agreed that proteins can cross the alveolar–capillary barrier of the
lung, but the quantitative importance and mechanisms of uptake via this route
are not clear. Several mechanisms have been proposed for protein transport in the
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lung, including paracellular diffusion and transcytosis as the two most likely me-
chanisms. Several investigators have addressed these issues by studying the trans-
port characteristics of albumin, IgG and horseradish peroxidase (HRP).

Albumin is widely used for the investigation of protein transport mechanisms
in the lung. Absorption studies of intact albumin with rat primary epithelial cell
cultures showed that transport across the cell monolayer is asymmetric (net ab-
sorption), saturable, and highly sensitive to temperature. Transport of albumin oc-
curs by two mechanisms, depending upon concentration. At low concentration,
the absorption of albumin across the epithelial barrier appears to be mediated by
a ~60 kDa albumin glycoprotein binding protein (gp60) which is expressed in the
alveolar epithelial cell membranes [48, 49]. At high concentration, however, albu-
min absorption is proportional to its concentration without saturation and is in-
sensitive to endocytosis inhibition, thus indicating a passive paracellular mechan-
ism [50].

As a nonspecific fluid-phase endocytosis marker, HRP was used to evaluate the
transport characteristics across rat alveolar epithelia cell monolayers. HRP was
transported relatively intact (about 50 %) across the alveolar barrier via nonspecific
fluid-phase endocytosis. The permeability coefficient of HRP was decreased upon
lowering the temperature [51], but after conjugation with transferrin via a disul-
fide linkage, HRP uptake by alveolar cell monolayers was significantly increased.
Receptor-mediated internalization of the conjugated HRP was verified by competi-
tion for the transferrin receptor [52].

9.6.3

Pulmonary Delivery of Peptides and Proteins

9.6.3.1 Insulin

Since the first introduction of insulin to treat diabetic patients in 1923, much ef-
fort has been made to seek alternative convenient and painless routes for insulin
administration instead of daily injections. In this respect the pulmonary route has
received the most attention, and substantial evidence has shown inhaled insulin
to be an effective, well-tolerated, noninvasive alternative route [53–56]. Insulin
therapy is required for patients with type 1 diabetes. Although some patients with
type 2 diabetes can control their disease with oral antidiabetics, many will even-
tually also require insulin. Thus, inhaled insulin shows promise for type 2 diabetic
patients [54, 56]. There are two principal inhalation systems for insulin, namely
aqueous solution and dry powder. The dry powder form (Exubera) has been ap-
proved by FDA and the European Medicines Agency (EMEA) in January 2006.

9.6.3.1.1 Animal Studies

Compared with insulin aqueous solution, low-viscosity insulin containing hyalur-
onate (0.1–0.2%) greatly enhanced the pharmacological availability of insulin via
pulmonary delivery routes to rats [57]. Morimoto et al. [57] subsequently examined
the effects of intratracheal administration of different concentrations and pH va-
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lues of low-viscosity solutions of hyaluronate on the pulmonary absorption of rh-
insulin in rats. Hyaluronate (2140 kDa) solutions (0.1% and 0.2%, w/v) at pH 7.0
significantly enhanced the bioavailability of insulin compared to the aqueous solu-
tion of insulin at pH 7.0. It was concluded that a hyaluronate preparation of low
viscosity could serve as a useful vehicle for the pulmonary delivery of peptide
drugs.

Chen et al. [58] studied the hypoglycemic efficacy of pulmonary delivery of insu-
lin in dry powder aerosol form. Insulin dry powder was insufflated in rat lung
through an incision in the trachea in test animals, while subcutaneous (SC) insu-
lin injections were administered to controls. The areas above the curve of the
blood glucose concentrations at 7 h after insulin administration were used to eval-
uate insulin efficacy. The percentage minimum blood glucose levels, compared to
glucose levels before insulin administration for pulmonary delivery of insulin at
doses of 20, 10, 5, and 2.5 U/kg, were 6.5, 16.6, 24.6 and 57.0%, respectively. The
area under the curve (AUC) of insulin 5 U/kg by the pulmonary delivery was very
close to that for SC administration at the same dose level. A linear relationship be-
tween the AUC and the logarithmic dose of pulmonary-delivered insulin was ob-
served, and pulmonary delivery of insulin was concluded to be effective.

In order to overcome the inherent problem associated with pulmonary aqueous
solution and dry powder aerosols, Choi et al. [2] developed an ethanol suspension
of insulin for inhalation, in which the solid insulin is suspended in ethanol and
aerosolized with a commercial compressor nebulizer. The aerosol insulin particles
were found to be 1.5 �m, with a geometric standard deviation of 1.3 �m. Exposure
of rats to 10 mg/mL insulin aerosol resulted in a drastic fall in blood glucose and
a marked rise in serum insulin level. The bioavailability of insulin/ethanol aerosol
was 33% relative to SC injection, and comparable to that of insulin aerosols in
aqueous solution and dry powder form. No acute toxic effects were detected in the
rat lungs or airways [2].

9.6.3.1.2 Human Studies

Laube et al. conducted a single-blind, non-randomized, placebo-controlled pilot
study consisting of seven type 2 diabetic patients using aerosol administration.
The results showed average plasma glucose and insulin levels separately for study
patients after inhalation of placebo and insulin aerosols during the fasting state.
Both glucose and insulin levels measured after insulin inhalation were signifi-
cantly different from levels measured after placebo inhalation (p <0.05). These
findings suggest that postprandial glucose levels can be maintained below diabetic
levels by delivering 1.5 U/kg insulin through the lungs 5 min before the ingestion
of a meal [53].

New formulations for inhaled insulin are currently under development by sev-
eral companies, and are at various stages of clinical trials. Among these, AERx is
in advanced Phase III trials [59], while Exubera has been approved in the USA
and Europe. The clinical pharmacokinetics and pharmacodynamics of inhaled in-
sulin were recently reviewed by Eldon et al. [59].
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Nektar Therapeutics, in collaboration with Pfizer Inc. and Aventis SA, developed
Exubera, which is an inhaled, rapid-acting, dry powder insulin for type 1 and type 2
diabetes. In a large-scale Phase III study with Exubera [60], 416 subjects with type 1
diabetes were screened at 41 centers across the USA and Canada. This was an
open-label, 24-week, parallel group and multicenter study. Inhaled insulin was ad-
ministered as a dry powder formulation before meals, in combination with a single
bedtime injection of long-acting insulin. As shown in Figure 9.6, inhaled insulin
provided glycemic control comparable with that obtained with subcutaneously in-
jected insulin, which is in accordance with previous Phase II studies [61].Treatment
satisfaction for the insulin inhalation group was much higher than for the control
group. Mild to moderate cough was observed with high-frequency inhaled insulin,
but the incidence of this decreased as treatment progressed [60].
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neous (SC) insulin groups. (B) Mean change in fasting plasma glucose
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permission from [60]).



AERx was developed by Aradigm Corporation in collaboration with Novo Nor-
disk A/S. It is a liquid insulin formulation which can create aerosols of 1–3 �m
particle diameter [62]. In a study involving 23 healthy volunteers, AERx was used
to deliver aqueous insulin aerosols to the lungs at two concentrations (250 U/mL
and 500 U/mL), and was compared with a SC injection of insulin solution. The re-
sults showed the absorption of insulin to be more rapid after pulmonary dosing
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than after SC injection [63]. Furthermore, AERx was studied in a randomized,
open-label, five-period crossover trial which included 18 type I diabetic patients.
Insulin was inhaled via an AERx insulin Diabetes Management System (AERx
iDMS) at different doses (0.3, 0.6, 1.2, and 1.8 U/kg body weight). Inhaled insulin
provided an almost dose–linear relationship for pharmacokinetic and pharmaco-
dynamic parameters (Fig. 9.7), and the pharmacodynamic system efficiency of in-
haled insulin was 12.7% [64].

The effect of pulmonary disease on the absorption of inhaled insulin (AERx
iDMS) was also investigated with a two-part, open-label trial including 28 healthy
and 17 asthmatic subjects. The AUC of inhaled insulin was significantly higher
for healthy subjects than for asthmatics, though there was no difference in maxi-
mum serum insulin levels. The asthmatic group also had higher intrasubject var-
iations in pharmacokinetic parameters than the healthy group. The results sug-
gested that diabetic patients with asthma may need to inhale higher doses than
patients with normal respiratory function [65]. A Phase III study of AERx inhaled
insulin was initiated in 2002 with 300 patients. However, in 2003 the FDA adopted
new GMP guidelines for the sterile production of inhalation products, and conse-
quently the Aradigm Corporation needed to optimize their devices and repeat the
Phase III study [62].

In conclusion, the pulmonary delivery of insulin offers an efficient and conveni-
ent therapy for diabetic patients. The feasibility of inhaled insulin is based mainly
on the lungs‘ large absorption area of alveoli and their extremely thin walls full of
intercellular spaces that make them more permeable than other mucosal sites to
large proteins. Generally, inhaled insulin showed a more rapid absorption than in-
sulin administered by SC injection [59]. One major concern for pulmonary insulin
delivery is the unknown long-term effects of inhaled insulin within the respiratory
tract. Thus, possible long-term problems should be considered when insulin is ad-
ministered in this manner [66].

9.6.3.2 Salmon Calcitonin

Salmon calcitonin (SCT) is a synthetic 32-amino acid peptide used for the treat-
ment of osteoporosis and hypercalcemia, generally in the form of a SC injection.
Metabolic degradation and low permeability are thought to be possible barriers to
the absorption of SCT. In fact, SCT-degrading enzyme activity was found to be
higher on the membrane surfaces of the lungs than in the cytosol fraction; the re-
spective enzymes are predicted to be serine proteases and metalloenzymes based
on the in-vitro action profile of protease inhibitors. The inactivation of SCT
mediated by membrane enzymes is suggested from a correlation between the in-

vitro activity of protease inhibitors and the in-vivo effect of SCT [67]. Absorption
enhancement was observed following intratracheal co-administration of SCT with
protease inhibitors and absorption enhancers in rats using plasma calcium levels
as an efficacy index. Absorption enhancers such as unsaturated fatty acids (e. g.,
oleic acid and polyoxyethylene oleyl ether) and protease inhibitors, namely chy-
mostatin, bacitracin, potato carboxypeptidase inhibitors and phosphoramidon, re-
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sulted in considerable enhancements of absorption [67]. These results are in good
agreement with the findings of Niven and Byron [46], that the pulmonary absorp-
tion enhancement was in the order oleic acid > sorbitan trioleate = oleyl alcohol in
the isolated perfused lung of rats.

Consequently, absorption enhancers were used in dry powder and liquid for-
mulations to enhance the pulmonary absorption of SCT. Without absorption en-
hancers, SCT absorption from dry powder or solution was similar to that ob-
served after intratracheal administration. However, the absorption was more im-
proved from dry powder than from solution when absorption enhancers (oleic
acid, lecithin, citric acid, taurocholic acid, dimethyl-�-cyclodextrin, octyl-�-d-glu-
coside) were co-administered intratracheally. Such improved absorption could be
due to the fact that enhancers added to the dry powder dissolved at high concen-
tration because only a trace volume of fluid lining the alveolar epithelium was
available for their dissolution. However, the potential implications of such a me-
chanism on lung toxicity, especially in lung edema, is yet to be investigated in
detail [68].

Deftos et al. [69] evaluated the pulmonary route for the delivery of SCT in 10
normal male volunteers with dry powder inhaler and compared it with intramus-
cular (IM) administration of SCT. The bioavailability of SCT administered via the
pulmonary route was found to be only 28% of that administered by the IM route
(Fig. 9.8). However, the bioactivity (monitored by the changes in serum calcium le-
vel) of SCTadministered by the pulmonary route was 66% of that given by the IM
route. In this case, bioactivity was deemed to be more clinically relevant than bioa-
vailability, the discrepancy most likely being due to immunoassay-dependent de-
viations in the measurement of SCT concentrations.
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9.6.3.3 Luteinizing Hormone-Releasing Hormone (LHRH) Agonists/Antagonists

LHRH is a decapeptide hormone (pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2)
which is synthesized in the hypothalamus and induces the release of gonadotro-
pins, luteinizing hormone (LH) and follicle-stimulating hormone (FSH) into the
systemic circulation. LHRH agonists are commonly used to treat prostate cancer,
while antagonists of LHRH are useful for many indications in men and women,
such as breast and prostate cancer.

9.6.3.3.1 Leuprolide (LHRH Agonist)

Leuprolide acetate, a highly potent synthetic analogue of LHRH, is a nonapeptide
(5-oxo-Pro-His-Trp-Ser-Tyr-D-Leu-Leu-Arg-Pro-ethylamide acetate) with a molecu-
lar weight of ~1200 Da. Leuprolide acetate has shown promise for the treatment
of infertility, postmenopausal breast cancer, and prostate cancer. Very low oral
bioavailability of leuprolide acetate has led to an interest in using the lung as a
site for the systemic delivery of leuprolide. Okada et al. [70] have shown that a
mixed micellar solution of leuprolide acetate has only 0.05% oral bioavailability
compared to IV leuprolide acetate. This low oral bioavailability may be attributed
to poor membrane permeability as well as to significant enzymatic deactivation in
the intestine.

Adjei and Garren [71] studied the pulmonary bioavailability of aerosol-adminis-
tered leuprolide acetate in dogs, and found significant plasma levels and a concen-
tration-corresponding decrease in plasma gonadotropins. Studies in human males
[72] showed the mean bioavailability of a leuprolide suspension aerosol (~26%
compared to IV administration) to be four-fold greater than that of a solution aero-
sol (6.6%). The absolute bioavailability of leuprolide in healthy human male vo-
lunteers ranged from 4% to 18%, while bioavailability corrected for respirable
fraction ranged from 35% to 55%; these data showed that the pulmonary route
might have high potential for the systemic delivery of leuprolide [71].
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9.6.3.3.2 Detirelix (LHRH Antagonist)

Detirelix, a highly potent LHRH antagonist, is an amphipathic decapeptide with a
molecular weight of 1540 Da. Detirelix was absorbed systemically when adminis-
tered by intratracheal instillation or as aerosol in un-anesthetized awake sheep,
with the average bioavailability being about 10 % [73]. The administration of detir-
elix-containing aerosols resulted in similar pharmacokinetic profiles as observed
for intratracheal instillation in anesthetized dogs [74], which indicated that the ab-
sorption was a rate-limiting process. The absorption of detirelix from the lung
after instillation was slow (Tmax 6 ± 3.6 h), with a relative bioavailability of
29 ± 10 %. Furthermore, histopathologic examination showed the lungs to be nor-
mal during a five-month period of repeated pulmonary administration.

9.6.3.3.3 Cetrorelix (LHRH Antagonist)

Cetrorelix is a synthetic hormone that blocks the effects of gonadotropin-releasing
hormone (GnRH). Cetrorelix was found to be effective in inhibiting LH release in

vivo; it blocks ovulation in cycling rats, and suppresses LH levels in ovariecto-
mized rats [75]. Thus, it is highly efficacious for the treatment of gynecological
disorders and LH-sensitive tumors [76]. Lizio et al. [77] studied the pulmonary ab-
sorption of cetrorelix acetate in rats using a non-surgical intratracheal instillation
method. After administration, the drug was absorbed rapidly, with testosterone
plasma concentrations decreasing to subnormal levels at 24, 34, and 72 h, respec-
tively. The pharmacokinetic data of cetrorelix were also investigated at two differ-
ent doses (0.5 and 1.0 mg/kg body weight). Compared to IV administration, the
bioavailability of intratracheal instillation was 75.8 ± 45.4% and 59.0 ± 18.3% at
doses of 0.5 and 1.0 mg/kg, respectively. These data proved that cetrorelix can be
absorbed from the lungs, and that its subsequent pharmacological activity was
maintained.

Later, Lizio et al. [78] used a new aerosol delivery system (ASTA-ADS) to investi-
gate the pulmonary absorption and tolerability of four different cetrorelix formula-
tions delivered as nebulized aerosols to orotracheally cannulated rats. After only
5 min exposure to the cetrorelix aerosol, serum testosterone concentrations were
reduced to subnormal levels over a 24-h period. After dose adjustment (dose deliv-
ered minus exhaled amount), the bioavailabilities for pulmonary delivery ranged
from 48.4 ± 27.0 % to 77.4 ± 44.0% compared to IV administration. In addition,
the lung function parameters did not reveal any formulation-related changes.
Overall, the results of cetrorelix aerosol administration compared well with those
obtained with intratracheal instillation of cetrorelix solution [77].

9.6.3.4 Vasopressin

Vasopressin is a nonapeptide used in the treatment of diabetes insipidus [79], of
Alzheimer’s disease [80], and in the modulation of blood pressure [81]. Vasopres-
sin is known to be absorbed very poorly after oral administration due to its degra-
dation by proteolytic enzymes. Yamahara et al. [82] have studied the transepithelial
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transport of arginine vasopressin (AVP) across cultured rat alveolar epithelial cell
monolayers. The results showed that AVP is transported via a passive diffusional
pathway, and also undergoes proteolytic degradation on the apical surface of the
alveolar epithelium, most likely by aminopeptidases [82]. Thus, the co-administra-
tion of appropriate inhibitors of aminopeptidases might increase the overall trans-
port of intact AVP across the alveolar epithelial barrier.

Folkesson et al. [83] studied the passage of a nonapeptide, 1-deaminocysteine-8-
d-arginine vasopressin (dDAVP, MW 1067 Da) after inhalation in both healthy
and lung-injured rats. The dDAVP serum levels peaked at 0.5–1 h, with a total re-
covery (compared to the dose administered) of 84.3 ± 12.9% that increased line-
arly with time, suggesting a transepithelial transport process for dDAVP. The
high bioavailability of dDAVP is likely due to passive diffusion utilizing the large
surface area available in the distal respiratory tract of the mammalian lung. The
passage of dDAVP through the lung appeared to increase with the maturity of the
rats, and was largely unaffected by inflammatory changes in the lung [83].

9.6.3.5 Granulocyte Colony-Stimulating Factor (G-CSF)

G-CSF is a glycoprotein which stimulates the survival, proliferation, differentia-
tion, and function of neutrophil granulocyte progenitor cells and mature neutro-
phils. It plays an important physiological regulatory role in the host response to
infection. Recombinant human G-CSF (rhG-CSF) is derived from Escherichia coli

(MW 18.8 kDa). G-CSF can be delivered in therapeutically or prophylactically ef-
fective quantities by pulmonary administration using a variety of delivery devices,
including nebulizers, MDIs and powder inhalers [21]. Since the aerosol adminis-
tration of G-CSF results in a significant elevation of neutrophil levels, this route
can be utilized to treat neutropenia, as well as to combat or prevent infections.

Following intratracheal instillation in hamsters, G-CSF was absorbed rapidly
and a significant increase in white blood cell count observed. The bioavailability
was estimated to be 62% of the dose reaching the lung lobes [84]. Niven et al. [85]
investigated the efficacy and pharmacokinetics of G-CSF powder formulations
and solution administered via the pulmonary route in rabbits. Both powder and
solution formulations of G-CSF delivered in this way exhibited an earlier peak
time than G-CSF given subcutaneously, though the powder formulation was less
efficient in reaching the lung lobes than the instilled solution.

Techniques used to administer G-CSF have an important impact on its absorp-
tion profile. The plasma G-CSF concentration–time profiles were strikingly differ-
ent for aerosol and intratracheal deliveries. The peak plasma level was much
higher and achieved earlier, and the estimated bioavailability was also significantly
greater, after aerosol than after intratracheal administration [21]. It is believed that
permeation and enzymatic degradation are rate-limiting steps in the absorption of
G-CSF after intratracheal administration. The co-administration of surfactants or
protease inhibitors may increase the absorption of G-CSF [86].
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9.6.3.6 Interferons

Interferon (IFN) is a cytokine that is used as a drug for a variety of purposes, in-
cluding the treatment of kidney cancer and tuberculosis. Following challenge or
infection by viruses, IFNs are rapidly induced in cells. Conversely, viral replication
can be inhibited by the addition of exogenous natural and recombinant IFNs in
cell culture.

IFN-� is a pleiotrophic cytokine with infection control activities. It can be deliv-
ered to the deep lung, without systemic side effects, via aerosol. Twenty human
immunodeficiency virus (HIV)-negative subjects with active pulmonary tuberculo-
sis were included in an open, parallel study using aerosolized IFN-� or conven-
tional chemotherapy plus aerosolized IFN-� [87]. Patients receiving chemotherapy
plus IFN-� showed more favorable effects than those receiving chemotherapy
alone. Similar results were also observed after aerosolized IFN-� treatment of pa-
tients with multi-drug-resistant pulmonary tuberculosis [88]. Aerosolized IFN-�
has also been used to treat locally advanced bronchioloalveolar cancer. Although
results indicated that the aerosolized IFN-� form was feasible, the anti-tumor ac-
tivity was limited [89,90]. Several other studies concluded that there was no thera-
peutic advantage of such a delivery system for the treatment of advanced lung can-
cer. In recent years, interest has also been expressed in the potential treatment of
HIV-infected patients with inhaled IFN-� [91]. The lack of in-vivo efficacy in many
cases may relate to the limitations of delivery, clearance, stability and access to in-
fected cells, which in turn results in subtherapeutic concentrations at the desired
site, or systemic toxicity. More effective pharmacotherapy with IFN-� may be pos-
sible by modification of formulations and/or delivery systems.

IFN-� is a glycosylated protein of 18 kDa and is currently approved in the USA
for the treatment of multiple sclerosis (MS). Clinically, it is administered as a
once-weekly IM injection [92]. The bioavailability and safety of IFN-� delivered by
pulmonary administration was evaluated in nonhuman primates using intratra-
cheal instillation. Bioavailability was approximately 10 %, and no significant lung
toxicity was found at dosing frequencies of one to three times per week. It follows
that pulmonary delivery of IFN-� might be a promising alternative to IM adminis-
tration [92]. Inhaled IFN-� (using a jet nebulizer) was also studied for the local
treatment of thoracic malignancies in eight patients; a high tolerance and non-de-
tectable IFN-� in the serum suggested that this route might be promising for the
local treatment of lung diseases [93].

IFN-�, a 20 to 25 kDa lymphokine, is synthesized naturally by activated T cells,
and is critical in the immune response against Mycobacterium tuberculosis. Beck et
al. [94] have demonstrated the efficacy of aerosol-administered murine IFN-� in
pneumocystis-infected mice, while the results of studies in rodents have indicated
an antitumor effect [95] and anti-infective potential of IFN-� [96]. Deposition stu-
dies indicated that aerosolized IFN-� can be effectively delivered to the lower
respiratory tract, and that IFN-� given by this route does not reach the systemic
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circulation or induce any local or systemic side effects. Thus, pulmonary IFN-�
delivery is promising in improving the defenses of the lungs at risk or with infec-
tion [97, 98]. This is in accordance with the findings of a Phase I trial of the inhala-
tion of aerosolized IFN-� conducted by Halme et al. [99]; these authors suggested
that aerosolized IFN-� can be used to treat respiratory tract tumors or infections.
Inhalation of IFN-� was also investigated as a treatment for pulmonary metastatic
tumors or renal cell carcinoma [100]. However, since the long-term effects of re-
combinant human IFN-� (rhIFN-�) are not known, caution must be exercised in
the development of an aerosol delivery system for this agent.

Consensus interferon (CIFN) is a novel, recombinant type I interferon containing
166 amino acids. It may be used in the treatment of viral infections [101] and he-
patitis C [102]. Significant protection was achieved against viral infections via aero-
sol administration of CIFN with an ultrasonic nebulizer. The bioavailability is
about 70 % with a Tmax of 25–30 min, demonstrating the feasibility of using an
aerosolized IFN to treat systemic viral infections [101]. Although both air-jet and
ultrasonic nebulization can lead to noncovalent aggregation of CIFN, the extent of
aggregation can be controlled by optimizing the formulations (addition of surfac-
tant) or by improving the nebulization procedure (cooling of the solution during
nebulization) [103].

9.6.3.7 TSH, FSH, and HCG

The high molecular weight and low lipophilicity of hormones such as thyrotropin-
stimulating hormone (TSH, MW 24–30 kDa), FSH (MW 36 kDa) and human
chorionic gonadotropin (HCG, MW 45 kDa) necessitate their administration by
injection. Komada et al. [104] proposed the lung as an alternative site for their ab-
sorption into the systemic circulation. An aqueous solution and/or a dry powder
of these hormones were delivered into the exposed trachea of anesthetized rats.
TSH, FSH, and HCG, when delivered in solution of neutral pH, resulted in a
bioavailability of 2.5, 2.3, and 0.2%, respectively. When administered with a sur-
factant or under acidic conditions, transpulmonary absorption of these agents
from solution was two- to 30-fold times greater than the above-mentioned values.
Following intratracheal administration as a dry powder, the bioavailability of TSH,
FSH, and HCG were 1.6, 0.6, and 0.1%, respectively. The bioavailability increased
with a decrease in their molecular weight. Hence, the molecular weight of these
agents may be more influential than their surface charge for absorption via alveo-
lar epithelia.

9.6.3.8 Elastase Inhibitors

9.6.3.8.1 Alpha-1 Antitrypsin (�1A)

�1A deficiency is a chronic hereditary disease characterized by progressive emphy-
sema due to an imbalance in the protease/antiprotease levels of the epithelial lin-
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ing layers of the lungs [105,106]. Specifically, the inhibition of elastase in the lower
respiratory tract is compromised by deficient levels of �1A. The recombinant form
of the molecule consists of a 45 kDa single polypeptide that is identical to the hu-
man molecule (52 kDa). The natural and recombinant �1A is not susceptible to
breakdown during nebulization and is readily absorbed into the systemic circula-
tion. This was not unexpected, since IV therapy resulted in demonstrable levels of
the protease inhibitor in bronchoalveolar lavage fluid. Following the administra-
tion of aerosolized r�1A in sheep (100 mg), peak plasma levels occurred at 12 h
[107]. The attraction of pulmonary delivery of r�1A lies in the fact that the dose re-
gimen may be reduced, and targeting to the lungs can be achieved. Dissolution-
controlled kinetics may add to the retention of protein within the lungs if appro-
priately formulated. Smith and coworkers [108] have predicted by modeling deliv-
ery and using results obtained from dogs and sheep that the administration of
aerosolized �1A may provide an efficient method of augmenting alveolar antipro-
tease levels.

9.6.3.8.2 Secretory Leukoprotease Inhibitor (SLPI)

SLPI or antileukoprotease is a 12 kDa natural protein with the ability to inhibit
various serine proteases. It is an especially potent inhibitor of neutrophil elastase
[109], which results in protection of the airway epithelium as well as the alveolar
region of the lung [110, 111]. Recombinant SLPI (rSLPI) is identical to the native
protein with a pI of 9.1, indicating that this protein carries a positive charge at
physiological pH. This increases the probability of SLPI binding to the predomi-
nantly anionic surface of the lung, and also helps to explain the slow clearance of
SLPI from the airways (t1/2 ~12 h in sheep [112], 4–5 h in rats [113]). Aerosol ther-
apy of SLPI was shown significantly to suppress the neutrophil elastase burden of
the respiratory tract, as well as to reduce the level of interleukin (IL)-8, an impor-
tant inflammatory mediator in chronic obstructive pulmonary disease (COPD)
and cystic fibrosis (CF) patients [114]. However, studies with sheep showed that
only one-third of SLPI in the respiratory tract epithelial lining fluid is functional,
and that it does not protect the respiratory epithelium effectively [115]. Further
studies in CF patients have shown that, in order to be effective, the SLPI must be
administered in an impractically high amount (100 mg) and on a regular basis
[116].

9.7

Limitations of Aerosol Delivery

In general, the creation of aerosols is technically difficult, expensive, and time-
consuming. Moreover, patients need to learn specific inhalation techniques for
the correct use of inhaler devices [26], and many have difficulty in using MDIs
properly. Aerosol preparations are associated with significant losses of drug.
Furthermore, due to the inertial impaction of the administered aerosol particles,
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only small fractions (10~15%) of the dose leaving the inhalation device will reach
the small airways and alveoli. Aerosols are, by their nature as disperse systems,
unstable; they tend to settle and to show adhesion to themselves or to other sur-
faces. In addition, the relatively high humidity in the respiratory tract (approach-
ing 100% in the alveoli) can affect aerosol particle size as water condenses on the
particles, or by the hygroscopic growth of solid soluble particles and hypertonic
droplets [117, 118]. Safety issues are another concern for the therapeutic applica-
tion of peptides/proteins via the pulmonary route, especially for those formula-
tions that use absorption enhancers, enzyme inhibitors or microparticles [1].

9.8

Summary

The pulmonary delivery of proteins and peptides, as a promising alternative to
parenteral administration, has attracted much attention in recent years. However,
the formulation and aerosolization of these maocromolecules remains a major
challenge as many such molecules are susceptible to chemical and/or physical de-
gradation. Therefore, during investigations into the formulation of aerosols con-
taining proteins and peptides, attention is focused on maintaining their biological
activities and improving pulmonary deposition and absorption. Complex physico-
chemical properties, such as flow dynamics within the human airways, in addi-
tion to the chemistry and physics of the particles being absorbed, will continue to
be a major challenge for delivering proteins and peptides to desired areas within
the lungs. These challenges must be successfully addressed in order to realize the
full potential of the pulmonary delivery of peptides and proteins, and to bring this
now scientifically well-established concept to fruition. Traditionally, inhalation has
been used as a means of delivering drugs to treat asthma, but a new era of inhala-
tion is emerging with the delivery of proteins and peptides to treat not only pul-
monary diseases but also systemic diseases, including diabetes.
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10

Biopharmaceutical Challenges: Delivery of Oligonucleotides

Lloyd G. Tillman and Gregory E. Hardee

10.1

Introduction

An understanding of oligonucleotide pharmacokinetic and biopharmaceutic prin-
ciples is critical in the effective design and development of dosage forms for anti-
sense oligonucleotide (ASO) drugs. In the development of a biotech therapeutic,
particularly a macromolecule such as ASO, one must consider the indication and
associated target tissue(s), which the drug must reach. In order to provide clinical
efficacy, adequate concentrations must be achieved in these target tissues, over a
defined duration, but these concentrations must remain below the minimum
toxic concentration to avoid the potential of adverse effects. To achieve this bal-
ance and remain within the therapeutic index requires that drug therapy ad-
dresses a number of dynamic factors – ultimately affecting the rate and amount
of drug reaching the systemic circulation and the local site of action. The pharma-
cokinetic principles discussed in Chapter 4 mainly relate to the kinetics of drug
disposition (i. e., distribution and elimination) after the drug has been presented
to the systemic circulation. The parenteral administration of simple solution for-
mulations – either by intravenous or subcutaneous routes – results in a broad dis-
tribution across systemic tissues, with associated activities demonstrated for
example in the liver, synovium, and tumor. It has also been noted that the sys-
temic biodistribution outcome is largely independent of either formulation vari-
ables or the route of administration once absorption of the native oligonucleotide
into the central compartment is completed. However, many sites remain poorly
served by systemic delivery routes, and therefore a local administration may be re-
quired for those therapeutic indications resident in tissues such as the lung, eye,
brain, and colon.

For certain indications the target tissues are directly accessible for local admin-
istration techniques facilitating high local concentrations. This resultant concen-
tration gradient of drug – across the target tissue surface – constitutes a driving
force for the oligonucleotide diffusivity to better traverse tissue and cell mem-
branes in line with Fick’s First Law of diffusion. The appropriateness of the basic
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diffusion principles inherent with Fick’s laws of diffusion is justified on the basis
of the demonstrated dose (concentration)–response relationships seen with
ASOs. This is seen more directly in the examples discussed in Chapter 4, which
showed a rank-order relationship between the pharmacokinetic and pharmacody-
namic metrics. The typically seen temporal hysteresis of this relationship ac-
counts for both the slow rate of flux of ASO into the tissues and, of course, the
delayed manner of oligonucleotide action in the down-regulation of mRNA and
protein synthesis. Oligonucleotide diffusivity is a function of molecular struc-
ture, charge, hydrodynamic radius, protein binding equilibria, as well as the bio-
physical aspects of the administration site such as surface area, temperature,
and the characteristics of the barrier membrane (i. e., passive diffusion versus sa-
turable transfer). In light of these variables involved with local therapies, it is evi-
dent that there are both formulations and delivery techniques to more efficiently
deliver increased quantities of ASO into tissues for local effect. Simply put –
“concentration matters”.

Until recently, nonparenteral routes have failed to deliver sufficient quantities
of ASO to be systemically therapeutic. The recent advent of novel oral delivery
technologies, coupled with the increased tissue residence time for second-gen-
eration ASOs, allows oral delivery to achieve therapeutic levels for select sys-
temic indications. This chapter will initially outline certain more conventional
aspects of parenteral dosage forms, and then focus on formulation technologies
that more specifically address local treatment. For the oral route, we will pass to
the biopharmaceutic considerations for both local delivery to the gut and sys-
temic delivery via absorption from solid dosage forms. Incumbent with the dis-
cussion on formulations is the need initially to overview the physico-chemical
properties of ASOs, which in large part determine their biopharmaceutic charac-
teristics.

10.2

ASOs: The Physico-Chemical Properties

In the development of any drug product it is essential that the fundamental physi-
cal and chemical properties be determined of both the pure active ingredient and
of the various possible dosage formulations. Such data often dictates the release
characteristics and underscores the choices considered for dosage form design.
ASOs represent a new category of compounds where these properties have yet to
be fully characterized, but it is evident that the physico-chemical properties appear
quite uniform within a chemical class of ASOs. That is, with respect to the inher-
ent properties of the nascent or unformulated oligonucleotide, there is sufficient
evidence that we may assign common properties for the ASOs of a given class of
oligonucleotide chemistry. Data consistently demonstrate that all “first-genera-
tion” or phosphorothioate oligodeoxynucleotides exhibit similar physico-chemical
properties. Likewise, newer chemistries appear to have conformity within their de-
fined chemistry, such as sugar-modified chemistries (e.g., 2
-O-alkoxyalkanes) or
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backbone-modified chemistries (e.g., methylphosphonates versus phosphorothio-
ates). This important feature of class conformity allows for the consistent applica-
tion of biopharmaceutic and pharmacokinetic principles across the innumerable
base sequences possible within any single oligonucleotide chemical class. For ex-
ample, rates of drug release from a dosage form can be estimated from precedent
data as well as distribution and elimination estimates – which many times are de-
pendent upon biophysical interactions such as protein binding. The exception to
this axiom may be in the instances where intra- or intermolecular Watson–Crick
base-pairing occurs. Such base-pairing, if significant, may result in a stable sec-
ondary structure (if self-complementary) or in a noncovalent polymeric structure
consistent with “nearest neighbor” thermodynamic data [1]. Such altered states
need to be reckoned with if ASO sequences permit such associations beyond four
or five base-pairs per 20-mer ASO.

ASOs are synthesized as complex mixtures of diastereomers. In the solid state,
they are amorphous, electrostatic, hygroscopic solids with low-bulk densities, pos-
sessing very high surface areas, and poorly defined or no melting points. Their
good chemical stability allows them to be stored as lyophilized or spray-dried pow-
ders, or as concentrated, sterile solutions. For example, the 21-mer ASO Vitrave-
neTM (fomivirsen sodium intravitreal injectable) is approved in the USA for a sto-
rage condition from 2 to 25 �C [2].

Due to their polyanionic nature, ASOs are extremely water-soluble under neut-
ral and basic conditions. Consequently, drug-product concentrations are often
only limited by an increase in solution viscosity at very high concentrations (e.g.
>300 mg/mL) [3]. Not surprisingly, extremes of pH and ionic strength influence
the apparent solubility. In acidic environments such as the stomach, inter-nucleo-
tide linkages are partially neutralized by protonation. With this consequent de-
crease in their polyanionic status there is a marked decrease in oligonucleotide so-
lubility, an event that can be easily reversed by raising the pH.

Phosphorothioate oligonucleotide degradation has been primarily attributed to
two mechanisms: desulfurization, and acid-catalyzed hydrolysis. Desulfurization
of the backbone, observed at elevated temperatures and under intense ultraviolet
(UV) light, leads to (pharmacologically active) ASOs that primarily contain one or
more phosphate diester linkage where oxygen has replaced sulfur [4]. It must be
noted that, while such ASOs are pharmacologically active, the accumulation of
phosphodiester linkages – particularly if on adjacent or terminal nucleotides –
renders the compound more susceptible to metabolism by nucleases. Thus, the
presence of numerous phosphodiester linkages may impact and shorten the com-
pound’s in-vivo half-life, particularly if the phosphodiesters are located in the cen-
tral gap of the ASO. This gap is between the nuclease resistant wings of the mole-
cule where 2
-O-alkoxyalkane ribonucleosides afford protection from enzymatic
cleavage. Indeed, there is evidence that chimeric ASOs containing phospho-
diester linkages along with 2
-O-alkoxyalkane derivatives may improve biological
potency [5]. Under acidic conditions, a phosphodiester ASO may be more prone
to depurination, resulting in ASOs containing one or more abasic sites. The loss
of bases decreases the base-pairing binding affinity to the target mRNA, thereby
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rendering the ASO less effective. Abasic sites are also more susceptible to base-
mediated cleavage of the adjacent phosphorothioate linkages. Formulation devel-
opment activities must therefore ensure adequate stability and therefore need to
include analytical techniques with monitoring and control of these attributes.
Both, the desulfurization and hydrolytic pathways can be monitored by a variety
of analytical techniques, including capillary gel electrophoresis, anion-exchange
and ion-pair liquid chromatography and liquid chromatography-mass spectros-
copy.

All of the physical-chemical characteristics discussed here are important when
designing viable, efficacious formulations with acceptable storage and in-vivo sta-
bility.

10.3

Local Administration

10.3.1

Ocular Delivery

A key milestone in the development of antisense therapeutics was the 1998 FDA
approval of the first antisense drug,Vitravene (fomivirsen), which was used for the
local treatment of eye infections caused by the HIV-induced cytomegalovirus
(CMV) [6]. Local treatment for this product is accomplished by intravitreal injec-
tion of 50 �L of a sterile, aqueous solution with a 30-gauge needle. Fomivirsen is a
21-mer phosphorothioate oligodeoxynucleotide and, as such, is in the first-genera-
tion ASO chemistry class. As noted in Chapter 4, this chemistry has a shorter
half-life than the second-generation ASOs. Generally, first-generation chemistries
clear from the plasma in hours and have tissue half-lives on the order of one to
two days, but in the case of fomivirsen, its clearance from the vitreous of rabbits
took seven to ten days [7]. This vitreal clearance was mediated by a combination of
tissue distribution and metabolism. At equilibrium in the eye, fomivirsen concen-
trations were greatest in the retina and iris. Fomivirsen was detectable in retina
within hours after intravitreal injection, with retinal concentrations increasing
over three to five days. Metabolism is the primary route of elimination from the
eye. Metabolites of fomivirsen are detected in the retina and vitreous in animals.
Systemic exposure to fomivirsen following single or repeated intravitreal injec-
tions in monkeys was below the limits of quantitation. In monkeys treated every
other week for up to three months with fomivirsen there were isolated instances
when fomivirsen’s metabolites were observed in liver, kidney, and plasma at a con-
centration near the level of detection [8].

An alternative to direct intravitreal injection is to use a noninvasive method of
ASO delivery employing iontophoresis. The advantage of using low current den-
sity iontophoresis is that the ASO intraocular distribution will allow for therapeu-
tic concentrations to be achieved across a large number of tissues, including the
anterior uvea and the cornea as well as neural retinal areas. Voigt et al. [9] evalu-
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ated this intraocular ASO delivery approach in the rat model of endotoxin-induced
uveitis which is characterized by NOSII (nitrous oxide synthase II) up-regulation.
Iontophoresis facilitated the penetration of both anti-NOSII ASO and a control
ASO with scrambled nucleotide sequence across the intraocular tissues of the
eyes. Both active and control ASO were 21-base oligodeoxynucleotides. This bio-
distribution was demonstrated by histological examination of the fluorescently la-
beled ASOs and by the down-regulation of NOSII in the iris/ciliary body of the ac-
tive treated eyes compared to the saline or scrambled ASO-treated eyes. The appli-
cation of iontophoresis demonstrates a unique and noninvasive approach for the
efficient delivery of ASO into the eye – increasing the likelihood of successful ther-
apy for debilitating eye diseases manifesting posterior segments of the eye.

10.3.2

Local Gastrointestinal Delivery

Direct delivery of ASO to the gastrointestinal (GI) tract, by way of oral or rectal do-
sage forms, may lead to significantly higher local intestinal lumen ASO concen-
trations than when dosed by parenteral routes. These dosage forms may therefore
be effective approaches to treat a number of local GI diseases. Such pathologies
include certain malabsorption syndromes, inflammatory diseases, and carcino-
mas. A number of dosage forms exist that may be used to more conveniently tar-
get ASOs for a variety of local GI indications.

10.3.2.1 Rectal Dosing

For the rectal route, dosage forms include suppositories, liquid enemas, or gels
and foams. While varying in patient convenience and “feel”, these also differ in
their biopharmaceutic release profile and regional mucosal surface area coverage.
Generally, suppositories cover less surface area but may be ideal for specific indica-
tions such as proctitis and perhaps proctosigmoiditis [10]. Enemas and gels cover
all of the sigmoid colon and typically reach to the splenic flexure, proximal to the
descending colon. Foams are known to consistently reach the descending colon
but depending on formulation have been known to spread proximal to the splenic
flexure as determined by gamma scintigraphy [I. Willding, personal communica-
tions, August 2002]. Foams are also generally better tolerated by the patient than
enemas owing to the ease of use and a less “full” feeling post administration.

Besides biopharmaceutic distribution, the decision for a dosage form also de-
pends on other factors such as mitigating pathophysiologies and patient compli-
ance. For example, with distally presenting ulcerative colitis it is not uncommon
for patients to have proximal bowel constipation complicated with distal diarrhea.
This can impact the choice of therapeutic as well as involve the use of other aids
such as a vigorous laxative in the event of fecal loading in the descending colon.
Compliance also plays a large role in therapeutic outcome and, not surprisingly,
patients prefer suppositories over enemas and prefer single daily treatments over
twice-daily treatments [11].
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10.3.2.2 Oral Dosing

A number of solid dosage formulation technologies, including capsules and tablets,
are available for the oral route to target local GI indications. Generally, these em-
ploy controlled-release attributes, thereby allowing for a regional release of dosage
unit contents. The accuracy of such oral formulations generally varies in line with
the triggering mechanism of the dosage form technology. Typically, this catalyst is
pH, but such dosage forms have also been engineered to release on the basis of
other variables such as bacterial or enzyme digestion or by way of pH-indepen-
dent dissolution. Such dosage forms can release ASOs distally in the colon for the
treatment of distal pathologies, or they can release more proximally in the small
intestine to treat diseases such as Crohn’s disease or ileus. In the development of
“oralocal” ASO dosage forms – oral route for local or luminal gut therapy – it is
also important to consider the ASO chemistry since its metabolic half-life in the
gut milieu is critical to clinical outcome. One experiment in a dog colitis model
demonstrated that an orally administered second-generation 2
-O-methoxyethyl
(MOE)-gapmer ASO chemistry could achieve high concentrations in colon tissue
after repeat dosing, producing tissue concentrations almost equivalent to those
with an enema control [12]. Thus, in the development of an oralocal ASO formula-
tion, the foremost considerations are of the target tissue location (i. e., proximal
versus distal) and the type of ASO chemistry to be delivered.

A retention enema formulation to treat inflammation locally within the colon is
currently under investigation at Isis Pharmaceuticals, Inc. Absorption into local
tissues was achieved in animal enema models using ASO in an aqueous buffered,
viscous formulation. At 2 h after a 1-h retention, levels of intact oligonucleotide in
healthy tissue were about 100-fold higher than those achieved with an intravenous
(IV) injection of an equivalent or higher dose (Table 10.1) [12]. Furthermore, the
presence of ASO was still evident the following day in this single-dose study. In
further support of this nonsystemic therapeutic approach are observations in
mice [colitis induced with dextran sulfate solution (DSS)] and rats [colitis induced
with trinitrobenzene sulfonic acid (TNBS)] that locally administered solutions of
ASO accumulate to a greater extent in inflamed GI tissue than in normal tissue
[12]. In the rat colitis model, ISIS-2302 solutions were administered by IV injec-
tion or intracolonic instillation. Oligonucleotide concentrations were determined
in the liver and colon (Fig. 10.1). While there was no significant difference in tis-
sue or plasma concentrations between normal and colitic rats when given oligonu-
cleotide by the IV route, large differences were found between normal and colitic
rats for intracolonic administration. Concentrations in the colon, in particular,
were considerably higher in the diseased tissue. The data are consistent with the
previous comment that diseased tissue might be targeted by the oral route using
oralocal dosage forms.

Based upon these observations and following Phase I safety studies, a Phase II
randomized, double-blind, controlled clinical trial was undertaken to treat active ul-
cerative colitis with escalating doses of ISIS 2302. Based on an intent-to-treat analy-
sis, 59% (13/22) of patients treated daily with 240 mg ISIS 2302 enema over six
weeks achieved a positive response, as measured by Disease Activity Index (DAI)
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scores. Six months later at the end of the study, 77% (10/13) of these patients con-
tinued to demonstrate an improved DAI. Patients treated with ISIS 2302 enema
who achieved a response maintained their response, on average, for longer than six
months compared to a duration of response of less than three months for placebo-
treated patients. It is notable that patients treated with 240 mg ISIS 2302 enema ex-
perienced minimal to no systemic absorption of drug (<1% of dose), showing that
the drug is acting locally to treat this local disease [13].

10.3.3

Pulmonary Delivery

Efficient delivery to lung tissues is best realized upon delivering by way of the pul-
monary route. The parenteral delivery of ASO does not lead to substantial lung
uptake, and is therefore not an ideal route for treatment of disease in lung tissue.
Following a 0.8 mg/kg IV bolus injection, the concentration of ASO in the lung
tissue has been shown to be less than 5 �g/g [14], a concentration approaching
pharmacologically active levels. Direct administration to the pulmonary airways
through inhalation would potentially increase local concentrations, and also serve
as a less invasive route of administration. Delivery options include continuous
and single-dose nebulizers, metered-dose inhalers, and dry powder inhalers. Such
devices are far less invasive than parenteral administration and, in addition to po-
tentially increasing efficacy, are likely to increase patient compliance.
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Table 10.1 Dog colon tissue biopsy concentrations of intact ISIS 2302 oligo-

nucleotide at 3 and 24 h after single-dose retention enema (10 mg/kg) or

intravenous (dosage indicated) administrations.

Formulation Tissue concentrations [�g/g]a)

3 h 24 h

Enema (5 mg/mL oligonucleotide)
1.5% Hydroxypropylmethylcellulose 660 7
1.0% Carrageenan 558 3
Emulsion with Captex, Labrasol, and Crill 224 1
0.5% Tween 80, 0.75% HPMC 621 6
5% Sorbitol, 0.75% HPMC 417 1

IV dosing
2 mg/kg 2 n.a.
10 mg/kg 11 0.6

a) Measurements by capillary gel electrophoresis.
n.a. = not available.
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Fig. 10.1 Rat colon tissue (A) or liver tissue (B) oligonucleotide concentra-

tions as a percentage of administered radioactive dose for normal rats (filled

symbols) or treated with trinitrobenzene sulfonic acid (open symbols) as a

model for colitis. Solid lines represent intravenous route; broken lines desig-

nate rectal dosing (both 100 mg/kg ISIS 2302 with nonexchangeable 3H

label).



10.3.3.1 Formulation Considerations

Wu-Pong and Byron [15] have contributed a review of the issues associated with
pulmonary delivery of ASOs. Since ASOs are freely soluble and highly hygro-
scopic, it would be reasonable to assume that initial dosage forms will rely upon
the aerosolization of simple aqueous solutions. Our data indicate that commer-
cially available nebulization devices will generate suitable aerosolizations of ASO
solutions at concentrations up to 180 mg/mL [3]. Ultrasonic and jet nebulizations
were found to have essentially no effect on the phosphorothioate stability of the
ASO over 40 min, which is longer than typical treatment times.

Depending on particle size, delivery may be primarily to the upper airways or to
the alveoli [15, 16]. Particles with diameters of approximately 5–10 �m will gener-
ally deposit in the upper airways, while those in the range of approximately 0.5–
5 �m approach the alveoli. Particles smaller than 0.5 �m are often exhaled, while
particles larger than 10 �m are generally deposited in the oral capacity and subse-
quently swallowed.

10.3.3.2 Deposition and Uptake

ASO was successfully delivered to cells of the mouse lung using simple aqueous
formulations aerosolized with commercial nebulization equipment [17]. Single or
multiple nose-only administration led to significant oligonucleotide concentra-
tions in lung tissues (Table 10.2) and bronchiolar lavage fluid with low or mild
toxicity, depending on dose. Using immunohistochemistry, ASO could be visua-
lized in pneumocytes, vascular endothelium, and alveolar macrophages. Single
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Table 10.2 Oligonucleotide concentrations in murine lung tissue (n = 3–5

mice) after single, 30-min, nose-only inhalation exposure to ISIS-2105.

Dose a) Time Oligonucleotide % Intact b)

[mg/kg] [h] total concentration

[�/g tissue]

1.2 EOE 55.7 79
2 52.4 63
8 34.3 48
24 21.8 25

12 EOE 153.6 86
2 86.0 72
8 68.7 49
24 78.3 33

a) Dose level expressed as the pulmonary dose, i. e. amount estimated to be depos-
ited in the lung. Necropsies were conducted at end of exposure (EOE) or at
selected time intervals after exposure.

b) Relative amount of parent, 20-mer total oligonucleotide (ISIS 2105 plus
metabolites).



and multiple exposures differed only in the amount of oligonucleotide present,
and not the distribution pattern. The pulmonary dose was determined to be 10 %
of the respirable or nasally inhaled dose. This is a reasonable deposited fraction
for this aerosol presentation owing to its mass median aerodynamic diameter
(MMAD), which ranged from 0.3 to above 5 �m. Experiments with pulmonary
doses as low as 1–3 mg/kg showed that significant concentrations of ASO can be
deposited (>50 �g oligonucleotide per g tissue) and maintained (20 h or greater
half-life) in lung, with little if any systemic exposure. ASO was localized to the
bronchiolar epithelium and alveolar epithelium and endothelium. At doses of
12 mg/kg, systemic distribution was found, with plasma levels as high as 4.2 �g/
mL and liver concentrations as high as 30 �g/g. Toxicity was mild at the 12 mg/kg
level, and minimal to absent at doses of 3 mg/kg or below. Taken together, the re-
sults of these studies indicate that the pulmonary delivery of ASO directly to the
lungs for local activity can be accomplished safely and with doses lower than those
required with IV administration. It appears that pulmonary dosing of ASOs for lo-
cal therapeutic benefit is within reach of currently available technologies. Further-
more, the use of newer oligonucleotide chemistries, such as the sugar-modified
(2
-O-alkoxyalkane) derivatives that significantly enhance tissue accumulation will
allow higher steady-state concentrations or less frequent dosing to be achieved,
due to their longer tissue elimination half-lives.

In addition to these studies that characterize deposition and uptake, there are
several reports in the literature that demonstrate antisense pharmacology using
the pulmonary route. The administration of an aerosolized phosphorothioate oli-
gonucleotide (antisense to adenosine A1 receptor mRNA) desensitized rabbits to
subsequent challenge with either adenosine or dust mite allergen. Rabbits treated
with the sequence-specific ASO demonstrated a dose-dependent desensitization,
while animals treated with a mismatched sequence control showed no desensiti-
zation [18, 19]. Specifically, these authors showed that aerosols created with ordin-
ary nebulizers (which generate 80 % of droplets <5 �m in diameter) effectively
reach the bronchial smooth muscle in sufficient quantities to specifically attenu-
ate the target up to 75% [19]. Similar results were found using bradykinin B2 re-
ceptor-specific ASO and a mismatched control [19]. In another approach to ASO
delivery to the lungs, pharmacologic activity was demonstrated by inserting an
antisense mRNA complementary to the ras proto-oncogene into adenovirus vector
particles. These vectors were delivered intratracheally to nude mice that had been
previously inoculated with a human lung carcinoma. While 90 % of the mice trea-
ted with a virus expressing a control sequence grew tumors, 87% of those treated
with the virus expressing the antisense sequence were tumor-free [20].

The literature reviewed here show that both formulated and unformulated (sim-
ple aqueous solution) ASO can be delivered to the lungs, where they subsequently
suppress local gene expression, opening a wide variety of diseases to antisense
therapy.
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10.3.4

Delivery to the Brain

In general, the blood–brain barrier (BBB) is only permeable to lipophilic mole-
cules of molecular weight <600 Da, while even small water-soluble molecules gen-
erally cannot be transported [21]. This would preclude the direct delivery of ASO
to the brain from the systemic circulation without the assistance of specialized
drug delivery systems.

Unmodified phosphodiester oligodeoxynucleotides have been directly injected
intracerebrally to down-regulate the expression of neurotransmitters in a se-
quence-specific manner [22]. While phosphodiester oligodeoxynucleotides are ra-
pidly degraded in the brain, phosphorothioate oligodeoxynucleotides are more
metabolically stable, but are nevertheless cleared via the cerebrospinal fluid bulk
flow. Whitesell et al. [23] demonstrated extensive brain penetration and marked
cellular uptake after continuous intracerebral infusions with a mini-osmotic
pump. Direct intracerebral administration has been utilized by Sommer et al. [24]
to study ASO directed to c-fos, and by Mustafa and Dar [25] to down-regulate the
adenosine A1 receptor expression. One report in the literature details the accumu-
lation of systemically administered ASO in implanted subcutaneous and intracra-
nial glioblastoma tumors in mice [26]. A similar ASO was shown not to cross the
BBB in normal animals [27]; thus, it was hypothesized that the presence of a
glioma may sufficiently disrupt the BBB to allow pharmacological concentrations
of oligonucleotide to accumulate within the tumor. Accumulation was sufficient
in this model to demonstrate antitumor activity.

Boado et al. [28] devised delivery systems based on conjugates of streptavidin and
the OX26 monoclonal antibody directed to the transferrin receptor as a carrier for
the transport of ASO. These delivery systems were found to transport peptide nu-
cleic acid antisense molecules, but not ASO, across the BBB. These authors attribu-
ted this difference to preferential binding of phosphorothioate oligonucleotide to
plasma protein instead of the antibody complex, which reduced their transport.

10.3.5

Topical Delivery

The barrier properties of human skin have long been an area of multidisciplinary
research. Skin is one of the most difficult biological barriers to penetrate and tra-
verse, primarily due to the presence of the stratum corneum. The stratum cor-
neum is composed of corneocytes laid in a brick-and-mortar arrangement with
layers of lipid. The corneocytes are partially dehydrated, anuclear, metabolically ac-
tive cells completely filled with bundles of keratin with a thick and insoluble en-
velope replacing the cell membrane [29]. The primary lipids in the stratum cor-
neum are ceramides, free sterols, free fatty acids and triglycerides [30], which
form lamellar lipid sheets between the corneocytes. These unique structural fea-
tures of the stratum corneum provide an excellent barrier to the penetration of
most molecules, particularly large, hydrophilic molecules such as ASOs.
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A number of approaches can be pursued in order to penetrate the stratum cor-
neum barrier. These approaches either alter the ASO’s physico-chemical proper-
ties directly, the biophysical properties of the barrier, or provide some other driv-
ing force or influence onto both the drug and the stratum corneum barrier. Alter-
ing the thermodynamic properties of oligonucleotide molecules is possible by
either utilizing a hydrophobic counter cation (e. g., benzalkonium) or by chemi-
cally modifying the oligonucleotide chemistry to eliminate the anionic backbone
charges (e.g., morpholino or PNA oligonucleotide chemistries). These modifica-
tions have resulted in increased penetration across isolated hairless mouse skin.
This was explained on the basis of greater partitioning into the lipid phase [31]. Al-
ternatively, physically changing the stratum corneum to impair its integrity can re-
sult in improved skin penetration. There have been a number of creative ap-
proaches to impair the integrity of the skin without overtly causing long-term da-
mage. Some examples of these breaching methods to induce transient openings
in the stratum corneum include both ultrasound-induced sonoporation [32] and
electroporation [33]. Iontophoresis, which involves the application of an electric
field across the skin to induce electrochemical transport of charged molecules,
has been studied extensively for the transdermal delivery of ASOs [34]. Lastly, the
use of topical formulations containing permeation enhancers (PEs) offers several
advantages in regard to the tailoring of formulation compositions and on the prac-
tical ease of application – particularly being able to avoid the use of application de-
vices.

Chemical PEs have recently been studied for increasing transdermal delivery of
ASOs or other polar macromolecules [35]. Chemically induced transdermal pene-
tration results from a transient reduction in the barrier properties of the stratum
corneum. The reduction may be attributed to a variety of factors such as the open-
ing of intercellular junctions due to hydration [36], solubilization of the stratum
corneum [37, 38], or increased lipid bilayer fluidization [39, 40]. Combining var-
ious surfactants and co-solvents can be used to achieve skin penetration, purport-
edly resulting in therapeutically relevant concentrations of ASO in the viable epi-
dermis and dermis [41]. In summary, it appears feasible to deliver ASO to the skin
using a number of different delivery techniques and formulations.

10.3.6

Other Local Delivery Approaches

When considering efficient dose utilization, the use of local delivery should be
superior to systemic administration for targeting ASOs to accessible tissues.There
are numerous possibilities available for nonsystemic therapies wherein a large
number of pathologies may be treatable with ASOs. A partial listing of possible lo-
cal treatments is provided in Table 10.3.

ASOs have been administered by many of these routes – generally with marked
success even with the shorter half-life first-generation oligonucleotide chemistries.
Besides Vitravene for CMV retinitis, first-generation ASOs have also been admi-
nistered locally for ulcerative colitis (rectal), human papillomavirus (HPV) infec-
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tions or genital warts (intradermal), psoriasis (topical), and for the treatment of
coronary vessel decay (using ex-vivo tissue loading during coronary surgery).

10.4

Systemic Delivery

10.4.1

Parenteral Routes

In animal studies, there is overwhelming evidence of biological activity of ASOs
upon IV injection of simple solutions. Given the excellent solution stability and
solubility possessed by phosphorothioate oligodeoxynucleotides, it has been rela-
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Table 10.3 Administration routes and dosage forms allowing for local disease treatments.

Route Target organ Formulation options

Ocular, intravitreal Eye tissues Eye drops; injectable

Pulmonary Lungs Various aerosol devices

Oral Gastrointestinal tract Oral dosage forms; controlled
release

Rectal Distal colon Enema; suppository

Topical Skin Creams; device-mediated

Vaginal Uterine, vaginal mucosa Suppository; tablets

Buccal, sublingual, oral
cavity

Buccal mucosa; gingival
sulcus

Bioadhesive patch; biodegradable
solution matrix, tablet

Tympanostomy tube Inner ear Sterile drops

Intrathecal or intracerebral
ventricular catheter

Brain, spinal cord Sterile solution

Intraurethral Bladder, urethra Solution; suspensions

Intravenous Lungs Sterile suspension for injection

Intra-arterial Afferential organs Sterile suspension for injection

Nasal Nasal tissues Nasal spray; nebulizer

Parenteral depot or place-
ment (e.g., coronary)

Various: subungual,
surgical fields, vessels

Sustained-release injectable;
biodegradable matrices or splints

Intraperitoneal Abdominal organs,
peritoneum

Sterile solution

Ex-vivo tissue loading Homologous transplants Bathing solution; pressure-
mediated tissue loading



tively straightforward to formulate these first-generation drug products in support
of early clinical trials. Simple, buffered solutions have been successfully used in
clinical studies by IV, intravitreal, and subcutaneous (SC) injections. Simple aqu-
eous formulations of ASO are generally administered by slow infusion, rather
than IV bolus, to control peak plasma levels below those associated with acute
toxicity. Sterile solutions for injection are prepared by aseptic filtration and are
also suitable for lyophilization or freeze-drying for subsequent reconstitution prior
to use. These formulations are stored in glass vials but it is reasonable to consider
and qualify alternate primary packaging, such as blow-fill-seal plastics, prefilled
syringes, or other packaging configurations.

Besides the above-described conventional and relatively simple solution formu-
lations, there is a huge effort underway, using novel formulations, to promote
more efficient cellular uptake and delivery of biotechnology compounds, includ-
ing ASOs. For pharmacologic activity, cellular uptake of ASO is necessary which
has generally been perceived as a challenge for ASOs. In-vitro observations of
phosphorothioate oligodeoxynucleotides led many working in the area to conclude
that, because of metabolic instability, size, and charge, ASOs would not be ade-
quately taken up into the targeted tissues or cells necessary to exert pharmacologic
activity. These points notwithstanding, an ever-expanding body of in-vivo animal
and clinical data is demonstrating that even simple saline solutions, parenterally
administered, can lead to effective ASO uptake and pharmacologic activity. Yet the
efficiency of this cellular uptake process is limited. Thus, the development of no-
vel formulations and delivery routes is opening a wider variety of target tissues
and cells to treatment with ASOs through increased efficiency and stability. Such
formulations include those specifically addressing cellular uptake and trafficking
on a subcellular level. They include a variety of novel formulations, such as func-
tional liposomes (long-circulating or StealthTM liposomes, charge-based lipo-
somes, fusogenic and cell-surface targeted liposomes), protein-coated microbub-
bles, and cationic complexes and microspheres. The discussion of such novel for-
mulations affecting cellular-based drug targeting, uptake and release is beyond
the scope of this section, and the reader is referred to other sources for details on
the subject [42–46].

10.4.1.1 Sustained-Release Subcutaneous Formulations

Subcutaneous administration is preferable to continuous IV infusion due to the
convenience and lower costs of administration. For SC administration, a higher
potency is required than that generally demonstrated by first-generation oligonu-
cleotides in order to reduce the depot mass to provide a reasonable volume for in-
jection. Interesting formulation progress has been reported in the literature. A SC
injection of the phosphorothioate c-myc ASO, complexed with zinc and microen-
capsulated with the biodegradable polymer poly(d,l-lactide-co-glycolic acid), was
found to be significantly more efficacious than an IV administration of unencap-
sulated drug in human melanoma and leukemia xenografts in immunocompro-
mised mice [47]. The microencapsulated ASO provided a sustained-release formu-
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lation that was effective at lower doses and with less frequent dosing than the un-
formulated (solution) ASO.

10.4.2

Oral Delivery

Oral dosage forms are ideal for patient convenience and compliance. For tradi-
tional small molecular-weight molecules, this route has been used for both sys-
temic delivery and delivery to local GI tissues, as mentioned earlier. For large,
polyanionic, hydrophilic oligonucleotide molecules, a variety of issues must be
considered when designing such dosage forms, particularly to enable systemic ab-
sorption by the oral route. Among these are chemical instability and precipitation
at gastric pH, metabolic instability within the intestinal environment, low intest-
inal permeability, high protein binding, and first-pass hepatic clearance. These
challenges have led many to conclude that effective oral systemic administration
of most biotechnology therapeutics with characteristics of ASOs is not feasible
[48]. Indeed, the early reports of oral bioavailability approaching 35% from gavage
solutions containing radioactive phosphorothioate oligodeoxynucleotides in rats
were consequently perceived to be the uptake of degraded forms [49]. The above-
mentioned barriers to oral bioavailability of ASO were delineated by Nicklin et al.
[50]. Of these, two stand out as critical: instability in the GI tract; and low perme-
ability across the intestinal mucosa. However, progress is being made to address
and/or understand each of these barriers by way of changes to oligonucleotide
chemistry and use of appropriate formulations.

ASOs are rapidly digested by the ubiquitous nucleases found within the gut. As a
consequence, these first-generation ASOs require stabilization in order to achieve a
reasonable GI residence time to allow absorption to occur. To impart enzyme resis-
tance, modifications can be made to the phosphate backbone, the nucleotide sugar,
or both. It has been demonstrated that such modifications need to be incorporated
at only a subset of the sites available on the oligonucleotide molecule. Such hybrid
structures have demonstrated significantly improved nuclease stability. This was
shown by Zhang et al. [51, 52] for both backbone modifications (methylphospho-
nates) and for sugar-modified (2
-O-methyl) ASOs. However, care must be taken to
ensure that mRNA binding affinity is not impaired by such modifications – particu-
larly modifications involving an increase in the size of the 2
-O-substituent. It was
determined that 2
-O-alkoxyalkyl substituents retain or improve upon the RNA bind-
ing affinity and have greatly improved nuclease resistance. The MOE derivative was
proposed as a promising candidate from this class of derivatives [5], and has since
been evaluated for presystemic enzyme stability within the digestive system of the
rat. This stability is proportional to the degree of sugar substitution (Fig. 10.2).

Relative to the unmodified phosphorothioate oligodeoxynucleotides, these data
demonstrate the increasing benefit of MOE substituents present as either a hemi-
mer, with MOEs at the 3
-termini only; or a gap-mer, with MOEs present at both the
3
- and 5
-termini; and lastly, a full MOE substitution at every sugar location. These
MOE gap-mer chemistries are demonstrating clinical efficacy by the subcutaneous
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route and, in the case of ISIS 301012, which targets apoB-100 mRNA, the potency
is such that oral dosing for systemic therapy of hyperlipidemia is feasible [53].

An alternative approach to improving enzyme stability of ASO is by way of for-
mulations that impose a physical barrier, preventing or delaying the nuclease en-
zymes from reaching the oligonucleotide cleavage site. Examples of such formula-
tions include: (1) conventional modified-release dosage forms, which incorporate
the oligonucleotide within the solid matrix of the dosage unit, and (2) complexed
ASOs with cationic species formulated through a process referred to as complex
coacervation. In addition to enzyme stability, such formulations have been pur-
ported to impart additional characteristics favorable to oligonucleotide absorption.
These include: modified delivery (e.g., site-specific or increased retention by
bioadhesion); a change in oligonucleotide physico-chemical properties (e. g.,
charge neutralization or lipophilicity) ; and a change or impact on the absorbing
membrane itself (e. g., opening of tight junctions or fluidization of mucosal mem-
brane). These concepts are discussed more fully below.

10.4.2.1 Permeability

The physico-chemical properties of ASOs present a significant barrier to their GI
absorption into the systemic circulation or the lymphatics. These properties in-
clude their large size and molecular weight (i. e., ca. 7 kDa for 20-mers), hydrophi-
lic nature (log Do/w approximating –3.5) and multiple ionization pKa-values. The
titration of a 20-mer phosphorothioate oligonucleotide on a Sirius GlpKa instru-
ment noted over 17 pKas for the unmodified oligodeoxynucleotide sequence and
over 32 pKas for the MOE hemi-mer form of the same sequence (unpublished
data). While the baseline permeability values for 20-mer oligodeoxynucleotides ap-
proximate 2 × 10–6 cm/s in the rat small intestine (mucosal-to-serosal), and can be
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improved by chemistry modifications (Fig. 10.3), these values are still far below
those of compounds exhibiting high permeability, such as naproxen [54].

The use of formulations can further improve upon this permeability. When for-
mulating ASO drugs to improve oral bioavailability, the mechanism of oligonu-
cleotide absorption, either paracellular via the epithelial tight junctions or trans-
cellular, by direct passage through the lipid membrane bilayer, must be consid-
ered. By using paracellular and transcellular models appropriate for water-soluble,
hydrophilic macromolecules, it was suggested that ASOs predominantly traverse
the GI epithelium via the paracellular route [55]. In this regard, formulation de-
sign considerations involve the selection of those PEs which facilitate paracellular
transport and meet other formulation criteria including: suitable biopharmaceu-
tics, safety considerations, manufacturability, physical and chemical stability, and,
practicality of the dosage form configuration (i. e., regarding production costs, dos-
ing regimen, patient compliance, etc.).

Initial attempts at selecting PEs have identified certain surfactants, such as bile
salts and fatty acids, which appear to facilitate oligonucleotide absorption. The ad-
vantages of these components are many, in that they are endogenous to foods and
body constituents, plus the literature is rich with information about the use and
exposure of these two classes of compounds [56]. The precise mechanism of ac-
tion for these PEs is unknown, but is believed to involve a disruption of the mucus
layer barrier, an increase in the fluidity of the mucosal membrane, and potentially
an opening of the paracellular tight junctions. The mucolytic effect coupled with
the increased membrane fluidity imparted by these excipients appears to allow in-
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Fig. 10.3 Effect of oligonucleotide chemistry on permeability in the rat

intestine in situ [54]. P=O designates phosphodiester ASO backbone

chemistry; P=S designates phosphorothioate ASO backbone chemistry.



creased concentrations of ASO to enter the villi crypt wells. Experimental data
suggest that tight junctions at the villi crypts are larger and therefore more perme-
able than their counterparts at the villi tips [57]. When PE-formulated drug is ad-
ministered orally to mice, the ASO can be visualized by immunohistochemistry
throughout the brush-border areas of the murine ileum [12]. This enhanced inti-
macy of the ASO to the absorbing surface increases its GI residence time and
therefore its potential absorption via entry into the paracellular tight junctions.

10.4.2.2 Systemic Bioavailability

Of the various methods that may be used to determine bioavailability for ASOs,
the best refer to tissue levels as the most relevant metric for calculating an esti-
mate of absolute bioavailability. As mentioned in Chapter 4, ASOs distribute ra-
pidly to the tissues, with an extremely slow transfer rate back into the central cir-
culation. In addition, the elimination of ASOs occurs predominantly by nucleases
in the tissue compartment. Thus, bioavailability based on plasma concentrations
does not provide an accurate estimate of absolute bioavailability for ASOs if
plasma concentrations cannot be quantified at extremely low concentrations for a
prolonged period of time to adequately assess systemic exposure. The direct use
of tissue levels in combination with physiologic pharmacokinetic modeling, how-
ever, may allow the accurate determination of bioavailability for ASOs.

Preclinical studies across species noted that bioavailabilities calculated from tis-
sue-derived data were consistently higher than plasma-derived bioavailabilities.
This difference varied across tissues, but in general amounted to about a two-fold
difference between plasma and tissue bioavailability (Fig. 10.4). While the tissue
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either an intravenous (IV) or subcutaneous (SC) AUC baseline after seven

daily intrajejunal administrations of ISIS 104838. Note that the plasma BAV

was more in line with tissue(s) for the SC-based data.



bioavailability can certainly be defined as the correct metric for ASO bioavailabil-
ity, practicalities dictate that plasma bioavailability be used as a surrogate to mea-
sure progress on oral formulation performance in human clinical studies.

Further to this, experiments strongly suggest that the more appropriate mea-
sure of true/tissue bioavailability is from the use of a SC AUC reference rather
than from the use of an IV reference. The rationale for this change is based upon
the nonlinear distribution kinetics of ASOs, and a further explanation is provided
here.

Assuming that a drug can be characterized by linear pharmacokinetics, the
standard approach to determining absolute bioavailability F is based on plasma
AUCs of oral data relative to IV data, dose normalized [58]. Accordingly, F would
be calculated using the following equation:

F = (AUCpo/Dosepo)/(AUCiv/Doseiv) × 100%

While many aspects of nonlinear pharmacokinetic behavior may impact on the
above equation, the more relevant pharmacokinetic processes for ASOs are ab-
sorption and distribution at or below therapeutic or nontoxic plasma concentra-
tions. Nonlinear absorption or distribution processes can affect AUC terms in a
nonproportional manner when different doses are compared, thereby resulting in
an inaccurate determination of bioavailability. This has been shown to occur on
numerous occasions for compounds such as ascorbic acid or naproxen [59–62].
Such cases require an understanding of the capacity-limiting cause of the nonli-
nearity and the pharmacokinetic processes upon which this impacts, in case of
ASOs absorption and intercompartmental distribution processes from the central
compartment into the peripheral tissues. With this understanding, various meth-
ods may then be applied to best approximate the rate of change of the plasma con-
centrations from one sampling time to the next allowing for an estimate of the ab-
solute BAV.

As mentioned in Chapter 4, experiments have determined that the distribution
of ASOs into tissues is nonlinear. This revelation invalidates the above BAV equa-
tion in that it is dependent on linear pharmacokinetics and the principle of super-
position. A way to circumvent this problem is to decrease the drug input function
(i. e., systemic presentation of the ASO) such that ASO plasma concentrations are
maintained below the level at which saturation, and thus nonlinearity of the distri-
bution processes, occurs. Drug administration by SC rather than IV administra-
tion has a reduced drug input rate and can produce such a scenario. The corre-
sponding plasma-derived data are then suitable for the determination of absolute
bioavailability – consistent with linear pharmacokinetic principles and the follow-
ing equation:

F = (AUCpo/Dosepo)/(AUCsc/Dosesc) × 100%

Therefore, for ASO and other nonlinear distribution drugs it may be more ap-
propriate to base oral bioavailabilities on a SC- rather than an IV-derived reference.

26110.4 Systemic Delivery



As such, oral bioavailabilities noted in this chapter are determined accordingly un-
less otherwise noted.

Recent efforts have demonstrated that significant oral bioavailability can be
achieved in humans. These as yet unpublished results have shown that the perfor-
mance of uniquely designed formulations containing PEs perform in a manner si-
milar to that seen in numerous animal model systems.

One useful animal model in this context is the intrajejunally (IJ) ported canine.
While not strictly oral administration, the IJ-dosed dog is considered important in
that the dog model is a large species and therefore more representative than the
rat model of what might be expected in humans. In this model, significant oligo-
nucleotide absorption has been observed after IJ administration of a solution con-
taining both PEs and ISIS 2302, a 20-mer first-generation ASO. Plasma concen-
trations of this intact ASO and of another ASO, ISIS 15839, which has the same
sequence but with a second-generation ASO chemistry are presented in Fig. 10.5.
The second-generation chemistry for ISIS 15839 is such that this ASO possesses
eight consecutive 2
-MOE modified sugars on the 3
 end of the oligonucleotide.
The pharmacokinetic profiles indicate that the so-called “hemi-mer MOE” oligo-
nucleotide has a plasma half-life which is longer than that of the unmodified first-
generation ISIS 2302 ASO.

When this formulation was assembled as a conventional tablet it took over 1 h
to dissolve, and the resultant plasma concentrations after oral dosing were negligi-
ble (data not shown). Upon reformulation to promote immediate and complete
dissolution in less than 15 min, the absolute bioavailability approached 3%, as in-
dicated by the plasma concentration plots in Fig. 10.5. These results, obtained
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Fig. 10.5 Intact oligonucleotide in dogs after either intrajejunal (IJ) adminis-

tration of a solution formulation (open symbols, 10 mg/kg) or oral adminis-

tration of a tablet formulation (filled symbols, ~15 mg/kg) of two oligonucleo-

tide chemistries. ISIS-2302 (squares) is a phosphorothioate oligodeoxynu-

cleotide; ISIS-15839 (triangles) is a hemi-mer MOE derivative with the same

sequence. Error bars indicate standard error.



with a rudimentary solid dosage form, yielded less than half of the bioavailability
obtained with the solution IJ dosing. From these results, it may be concluded that
the following factors are important for oligonucleotide absorption in the above PE
system: coincident presentation of oligonucleotide with the PE components; high
concentrations along the absorbing gut mucosa; and enteric protection to prevent
component dilution and oligonucleotide exposure to low pH which has been asso-
ciated with degradation and precipitation of both active ASO and PE. It should be
noted again that plasma concentrations represent the absorption and distribution
of ASOs, but not the true tissue or body elimination kinetics. Therefore, a more
relevant metric for the pharmacokinetics to be based upon is that of tissue levels.
This is particularly true for oligonucleotide chemistries that are rapidly cleared
from the bloodstream and accumulate in target tissues or organs.

In line with this hypothesis, a study was performed to evaluate both plasma
pharmacokinetics and tissue distribution of the above-mentioned first- and sec-
ond-generation ASO chemistries, ISIS 2302 and ISIS 15839. Pharmacokinetic
parameters for each chemistry were assessed in beagle dogs during and following
14-day oral dosing of tablets containing oligonucleotide and PEs in enteric-coated
tablets [63]. The in-vitro performance of these tablets was such that they remained
intact in acid medium, yet rapidly dissolved (~15 min) at pH 6.5. In plasma, ISIS
15839 gave approximately 150% the bioavailability found for ISIS 2302
(Table 10.4). However, at the end of the study, ASO tissue concentrations for both
liver and kidney cortex were approximately 10-fold higher for ISIS 15839 than for
ISIS 2302 (Table 10.5).

In this multiple dosing study, the distribution of ASO out of the plasma circula-
tion was very rapid, with a distribution half-life of 30–60 min. As mentioned ear-
lier, the bioavailability assessments based upon plasma data may be inaccurate
and/or misleading for this class of compound. The bioavailability determined
from sentinel tissues, such as the kidney and liver, may be a more credible repre-
sentation of the true systemic exposure as these tissues reflect true elimination ki-
netics as well as accumulation to steady-state concentrations during chronic dos-
ing. On this basis, our data indicate that bioavailabilities based upon organ con-
centrations (after oral and IV dosing) would be 50 % higher for the kidney and
100% higher for the liver than those calculated by plasma AUCs.
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Table 10.4 Summary of plasma oligonucleotide pharmacokinetics after the first

single 200-mg oral dose in a multiple dose study.

Oligonucleotide AUC Cmax Plasma BAV

[�g min/mL] [�g/mL] [%] a)

ISIS 15839 91 1.2 1–4
ISIS 2302 62 1.1 0.1–3

a) Bioavailability (BAV) as ratio of plasma AUCoral relative to plasma AUCIV (dose-adjusted).



In consideration of the practical difficulties involved in the experimental deter-
minations of organ bioavailability, we have performed simulations of organ accu-
mulation after oral dosing of first-generation phosphorothioate oligodeoxynucleo-
tide versus a MOE gapmer (Fig. 10.6). Each simulation was generated assuming a
random input metric of 2 to 15% oral bioavailability (geometric mean 7%) with
all other pharmacokinetic parameters for these two chemistries remaining fixed.
The simulations suggest that, even with variable absorption, the long tissues’ half-
life of second-generation ASOs, which results in enhanced drug accumulation in
tissue, makes it feasible to administer the newer chemistry MOE gapmer com-
pounds by the oral route.

To place a context to this model we have recently dosed humans with first-gen-
eration ASO solutions containing PEs. This clinical study involved the administra-
tion of test solutions directly to the human jejunum by way of intubation. Preli-
minary analysis of the resultant ASO plasma concentrations after dosing via the IJ
route versus the IV route indicate bioavailabilities that are significantly higher
than those obtained by the comparable dog IJ model [12]. Furthermore, it has
been demonstrated in intubated humans that the presence of an intestinal tube
will affect GI motility. Read et al. [64] determined that, in the presence of an in-
testinal tube, peristalsis is heightened in the small intestine, thereby enhancing
the transit of food to the colon. The impact of such enhanced mid-gut motility on
the absorption of formulated ASO solutions is unknown, but is believed to dimin-
ish absorption due to the concomitant dilutional effect that such motility would
have on the formulation’s PEs. For these reasons it is possible that these human
data, as well as the dog model, are both underpredicting the bioavailabilities of or-
ally dosed formulation in humans. The current data suggest that oral dosing
using new chemistries of ASOs will ultimately be feasible for a variety of indica-
tions, and that oral dosing using first-generation ASOs may be possible for se-
lected indications, such as for certain sentinel organs or for local GI indications.
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Table 10.5 Tissue oligonucleotide concentrations and approximate bioavail-

abilities (BAV) based on data obtained at the end of two-week daily dosing

study in dogs.

Oligonucleotide chemistry Tissue concentration %BAV a)

(20-base phosphorothioates) [�g/g]

Liver Kidney cortex

ISIS 2302: Antisense to ICAM-1 4.9 12 1.3
(deoxy)

ISIS 15839: Antisense to ICAM-1 33 109 5.5
(hemi-mer MOE of ISIS 2302)

a) Average BAV as ratio of final tissue concentrations (oral to IV), dose adjusted.



10.5

Conclusions

To date, the clinical administration of ASOs has focused on local or parenteral
routes using simple saline solutions. Intravenous dosing in animals has been
shown to lead to an accumulation of oligonucleotide in specific cells, such as en-
dothelial and phagocytic cells, and organs such as the kidneys and liver. These ob-
servations suggest optimal targets for clinical applications, for example liver dis-
eases such as hepatitis C or ophthalmic indications such as the intraocular treat-
ment of CMV retinitis.

Animal models have shown that formulations and delivery routes can be used
to alter the tissue distribution of ASOs. By making use of the knowledge gained
through these studies, ASOs may be delivered selectively to a variety of target tis-
sues including some that would otherwise not be easily accessible, such as in the
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Fig. 10.6 Simulation of tissue oligonucleotide concentrations for a daily oral

dosing regimen of one-month duration for a oligodeoxynucleotide (A) or a

MOE gapmer chemistry (B) at 2 mg/kg using a variable bioavailability input

metric randomly generated from 2 to 15% (geometric mean 7%).



lungs, skin, and colon. The development of such local therapies has the potential
for increased patient convenience and compliance, as well as reduced treatment
costs due to the more efficient delivery of the ASO therapeutic.
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Custom-Tailored Pharmacokinetics and Pharmacodynamics

via Chemical Modifications of Biotech Drugs

Francesco M. Veronese and Paolo Caliceti

11.1

Introduction

Biotechnological products, peptide, proteins and oligonucleotides, are of great
therapeutic value since the specificity of their biological activity and, on the basis
of advances in genetic engineering, their ease of production. Unfortunately, their
use suffers from several limitations, including degradation by proteolytic enzymes
and rapid renal excretion or removal by the reticuloendothelial system. In an at-
tempt to overcome these limitations, several alternative approaches have been
made:

� Replacement of those amino acid residues that are sites of proteolytic
degradation by genetic engineering.

� Synthesis of truncated and more stable protein sequences.
� Entrapment into particles such as liposomes or insoluble polymeric micro-

spheres.
� Covalent linking of the surface to polymers.

The first and the second approaches have provided some positive results but, un-
fortunately, they depend upon the structure of the protein. Typical examples of se-
quence modifications to improve stability and pharmacokinetics are the prepara-
tion of humanized antibodies, where part of the mouse sequence is substituted by
the human form, and the granulocyte colony-stimulating factor muteins, where
up to seven amino acids are substituted. Examples of truncated sequence proteins
with improved characteristic are the 7–36 analogues of glucagon-like peptides or
the 1–29 sequence growth hormone-releasing factor [1, 2].

The third approach has provided several successful results, though its applica-
tion is usually limited to low molecular-weight peptides or non-peptide drugs. The
liposome formulations, however, suffer from difficulties of storage or reconstruc-
tion and unpredictable distribution. Immobilization into insoluble polymeric par-
ticles is difficult in the case of structured proteins, as it normally involves the use
of organic solvents. Moreover, protein denaturation and degradation may occur
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during preparation or storage. The polymer may also react with the protein or
peptide, as demonstrated in a transesterification reaction that takes place in the
case of somatostatin and lactide polymers.

The final method, the covalent linkage of polymer to biotechnological drugs,
can be considered of general applicability for overcoming pharmacokinetic prob-
lems with biotechnological drugs. The success of this approach has been demon-
strated by the many hundreds of publications and patents filed in this field, the
number of products presently available on the market, and the many other drug
products currently in advanced states of clinical experimentation. The method of
polymer coupling has also been found useful for improving the pharmacokinetics
of low molecular-weight drugs of synthetic or of biotech origin.

Drug–polymer conjugation will form the basis of discussions in the present
chapter. First, the chemical basis underlining the procedures of coupling, which
are useful for understanding the potentials and limitations of the method, will be
described. Second, selected examples of proteins, peptides, oligonucleotides and
low molecular-weight drugs will be discussed where polymer conjugation was suc-
cessfully exploited to enhance the pharmacokinetic and pharmacodynamic proper-
ties of these drug compounds.

11.2

Polymers Used in Biotechnological Drug PEGylation

The conjugation of high polymeric mass to protein drugs is generally aimed at
preventing the protein being recognized by proteolytic enzymes and antibodies,
and also at reducing glomerular filtration of the drug. Both, natural and synthetic
macromolecules have been used, the most frequently studied being dextran [3],
human albumin [4], succinic acid-co-maleic anhydride [5], polyvinyl pyrrolidone
[6], and polyethylene glycol [7] (Fig. 11.1).

Most of these polymers have multi-functional character, which results in cross-
linked heterogeneous products. In contrast, monomethoxy polyethylene glycol
(PEG) presents only one reactive terminal group per polymer chain. Once PEGy-
lated with these compounds, the protein acquires a brush-like shape, with the hy-
drophilic PEG chains extended from the protein to the solvent.

For this reason, although the first polymer–protein conjugates used clinically
were streptokinase conjugated to dextran [8] and neocarzinostatins linked to succi-
nic acid-co-maleic anhydride [5], from the 1980s onwards PEG became the poly-
mer of choice, and all products that subsequently appeared on the market were
based on this reagent.
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11.3

Advantages of PEG as Drug Carrier

There are several different advantages to linking high-mass PEG to drugs, and
these are much dependent upon the type of product under investigation. The
first and expected effect of polymer conjugation is an increased retention time in
blood as a consequence of the size enlargement, which reduces glomerular filtra-
tion. This effect, which is particularly evident for low molecular-weight com-
pounds such as peptides or non-peptide small molecules and oligonucleotides, is
also common to proteins. A second effect, which is much desired for peptides
and proteins, is surface masking of the drug, providing increased stability
towards proteolysis, binding to antibodies and to the immune system. A third
effect, which potentially is important for all types of drugs, is the possibility of
linking the drug to one end of the PEG chain and a targeting agent at the oppo-
site end, thereby directing the conjugate to target sites in the body while main-
taining the advantages of the polymeric prodrug. Passive targeting to a tumor or
to inflamed tissues may also be achieved by the mechanism known as the EPR
effect (enhanced permeability and retention), on the basis of the polymer high
mass that confers to the conjugate pharmacokinetic properties more favorable
for tissue distribution.
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Fig. 11.1 Structures of polysuccinic acid-maleic acid anhydride (A),

polyvinyl pyrrolidone (B), and polyethylene glycol (C).



11.4

Chemical Aspects Critical for the Pharmacokinetics of Drug Conjugates

The chemical structure of the bond linking the drug to the polymer is of critical
importance in the in-vivo behavior of conjugates, as it dictates the release rate
from the polymer, or may even prevent it. Thus, it seems useful briefly to discuss
the most important strategies of drug conjugation to PEG, although they can also
be used for other polymers.

Activated PEGs are available commercially from many sources, in particular
Nektar Therapeutics, which now supplies the starting material for most such drug
products that are FDA approved or in advanced clinical development.
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Fig. 11.2 (A) Acylating reagents: PEG binding

yields stable amide bonds but with loss of

positive amino charge. The reagents may be

on an activated carboxylate or a carbonate.

(B) Alkylating reagents: PEG binding yields

stable secondary amines while maintaining the

positive amino charge. Although trichloro-

triazine derivatives where initially used, nowa-

days other derivatives are used, mainly PEG

aldehyde, also in the forms of acetals.



The most common sites of covalent binding of PEG to peptides and proteins
are the epsilon-amino groups of lysine, the �-amino groups, and the thiol groups
of cysteine. Acylating or alkylating PEGs will react with amines to yield neutral
amides (Fig. 11.2a) or positively charged secondary amines (Fig. 11.2b), respec-
tively. Both linkages are very stable in vivo. While the different charge of the conju-
gate is not critical in the case of proteins, it may play a role in the pharmacoki-
netics and tissue distribution in the case of small peptides or nonpeptide drugs.
In these conjugates, a charge modification at one site may greatly affect the mole-
cule’s hydrophilicity.

An interesting site of conjugation, though seldom present in proteins, is the
thiol group of cysteine. It may be bound to PEG, yielding stable thioethers or dis-
ulfites. The lost bond may be cleaved in vivo by free thiol-containing molecules
(e.g., glutathione), yielding the starting drug, as in the case of common prodrugs
(Fig. 11.3).

Other sites of PEG conjugation in peptides and proteins are the imidazole
amino group of histidine, and the hydroxyl groups of tyrosine, serine, or threo-
nine (Fig. 11.4). Hydroxyl groups are also the sites of conjugation in oligonucleo-
tides. In all of these cases the drug–polymer conjugates are not stable, and in vivo

may undergo simple hydrolysis by water without the need of enzymes. Hydroxyl
groups are also usually employed for the preparation of long-lasting nonprotein
drug–PEG conjugates.
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Fig. 11.3 PEG conjugation to the thiol group of cysteine yields stable

thioesters, or disulfites that can be cleaved by free thiols.



As an alternative means of obtaining labile prodrugs, advantage can be taken of
specially designed, easy cleavable spacer arms between PEG and the drug. Exam-
ples of these strategies include:

1. A special amino acid sequence that is recognized and cleaved inside the cell by
lysosomal enzymes (Fig. 11.5).

2. The presence of a labile ester bond between PEG and an alkyl acid linking the
drug (Fig. 11.6).

3. The presence of a spacer arm that may facilitate, by anchimeric assistance, the
hydrolysis of a bond between PEG and the drug (Fig. 11.7).

These strategies may be of value when drug release at only a specific body site is
required (case 1), or if there is a need to modify the release rate (case 2) or to allow
release from an otherwise water-stable bond (case 3).

The in-vivo residence time and localization in tissue is also strongly related to
the PEG size and structure. A direct relationship was demonstrated in part be-
tween the PEG mass linked to a drug and the drug elimination rate. This relation-
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Fig. 11.4 The binding of acylating PEGs to hydroxyl or imidazole nitrogen of

histidine yields bonds easily cleavable by water, without the need for enzymes.

IFN: interferon.

Fig. 11.6 An ester bond between PEG and drug is a

potential site of easy cleavage by water under physio-

logical conditions.

Fig. 11.5 Typical peptide sequences that are recognized

and cleaved by lysosomal enzymes. They can be used as

arm between PEG and drug for a targeted release.



ship is linear up to a value of about 50 kDa, a molecular weight value which, corre-
sponding to the mass of albumin, is critical for the glomerular filtration of macro-
molecules. The hydrodynamic volume of the polymer, however, seems to be even
more relevant to this relationship than the molecular weight. It was also found
that the value of the mass (or better the hydrodynamic value) of linked PEG may
be reached either by a single long molecule of polymer or by the cooperative effect
of several small chains (Table 11.1).

The influence of the special structure of PEG on drug conjugate behavior has
been well demonstrated, and is now exploited in the preparation of PEG-branched
conjugates. This polymer structure is characterized by two PEG chains linked to
the two nitrogens of a branching amino acid (generally lysine), leaving free the
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Fig. 11.7 PEG–drug bonds that are easily

cleaved under physiological conditions by

anchimeric assistance.

Table 11.1 Effect of number of PEG chains, PEG mass and apparent mass of

the product, on the elimination half-life of recombinant interleukin-2 (rIL-2)

from blood.a)

Product No. of PEG PEG mass Apparent size t1/2

chains [kDa] of product [kDa] [min]

Unmodified rIL-2 – – 19.5 44
rIL-2–PEG 350 Da 5 0.7 21 57
rIL-2–PEG 4 kDa 2 8 66 162
rIL-2–PEG 5 kDa 5 10 72 238
rIL-2–PEG 10 kDa 1 20 103 263
rIL-2–PEG 20 kDa 2 40 256 326

a) From data of M.J. Knauf, D.B. Bell, P. Hirtzer, Z.P. Luo, J.D. Joung, and
N.V. Kartre, J. Biol. Chem. 1988;263:15064–15070.



carboxylic group for the conjugation to drugs (Fig. 11.8). The resulting structure
yields a greater protein surface covered by PEG at the level of the binding site,
based on the repulsion of the two polymer chains. Furthermore, the two chains of
PEG react only at the level of one residue in the protein, and this is reflected in a
lower decrease in biological activity as compared to the linking of several chains
with multiple residues. Peptides, proteins and oligonucleotides modified with
branched PEG were thus found to exhibit a decreased loss of biological activity, in-
creased stability towards proteolysis and antibodies, and prolonged residence time
in the circulation. Successful examples of such conjugates with proteins or oligo-
nucleotides have already reached the market place.

A further advancement of PEGylation that is expected to become an important
application is based on the chemical structure of some PEGs that allow linking of
a drug and a targeting agent. Examples of these reagents are presented in
Fig. 11.9. Special features of these polymers are the presence of two different
terminal ends, typically a carboxylic group reactive towards an amine or hydroxyl
group of a drug on one side of the chain, and a thiol reactive group on the other
side of the chain. In these cases, PEG acts as a spacer arm between the drug and
the desired targeting moiety, as well as by changing the pharmacokinetics of the
drug due to the increased mass of the conjugate.
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Fig. 11.8 Structure of branched PEG which, because of its increased

hindrance, prevents the approach of proteolytic enzyme and antibodies,

increases the residence time in the systemic circulation, and sustains

the biological activity longer as compared to linear PEG.

Fig. 11.9 PEGs bearing two different reactive groups at

the chain terminal ends, thus allowing the binding of a

drug on one side and a targeting molecule on the other.



11.5

Insulin

Since its discovery in 1921, insulin has rapidly become the standard pharma-
cotherapeutic intervention in the treatment of insulin-dependent diabetes melli-
tus (IDDM). However, throughout the years many attempts have been made to de-
velop new insulin forms that could mimic as close as possible insulin secretion
from the pancreas in the various IDDM situations. For example, fast-acting insu-
lins are required in preprandial administrations, while long-acting insulins allow
for the maintenance of the basal hormone level. In order to modulate the biophar-
maceutical properties of insulin, the peptide structure was modified either by ge-
netic manipulation or chemical modification. Both structural modifications were
aimed at altering the formation of dimers or hexamers, the interaction with the
cellular insulin receptor, the immunogenicity, the interaction with specific biologi-
cal structures, and the hydrodynamic size. All of these parameters determine the
pharmacokinetic/pharmacodynamic (PK/PD) behavior of this protein and, in
turn, its therapeutic profile. The formation of multimers, for example, delays in-
sulin absorption and may be responsible of inter-meal hypoglycemia. Changes in
the receptor interaction are reflected in altered bioactivity and receptor-mediated
hormone clearance. The immunogenic character promotes the processing and
elimination by the immune system. Finally, the presence of specific moieties may
alter the biodistribution profile and prolong the residence time in the blood-
stream, while the size enlargement can delay absorption through biological mem-
branes and slow down renal filtration of the drug.

Although amino acid sequence manipulation has been found useful in enhanc-
ing the pharmacokinetic properties of insulin. It can in fact generate mutagenic
and carcinogenic derivatives [9]. For this reason, chemically modified insulins
have been investigated as alternatives to genetically engineered insulins. Chemical
modifications have been performed either by conjugation of macromolecules or
by low molecular-weight derivatives such as fatty acids, polymers, and glycosylic
functions. The modification site, extent of modification and chemical nature of
the modifier have been found to play a crucial role in obtaining derivatives with
the desired properties. Usually, the modification is carried out at the level of a few
amino acids in order to avoid alteration of the receptor recognition, improve the
protein’s stability, and allow for interaction with specific biological structures. The
most common conjugation sites of insulin are A1 Gly, B1 Phe and B29 Lys
(Fig. 11.10). The modification of B29 Lys and B1 Phe, both of which are located on
the hydrophobic surface involved in the dimerization, prevent aggregation, while
modification of A1 Gly and B29 Lys reduces the interaction with the cellular recep-
tor.

The conjugation of p-succinamidophenyl glucopyranoside, where the glucopyra-
noside function may be -galactoside, -fucoside and -mannoside, was found to
strongly influence the PK/PD properties of the hormone. Glycosylation alters the
receptor interaction, promotes binding with circulating lectins, and prevents the
aggregation process. In particular, glycosylation stabilizes the monomeric form,
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allowing for rapid absorption while the interaction with lectins prolongs the resi-
dence time in the bloodstream. The reduced receptor affinity prevents rapid clear-
ance by receptor-mediated endocytosis. These effects were found to be dependent
on the modification site and extent. While glycosylation of the B1 Phe yields deri-
vatives with prolonged absorption and delayed activity, glycosylation of the A1 Gly
yields products with fast absorption, but low activity.

Fatty acid conjugation, investigated by Markussen and coworkers, was found to
enhance insulin absorption and to prolong the hypoglycemic activity, though a
general decrease in biological activity was observed. The conjugation of one palmi-
toyl molecule resulted in a derivative with activity similar to native insulin, but
with a prolonged duration of action. In contrast, the conjugation of two palmitoyl
moieties remarkably reduced both the maximal activity and the duration of action,
though the maximal activity was delayed as compared to both the native and
mono-palmitoyl forms [10].

Advances in polymer synthesis, characterization and conjugation chemistry
have stimulated the development of drug macromolecularization technology. In
this regard, a variety of studies on insulin modification with polysaccharides, poly-
vinyls and polyethylene glycols have been carried out.

Jain and coworkers showed that polysialylation significantly changes the PK/PD
profile of insulin, prolonging the hypoglycemic activity after subcutaneous (SC)
administration to T/O mice. Slight differences were observed between derivatives
obtained with 22 kDa and 39 kDa polysialic acid; these were attributed to the
slower hormone absorption obtained with the latter polymer, which favors hor-
mone degradation at the injection site and hinders the interaction with the recep-
tor more efficiently than the former polymer [11].

Synthetic polymers were generally preferred to the natural ones in protein conju-
gation because they are particularly efficient in modifying the biopharmaceutical,
stability and immunological properties of insulin. Among the polymers used were
polyvinylpyrrolidone, N-(2-hydroxypropyl) methacrylamides, and PEGs [12, 13].

Since the first insulin PEGylation studies of Ehrart and Luisi, several investiga-
tions have been carried to improve the physico-chemical and biological properties
of this hormone by site-specific or random attachment of one or more PEG chains
with different molecular weight and shape. Although the array of events which de-
termines changes in the in-vivo behavior of insulin are often difficult to pinpoint,
these studies showed that the biopharmaceutical properties of the hormone are
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Fig. 11.10 Insulin monomer structure with the

three amino acids involved in polymer conjuga-

tion. A1 Gly is located in a hindered hydrophobic

pocket, the 	-amino group of B29 Lys is the most

exposed and available to conjugation.



correlated to the polymer conjugation: polymer size and shape, the site of conju-
gation, and the number of attached chains.

Hinds and Kim demonstrated that the site-specific conjugation of 750-Da and
2000-Da PEGs to the B1 Phe enhances and delays hormone absorption after SC
administration, respectively. Furthermore, PEGylation slightly slows down the in-

vivo elimination of insulin after intravenous (IV) injection. This effect, being pro-
portional to the PEG molecular weight, was ascribed to the increased protein size,
which in turn is reflected in reduced kidney filtration, increased interaction with
circulating cells, and reduced interaction with the cellular receptor involved in in-
sulin clearance [14, 15]. Studies carried out with 5- or 20-kDa PEG conjugation
underlined the effect of polymer mass relative to protein surface on the biophar-
maceutical and pharmacodynamic properties of insulin. The conjugation of one
or two high molecular-weight chains was found to deeply affect insulin bioavail-
ability, after either IV or SC administration [16, 17]. In particular, the attachment
of one or two 5-kDa PEG slightly reduced the maximal hormone activity, which
was partially counterbalanced by a prolonged duration of action of the PEGylated
form. The conjugation with 20-kDa PEG induced a more dramatic alteration on
the PK/PD behavior of insulin. The attachment of one 20-kDa PEG was found to
create a derivative with slightly lower activity but longer-lasting action and six- to
eight-fold higher pharmacological bioavailability compared to native insulin. In
contrast, the attachment of two PEG chains was found to compromise the PK/PD
behavior of insulin. A likely mechanism explaining this observation is the large
hydrodynamic volume of the conjugate, which prevents renal filtration as well as
receptor interaction.

Due to their interesting PK/PD properties, PEGylated insulins have been
exploited for the preparation of new pharmaceutical formulations. Indeed, a
proper PEGylation can promote insulin absorption through the mucosa, stabi-
lize the peptide, and prevent its degradation by enzymatic proteolysis. On this
basis, a new device for pulmonary delivery of insulin modified with 750-Da PEG
is currently under development [18]. Insulin-PEG derivatives were also formu-
lated in mucoadhesive tablets, and demonstrated a certain efficacy after peroral
administration to diabetic mice [19]. Insulin modified with 5-kDa PEG was used
in the preparation of PLGA microparticles. This study showed the successful
combination of protein modification, which stabilizes the protein, and the mi-
croencapsulation technology that can provide for a formulation with prolonged
drug release [20].

Based on results obtained after insulin PEGylation, NOBEX Corporation
(Research Triangle Park, NC, USA) has recently developed a technology for the
oral delivery of insulin centered around the hormone modification by attachment
of one or more amphiphilic oligomers. Amphiphilic oligomers, obtained by alkyl
groups or fatty acid radicals grafted onto PEGs, were attached to insulin to pro-
duce peptides that can penetrate the aqueous layer and the lipid portion of the
epithelium, resist self-association, and resist excessive degradation of the hor-
mone. The insulin modification yields an orally absorbable, bioactive conjugate,
which is safe and rapidly absorbed, and which demonstrates dose-dependent glu-
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cose-lowering effects in animal models, healthy volunteers and type 1 diabetic pa-
tients. The results of recently completed and ongoing studies in both type 1 and
type 2 diabetes suggest a promising role for conjugated insulin in the manage-
ment of fasting and postprandial hyperglycemia. Orally administered, conjugated
insulin is delivered first to the liver through the portal circulation, similar to the
physiological route of insulin secretion in nondiabetic individuals. Potential bene-
fits from this route of insulin delivery include an improved disease management
and a reduction in the long-term complications of diabetes [21].

11.6

Interferons

Interferons are a class of cytokines effective in inducing the remission of chronic
hepatitis C and other disease conditions. Due to the very short half-life of these
proteins, interferons must be administered three times each week, which implies
a number of problems in patient compliance. Furthermore, the frequent adminis-
tration yields large fluctuations in peak-to-trough plasma drug concentrations,
which compromises the anti-viral effectiveness. New formulations, as well as new
bioconjugates, have been developed to improve the pharmacokinetic behavior of
interferons. PEG conjugation, in particular, has been successful in overcoming
the problems associated with interferon administration, though improvements in
the biopharmaceutical properties of interferon require careful optimization of the
PEGylation [22].

Interferon PEGylation has been performed by using PEGs with different mole-
cular weight and shape, including linear 5-, 10-, 12- and 20-kDa PEG and
branched 20- and 40-kDa PEG. The PEG conjugation has been carried out under
different conditions in order to obtain various isomers, mono- or oligo-conjugates,
site-specific conjugation and different protein–polymer linkages. Similarly to
other proteins, the PK/PD properties of the interferon–PEG derivatives depend on
the polymer size, the number of polymer chains, and the site of modification. Ty-
pically, the higher the total polymer mass on the interferon surface (which de-
pends either on the PEG size or the number of conjugated PEG molecules), the
lower is the protein interaction with the cellular membrane receptors. Further-
more, it was shown that the modification of few amino acids strictly involved in
the receptor interaction provokes a dramatic reduction in interferon activity. This
is the case of several lysines, the usual binding site in PEGylation, the modifica-
tion of which hampers receptor interaction. Generally, lysine modification reduces
the interferon activity by more than 80 %, depending on the polymer structure
and lysine position. In contrast, the derivatization of His34, which is located in a
position far from the interaction area, was found to yield a derivative with high
bioactivity. Therefore, the reduction of biological activity can be minimized by
adopting proper PEGylation strategies that favor the formation of mono-substi-
tuted derivatives to specific amino acids. The choice of correct PEG size must also
be considered in order to produce derivatives with the desired properties. PEGyla-
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tion must be correctly manipulated in order to balance the positive and negative
effects, namely reduction in biological activity versus enhanced pharmacokinetic,
immunological and physico-chemical properties.

Linear 5- and 20-kDa PEGs and branched 20- and 40-kDa PEGs activated as succi-
nimidyl esters were investigated in a study using SC administration of the conju-
gates to rats. This study showed that the conjugation of one PEG molecule in-
creases the interferon-�2 a half-life from 2 h in the case of native interferon to 3.4 h
in the case of the 5-kDa PEG derivative and to 15 h for the 40-kDa PEG derivative.
The di-PEGylated interferon obtained by conjugation of two 20-kDa PEGs showed
a half-life of 23 h. Similarly, the plasma residence time was 2.0 h in the case of the
5-kDa PEG derivative and 32 h in the case of the di-20-kDa derivative [23].

The attachment of one branched 40-kDa PEG chain to interferon-�2a was
found to yield a mixture of positional isomers in which PEG was covalently and ir-
reversibly bound to Lys groups. Despite the unspecific site-coupling reaction, four
main positional isomers were obtained: Lys31, Lys121, Lys131, and Lys134 [24].
The mixture was found to maintain only 7% of the pharmacologic activity of un-
modified interferon. However, according to the consideration reported above, the
loss of bioactivity was largely offset by the prolonged residence time in the blood-
stream (Fig. 11.11).

After SC injection, the time of the maximal peak (Tmax) of interferon shifted
from about 8 h for the native protein to about 80 h for the PEGylated form.
Furthermore, the PEGylated interferon displayed a 100-fold lower clearance than
the native protein. The effective plasma concentration was maintained over 240 h
after administration of the PEGylated interferon, while the native protein disap-
peared in about 20 h. The volume of distribution for the conjugate was found to
be about 12 L, indicating that this product was mainly confined in the blood-
stream. In a study of once-weekly administration of interferon-PEG over 48
weeks, the drug showed sustained absorption and a consistently lower total body
clearance compared to native interferon; this resulted in a flat drug concentra-
tion–time profile throughout the dosing interval [25].

The conjugation of one 12-kDa linear PEG to interferon-�2 b was carried out
under controlled reaction conditions in order to modify preferentially His34. The
PEGylation strategy adopted in this case has a triple effect:

� The lower PEG molecular weight has a limited hindering effect on the receptor
recognition.

� The modification of His34, which is located far from the protein area involved
in receptor binding, prevents impairment of the receptor interaction.

� Unlike Lys-PEG, the polymer linkage at His34 has a reversible nature, which
yields to a pro-drug-like derivative [26].

As a consequence, interferon modified at the level of His34 with 12-kDa PEG
maintains higher biological activity as compared to its counterpart prepared by
40-kDa PEG modification at the lysine groups, but has a much shorter duration of
action. Tmax was ca. 20 h, the clearance was ten-fold higher than for interferon-
PEG 40 kDa, and the volume of distribution was ca. 70 L, which is similar to that
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Fig. 11.11 Pharmacokinetic (upper panel) and

pharmacodynamic (lower panel) behaviors of

native and PEGylated interferon administered

subcutaneously to humans. Interferon–PEG

12 kDa and interferon–PEG2 40 kDa doses

were 1.5 µg/kg and 180 µg, respectively. The

native interferon dose was 3 MLN units. The

interferon amounts reported here correspond

to the recommended single doses adopted for

therapy with the three cytokine forms. In the

case of interferon–PEG 12 kDa the single dose

is adjusted to body weight (1.5 µg/kg), while

in the case of interferon–PEG2 40 kDa and

native interferon a fixed dose is administered,

independent of body weight (180 µg and

3 MLN units, respectively).



of the native protein. After SC administration, effective concentrations were main-
tained for approximately 180 h [27].

In conclusion, both mono-PEGylated interferons present superior properties for
protein delivery, resulting in a longer-lasting activity as compared to the native
protein, avoiding frequent administration, and improving the therapeutic perfor-
mance of interferon.

11.7

Avidin

The high affinity that avidin shows for the low molecular-weight vitamin biotin
forms the basis of several biological tools, either for in-vitro or in-vivo applications.
Despite its high potential in diagnosis and therapy, the in-vivo use of avidin is lim-
ited by its poor immunological and pharmacokinetic properties. In aiming to in-
crease the residence time of avidin in the bloodstream and to reduce its immuno-
genicity and antigenicity, several structural modifications have been investigated
such as deglycosylation, acetylation, succinylation, and polymer conjugation. Avi-
din modifications have been mainly directed at modifying the isoelectric point
and the glycosylic composition, both of which play roles in the distribution and
elimination from the systemic circulation. The glycosylic functions are responsi-
ble for avidin’s tendency to accumulate in the liver, while the high isoelectric point
(10.5) is responsible for its accumulation in the kidneys. Polymer conjugation to
the protein surface, which results in masking the protein structure and charges
and increasing the protein size, has also been explored.

Recombinant avidin obtained by a synthetic cDNA encoding for the full and cor-
rect sequence of chicken avidin cloned into an Escherichia coli expression vector
was found to maintain the tetrameric structure of the native protein, and to lack a
carbohydrate moiety. Despite the absence of carbohydrates, which should promote
protein disposition into the liver, the protein was cleared quite rapidly from the
blood [28]. Similar results were obtained with Lite avidin, a partially deglycosylated
avidin which was cleared from the circulation more rapidly than the native pro-
tein. Schechter and coworkers showed, in fact, that the concentration–time profile
of nonglycosylated avidin was quite similar to that of the glycosylated form. In ad-
dition, the accumulation profile in liver and spleen did not change after deglycosy-
lation, but the deglycosylated form is disposed to a higher extent in the kidneys
[29]. These results seem to indicate that deglycosylation per se is not sufficient to
prolong the residence time in the bloodstream.

It has been suggested that the modification of the protein’s isoelectric point
could result in an alteration of its pharmacokinetic profile. Avidin acylation was
performed by lysine amino group derivatization with succinyl anhydride or other
anhydrides, which allowed the isoelectric point to be shifted to more acidic values,
depending on the level of modification. Indeed, the protein anionization induced
a reduction of accumulation in the liver, but resulted only in a limited prolonga-
tion of residence time in the circulation [30, 31].
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The simultaneous modification of the glycosylic composition and alteration of
the isoelectric point had a remarkable effect on the residence time of avidin in the
systemic circulation, an effect which results from a combination of reduced liver
and renal uptake. A typical example of modified avidin with altered pharmacoki-
netic properties is represented by Neutrolite avidin, a recombinant nonglycosy-
lated and acidic form of avidin. This avidin derivative was obtained by replace-
ment of five out of the eight arginine residues with neutral amino acids, and two
of the lysine residues by glutamic acid. In addition, the carbohydrate-bearing as-
paragine-17 residue was changed to an isoleucine [32]. Due to its acidic isoelectric
point and lack of glycosylic functions, Neutrolite avidin presents a very low clear-
ance (0.47 mL/min/kg) as compared to the native protein (24.6 mL/min/kg).

Polymer modification was also investigated as a means of obtaining new deriva-
tives with enhanced pharmacokinetic properties as a consequence of protein size
enlargement, protein structure masking, and isoelectric point alteration. Avidin
was PEGylated using PEGs of different molecular weight and shape. Further-
more, the conjugation was performed under different reaction conditions in order
to yield derivatives with different degrees of modification. The study results
showed that the pharmacokinetic, biodistribution, immunological and biological
properties of the conjugates are strictly related to the polymer mass on the protein
surface, which in turn depends on the polymer molecular weight and number of
attached polymer chains [33, 34].

The attachment of about four polymer chains, corresponding to the modifica-
tion of 10 % of the protein amino groups, yielded derivatives which maintained
high affinity towards biotin and biotinylated antibodies. PEGylation was also
found significantly to reduce the protein’s antigenicity and immunogenicity
which, together, are responsible for side effects and protein removal by activation
of the immune system. The PEGylated avidins displayed slower elimination via
the liver and kidneys, and a prolonged residence time in the bloodstream. PEGyla-
tion also promoted avidin distribution into solid tumors, which takes place by pas-
sive diffusion. The effect on avidin biodistribution and pharmacokinetic behavior
was directly related to the polymer size used in the modification. In particular, as
the PEG size increased, the avidin clearance decreased, the volume of distribution
decreased, and diffusion into the peripheral compartment was slowed. PEGylated
avidins also display a more favorable tumor-to-blood and tumor-to-organ concen-
tration than nonPEGylated avidins, which makes them useful for in-vivo applica-
tions. These results were attributed to the size enlargement of PEGylated avidins
and to the efficiency of the high molecular-weight PEGs in masking the glycosylic
functions in the core of the construct. Conjugation of the polymer at the lysine
amino groups also resulted in a lowering of the isoelectric point, which has al-
ready been identified as an important parameter in dictating the pharmacokinetic
behavior of this protein [33].

In a recent study, avidin was extensively modified with linear 5- and 10-kDa
PEGs and with a branched 20-kDa PEG. In order to maintain high biological activ-
ity, the polymer was conjugated in the presence of a macromolecular active site
protective agent, which was used to avoid polymer attachment on the protein area
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close to the bioactive site. The adopted reaction conditions allowed for the modifi-
cation of about 16 of 40 amino groups. The derivatives displayed high recognition
properties towards both biotin and biotinylated antibodies. The polymer conjuga-
tion was found drastically to modify the pharmacokinetic properties of the pro-
tein. The prolonged residence time of avidin in the circulation was accompanied
by a remarkable reduction in the volume of distribution (over 100-fold lower com-
pared to native avidin), and by an absence of localization in peripheral organs.
Although all the conjugates presented a similar distribution profile, the accumula-
tion in a solid tumor implanted subcutaneously into mice was decreased as the
PEG size was increased. This effect can be related to the reduced diffusion proper-
ties of the large conjugates, which prevents tissue uptake.

It was also observed that the pharmacokinetic properties of the conjugates can-
not be explained by a simple reduction in renal filtration due to size enlargement.
In fact, all of the derivatives had sizes larger than the glomerular filtration limit.
In addition, extensive PEGylation was found to suppress the immunogenic and
antigenic properties of avidin independently of the PEG molecular weight, and
the protein was stable towards degradation. Thus, it is reasonable to assume that
other mechanisms are involved in determining the in-vivo behavior of this protein,
such as specific interactions with biological structures or circulating macromole-
cules [34].

Thermoresponsive acrylamide co-polymers were also used to alter the physico-
chemical and biopharmaceutical properties of avidin. Similar to PEG, the acryl-
amide co-polymers with a lower critical solution temperature (LCST) of about
37 �C were conjugated to the protein amino groups. The polymers were conju-
gated either by polymer multipoint attachment using polyfunctional polymers or
by single chain attachment using end-chain monoactivated polymer. In both
cases, the polymer conjugation was found to produce bioactive derivatives with
reversible thermal character (Fig. 11.12).

The pharmacokinetic properties of avidin modified with mono-functional N-iso-
propylacrylamide-co-acrylamide (pNIPAAm; MW 6 kDa) showed that the polymer
alters the in-vivo concentration–time course of the protein, though the effect was
less pronounced than that obtained by PEGylation [35]. The smaller effect of
pNIPAAm as compared to PEG may be due to the different physico-chemical
properties of the two polymers. PEG is a highly hydrophilic compound which, in
water, takes on an extended conformation. The PEG conformation, the coordina-
tion of several water molecules and its high flexibility, result in the large hydrody-
namic size of these conjugates and in high protection of the protein in the core of
the construct. In contrast, polymers with a lower hydrophilic character such as
pNIPAAm can partially collapse on the protein surface, resulting in conjugates
with smaller size and larger exposition of the protein structure to the environ-
ment. Therefore, pNIPAAm is less efficient in enlarging the protein size and
masking the protein structure – two parameters which are known to determine
the pharmacokinetic profile of the protein. It should be noted that other polymers
such as polyvinyl pyrrolidone or polyacryloyl morpholine have been found to in-
fluence protein pharmacokinetics similarly to pNIPAAm [36].
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11.8

Non-Peptide Drug Conjugation

The strategy for non-peptide drug conjugation may differ in many aspects from
that employed for proteins, for four reasons:

� Usually, the linkage must be reversible in the plasma or inside the cell.
� The hydrolysis and release of the free product must take place at a defined rate

in order to ensure therapeutic drug concentrations in vivo.
� The molecular weight of the polymer must be high enough to prevent too-rapid

kidney filtration.
� A high drug payload is desired to avoid macromolecule overloading in the body.

These requirements have stimulated the research for new chemical strategies of
coupling, and in particular for linkers that are easily cleaved. These include esters,
lisosomotropic peptides that are stable in plasma but cleavable inside the cells by
cathepsins [37], and spacers that can be directly cleaved under acidic conditions or
by anchimeric assistance such as cis-citraconic acid amides or hydrazones deriva-
tives [38]. Furthermore, pro-drug approaches or trimethyl lock systems have been
developed where the carrier is cleaved in two steps, initially by water or enzymes
and later by a chemical mechanism [39].
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the conjugate.



Non-peptide drug conjugation is simpler than that for proteins, as the products
are easily characterized. On the other hand, this approach presents new problems
such as the correct tuning of polymer weight and chemistry of linkage in order to
reach and maintain the desired drug concentration in the body. One general result
that is easily pursued by hydrophilic polymer conjugation is the increased solubi-
lity of water-insoluble drugs. Toxicity may also be reduced, provided that release of
the free drug occurs at a rate slow enough to maintain plasma free drug concen-
trations below toxic levels.

Among the many non-peptide drugs studied to date, a few are presented here
that appear to be typical examples of polymer–drug constructs.

11.8.1

Amphotericin B

Amphotericin B, characterized in its native form by extremely low solubility and
toxicity, was conjugated to 40-kDa PEG following different strategies. The polymer
is conjugated to the amino group present in the sugar moiety to yield a carbamate
linkage through a suitable aromatic arm linked to PEG. For the preparation of
this pro-drug, the 1,6-benzyl elimination strategy was exploited (Fig. 11.13) [40].
Correct substitution in the aromatic arm allows drug release to be controlled by
slowing the hydrolysis rate via steric hindrance. Among the several products pre-
pared, the one chosen for biological studies exhibited a 200-fold increased solubi-
lity and six-fold reduced toxicity compared to the free drug, and was stable in
water as it did not release the native drug. The presented half-life for this com-
pound was 3 h in plasma, and the AUC in rats was 3715 �g h/mL, while for the
free drug the value was 0.68 �g h/mL. All these characteristics indicate that the
conjugate is a promising candidate for improved therapeutic properties.
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Fig. 11.13 Scheme of PEG conjugation to amphotericin B.



11.8.2

Camptothecins

The products belonging to this class of drugs differ in terms of the constituents at
the ring. These drugs have important anti-tumor properties, but unfortunately
also low solubility and high toxicity. Many PEG–camptothecin conjugates were
synthesized by exploiting different groups for conjugation, a variety of polymer
mass, and various chemistries of linkage.

In one case an amino group in position 10 of the aromatic ring A of the
10-amino-7-ethylcamptothecin was conjugated to 10-kDa PEG by an amide link-
age [41]. A lysosomotropic tetrapeptide spacer between the polymer and the drug
was added to achieve drug release inside the cell only by the lysosomal cathepsins
(Fig. 11.14). As expected, the PEG conjugate was much more soluble than the free
drug, and was also stable in plasma. In vitro, the drug was released by cathepsin B
incubation. Following administration to rats, the PEG conjugate presented an
eightfold lower maximal plasma concentration and a threefold longer mean resi-
dence time compared to the free drug. These data suggest that the PEG conjugate
acts as a circulating reservoir of the anti-tumor agent. When tested biologically, it
was found equally active as the reference compound towards leukemia, but more
active towards fibrosarcoma.

In a different study, camptothecin was linked at the level of the hydroxy group
in position 20 of the lactone ring [42]. In order to increase the drug:polymer ratio,
a PEG diol was used to allow the linkage of two drug molecules per PEG chain
(Fig. 11.15). Also in this case, a high molecular-weight polymer (40-kDa PEG) was
used as carrier to slow the renal filtration. An amino acid moiety, preferably gly-
cine, was used as spacer between PEG and the drug. The polymer conjugation at
the 10-hydroxy group of camptothecin stabilized the lactone form, thus contribut-
ing to reduced toxicity which is known to be higher for the open compared to the
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Fig. 11.15 Chemical structure of the 1 : 2 PEG–camptothecin conjugate.

Fig. 11.14 Chemical structure of the 1 :1 PEG–camptothecin conjugate.



lactone form. In mice, the blood t1/2� (6 min), t1/2� (10.2 h) and mean residence
time (14.5 h) were higher than those of the unconjugated drug. Interestingly, the
conjugate also displayed increased accumulation in tumors, as verified with tri-
tium-labeled product and increased anti-tumor activity. The increased tumor accu-
mulation and activity is probably related to a higher permeability through the neo-
vasculature in tumors, accompanied by a lack of an effective lymphatic drainage
system in this tissue. The combination of these effects results in an increased re-
tention inside the tumor interstitium for macromolecular drugs.

11.8.3

Cytosine Arabinoside (Ara-C)

Ara-C is a drug with low solubility in water, but it is usually administered at high
doses. The low biological activity prevents the use of a mono- or bifunctional
PEGs for conjugation. These two PEGs, in fact, allow only for a low drug loading
with the result of a nonacceptable viscosity of the solution at the concentration
needed for therapy. This stimulated the design of new forms of PEG with a
branching at the extremes of the chain (Fig. 11.16).

Following different chemical strategies, PEGs with four of eight carboxylic
groups at the extremes of the polymer were prepared, to which four or eight mole-
cules of Ara-C were respectively bound [43, 44]. Conjugates carrying a spacer with
the trimethyl lock system were also synthesized. All of these multi-loaded Ara-C
pro-drugs exhibited greater water solubility and less viscosity than the mono- or
disubstituted PEG analogues. The conjugation also increased plasma stability and
residence time in vivo, and resulted in a release of free drug at different rates, de-
pending upon the general architecture of the conjugate. The tetrameric and octa-
meric Ara-C conjugates were found to be much more effective in the treatment of
solid and ascites tumors as compared to the native drug.
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Fig. 11.16 Chemical structure of the 1 :2 PEG–Ara C conjugate.



11.9

Concluding Remarks

Due to their peculiar physico-chemical nature, biotech drugs often display poor
pharmacokinetic behavior which prevents their optimal therapeutic performance.
In order to improve the biopharmaceutical properties of this class of therapeutics,
structural modifications are frequently undertaken. In the case of polypeptides
and proteins, successful results have been obtained by genetic manipulation
which allowed for creating muteins with high stability and activity as well as pro-
longed residence time in the systemic circulation. The chemical bioconjugation of
moieties such as lipids, glycosides, and polymers has also been found to improve
the pharmacokinetic profile of biotech as well as low molecular-weight drugs. In
particular, polymer bioconjugation has been used to enhance the in-vivo behavior
of proteins and small drugs by reducing kidney ultrafiltration, as well as degrada-
tion and elimination by the immune system. Moreover, the bioconjugation of
polymers and specific moieties has been applied to yield drug targeting to the dis-
ease sites, either by passive or active mechanisms. Due to the versatility and wide
array of possible chemical modifications, bioconjugation techniques can be con-
sidered the most promising method to expand the therapeutic application of
either biotech or traditional bioactives, the use of which is limited by poor phy-
sico-chemical and biopharmaceutical properties and low therapeutic indices.
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12

Exposure–Response Relationships for Therapeutic

Biologic Products

Mohammad Tabrizi and Lorin K. Roskos

12.1

Introduction

Therapeutic biologic products exhibit a number of pharmacokinetic and pharma-
codynamic features that distinguish them from small-molecule drugs [1, 2]. Un-
like most small-molecule therapeutics, the disposition of protein drugs is often
target-mediated. Elimination occurs by high-capacity, nonspecific processes (such
as renal metabolism and reticuloendothelial clearance) and sometimes by highly
specific, saturable processes such as receptor-mediated clearance. Inter-subject
pharmacokinetic variability is often low, which facilitates analysis of complex phar-
macokinetics and exposure–response relationships. Protein drugs generally exhi-
bit high target specificity, which also facilitates mechanism-based, pharmacody-
namic analyses. This chapter reviews the exposure–response relationships of bio-
logic drug products, and presents case examples for several categories of these
drugs.

12.2

Overview of Pharmacokinetics and Pharmacodynamics

12.2.1

Pharmacokinetics

The optimal administration of drugs in clinical practice is facilitated by effective
application of the principles of clinical pharmacokinetics (PK) and pharmacody-
namics (PD). Relationships between drug levels in the systemic circulation and
various body compartments (e.g., tissues and biophase) following drug adminis-
tration depend on factors governing drug absorption, distribution, elimination,
and excretion (ADME). Collectively, the study of the factors that govern the ADME
processes is termed pharmacokinetics.
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12.2.1.1 Absorption

A general summary of the pharmacokinetics of biologics in comparison to small-
molecule drugs is provided in Table 12.1. Although oral administration of small-
molecule drugs is usually preferred, the oral route is usually not a viable route for
the administration of peptides or proteins because of gastrointestinal degradation.
Most biologics must be administered parenterally. Drug absorption can be im-
pacted by factors such as molecular charge, size, dissolution, gastric emptying,
membrane permeability and diffusion, and can be highly variable for small-mole-
cule drugs. For biologics, intravenous (IV) and subcutaneous (SC) administration
are the two dosing routes most frequently used. Following SC administration, ab-
sorption can occur via the lymphatic system or blood capillaries. Lymphatic absorp-
tion has been associated with slower absorption profiles as compared to absorption
via blood capillaries [3]. A linear and positive correlation between lymphatic absorp-
tion and molecular weight has been reported [4, 5]. The cumulative recovery of hu-
man recombinant interferon �-2a (MW 19 kDa) via the lymphatic system was re-
ported to be around 60 %. Larger proteins, such as monoclonal antibodies (mAbs),
are expected to undergo predominantly lymphatic absorption. The absorption ki-
netics through the vascular and lymphatic pathways can be modeled by two paral-
lel, first-order absorption processes with different absorption rates [6].

12.2.1.2 Distribution

The biodistribution of biologics is affected by factors such as molecular weight
and the distribution and density of the target protein. Blood capillary structure
and morphology offer different permeability profiles for the distribution of biolo-
gics. Capillary beds rich in tight junctions (continuous) and fenestrated capillaries
that cover organs such as the blood–brain barrier, skin, muscle, the gastrointest-
inal tract, glands, and the kidneys are not permeable to macromolecules. On the
other hand, more porous vascular beds such as sinusoidal capillaries (pore size
100 nm) found in organs such as the liver, spleen, and bone marrow are perme-
able to macromolecules [7]. The diffusion of high molecular-weight substances
such as dextran and IgG (both 150 kDa) in normal tissues was reported using an
in-vivo rabbit model [8]. These studies indicated an increase in diffusion (eight-
fold) and microvascular permeability (33-fold) of neoplastic tissues relative to nor-
mal tissues for high molecular-weight substances.

12.2.1.3 Elimination

In contrast to small-molecule drugs, the clearance of biologics is not influenced
by the activity of xenobiotic-metabolizing enzyme systems such as the cytochrome
P450 (CYP450) enzyme superfamily. Therefore, pharmacokinetic drug–drug inter-
actions and polymorphic metabolism are rarely expected. Many factors related to
the biophysical properties of the biologic (e. g., hydrodynamic radius and affinity
for the target), or host factors such as receptor expression, receptor internalization
rate, and patient status can affect the clearance of biologics.
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For intact antibodies or Fc-fusion proteins, the nonspecific clearance of antibo-
dies through the cells of the reticuloendothelial system (RES) can be regulated
through interaction with specific Fc receptors [9]. These receptors are expressed
by various phagocytic cells such as monocytes, macrophages, neutrophils, eosino-
phils and other cells of the immune system, and can have either a salvage effect
(FcRn) or be involved in clearance (Fc�R) of antibody–antigen complexes [9–12].
Kupffer cells (liver macrophages) in the liver and other phagocytic cells can inter-
nalize antigen–antibody complexes at a rapid rate [13]. Engineered mutations of
IgG Fc residues (position 428, and 250 alone or in combination) that increased
the binding affinity of the antibody for FcRn (four- to 27-fold better binding affi-
nity to rhesus FcRn than the wild-type antibody at pH 6.0) resulted in a two-fold
increase in serum half-lives of the mutant IgG2 antibodies [11, 14].
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Table 12.1 Comparison of pharmacokinetics of small-molecule drugs and bio-

logic products.

Parameter Small-molecule drugs Biologic products

Absorption

Oral Low to high bioavailability Negligible to low
bioavailability

Subcutaneous Vascular absorption Vascular and lymphatic
Absorption

Distribution

Extravascular Limited to extensive Limited

Protein binding Non-specific Specific binding
(e.g., shed receptors)

Target-dependent Uncommon Common

Elimination

Hepatic Xenobiotic metabolizing
enzymes; biliary excretion

RES (Kupffer cells)

Renal Dependent on lipophilicity Dependent on hydro-
dynamic size

Extrahepatic/renal Variable (e.g., plasma carboxyl-
esterases, intestinal CYP3A4)

RES (vascular endothelium
and phagocytic blood cells)

Target-mediated Rare Common

Pharmacokinetic drug–drug
interactions

Common Uncommon

Immunogenicity Rare Common

RES: Reticuloendothelial system.



The elimination of biologics can be affected to a great extent by their interac-
tion with the target. When a biologic ligand binds to a cell membrane receptor,
the ligand can induce receptor internalization, particularly if the ligand is an ago-
nist. The ligand can also be internalized as the receptor undergoes its normal
basal level of internalization, degradation, and recycling [15]. Once internalized,
the ligand and receptor can undergo lysosomal or proteosomal degradation, or
the ligand might be recycled to the cell surface if the ligand remains bound to a
recycled receptor. When the target protein affects the clearance of a biologic, the
effect is usually manifested as a dose-dependent clearance and half-life. At low
drug doses that do not saturate the target, the half-life is shorter; but as the dose
is increased and the binding to the target protein is saturated, an increase in half-
life and decrease in clearance rate is observed. The target-dependent clearance
pathway is often referred to as a “receptor sink” or an “antigen sink” for thera-
peutic antibodies. Target-related sinks are most commonly observed for biologics
targeting internalizing cell membrane receptors with high normal tissue expres-
sion.

12.2.1.4 Immunogenicity

Immunogenicity of biologic products can be a significant problem in therapeutic
use, and can adversely affect the product pharmacokinetics, safety, and efficacy
[16]. Many factors can influence the generation of anti-drug antibody responses
following biologic therapy [16,17]. Immunogenicity can alter pharmacokinetics by
affecting clearance and biodistribution, it can reduce efficacy, and also introduce
serious safety concerns. Immune complex formation in the serum has been
shown to accelerate the clearance of mAbs by the RES [18]. Serious adverse events
and safety risks such as hypersensitivity and anaphylactoid reactions can be asso-
ciated with immunogenicity [16].

The potential to develop neutralizing antibodies that crossreact with endogen-
ous proteins is the greatest concern around immunogenicity. Rare cases of pure
red cell aplasia have occurred in patients who developed neutralizing antibodies
to epoetin-� [19]. Antibodies to thrombopoietin analogues that neutralized endo-
genous thrombopoietin and caused severe thrombocytopenia in some subjects in
clinical trials led to the discontinuation of the clinical development of thrombo-
poietin analogues [20].

12.2.2

Pharmacodynamics

Pharmacodynamics is the study of drug effects on living organisms. The effect of
most drugs results from their interaction with various macromolecules within the
organism, which cause alterations of functional and biochemical pathways (i. e.,
inhibition or stimulation of the receptors and the relevant signaling pathways).
These biochemical or functional changes characterize the specific biological re-
sponse to the administered drug. Exposure–response relationships can be eluci-
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dated by studying pharmacodynamic data in conjunction with dosing and phar-
macokinetic information.

The concentration of drug at the proximity of the biological receptor (biophase)
determines the magnitude of the observed response. In simple cases, the relation-
ships between drug dose or concentration and the observed pharmacological
effect can be characterized by linear or log-linear pharmacodynamic models
(Fig. 12.1B) in the form of E = E0 + m C (or ln C), where E and E0 denote the ob-
served and baseline (no-drug) effects, respectively, and m is the slope of the con-
centration–effect relationship. For some drugs, however, these simple models do
not sufficiently capture the concentration–effect profile. In these instances, the
maximum effect (Emax) model or the sigmoid Emax-model (Fig. 12.1A) can be a
more suitable pharmacodynamic model [21–24]. Additionally, further complexities
such as counterclockwise (Fig. 12.1C) or clockwise hysteresis loops can be ob-
served in concentration–effect relationships for some drugs at non-steady-state
serum/tissue concentrations. The underlying causes for these additional complex-
ities in exposure–response relationships can be diverse, and related to factors
such as active or inhibitory metabolites, indirect response characteristics, a transi-
ent time delay between concentration and effect, or an equilibration delay in the
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Fig. 12.1 The theoretical relationships between

drug dose or concentrations (as concentrations

are related to dose by drug pharmacokinetics)

and the observed pharmacological effect.

(A) Sigmoid Emax , (B) log-linear, (C) counter-

clockwise hysteresis loop.



distribution of drug to the biophase compartment. Various modeling approaches
have been employed to address these complexities [24–30].

Biologic products can exert their pharmacological effects via a number of differ-
ent mechanisms:

� neutralizing target function,
� activating receptors by mimicking endogenous receptor ligands,
� delivering toxins to specific cells (targeted delivery),
� eliciting effector functions in conjunction with target modulation.

Under certain circumstances where target expression is high in critical organs
(e.g., heart, lung, and vasculature), effector function might not be desirable and
could be deleterious. In other instances (such as applications in hematological
malignancies), effector functions can be a significant part of the mechanism of ac-
tion, and maximizing effector functions can be highly desirable [10, 11].

Engineered IgG antibodies have been constructed with altered affinity to hu-
man Fc� receptors and altered potency in vitro and in animal models [14, 31–33].
Mutations of critical residues in the Fc region (CH2 domain or the hinge region
joining CH1 and CH2), have enhanced or decreased antibody-dependent cellular
cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) [33–37]. In ad-
dition, alterations in residues located at the CH2 domain of IgG1 involved in bind-
ing with C1q protein, a component of the complement activation cascade, resulted
in a significant increase in CDC activity [34, 35].

12.3

Hormones

Hormones are secreted by specialized glands (adrenal, hypothalamus, ovary, pan-
creas, parathyroid, pineal, pituitary, testes, thyroid) or other tissues (e. g., heart,
gut, and kidney), and regulate the cellular activities of distant tissues. Plasma
levels of hormones are tightly regulated through homeostatic feedback systems.
The peptide and protein hormones typically have short half-lives (minutes), which
allow rapid changes in plasma levels and rapid enhancement or attenuation of
their biological effects.

The therapeutic administration of biologic hormones should, ideally, mimic the
endogenous secretion patterns of the hormone to achieve optimal effects. Hor-
mone formulations and dosing regimens have been developed to reflect the nor-
mal time-course of exposure to the hormone. In some cases, the effects of the hor-
mone can be highly dependent on the dose schedule. These important aspects of
the exposure–response relationships for hormones are illustrated here for insulin
and parathyroid hormone.
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12.3.1

Insulin

The endogenous secretion of insulin maintains stable blood glucose concentra-
tions (euglycemia) during periods of fasting and feeding. Basal insulin secretion
maintains hepatic gluconeogenesis. Increases in blood glucose following food in-
take stimulate increased insulin secretion, and increased levels of insulin stimu-
late glucose uptake into cells. In nondiabetic subjects, insulin levels peak at
about 15–30 min following the initiation of feeding [38]. Subsequently, as blood
glucose levels decline due to increased cellular uptake, insulin secretion returns
to the basal state. Insulin dosing in diabetic patients is intended to mimic this
normal secretion pattern of insulin. Such a pattern is accomplished by the SC ad-
ministration of insulin formulations with different absorption rates [39]. Since
the half-life of insulin in plasma is very short (5–6 min), SC dosing results in
flip-flop kinetics, which permits modulation of Cmax , Tmax , and the terminal half-
life of insulin, depending on the absorption characteristics of the administered
formulation.

Rapid (regular insulin, lispro, insulin aspart), intermediate (NPH, Lente), and
slow (Ultralente, protamine zinc, and glargine) -acting formulations of insulin are
available. Insulin self-associates into hexamers at the concentrations attained in
pharmaceutical formulations. In order to be absorbed from the injection site, in-
sulin must dissociate into dimers or monomers [40]. Different absorption rates
have been attained by modifying either the insulin molecule or the formulation to
change the rate of dissociation of the insulin hexamers. A normal exposure pat-
tern to insulin can be mimicked through the convenient administration of a mix-
ture of rapid-acting and intermediate-acting insulin just prior to the morning and
evening meals [41].

The pharmacokinetics and glucodynamics of novel insulin formulations have
been investigated through euglycemic clamp studies in healthy volunteers. In
these studies, subjects receive a dose of insulin and a variable-rate glucose infu-
sion to maintain stable blood glucose levels [42]. Typically, the time-course of the
glucose infusion rate is presented graphically and used to represent the glucody-
namic profile [39]. Recently, a PK/PD model has been developed to describe the
pharmacokinetic and glucodynamic effects of different insulin products in eugly-
cemic clamp studies, and has been used to differentiate insulin aspart and regular
human insulin [43]. The model incorporates insulin pharmacokinetics, the
kinetics of endogenous and infused glucose, and the effects of insulin on blood
glucose levels. An example of PK/PD modeling of regular human insulin using
this model is shown in Fig. 12.2. The model successfully described absorption dif-
ferences between the insulin analogues, and detected no major differences in PD
parameters after accounting for PK differences.
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12.3.2

Parathyroid Hormone

Parathyroid hormone (PTH) is an 84-amino acid peptide secreted by the parathyr-
oid glands, and is the principal regulator of extracellular calcium levels [44, 45].
The effects of PTH on extracellular calcium are mediated directly or indirectly
through effects on bone, kidney, and intestine. A decrease in extracellular calcium
causes an increase in PTH secretion. As a consequence, the rise in PTH levels
causes increased bone resorption and the release of calcium from bone, decreased
calcium excretion by the kidney, and increased intestinal calcium absorption. The
therapeutic application of PTH has centered on the bone effects as an anabolic
treatment for osteoporosis. PTH increases the activity of both osteoblasts (which
form bone) and osteoclasts (which mediate bone resorption). The desirable ana-
bolic effects of PTH on osteoblasts appear to be highly dependent on dose sche-
dule and the duration of daily exposure.

Teriparatide, the N-terminal 34-mer of full-length PTH, is currently approved
for the treatment of men or post-menopausal women who are at a high risk for
fracture. Teriparatide is the only approved anabolic treatment for osteoporosis;
other drugs for osteoporosis primarily affect bone resorption [46, 47]. Teriparatide
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is administered as a daily 20-�g SC injection, but because of its short half-life
(ca. 1 h, reflecting the absorption half-life), therapeutic exposure occurs for only a
few hours each day. Daily dosing leads to long-term increases in the biomarkers
of bone formation [serum bone alkaline phosphatase (ALP) and carboxy-terminal
propeptide of type I procollagen (PICP)] and bone resorption [urinary deoxypyridi-
nolone (DPD) and N-telopeptide (NTx)] (Fig. 12.3) [48]. Early one-month changes
in bone formation markers, but not bone resorption markers, were significantly
correlated with improvements in bone structure after 22 months of treatment.
The net anabolic effect is believed to be due to preferential stimulation of osteo-
blasts by intermittent daily exposure. While daily SC dosing is inconvenient, a
need for intermittent daily exposure might preclude the development of sustained
release or long half-life PTH analogues that could be dosed less frequently.

Rat models of the anabolic and catabolic effects of teriparatide on bone have
supported the requirement for intermittent exposure [49]. Anabolic effects in rats
required exposure to PTH for 1 h each day; an equivalent level of exposure for 6 h
or more each day led to catabolic effects. Likewise, a DNA microarray analysis in-
dicated a differential pattern of gene expression when rats were exposed to the
catabolic and anabolic dosing schedules, respectively [50]. While the expression
profiles, per se, did not clearly indicate a preferential shift between bone resorption
and bone formation, some aspects of the gene expression changes following the
catabolic regimen (e.g., up-regulation of several matrix metalloproteases) were
more consistent with an effect on matrix degradation and bone resorption.
Although the molecular mechanism of the schedule dependency is not fully un-
derstood, it is possibly related to down-regulation or desensitization of the recep-
tor, PTH1R, during continuous exposure to PTH. Upon ligand binding, PTH1R
is reversibly internalized, down-regulated, and inactivated by binding to �-arrestin
[51]. A mathematical, two-state receptor sensitization model has been developed
that potentially explains receptor desensitization on continuous PTH exposure
and sensitization following intermittent exposure [52].

12.4

Cytokines

Cytokines are regulatory proteins that are secreted by a variety of cell types. These
proteins exert pleiotropic effects on cells of the immune system and can enhance
or attenuate immune responses. Cytokines are an integral part of the immune re-
sponse to infections and to the malignant transformation of host cells. Cytokines
have been successfully applied for a variety of therapeutic indications using phar-
macological doses that yield concentrations above physiological levels and aug-
ment the normal immune response to infectious diseases and cancer. However,
pharmacological doses can be associated with serious and life-threatening toxici-
ties; therefore, exposure–response relationships for therapeutic cytokines have
generally been based on tolerability and dose-limiting toxicity rather than thera-
peutic response.
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Several Type I and Type II interferons (IFN) and interleukin-2 (IL-2) have been
approved to treat infectious diseases or malignancies by augmenting immune re-
sponses: IFN-�2a (chronic hepatitis C); IFN-�2b (hepatitis C, melanoma, chronic
myelogenous leukemia, hairy-cell leukemia, Kaposi’s sarcoma, cutaneous T-cell
lymphoma, renal cell carcinoma); IFN-�con1 (chronic hepatitis C); IFN-�1a (mul-
tiple sclerosis); IFN-�1b (multiple sclerosis); IFN-�1 b (malignant osteopetrosis);
and IL-2 (renal cell carcinoma).

12.4.1

Interleukin-2

High-dose IL-2 is approved for the treatment of metastatic renal cell carcinoma.
The tumor is intrinsically immunogenic, and can elicit a host immune response
that infrequently results in spontaneous remission of disease; administration of
IL-2 is believed to augment the normal immune response [53]. In a Phase II
study that supported the approval of high-dose IL-2 for this indication, 15% of
patients achieved objective responses (8% were partial responses and 7% com-
plete responses). In this trial, patients received IL-2 at 600 000 or 720 000 U/kg
per dose. The cumulative dose and the efficacy were similar between dose
groups: patients receiving the higher dose tolerated fewer cycles of therapy due
to toxicity.

Therapy with IL-2 can cause severe and life-threatening toxicities that include
hypotension and capillary leak syndrome [54]. Approximately 50–75% of pa-
tients receiving high-dose IL-2 experience grade 3–4 hypotension requiring fluid
resuscitation and pressor support. Capillary leak syndrome that can result in as-
cites, respiratory distress, and pleural effusions has been observed in 10–20 %
of treated patients. Due to the toxicity profile, studies have evaluated the com-
parative efficacy of low-dose and high-dose IL-2 for metastatic renal cell carci-
noma.

A randomized Phase III study conducted by the National Cancer Institute
compared high-dose (720 000 U/kg) IL-2 to a low-dose (72 000 U/kg) regimen
[55]. Although the low-dose regimen was better tolerated, high-dose IL-2 was
superior in overall survival and complete response rate. As with many toxic
cancer chemotherapy regimens, the greatest efficacy of IL-2 is achieved at the
maximum tolerated dose. While randomized trials have been conducted to eval-
uate lower doses and subcutaneous outpatient dosing of IL-2 in combination
with other therapies such as IFN-�2b, these trials to date have supported high-
dose IL-2 as the preferred dosing regimen for the treatment of renal cell carci-
noma [56].
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12.5

Growth Factors

Growth factors stimulate the lineage-selective proliferation of mitotic cell popula-
tions, and also stimulate the mobilization and maturation of post-mitotic cells.
Ultimately, the growth factors produce an increase in the number of terminally
differentiated cells of a particular lineage. Approved growth factors include pali-
fermin for the treatment of chemotherapy- and radiation-induced mucositis,
epoetin-� and darbepoetin-� for the treatment of anemia, and filgrastim and peg-
filgrastim for the treatment of neutropenia. PK/PD relationships for pegfilgrastim
are discussed in detail in Chapter 15.

The drug development of hematopoietic growth factors (HGFs) has provided a
unique opportunity for understanding the exposure–response relationships of
these biologic products. Increases in precursor cells and terminally differentiated
blood cells in the circulation provide a convenient PD endpoint that permits com-
plex modeling of PK/PD relationships. The HGFs are subject to receptor-mediated
clearance as part of the homeostatic mechanisms that regulate blood cell numbers
in the circulation. In modeling the nonlinear pharmacokinetics of the HGFs, the
peripheral blood cell count can be used as a proportionality factor to modulate the
maximum velocity (Vmax) of the receptor-mediated elimination rate. Thus, the
nonlinearity of HGF pharmacokinetics can be modeled according to drug level
and time.

In cytokinetic models, the lifespan of the cell must be considered. Cells that en-
ter the circulation at the same time do not have identical lifespans; therefore, the
variability of cell lifespan should also be considered. Cells can be eliminated from
the circulation by apoptosis, senescence, or random destruction. Erythrocytes and
platelets at normal levels are primarily eliminated by senescence. For platelets, a
random component of elimination is evident at low platelet counts. Neutrophils
are eliminated randomly from the circulation, and the elimination can be mod-
eled appropriately as a first-order loss. A general model that can be applied to the
cytokinetics of HGF-stimulated hematopoiesis is illustrated in Fig. 12.4 [57]. This
model, which was applied to peripheral platelet counts and the kinetics of autolo-
gous platelet tracers following administration of a thrombopoietin analogue to
healthy volunteers, accounts for the concentration–response relationship for sti-
mulation of precursor cells, delays in the emergence of new platelets from mar-
row, random destruction of platelets, and the intra-subject variability of platelet
lifespan. Modeling the cell count as the sum of a series of transit compartments,
where the cell lifespan is represented by the mean transit time through the com-
partments, imparts a gamma distribution to variance of the intra-subject cell life-
span; the variance can be decreased by increasing the number of transit compart-
ments. The same model architecture can be applied readily to growth factor-sti-
mulated proliferation of other cell types.
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12.5.1

Epoetin-�

Epoetin-� (recombinant human erythropoietin) is approved for the treatment of
anemia in hemodialysis patients and those receiving chemotherapy. A hyperglyco-
sylated analogue of erythropoietin (darbepoetin-�) that has a lower clearance rate
and can be dosed less frequently has also been approved. Erythropoietin stimu-
lates the proliferation of erythrocyte progenitor cells in bone marrow and in-
creases peripheral red blood cell (RBC) counts.

The first example of modeling the exposure–response relationship for an HGF
was conducted for hemodialysis patients receiving erythropoietin, and was con-
ducted as a population dose–response analysis [58]. The modeling included para-
meterization of the lifespan of the erythrocyte. Although the model assumed a zero
variance for intra-subject erythrocyte lifespan, this simplification is usually valid for
the modeling of erythrocyte, hematocrit, or hemoglobin kinetics. The model fit to
the time-course of a patient’s hematocrit is shown in Fig. 12.5. As is seen in cases
where the cell lifespan is longer than the mean residence time of the HGF, the time
to steady-state pharmacodynamic response is determined by the cell lifespan. In
modeling the dose–response relationship, high variability in the pharmacody-
namics was observed. One factor contributing to this variability was inter-subject
variation in erythrocyte lifespan. On average, erythrocyte lifespan in hemodialysis
patients was about one-half the typical lifespan in healthy volunteers.

Recently, more complex PK/PD analyses of erythropoietin and darbepoetin-� in
normal volunteers and patients have been conducted, and have contributed to the
understanding of the exposure–response relationships of these drugs [59–61].

30712.5 Growth Factors

Fig. 12.4 Pharmacokinetic-pharmacodynamic

model of the thrombopoietic effects of a

thrombopoietin analogue (PEG-rHuMGDF) in

healthy volunteers. The intrinsic longevity of

platelets (�), nonlinear random destruction

of platelets (�), and the intra-subject variability

of intrinsic platelet longevity (controlled by n,

the number of catenary-linked transit compart-

ments) are represented by the model. Simul-

taneous modeling of autologous radiolabeled

platelet tracers allowed analysis of the effect of

drug on platelet survival (from [57]).



12.6

Soluble Receptors

The extracellular domain of cell membrane receptors can be produced recombi-
nantly and used as a therapeutic product. The soluble receptor can be used to
bind and neutralize the receptor’s endogenous ligands (e.g., etanercept), or it can
be used for stimulation of a co-receptor (e.g., abatacept). Soluble receptors are ty-
pically produced as IgG Fc fusion proteins to extend the half-life of the receptor in
circulation.

12.6.1

Etanercept

Etanercept is dimeric fusion protein that consists of the extracellular ligand-
binding protein of the human 75-kDa tumor necrosis factor (TNF) receptor
linked to the Fc portion of human IgG1 immunoglobulin. Etanercept has a
short half-life (3–6 days) and is administered at doses of 25 mg SC twice weekly
[62]. The population PK/PD of etanercept were described recently [63]. Follow-
ing SC administration of the protein at 25 mg and 50 mg twice weekly doses in
rheumatoid arthritis (RA) patients, linear pharmacokinetic behavior was ob-
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(from [58]).



served. Predicted serum concentration–time profiles for etanercept using the po-
pulation pharmacokinetic model are shown in Fig. 12.6A. Dose-proportional in-
creases in average serum concentrations following multiple dose administration
were observed. Mean steady-state serum concentrations ranged between 4 and
5 µg/mL following administration of the 50-mg dose twice weekly. The mean
steady-state serum concentrations following administration of 25-mg twice
weekly were reported as 2–3 µg/mL. The efficacy of etanercept, as a monother-
apy, in psoriasis patients following SC administration of low (25 mg, once
weekly), medium (25 mg, twice weekly) and high (50 mg, twice weekly) doses
was also reported recently [64]. The relationship between predicted mean serum
concentrations and the number of patients (%) with �90 % improvements in
PASI (Psoriasis Area and Severity Index) score on study week 24 is shown in
Fig. 12.6B. The mean concentration–effect (PASI score) relationship for etaner-
cept in psoriasis patients appeared to be best described by a sigmoid Emax-model
with predicted EC50 (serum concentrations corresponding to 50 % effect) of
around 2 µg/mL. These predictions are comparable to previous published data
on the efficacy of etanercept in RA patients following administration of 10 and
20 mg twice weekly for 12 months [65].
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12.7

Monoclonal Antibodies (mAbs)

Antibodies serve two important functions: (1) to bind and modulate antigens; and
(2) to bind complement and immune effector cells such as natural killer cells and
monocytes (see Chapter 3). Each IgG molecule contains two identical heavy
chains and two identical light chains (Fig. 12.7). Antibody structure has evolved to
accommodate the diverse antigen binding specificities through variations in the
variable region sequence. The antigen-binding site is formed by the intertwining
of the light chain variable domain (VL) and the heavy chain variable domain (VH).
Each V domain contains three short stretches of peptide known as the comple-
mentarity-determining regions (CDRs); the CDRs are the major determinants of
antigen binding affinity and specificity. The light chain contains one constant do-
main, CL. The heavy chain contains three constant domains, CH1, CH2, and CH3.
The CH2 and CH3 domains can allow interactions of the IgG molecule with var-
ious components of the immune system by either binding C1q, which can activate
the complement cascade and elicit complement-dependent cytotoxicity, or by bind-
ing to Fc� receptors on immune effector cells, which can elicit antibody-depen-
dent cellular cytotoxicity. These same variable and constant domains of the mole-
cule also affect IgG catabolism and elimination.

310 12 Exposure–Response Relationships for Therapeutic Biologic Products

Fig. 12.7 Space-filling model of an IgG molecule. VL and VH: variable domain

light and heavy chain; CL and CH: constant domain light and heavy chain;

LCDR and HCDR: complementarity-determining regions on VL and VH

domains.



A unique characteristic of antibody function is the exquisite specificity of the in-
teraction with antigens. The immune system has evolved to generate specific anti-
body molecules that allow recognition of almost any foreign protein. In living or-
ganisms, antibodies are generated via complex processes that require random ar-
rangements of gene segments into functional genes, thus allowing the generation
of diverse sets of specificities. Once the immune system is activated, a particular
set of antibody-generating B cells are selected and the antibody is refined by un-
dergoing affinity maturation by somatic mutation [37, 66, 67]. This process allows
the immune system to generate antibodies for optimal performance against var-
ious antigens.

Several technologies have been employed for the generation of therapeutic anti-
bodies. Although the early marketed antibodies were fully murine (containing
100% mouse protein), the evolution of mAb technology over the past two decades
has led to generation of fully human (containing 100% human protein) antibo-
dies using display libraries [68, 69], or transgenic mice that have been genetically
engineered to produce human antibodies [70]. The advances in mAb technology
have been crucial in reducing immunogenicity and improving the safety profiles
of therapeutic antibodies (see Chapter 3, Section 3.4.2).

Currently, 17 mAbs have been approved in the United States (US) for therapeu-
tic use in organ transplant, percutaneous coronary intervention, prophylaxis of re-
spiratory syncytial virus, RA, Crohn’s disease, asthma, chronic lymphocytic leuke-
mia (CLL), acute myeloid leukemia, non-Hodgkin’s lymphoma, breast cancer, and
colorectal cancer. All approved mAbs are of the IgG class: 13 human IgG1, one
IgG4, and two murine IgG2a. Thirteen are intact mAbs, three are conjugated, and
one is a Fab fragment (Tables 12.2 to 12.4).

12.7.1

Therapeutic Antibodies in Inflammatory Diseases

Monoclonal antibodies have been utilized successfully in the management of var-
ious inflammatory diseases such as RA, psoriasis, Crohn’s disease, organ trans-
plant rejection, and asthma (Table 12.2). The focal role of TNF-� in the underlying
pathology of psoriasis, RA and Crohn’s disease is now well established [65, 71, 72].
A chimeric antibody (infliximab), a fully human antibody (adalimumab), and a
fusion protein (etanercept), have been successfully used in the management of
RA, psoriasis, or Crohn’s disease by targeting TNF-�. Efalizumab, a humanized
IgG1 antibody against CD11a, was approved in 2003 for the treatment of adult pa-
tients with chronic moderate to severe plaque psoriasis [73]. Due to the central
role of IgE in allergic responsiveness, a selective anti-IgE therapy has proven effi-
cacious in the treatment of asthma. Omalizumab is a marketed-humanized IgG1

mAb that inhibits the binding of IgE to the high-affinity IgE receptor (Fc�RI) on
the surface of mast cells and basophils [74]. Three antibodies have been marketed
in the US as immunosuppressive therapies for the prophylaxis of acute organ
rejection following transplantation: muromonab-CD3, a murine IgG2a antibody,
binds to the lymphocyte-CD3 complex; basiliximab, a chimeric IgG1 antibody, and
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Table 12.2 Approved therapeutic monoclonal antibodies for use in inflammatory diseases.

Trade name INN Technology mAb isotype Target Indication Route Dose Schedule

Humira Adalimumab Human IgG1 TNF-� RA SC 40 mg Biweekly
(Phage display)

Orthoclone-OKT3 Muromonab-CD3 Murine IgG2a CD3 Organ Transplant IV 5 mg Daily (10–14 days)

Remicade Infliximab Chimeric IgG1 TNF-� RA, IV 3–10 mg/kg Biweekly-bimonthly
Crohn’s disease

Raptiva Efalizumab Humanized IgG1 CD11a Plaque psoriasis SC 1 mg/kg Weekly

Simulect Basiliximab Chimeric IgG1 CD25 Organ transplant IV 20 mg 2 doses (days 1 and 5)

Xolair Omalizumab Humanized IgG1 IgE Asthma SC 150–375 mg Biweekly-monthly

Zenapax Daclizumab Humanized IgG1 CD25 Organ transplant IV 1 mg/kg Biweekly (5 doses)

Table 12.3 Approved unconjugated therapeutic monoclonal antibodies for treatment of cancer.

Tradename INN Technology mAb isotype Target Indication Route Dose Schedule

Avastin Bevacizumab Humanized IgG1 VEGF Colorectal cancer IV 5 mg/kg Biweekly
Campath Alemtuzumab Humanized IgG1 CD52 B-cell CLL IV 3–30 mg 3 doses per week
Erbitux Cetuximab Chimeric IgG1 EGFR Colorectal cancer IV 250 mg/m2 Weekly
Herceptin Trastuzumab Humanized IgG1 HER2 Breast cancer IV 2 mg/kg; Weekly

4 mg/kg load
Rituxan Rituximab Chimeric IgG1 CD20 B-cell NHL IV 375 mg/m2 Weekly

NHL: Non-Hodgkin’s lymphoma.
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Table 12.4 Approved conjugated therapeutic monoclonal antibodies for treatment of cancer.

Tradename USAN Technology mAb isotype Target Indication Route Dose Schedule

Bexxar Tositumomab Murine IgG2a CD20 B-cell NHL IV 450 mg 1 Dose
tositumomab (65–75 cGy)
and 131I-tositumomab
by dosimetry

Mylotarg Gemtuzumab Humanized IgG4 CD33 CD33+ AML IV 9 mg/m2 2 doses
Ozogamicin biweekly

Zevalin Ibritumomab Murine IgG1 CD20 B-cell NHL IV 0.4 mCi/kg 1 dose
Tiuxetan �30 mCi

NHL: Non-Hodgkin’s lymphoma.



daclizumab, a humanized IgG1 antibody, inhibit the actions of IL-2 on its receptor
on the activated T cells [75, 76].

12.7.1.1 Anti-TNF-� Antibodies

TNF-� plays a central role in the pathogenesis of RA and other immune-mediated
inflammatory disorders. Inhibition of TNF-� allows rapid control of the inflam-
matory manifestations of RA and retards cartilage and bone destruction [77]. Two
biologically active forms of TNF-� have been characterized: a membrane-bound
and a soluble form. The soluble cytokine is a 17-kDa molecule that aggregates and
forms a trimer in biological fluids (serum concentrations 50 pg/mL in RA pa-
tients) and acts through two receptors, p55 TNFR1 and p75 TNFR2, which are
ubiquitously expressed.

Three anti-TNF-� biologics are currently marketed, including two monoclonal
antibodies and one fusion protein. Although these anti-TNF-� biologics bind to
and neutralize TNF-�, they share few similarities with respect to their pharmaco-
kinetics, recommended dose, and dosing frequency. The pharmacokinetic differ-
ences have influenced the dose and dosing frequency for these anti-TNF-� biolo-
gics. Etanercept, a fusion protein with the shortest pharmacokinetic half-life, is ad-
ministered twice weekly. The recommended dosing frequency for adalimumab, a
fully human IgG1 antibody with an average half-life of 12 days, is every one to two
weeks. Higher doses and more frequent administration are recommended for in-
fliximab, a chimeric IgG1 antibody, for the treatment of RA and Crohn’s disease:
3–10 mg/kg twice weekly to twice monthly.

Anti-TNF-� biologics are highly effective for the treatment of RA. Following a
single dose administration of adalimumab (0.5–10 mg/kg) in RA patients, dose-
dependent improvements in ACR20 and EULAR (European League Against
Rheumatism) responses were observed [78]. (ACR20 is an American College of
Rheumatology standard assessment used to measure patients’ responses to anti-
rheumatic therapies, and indicates a 20 % improvement in symptoms and other
predefined disease measures.) The ACR20 dose–response curve for adalimumab
between 24 h and 29 days post antibody administration in this patient population
in shown in Fig. 12.8A. The dose–response curve reached a plateau at a dose of
1 mg/kg. Therapeutic effects of the single dose became evident within 24 h to one
week after antibody administration, and peaked after one to two weeks.

To evaluate the theoretical suppression of serum TNF-� and to predict unbound
TNF-� time-course profiles following administration of single doses of adalimu-
mab in RA patients, computer simulations were conducted by the present authors
using a bimolecular pharmacokinetic model that simulated the antibody–antigen
interaction in the serum of RA patients. The results of simulations are shown in
Figure 12.8B. These simulations predict dose-dependent suppression of serum
TNF-� following administration of 0.5 to 10 mg/kg antibody doses. Additionally,
>95% suppression of serum TNF-� was predicted immediately following adminis-
tration of the antibody doses; a longer duration of antigen suppression was pre-
dicted with higher doses (Fig. 12.8B). The recommended dose of adalimumab for
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adult patients in RA is a fixed dose of 40 mg (~0.6 mg/kg for a 70-kg patient) ad-
ministered every other week as a SC injection. According to the model predic-
tions, this dosing regimen should result in >90 % serum antigen suppression at
steady-state antibody serum trough concentrations of 8–9 µg/mL.

Relationships between serum infliximab concentrations and clinical improve-
ments in RA were also examined recently [79]. Following the administration of 3
and 10 mg/kg doses every eight to 10 weeks, dose-proportional increases in maxi-
mum steady-state serum concentrations (Cmax) of the antibody were evident. Con-
siderable variability in the trough serum concentrations (Cmin) of the antibody
was observed. The highest proportion of response (ACR50 and ACR70) was re-
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Fig. 12.8 (A) Dose–response relationship for adalimumab following single-

dose administration in patients with rheumatoid arthritis. (Figure produced

from data reported in [78]). (B) Simulated suppression of serum TNF-� fol-

lowing single-dose administration of adalimumab.



ported in patients with serum trough levels of >1 to 10 µg/mL, which should cor-
respond to >90 % serum antigen suppression based on theoretical predictions.

In general, a review of the available literature for anti-TNF-� biologics reflects
that, at steady state, the highest proportion of the observed response (maximum
therapeutic effect) appears to occur in patients with steady-state serum concentra-
tions ranging between 1 to 10 µg/mL, independent of the compound. This is an-
ticipated since the reported affinities of the anti-TNF-� biologics to TNF-� are
comparable (etanercept, 65 pM; adalimumab, 78 pM; and infliximab, 100 pM).
Comparable steady-state serum trough concentrations of the drugs are therefore
necessary for a >90% suppression of serum TNF-�.

Treatment with available anti-TNF-� inhibitors can be associated with the devel-
opment of antibodies to the administered biologics [10]. The incidence is reported
to be higher in patients receiving infliximab (13 to 60 %), the chimeric monoclonal
antibody containing a murine variable region, compared with the incidences re-
ported for the fusion protein etanercept (<5%) or the fully human antibody, adali-
mumab (~12% as monotherapy). The observed incidence of antibody formation is
reduced by concomitant immunosuppressive therapies, such as methotrexate.
Lower efficacy and higher incidences of infusion-related reactions have been re-
ported in antibody-positive patients receiving infliximab [80].

12.7.1.2 Efalizumab

Efalizumab binds to the �-subunit of the leukocyte function-associated antigen 1
(LFA-1), which is expressed on all leukocytes. Intracellular adhesion molecules
(ICAMs), which are expressed on a variety of cells such as lymphocytes, endothe-
lial cells and epidermal keratinocytes, facilitate the binding of antigen-presenting
cells to T cells through their interaction with LFA-1. Efalizumab inhibits adhesion
of leukocytes to other cells by blocking the binding of LFA-1 to ICAMs.

The population PK/PD of efalizumab were recently evaluated in patients with
moderate to severe plaque psoriasis following SC administration of 1.0 and
2.0 mg/kg for 12 weeks [81–83]. Steady-state serum concentrations were achieved
by four to eight weeks following administration of 1 and 2 mg/kg doses, respec-
tively. At both doses, CD11a expression on T lymphocytes was reported to be
maximally down-modulated. In addition, at doses of 1 and 2 mg/kg, >95% of
CD11a binding-sites were reported to be saturated at steady-state serum trough
concentrations of 9 and 24 µg/mL, respectively. The improvement in PASI scores
was observed quickly, and efalizumab administration was reported to result in
60–70% improvement in PASI scores when compared to baseline after 12 weeks
of treatment. The current recommended dose for efalizumab is a single 0.7 mg
SC conditioning dose which is followed by weekly SC doses of 1 mg/kg.

The pharmacokinetics of efalizumab are highly influenced by the target expres-
sion, indicating the presence of a receptor-mediated clearance pathway [81–83].
Using purified mouse and human T cells, internalization of anti-CD11a anti-
bodies was observed following interaction with CD11a. Internalized antibodies
moved in endosomes to lysosomes and were catabolized within the cells [84, 85].
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The target-mediated clearance of efalizumab following administration of single
IV doses in human (0.1–10 mg/kg) and chimpanzee (0.5–10 mg/kg) was also re-
ported [83]. An approximately 50-fold decrease in the clearance of efalizumab was
observed in humans, with an approximately 100-fold increase in the dose (from
0.1 to 10 mg/kg). The clearance of efalizumab was saturable at serum concentra-
tions �10 µg/mL, and this concentration was reported to be in agreement with
the in-vitro binding data. In vitro, the half-maximal binding of efalizumab to lym-
phocytes was achieved at an EC50 of 0.1 µg/mL, with saturation requiring concen-
trations around 10 µg/mL [84, 85]. Among various covariates, a population PK
analysis identified body weight as the covariate with largest impact on clearance,
and supported the body weight-adjusted dosing strategy [82, 83]. Covariates with a
modest impact on clearance were baseline lymphocyte counts, PASI score, and
the age of the patient.

12.7.1.3 Omalizumab

Asthma is a chronic respiratory condition characterized by episodes of airway hy-
per-responsiveness. Inflammation of the airways contributes to the underlying
pathology, airflow limitation, and bronchoconstriction [86,87]. Due to the central
role of IgE in asthma, omalizumab has proven efficacious in adults and adoles-
cents (aged �12 years) with moderate to severe persistent asthma. Omalizumab
is a humanized IgG1 anti-IgE antibody that inhibits binding of IgE to its high-affi-
nity receptor [88]. The pharmacokinetics of omalizumab are similar in adults and
adolescents following administration of an initial IV dose of 2 mg/kg followed by
six doses of 1.0 mg/kg each over 77 days [88,89]. Due to target-mediated disposi-
tion of omalizumab (formation of large complexes with IgE), nonlinear pharma-
cokinetics have been reported at doses below 0.5 mg/kg. The efficacy of omalizu-
mab in asthma is related to the magnitude of IgE reduction. Dose-dependent re-
ductions in unbound IgE levels were reported following omalizumab administra-
tion. Reductions in unbound IgE levels were correlated with a concomitant de-
crease in mast cell degranulation and significant reductions in inflammatory cells
and mediators. The recommended dosing for omalizumab is based on the base-
line serum IgE levels before initiation of treatment, and on the patient’s body
weight.

12.7.2

Therapeutic Antibodies in Oncology

Currently, a total of five naked (unconjugated) humanized or chimeric IgG1 anti-
bodies has been marketed in the US, with applications in hematological malig-
nancies, colorectal, and breast cancer (Table 12.3). Two radioimmunoconjugates,
ibritumomab tiuxetan and tositumomab, are approved for treatment of relapsed
or refractory, low-grade, follicular, or transformed B-cell non-Hodgkin’s lym-
phoma. One antibody–drug conjugate, gemtuzumab ozogamicin, is approved for
treatment of CD33-positive acute myeloid leukemia (Table 12.4).
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Rituximab, the first mAb approved for the treatment of cancer, binds to the
CD20 antigen found on the surface of normal and the malignant B lymphocytes,
and is currently approved for the treatment of patients with relapsed or refractory
low-grade or follicular, CD20-positive, B-cell non-Hodgkin’s lymphoma [90]. Bind-
ing of the antibody to the CD20 positive B cells has been shown to result in cell ly-
sis and in-vivo B-cell depletion.

Alemtuzumab is a humanized antibody that is directed against the cell-surface
glycoprotein expressed on the surface of the normal and malignant B and T lym-
phocytes, and is indicated for the treatment of B-cell CLL [91].

Bevacizumab, a humanized IgG1, and cetuximab, a chimeric IgG1, are currently
marketed in the US for treatment of metastatic colorectal cancer [92, 93]. Bevaci-
zumab neutralizes the biological activity of vascular endothelial growth factor
(VEGF), while cetuximab binds specifically to the extracellular domain of the hu-
man epidermal growth factor receptor (EGFR). Bevacizumab, in combination
with IV 5-fluorouracil (5-FU) -based chemotherapy, is indicated for first-line treat-
ment of metastatic colorectal cancer, whereas cetuximab is used in patients refrac-
tory to or intolerant to irinotecan-based chemotherapy. The clinical pharmacoki-
netics of cetuximab are discussed in detail in Chapter 14.

HER2 is an internalizing transmembrane receptor that belongs to the epider-
mal growth factor receptor family and is expressed in human breast cancer. Trastu-
zumab is a humanized monoclonal antibody against the HER2 receptor and is
currently indicated as a single agent or in combination with chemotherapy regi-
mens for treatment of patients with metastatic breast cancer whose tumors over-
express the HER2 protein [94, 95].

12.7.2.1 Rituximab

Rituximab is a chimeric antibody that contains the human IgG1 constant region
and murine variable region, and binds the membrane-associated human CD20
antigen. Evidence for multiple mechanisms of rituximab action has been reported
[96, 97]. Rituximab can deplete CD20-positive B cells via ADCC, CDC, or apopto-
sis; however, it is not clear which is the most important mechanism in humans.
Resistance to rituximab’s in-vivo effects has been reported, but the underlying
resistance mechanisms are not well understood.

The pharmacokinetics of rituximab following administration of multiple doses
in non-Hodgkin’s lymphoma patients were reported to be nonlinear and influ-
enced by the density of the target antigen [98]. Upon administration of multiple
doses of 375 mg/m2, mean maximum steady-state serum concentrations of
486 µg/mL were achieved. In addition, a 2.5-fold increase in the terminal half-life
was observed after the fourth weekly dose. The change in half-life following ad-
ministration of anti-CD20 antibody was partially attributed to reductions in tumor
burden (CD20-positive cells) in lymphoma patients following rituximab therapy.
Administration of rituximab resulted in a rapid and sustained depletion of circu-
lating and tissue B cells in humans and monkeys [99, 100].
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In patients with CLL, much higher doses are required for efficacy compared
with the dose used for non-Hodgkin’s lymphoma patients. The higher dose re-
quirement is presumably due to a greater tumor burden and antigen sink [101,
102]. One group has attributed the higher dose requirement to very high levels of
soluble CD20 in the serum of CLL patients that compete with the binding of ritux-
imab to tumor cells [103].

12.7.2.2 Bevacizumab

Angiogenesis is the process of formation of new blood vessels from the pre-exist-
ing blood vessels, and is of crucial importance in embryonic development, wound
healing, as well as tumor growth and metastasis [104]. VEGF is a potent stimula-
tor of angiogenesis, and expression of VEGF is up-regulated in a broad array of
tumor types [104, 105]. Bevacizumab is a humanized IgG1 monoclonal antibody
that binds and inhibits VEGF interaction with its receptors Flt-1 and KDR in both
in-vitro and in-vivo systems. Bevacizumab is currently recommended for first-line
treatment of patients with metastatic carcinoma of the colon or rectum, in combi-
nation with 5-FU-based chemotherapy, at 5 mg/kg given once every 14 days as an
IV infusion until disease progression is detected [92].

Anti-tumor activity of bevacizumab has been reported in various preclinical ani-
mal models (primary and metastatic) with a broad array of tumor types [106, 107].
Clinical studies have further validated the focal role of VEGF in cancer. A single in-
fusion of bevacizumab at 5 mg/kg in patients with primary and locally advanced
adenocarcinoma of the rectum demonstrated direct and rapid antivascular effect in
human tumors, with decreases in tumor perfusion, vascular volume, microvascular
density, and interstitial pressure [108]. Clinical efficacy of bevacizumab in combina-
tion with 5-FU- and irinotecan-based regimens has been demonstrated in patients
with metastatic colorectal cancer: a significant improvement in overall survival
time was observed compared with chemotherapy alone (20.3 versus 15.6 months
for chemotherapy plus bevacizumab versus chemotherapy alone) [109].

Following administration of multiple doses ranging from 0.3 to 10 mg/kg in pa-
tients with advanced cancer, linear pharmacokinetics were observed with clear-
ance values ranging from 2.7 to 5 mL/kg per day [110]. Mean maximum serum
concentrations (Cmax) of 280 µg/mL were achieved following administration of a
10 mg/kg dose. Serum total VEGF concentrations (unbound plus antibody-bound
VEGF) increased two- to four-fold the baseline value by 72 days following the in-
itiation of therapy. Unbound serum VEGF was not detectable following adminis-
tration of a 0.3 mg/kg dose [110, 111]. Similar results were observed in a Phase Ib
clinical trial when bevacizumab was administered in combination with various
chemotherapeutic regimens. The pharmacokinetics of bevacizumab (mean clear-
ance: 3.2 mL/kg per day) in patients with recurrent non-small-cell lung cancer fol-
lowing multiple dosing in combination with the EGFR tyrosine kinase inhibitor,
erlotinib, were similar to that observed following administration of the antibody
alone [112]. The clearance of bevacizumab was reported to vary with body weight
and gender. In addition, patients with a higher tumor burden had an approxi-
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mately 20 % higher clearance. To date, the relationship between exposure and clin-
ical outcomes for bevacizumab has not been reported.

12.7.2.3 Trastuzumab

HER2 is an internalizing transmembrane receptor that belongs to the EGFR fa-
mily and is overexpressed in human breast cancer [95, 113]. Trastuzumab is a hu-
manized monoclonal antibody that was developed to target the HER2 receptor. In
clinical studies, patient selection was determined by testing tumor specimens for
overexpression of the HER2 protein, and the beneficial treatments effects were
largely limited to patients with highest levels of HER2 protein overexpression [95,
113]. Following administration of trastuzumab at the currently recommended
standard dose (4 mg/kg loading infusions and weekly maintenance doses of
2 mg/kg), steady-state serum concentrations achieved mean peak and trough con-
centrations of 123 µg/mL and 79 µg/mL, respectively [114].

The pharmacokinetics of trastuzumab are influenced by HER2 expression,
which indicates the presence of a receptor-mediated clearance pathway [114–117].
Following single-dose administration of trastuzumab in patients with HER2-over-
expressing metastatic breast cancer, a 2.5-fold decrease in clearance of the anti-
body was reported with increases in antibody dose from 1 to 8 mg/kg (Fig. 12.9).
The population pharmacokinetics of trastuzumab following administration of the
recommended standard dose (4 mg/kg loading infusions and weekly maintenance
doses of 2 mg/kg) to patients with HER2-positive metastatic breast cancer from
Phase II and III clinical studies have also been reported [114]. A relatively large in-
ter-patient variability in clearance and volume of distribution (43% and 29%, re-
spectively) was reported. Among the covariates examined, the number of meta-
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Fig. 12.9 Nonlinear relationship between dose and antibody clearance

following administration of single doses of trastuzumab in patients with

HER2/overexpressing metastatic breast cancer. (Figure produced from

data reported in [117]).



static sites, plasma levels of the soluble antigen (HER2 receptor extracellular do-
main), and patient body weight had a significant effect on clearance, volume of
distribution, or both. Patients with four or more metastatic sites had 18% lower
steady-state exposures. In patients with shed HER2 extracelluar domain concen-
trations >200 ng/mL, a 14% higher clearance and 40 % greater volume of distribu-
tion were reported. Concomitant chemotherapy (paclitaxel or anthracycline plus
cyclophosphamide) did not appear to influence the antibody clearance. The ratio-
nale for selection of the recommended maintenance dose of 2 mg/kg per week is
not clear from the published literature; however, the clearance rate derived from
population modeling (0.225 L/day) is similar to the clearance rate for IgG1 antibo-
dies with no antigen sink, suggesting that the systemic HER2 pool was, on aver-
age, saturated by trastuzumab when administered at the recommended dose.

12.8

Conclusions

Well-defined exposure–response relationships have been established for biologic
products using conventional approaches to pharmacokinetic and pharmacody-
namic analysis. Characteristics of the exposure–response relationships that are
generally unique to biologic products, such as target-mediated disposition and
homeostatic regulation of pharmacokinetics, have been successfully incorporated
into analyses. Mechanistic pharmacodynamic models representing complex biolo-
gical effects have been developed and have contributed to the understanding of
the biology and clinical activity of these therapeutic products. The routine applica-
tion of PK/PD modeling techniques should continue to facilitate the development
of novel biologic therapeutics.
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Preclinical and Clinical Drug Development of Tasidotin,

a Depsi-Pentapeptide Oncolytic Agent

Peter L. Bonate, Larry Arthaud, and Katherine Stephenson

13.1

Introduction

Peptides, which are any member of a class of low molecular-weight compounds
that yield two or more amino acids when hydrolyzed [1], exist pharmacokinetically
between small molecules and proteins. For example, peptides may differ in their
degree of oral bioavailability, in their specificity towards traditional drug-meta-
bolizing enzymes such as cytochrome P450, and in their degree of protein bind-
ing. Few reviews have been published concerning the pharmacokinetics of pep-
tides, notably Humphrey and Ringrose [2] and Tang et al. [3], although the latter
review combines proteins and peptides into the same grouping. Peptides must be
examined on a case-by-case basis because their size and structural properties ren-
der them unique, and generalities are few.

The role of pharmacokinetics in the clinical development of oncology drugs is
varied. Since Phase I studies for oncology drugs are usually performed in patients
rather than in healthy subjects, and most cytotoxic drugs are dosed to the maxi-
mum tolerated dose (MTD), the development of exposure–response relationships
is used not so much in driving drug development as in confirming clinical activity.
This chapter aims to review the role that preclinical pharmacology, toxicology, and
pharmacokinetics has played in the development of tasidotin, a cytotoxic, naturally
occurring pentapeptide that is currently being studied for the treatment of solid
tumors.

13.2

The Dolastatins

Many anticancer agents have their origins in pharmacognosy, including paclitaxel,
etoposide, and the camptothecin analogues, topotecan and irinotecan, to name
just a few. The dolastatins are a unique class of compounds isolated from the In-
dian Ocean sea-hare Dolabella auricularia that are referred to as depsipeptides,
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which are peptides that are naturally secreted by bacteria, fungi, or other organ-
isms and which can be synthesized in the laboratory. (NB. This is not to be con-
fused with depsipeptide, a drug currently being developed by the National Cancer
Institute and Fujisawa Company; NSC 630176, FR901228.)

Dolastatin 10 (NSC 376128; Fig. 13.1), developed by the National Cancer Insti-
tute, was the first dolastatin isolated and shown to be a potent antimitotic agent
through its effects on tubulin [4, 5]. In Phase I clinical trials in patients with ad-
vanced solid tumors, dolastatin 10 had a MTD of 400 �g/m2 administered once
every three weeks (q3w) in minimally pretreated patients, and 325 �g/m2 q3w in
heavily pretreated patients, with neutropenia and mild sensory neuropathy as the
dose-limiting toxicities (DLT). Dolastatin 10 was completely cleared from plasma
within 24 h [6]. A strong correlation between absolute neutrophil count nadir and
total area under the curve (AUC) was observed. A second Phase I study was con-
ducted in patients with advanced solid tumors under a q3w schedule [7]. The MTD
was 300 �g/m2 with granulocytopenia as the DLT. Dolastatin 10 pharmacokinetics
were consistent with a three-compartment model having �-, �-, and �-half-lives of
0.1, 1.0, and 18.9 h, respectively. The absolute neutrophil count nadir was predicted
using an Emax model with AUC as the dependent variable [8]. Dolastatin 10 has
completed Phase II trials in patients with hormone refractory metastatic prostate
cancer [9], metastatic melanoma [10], and advanced breast cancer [11] using the
MTD identified in the Phase I studies. Although acceptable toxicity was observed in
these investigations, poor efficacy was also identified, leading to the conclusion that
dolastatin 10 should not be pursued further as single-agent therapy.

Dolastatin 15 (Fig. 13.1) a seven-subunit depsipeptide also derived from Dola-

bella auricularia, was shown to have similar activity in vitro compared to dolastatin
10. Dolastatin 15 was never pursued in the clinic (it is unclear why this was so
from the literature, but may have been due to an inability to secure intellectual
property), but it was used as a backbone by scientists at BASF Bioresearch Cor-
poration (Worcester, MA, USA) to form more stable synthetic derivatives. One of
these derivatives is cemadotin (LU103793; Fig. 13.1), in which the C-terminus of
dolastatin 15, which is apparently not a site on the molecule needed for activity,
was replaced by a benzylamide subunit. Cemadotin has in-vitro and in-vivo activity
similar to that of dolastatin 10, and was taken into Phase I trials. The first trial
was conducted in patients with advanced solid tumors as a 5-min bolus intrave-
nous (IV) administration q3w schedule [12]. The MTD was 20 mg/m2, with ser-
ious cardiac events as the DLT (i. e., some patients experienced hypertension and
cardiac infarction). A second trial was initiated using a longer infusion time, 24 h
q3w, under the belief that the adverse cardiac effects could be ablated by diminish-
ing the maximal concentration [13]. The MTD was 15 mg/m2, with similar ad-
verse events observed as in the first study. Many patients experienced hyperten-
sion, and three experienced cardiac ischemia. Patients also experienced neutrope-
nia, asthenia, tumor pain, and elevated liver enzymes. A third study was initiated
using a 72-h infusion q3w. The MTD was 12.5 mg/m2, with the primary DLT
being neutropenia. Importantly, no cardiac events were noted using this dosing
schedule. Pharmacokinetically, cemadotin was shown to be metabolized to a
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C-carboxylate metabolite, had a half-life of approximately 10–13 h, and a small vo-
lume of distribution (ca. 9–10 L/m2), indicating minimal tissue penetration. Even
if this drug had shown activity, because a long infusion time was needed to avoid
toxicity, such a regimen would not be commercially viable. Thus, the scientists re-
turned to the laboratory to create a better analogue that did not cause the cardiac
events seen with cemadotin.

13.3

Discovery and Preclinical Pharmacokinetics of Tasidotin

In response to the safety issues seen with cemadotin, scientists at BASF Biore-
search Corporation synthesized LU223651, a 607-Da depsi-pentapeptide, in which
the benzylamide group at the C-terminus of cemadotin is replaced by a t-butyla-
mine group (Fig. 13.1). Preclinical studies showed that cemadotin was 90–95%
metabolized by prolyl oligopeptidase (POP), with the remainder being metabo-
lized by cytochrome P450. When LU223651 was incubated with purified recombi-
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nant POP isolated from Flavobacterium meningosepticum for 4 h, less than 20 % of
cemadotin remained compared to more than 95% of LU223651. After 24 h, more
than 90 % of LU223651 remained intact. The primary LU223651 metabolite iden-
tified was the same metabolite formed from the biotransformation of cemadotin
by POP, which was a carboxylic acid (Fig. 13.1). Further, when 80 mg/kg of
LU223651 or cemadotin was administered to mice, plasma concentrations were
still detectable at 1 h after IV administration, but cemadotin concentrations were
not [14]. LU223651 was also shown to be 100% unbound in rat, mouse, and hu-
man plasma, as was its carboxylate metabolite.

Before these preclinical findings could be translated into the clinic, BASF Biore-
search Corporation was acquired by Abbott Laboratories (Abbott Park, IL, USA).
During portfolio review, Abbott decided to not pursue further development of
LU223651. In 2000, ILEX Oncology (San Antonio, TX, USA) licensed LU223651
and renamed the drug ILX651. In 2004, ILX651 was given the generic name Tasi-
dotin by the United States Adopted Names Council. Also, in 2004, ILEX Oncology
was acquired by Genzyme Corporation (Cambridge, MA). Hence, tasidotin devel-
opment is currently being conducted by Genzyme Corporation.

13.4

Preclinical Pharmacology of Tasidotin and ILX651-C-Carboxylate

In-vitro studies in human cell lines of colon, mammary, and ovarian carcinoma,
melanoma, and leukemia showed that the cytotoxicity of tasidotin was comparable
with that of doxorubicin, but less than that of cemadotin. IC50 values ranged from
1�10–6 to 2�10–8 M. In mouse xenograft studies, tasidotin showed good-to-
excellent antitumor activity after IV administration against the following tumor
types: P388 (leukemia), MX-1 (breast carcinoma), LOX (melanoma), PC-3 (pros-
tate), LX-1 (small cell lung), CX-1 (colon) MiaPaCa and PANC-1 (pancreas), RL
(lymphoma), H-MESO-1 (mesothelioma), and A-673 (sarcoma) [15]. Tasidotin ad-
ministered perorally showed similar antitumor activity against these tumor types
whenever tested.

The carboxylate metabolite of tasidotin was also studied using in-vitro cell mod-
els which showed the metabolite to have pharmacologic activity 10- to 30-fold less
potent than the parent tasidotin (IC50 values ranged from 10–7 M to 10–6 M).
When the metabolite was studied in vivo using an MX-1 (breast cancer) xenograft
model in mice, the metabolite showed no activity.

13.5

Toxicology of Tasidotin

A standard toxicology package was developed for tasidotin for filing the Investiga-
tional New Drug Application with the Food and Drug Administration (FDA).
Single-dose studies under the proposed route of administration (IV) were initiated
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in rats and mice. Multiple-dose studies were completed in two species (rodent and
nonrodent), rats and dogs, using IV as the proposed route of administration. Addi-
tional studies using an oral route of administration were also performed. The pri-
mary target tissues were the rapidly proliferating tissues: testes, bone marrow,
skin, intestinal epithelium, and hematopoietic tissues. Toxicologic effects were re-
versible and consistent across species. The no observable adverse effect level
(NOAEL) was determined to be 1 mg/kg per day (6 mg/m2) in rats, with an MTD of
3.9 mg/kg per day (23.4 mg/m2) IV for five days, repeated every 28 days. The
NOAEL was 0.225 mg/kg per day (4.5 mg/m2), with an MTD of 0.45 mg/kg per day
(9 mg/m2) IV for five days, repeated every 28 days in dogs [15].

In addition, because of the cardiovascular effects observed with cemadotin, safety
pharmacology studies were initiated in rats and dogs administered tasidotin once
daily for five days. No changes were observed in blood pressure, locomotor activity,
body temperature, or body weight, and although the heart rate increased by 25%
during the treatment period, it quickly returned to normal (this effect that may have
been due to the stress of animal handling rather than to any drug-related effect). No
changes in any cardiovascular parameters were seen in conscious, normotensive
dogs. In anesthetized, normotensive dogs administered a single IV dose of tasidotin,
slight dose-dependent decreases in cardiac output were observed concurrent with
slight increases in coronary, femoral, and total peripheral resistance. However, these
changes were only one-tenth the degree of those observed with cemadotin.

13.6

Clinical Pharmacology and Studies of Tasidotin in Patients with Solid Tumors

Preclinical studies showed that tasidotin was equally active as cemadotin against
tumor cell lines, was more metabolically stable than cemadotin, and did not have
the cardiac effects seen with cemadotin. The findings were promising enough
that a decision was made to proceed into clinical development. In late 2000 and
early 2001, two open-label, multicenter Phase I studies were initiated in patients
with advanced solid tumors using different schedules: every day for five days once
every three weeks (Study 101); and every other day for five days once every three -
weeks (Study 102). The inclusion criteria were standard for such studies: other-
wise healthy adult (aged �18 years) males or females having a confirmed diagno-
sis of malignant solid tumor for which no standard treatment existed, or that had
progressed or recurred with prior therapy and having the following: a life expec-
tancy of at least 12 weeks, a Eastern Cooperative Oncology Group performance
status �2, no chemotherapy (including investigational agents) or major surgery
within four weeks of enrollment and adequately recovered from any prior therapy,
and adequate organ and immune function. Females of childbearing potential
were required to show a negative serum pregnancy test within one week of enroll-
ment. The following exclusion criteria applied: known hypersensitivity to the
drug or its analogues; presence of any psychiatric disorder or chemical abuse that
would interfere with consent; pregnant or lactating females; presence of any clini-
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cally apparent central nervous system malignancies or carcinomatous meningitis;
and HIV-positive or AIDS-related illness. In Study 102, patients could also not
have had prior radiation therapy to �25% of the bone marrow (and must have re-
covered from prior radiation therapy) or prior bone marrow/stem cell transplanta-
tion. All studies were conducted in accordance with the Declaration of Helsinki,
and patients provided their informed consent.

These studies were multiple-dose, ascending-dose tolerance studies with three
patients per cohort, except at the MTD where usually six or more patients were en-
rolled. In the event of a DLT, the cohort was to be expanded up to six patients.
Dose escalation was to proceed until the MTD was identified, with MTD being de-
fined as the highest dose at which less than two of six patients experienced DLT
during, or as a consequence of, treatment with tasidotin. Toxicity was analyzed ac-
cording to the National Cancer Institute Common Toxicity Criteria, version 2.0
[16]. Serial blood samples were collected for pharmacokinetic analysis, as were ur-
ine collections on days 1 and 5.

The starting dose in each of these studies was based on one-tenth the MTD in
rats, or one-third the MTD in dogs, whichever was smaller. In this case, the starting
dose was based on the MTD in rats (23.4 mg/m2 administered every day for five
days, repeated every 28 days, equal to 117 mg/m2 per cycle). Since in Study 101, fi-
ve doses per cycle were to be administered, the starting dose was [(1/10�117 mg/
m2)/5 days] or 2.3 mg/m2 for the every- day schedule. Performing the same calcula-
tions for the every-other-day dosing regimen, the starting dose was 3.9 mg/m2. In
late 2001, a third Phase I study (Study 103) was initiated in the same population
using a once-weekly dosing schedule for three weeks, repeated every four weeks.
The starting dose for that study was based on the cohorts that had already been ob-
served. In Study 102, three patients had already been dosed with 7.8 mg/m2 (equal
to 23.4 mg/m2 per cycle), with no toxicity or greater than Grade 1 adverse events.
Hence, the starting dose for Study 103 was 7.8 mg/m2.

In Study 101, 36 patients were enrolled and treated at doses up to 36.3 mg/m2

[17]. The MTD was 27.3 mg/m2, with the principal DLT being neutropenia (four
of 14 patients experienced Grade 4 toxicity), which was consistent with preclinical
toxicology studies. The other principal toxicities consisted of mild-to-moderate
transaminitis, alopecia, fatigue, and nausea. One patient with melanoma meta-
static to liver and bone who was treated at 15.4 mg/m2 experienced a complete re-
sponse and received 20 courses of tasidotin. Two other patients with melanoma
had mixed responses of cutaneous metastases at 27.3 mg/m2 per day associated
with either stable or progressive visceral disease. In addition, nine patients with
various other malignancies had stable disease.

In Study 102, 32 patients were enrolled and treated with doses up to 45.7 mg/
m2 [18]. The MTD was 34.4 mg/m2, with the DLT being neutropenia. Other com-
mon, drug-related toxicities included mild to moderate fatigue, anemia, nausea,
anorexia, emesis, alopecia, and diarrhea. The best observed antitumor response
consisted of stable disease, and this was noted in 10 patients; the median duration
on study for those patients with stable disease was 99.5 days compared to
37.5 days for those with progressive disease.
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In Study 103, 30 patients were enrolled and treated with doses up to 62.2 mg/
m2 [19]. The MTD was 46.8 mg/m2, with the DLT being neutropenia. Other non-
hematologic toxicities included nausea and vomiting, diarrhea and fatigue, all of
which were mild to moderate in severity, and manageable. In terms of response,
one patient with metastatic non-small lung carcinoma experienced a minor re-
sponse, and one patient with hepatocellular carcinoma had stable disease lasting
11 months.

Pharmacokinetic data from all studies were pooled and analyzed using noncom-
partmental methods [20] and WinNonlin Professional software (Version 4, Phar-
sight Corp., Mountain View, CA, USA). Because of the repeated-measures nature
of the data, pharmacokinetic data were analyzed with linear mixed-effects models
[21] using the MIXED procedure in SAS (version 8.0, SAS Institute, Cary, NC,
USA). Clearance and volume of distribution were log-transformed prior to analy-
sis, whereas half-life was analyzed untransformed. Dose proportionality was as-
sessed using a power model [22]. Log-transformed AUC0–� and maximal concen-
trations (Cmax; for ILX651-C-carboxylate only) were used as dependent variables.
Initially, a full model was examined. For all models, patients were treated as ran-
dom effects. Log-transformed dose, day of administration, and body surface area
(BSA) were treated as fixed effects. Model terms not statistically significant at the
0.05 level were removed from the model. The reduced model was then re-fitted.

Pharmacokinetic data were available for 97 patients. The tasidotin plasma con-
centrations declined rapidly, and were less than 1% of maximal concentrations
within about 8 h after dosing (Fig. 13.2). With such a short effective half-life, accu-
mulation with daily tasidotin administration was not likely – once-daily multiple
doses resemble a series of single doses. Concentrations appeared to decline in a
biphasic manner (Fig. 13.2). The presence of a third, gamma phase was observed
in some patients, but was not consistently detected, and for this reason the effec-
tive half-life was calculated instead of the terminal elimination phase half-life.

Dose proportionality was assessed using a power model. Less than 0.3% of the to-
tal AUC was extrapolated on average, with the largest percentage area extrapolated
being 4.0%. AUC0–� did not change over day of administration, but was affected by
dose (p <0.0001) and BSA (p <0.0001). AUC0–� increased disproportionally with in-
creasing dose (Fig. 13.3). Under the power law model of dose proportionality, if a
pharmacokinetic parameter is dose-linear, then the 90% confidence interval (CI) as-
sociated with dose for that parameter should contain the value 1.0. For AUC0–� the
90% CI for the slope related to dose was {1.15, 1.29} with an estimate of 1.22. Hence,
the 90% CI did not contain the value 1.0. For a two-fold increase in dose, AUC0–�

would increase by 2.3-fold (= 21.22), a difference of 16% higher than expected based
on linear pharmacokinetics. Cmax did not change over day of administration (due to
lack of accumulation), but was affected by dose (p <0.0001) and BSA (p = 0.0061).
The 90% CI for Cmax for the slope related to Cmax was {1.00, 1.17} with an estimate
of 1.08. Hence, tasidotin AUC0- showed mild, probably clinically insignificant non-
linear pharmacokinetics, but Cmax showed linear pharmacokinetics.

Tasidotin total systemic clearance did not change over day of administration,
but did decrease with increasing dose (p < 0.0001) and increased with increasing
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BSA (p < 0.0001). The least-squares mean clearance for a patient with a BSA of
1.83 m2 at 2.3 mg/m2 was 62 L/h, but was 30 L/h at 62.2 mg/m2. Decreasing
clearance with increasing dose is consistent with Michaelis–Menten elimination
kinetics. Between-subject variability was moderate at approximately 30%. Tasido-
tin did not show any major renal elimination, with only ca. 13% of the dose being
found in the urine as unchanged drug. In Study 103, the least-squares mean tasi-
dotin renal clearance was approximately 4.3 L/h (about 13% of total systemic
clearance), with a between-subject variability of approximately 51%. Given a glo-
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administration for patients enrolled in Study 103.
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Fig. 13.3 Dose proportionality assessment. The solid line is the predicted

exposure based on a linear mixed effects power model having a reference

subject. For the tasidotin plots, the predicted line is for a reference patient

having a BSA of 1.83 m2.



merular filtration rate in humans of 7.5 L/h, this suggests that tubular reabsorp-
tion or renal metabolism play a role in the urinary excretion of tasidotin. As renal
clearance constituted a small part of total systemic clearance, the most likely cause
of the nonlinearity was saturation of metabolic enzymes.

The least-squares mean tasidotin total volume of distribution at steady state was
10 L, and was not affected by dose or day of administration. Between-subject variabil-
ity was estimated at 39%. The tasidotin half-life did not change over day of adminis-
tration, but increased with increasing dose (p <0.0001) and decreased with increasing
BSA (p = 0.0144). The least squares mean half-life was 26 min at 2.3 mg/m2, but was
46 min at 62.2 mg/m2. Between-subject variability was estimated at approximately
20%. The finding that the half-life was dose-dependent was not surprising, as total
systemic clearance was affected by both dose and BSA, whereas volume of distribu-
tion at steady state was unaffected by dose or BSA. Under these conditions, the half-
life would be expected to change inversely proportional to clearance.

Controversy currently exists regarding the dogmatic dosing of oncolytic drugs
per body surface area in the absence of any evidence for a relationship between
BSA and pharmacokinetic parameters such as clearance [23]. The theory is that,
in the absence of evidence, dosing per BSA might actually increase between-
subject variability. Linear mixed effects model analysis indicated that BSA
(p < 0.0001) was a significant predictor of tasidotin clearance (Fig. 13.4), but that
neither dose nor BSA were significant predictors of volume of distribution at
steady state. This analysis supports the continued dosing of tasidotin on a BSA-
basis.
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for all patients. The solid line is the line of least squares; the dashed lines are

the 95% CI for the slope of the line.



13.7

Clinical Pharmacology of ILX651-C-Carboxylate

Metabolite data were available from 66 patients. Metabolite concentrations in-
creased to a maximum and then declined in a monophasic manner (Fig. 13.5). In
general, ILX651-C-carboxylate concentrations were approximately one-tenth of the
parent drug concentrations, but declined much more slowly. Maximal concentra-
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Fig. 13.5 Mean concentration–time profiles for ILX651-C-carboxylate after

single-dose tasidotin administration in patients enrolled in Study 103.



tions were reached within 3–8 h after dosing, with most patients achieving maxi-
mal metabolite concentrations at 5 h after starting the infusion. There was no ap-
parent effect of dose on time to maximal concentration (Tmax).

Dose proportionality was assessed using the power model. AUC0–24 and Cmax did
not change over day of administration, but did increase with increasing dose
(p �0.0001; see Fig. 13.3). For AUC0–24, the 90 % CI for the slope related to dose
was {0.96, 1.18} with a point estimate of 1.07. The 90 % CI for the slope related to
Cmax was 1.02, with a 90% CI of {0.92, 1.13}. Hence, the 90 % CI for both AUC0–24

and Cmax contained the value 1.0 and both parameters were dose-proportional. The
between-subject variability for AUC0–24 and Cmax was 32% and 40 %, respectively.

Most subjects provided insufficient data to estimate the half-life of the carboxy-
late metabolite. Nevertheless, sufficient data were available from 14 patients, from
which an estimate of ILX651-C-carboxylate half-life could be determined. Neither
day of administration, BSA, nor dose had any influence on ILX651-C-carboxylate
half-life. The least-squares mean ILX651-C-carboxylate half-life was 8 h, which
was considerably longer than the half-life of tasidotin. Between-subject variability
in metabolite half-life was 17%. Given a parent half-life of less than 1 h, metabo-
lite concentrations were not formation rate-limited. Given the half-life of the meta-
bolite, little accumulation of the metabolite would be expected.

The metabolite ratio, defined as the ratio of AUC0–� of the metabolite to that of
the parent, is a measure of the relative exposure of the metabolite to that of the
parent, and could only be computed on 19 observations. The metabolite ratio for
ILX651-C-carboxylate was not affected by dose, BSA, or day of administration, and
was estimated at 0.59, indicating that the metabolite had about 59% the exposure
of the parent. Hence, about one-third the total exposure (parent + metabolite) was
due to the metabolite. This conclusion must be tempered, however, as few obser-
vations were made at the lower doses due to an inability to estimate AUC0–�.

13.8

Exposure–Response Relationships

AUC0–� and Cmax data for parent tasidotin and Cmax data for the carboxylate me-
tabolite were pooled across studies and averaged across days by subject in order to
obtain average summary estimates of exposure for parent and metabolite. Because
of the sampling design, an appropriate AUC measure for the metabolite was un-
available except for Study 103, wherein samples were collected for a sufficiently
long period to permit accurate estimation of the metabolite AUC0–24. The highest
grade of neutropenia was determined for each subject without regard to cycle, as
was the highest grade of nausea or vomiting. (When using Case Report Forms, a
patient may have grade 1 nausea and grade 2 vomiting; however, for this analysis
the response was modeled as grade 2 nausea and vomiting.) Hence, the following
measures of exposure were available: dose, dose per m2, total dose per cycle, par-
ent AUC0–�, parent Cmax, metabolite AUC0–24 for Study 103 only, and metabolite
Cmax. Note that metabolite concentrations were not measured in Study 102; conse-
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quently, no exposure data for the metabolite were available for that study. The fol-
lowing measures of response were examined: highest grade neutropenia; highest
grade nausea and vomiting; and time to disease progression.

Ordinal logistic regression was used to relate grade of response to measures of
exposure for the variables neutropenia and nausea/vomiting. Patient gender was
also used as a covariate in the analysis of the nausea and vomiting data. Linear re-
gression was used to relate time to disease progression to response measures.
Missing data were deleted from the analysis.

Exposure–response data were available from 98 patients (66 patients not includ-
ing Study 102, with the missing metabolite exposure data). All measures of ex-
posure were predictive of degree of neutropenia, with the best predictor being
AUC0–24 of the metabolite. Also, all measures of exposure related to parent tasido-
tin were related to nausea and vomiting, with increasing exposure to parent tasido-
tin increasing the probability of nausea and vomiting. The best predictor of nausea
and vomiting was daily dose per m2. Patient gender was also an important predictor
of nausea and vomiting, with females being 4.6-fold more likely to experience nau-
sea and vomiting compared to males. None of the measures of metabolite exposure
was related to nausea and vomiting; this was not unexpected as metabolite forma-
tion does not peak until 5–8 h after dosing, which is several hours after the nausea
and vomiting typically occurs. All measures of exposure, including parent and me-
tabolite, were predictive of time to disease progression,with the best predictor being
AUC0–24 of the metabolite, followed by metabolite Cmax (Figs. 13.6 and 13.7).

Combining the neutropenia results with time to disease progression produced
the plot shown in Fig. 13.8, which shows that neutropenia and time to disease pro-
gression go hand-in-hand. Patients who become neutropenic tend to have the
longest times until disease progression. Further, patients tend to have a linear in-
crease in the probability of experiencing Grade 3 or higher nausea and vomiting
with increasing dose intensity, and with females having a greater chance than
males of experiencing Grade 3 or higher nausea and vomiting across all doses.

13.9

Discussion

Tasidotin displayed mild and clinically insignificant nonlinear elimination ki-
netics, which was not surprising for a cytotoxic chemotherapeutic agent. Neverthe-
less, tasidotin was rapidly cleared from the plasma with concentrations decreasing
more than 99% by 8 h post dose. One question that arose early in development
was the difference in half-life between tasidotin and cemadotin. Cemadotin has a
reported half-life of 10 h [12], compared to 45 min or less for tasidotin. This was a
large discrepancy for such a small structural difference between the two drugs.
A careful review of the literature revealed that the analytical assay for cemadotin
used a radioimmunoassay that was not specific for parent cemadotin, but showed
crossreactivity with the metabolite. Hence, an aggregate of cemadotin and its me-
tabolites was measured rather than parent cemadotin. Tasidotin was analyzed by
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LC-MS/MS, which was specific for parent tasidotin and did not show any cross-
reactivity with metabolites. Hence, the half-life reported for cemadotin was not
the true half-life, but probably that of the metabolite.

In contrast to tasidotin, plasma concentrations of the metabolite, ILX651-C-car-
boxylate, though much lower than those of the parent drug at early time periods,
remained in the plasma longer and had a much longer half-life of 8 h, though
this value was based on a relatively small number of subjects. Because of its
longer half-life, the metabolite contributed about one-third to the total circulating
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exposure. The solid line is the line of linear least squares.



exposure. Hence, preclinical studies were initiated to further understand the activ-
ity of the metabolite. These studies indicated that the metabolite was less active
than tasidotin in vitro, and showed no activity when administered to mice im-
planted with tumors. One explanation of this observation is that, being a free car-
boxylic acid and highly polar, the metabolite does not penetrate the cell membrane
to reach intracellular targets in vivo. Nonetheless, it is interesting that metabolite
concentrations do not peak until tasidotin concentrations are essentially cleared
from the plasma (3–8 h after administration). This would suggest that the meta-
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Fig. 13.7 Scatter plot of time to disease progression as a function of ILX651-

C-carboxylate metabolite AUC0–24 and Cmax. The solid line is the line of
linear least squares.



bolite is formed at a site exterior to the sampling compartment (e.g., a tissue),
and then diffuses or leaches from the intracellular domain back into the plasma.
If this were true, then the metabolite may indeed be active. Ongoing studies with
the metabolite using Raman spectroscopy [24] and classic transport techniques in
A549 (non-small cell lung cancer) cell lines [25] are currently being conducted to
further determine the role of the metabolite in tasidotin’s activity.

Given its small volume of distribution, tasidotin showed minimal tissue pene-
tration, with the drug being largely confined to the extravascular and plasma com-
partments. Since tasidotin is 100% unbound, the small volume of distribution
was likely a property of its high molecular weight. Tasidotin was not excreted into
the urine to any significant extent as the parent drug (only ca. 13%). Given tasido-
tin’s molecular weight (607 Da), biliary secretion would be expected to play the
dominant role in its clearance. These results, together with those from preclinical
studies using isolated perfused rat livers, are consistent with that hypothesis.

One interesting pharmacokinetic phenomenon observed with tasidotin was that
parent concentrations prior to ending the infusion were higher than at the end of
the infusion (Fig. 13.9). For a drug with constant clearance, this should not be pos-
sible. Although unusual, this phenomenon is not unheard of, having been re-
ported for suberoylanilide hydroxamic acid, a histone deacetylase inhibitor [26]. In
that report, the authors could not postulate a reason for such pharmacokinetic be-
havior. The same effect has also been reported for furosemide, perhaps due to the
drug’s behavior within the renal tubule [27].
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function of AUC0–24 of the metabolite ILX651-C-carboxylate.



Several reasons might explain this observation, both physiological and study-re-
lated. First, the infusion may have been terminated (in error) prior to the sched-
uled end of infusion, such that the concentration data were artifactual. However,
this seems unlikely as the same effect was observed in all clinical studies. In addi-
tion, the end of infusion time and pharmacokinetic sampling times were con-
firmed in the study Case Report Forms with, in all cases, the sampling times and
end of infusion times being accurate. A second possibility is that there may have
been an analytical error, though this too seems unlikely as the assay was validated
according to FDA guidelines and the phenomenon was observed across multiple
bioanalytical batches from several studies. While these two possibilities seem the
most obvious, they can be eliminated, however.

The concentration of drug in plasma is due to three factors: the rate of drug in-
put (rate of infusion); the rate of elimination; and the volume of distribution.
Since the rate of input is a constant, only a change in the rate of elimination or vo-
lume of distribution emerge as possible reasons for such an unusual finding. It is
possible that the volume of distribution changes over time. It is also possible that
tasidotin is distributed by a transporter that must be activated. Basically, with this
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Fig. 13.9 Scatter plots of representative tasidotin concentration–time profiles.

The end of infusion is denoted with a vertical dashed line.



explanation, tasidotin distributes into the blood, after which there is a lag period
before it distributes to other tissues – much like inverting a plugged bottle and
then pulling the plug – though this seems unlikely. Alternatively, the altered dis-
tribution could be the result of altered protein binding, though as tasidotin is
100% unbound in plasma this too seems unlikely.

A more likely explanation relates to a nonconstant rate of elimination. It is pos-
sible that the protease enzymes which metabolize tasidotin need to be activated
for maximal activity – that is, they are inactive initially but are activated in the pre-
sence of tasidotin. Tasidotin is metabolized at the proline end of the molecule to a
carboxylic acid. The enzyme responsible for this conversion is largely POP (EC
3.4.21.26), a large intracellular enzyme of the serine protease family (distinct
from trypsin) that preferentially hydrolyzes proline-containing peptides 30 amino
acids in length or less at the carboxyl end of prolyl-residues to carboxylic acids
[28, 29]. Protease activation is relatively common in eukaryotes, and there is evi-
dence to suggest that serine proteases in particular require activation for maximal
activity [30]. Under this scenario, tasidotin distributes into the body and tissues,
but is metabolized slowly for a small period of time (based on the data in the pre-
sent study this appears to be ca. 15 min) until the enzyme is activated. Thereafter,
the metabolism is rapid and sustainable until tasidotin is cleared from the blood.
The enzyme then resets itself until the next administration of tasidotin. This ex-
planation appears plausible, and preclinical studies are being initiated using puri-
fied recombinant POP to determine the kinetic mechanism of catalysis of tasido-
tin, though these results are not yet available. Interestingly, TZT-1027, another do-
lastatin 10 analogue (see Fig. 13.1), does not show this phenomenon [31]. How-
ever, TZT-1027 differs from tasidotin in one important aspect – it is metabolized
predominantly by cytochrome P450 3A4, and not by POP. CYP3A4 does not show
activation kinetics as POP might. Hence, while both tasidotin and TZT-1027 are
both dolastatins they are metabolized completely differently. As an aside, TZT-
1027 is also more than 95% protein bound to plasma proteins, primarily to �1-
acid-glycoprotein, whereas tasidotin is 100% unbound. So, despite small struc-
tural differences between the two drugs, they demonstrate major differences in
their pharmacokinetics.

Based on a surrogate marker for clinical activity, time to disease progression
[32] was prolonged as exposure to either the parent drug or metabolite was in-
creased. However, coupled to this was the fact that the probability of dose-limiting
neutropenia and severe nausea and vomiting also increased. Hence, an ideal dose
regimen would be one where efficacy occurred prior to the adverse events. One
suggestion would be to increase the time of infusion in order to reduce the parent
drug concentrations and hence decrease the probability of nausea and vomiting.
In addition, a growth factor might be added to the treatment to reduce the inci-
dence of neutropenia. These two factors might allow clinicians to administer
higher doses in order to achieve a longer time to disease progression.
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13.10

Summary

At present, tasidotin is still in development, and questions regarding its pharma-
cokinetic and mechanism of action remain unanswered, but that is the nature of
drug development. As new data become available, new questions arise such that,
at the time of regulatory approval, the sponsor should have a clear understanding
of the mechanism of action, relationship between toxicology, preclinical and clini-
cal pharmacokinetics, and the safety and efficacy of the drug.
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Clinical Drug Development of Cetuximab,

a Monoclonal Antibody

Arno Nolting, Floyd E. Fox, and Andreas Kovar

14.1

Introduction

Cetuximab is a chimeric monoclonal antibody (mAb) of the immunoglobulin G1
class (IgG1), which was obtained by attaching the Fv regions of the murine mAb
M225 against epidermal growth factor receptor (EGFR) to constant regions of
human IgG1 (i. e., the � light chain and the �-1 heavy chain). Cetuximab binds
specifically and with high affinity to the extracellular domain of the human
EGFR, a transmembrane glycoprotein that belongs to the Erb-B tyrosine kinase
growth factor receptor family [1]. EGFR is also expressed in many normal human
epithelial tissues, including the skin follicle. EGFR is expressed in a variety of
tumor types. The expression is frequently associated with poor clinical prognosis
[2, 3]. By binding to EGFR, cetuximab antagonizes the binding of endogenous
EGFR ligands such as EGF and transforming growth factor-� (TGF-�). Because of
the diversity of the EGFR-dependent intracellular signal pathways [4], the bio-
logical effects of the blockade of ligand receptor binding by cetuximab are highly
pleiotropic. They comprise most cellular functions implicated in tumor growth
and metastasis such as cell proliferation, cell survival, cell motility, cell invasion,
tumor angiogenesis, and desoxyribonucleic acid (DNA) repair. Cetuximab also in-
duces the internalization of EGFRs, which is thought to lead to EGFR down-regu-
lation and a reduction in EGFR signaling.

Currently, cetuximab (Erbitux) is indicated for the treatment of patients with
EGFR-expressing metastatic colorectal cancer after failure of irinotecan-including
cytotoxic therapy. Depending on the country, cetuximab is approved in combina-
tion with irinotecan or in addition as monotherapy. The approved dosing regimen
consists of an initial dose of 400 mg/m2 body surface area (BSA), followed by
weekly doses of 250 mg/m2. The (intravenous; IV) infusion durations are 2 h for
the initial infusion, and 1 h for the subsequent weekly infusions.

First approval worldwide was granted for cetuximab in Switzerland in Decem-
ber 2003 for the combination therapy with irinotecan. Subsequently, approvals
were granted in the US (mono- and combination therapy) and all 25 membership
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countries of the European Union, as well as Iceland and Norway (combination
therapy). As of March 2006, cetuximab has been approved by regulatory agencies
of 53 countries.

Colorectal cancer (CRC) is the third most commonly diagnosed cancer world-
wide, and the second most common cause of cancer mortality in Europe and
North America. Worldwide, approximately one million cases were diagnosed in
2000, accounting for 500 000 deaths. Age represents the most important risk fac-
tor, since about 90 % of CRC patients are aged 50 years or more [5]. The EGFR ex-
pression rate in CRC is reported to be between 75 and 89% [6–8]. EGFR-expres-
sing CRC tumors are associated with a poor prognosis in terms of survival [9–11].

The rationale for using cetuximab in combination with irinotecan in metastatic
CRC is based on the fact that inhibitors of growth factor receptor signaling and
genotoxic agents (chemotherapeutics, radiation) interfere with cell cycle progres-
sion and promote apoptosis. They also modulate expression and activity of com-
mon intermediates of the signaling pathways controlling cell cycle and apoptosis
in the same direction.

Merck KGaA, Darmstadt, Germany, licensed the right to market and develop Er-
bitux outside the USA and Canada from ImClone Systems Inc. of New York in
1998. In Japan, Merck KGaA has co-exclusive marketing and development rights
with ImClone Systems. Cetuximab is being further developed in this program,
which was joined in 2001 by Bristol Myers Squibb Company, for the treatment of
several tumor types that express EGFR such as squamous cell carcinoma of the
head-and-neck, non-small cell lung cancer and pancreatic cancer, including early
lines of treatment as well as combinations with various chemotherapeutic agents
or radiotherapy.

14.2

Specific Considerations in Oncologic Drug Development

Compared to other therapeutic areas, the preclinical and clinical development of a
biotechnology drug for use in oncology requires consideration of several addi-
tional unique issues [12]:

� Early clinical studies are performed in cancer patients in hospitals instead of
healthy volunteers, and in specialized Phase I units. Selection criteria for pa-
tients entered into cetuximab Phase I studies included various important fac-
tors such as disease state, life expectancy (>3 months), prior treatment, organ
function, age, tumor type and target (i. e., EGFR expression). Therefore, phar-
macokinetic (PK) data obtained from these individuals is confounded by nu-
merous factors, a fact usually absent in conventional studies with tightly con-
trolled, well-selected healthy subjects performed for non-oncologic drugs.

� Prolonged timelines are required to complete a single Phase I study. Oncologic
Phase I studies are typically conducted in cancer patients for whom all other
existing therapy has failed. Thus, competition exists between various sponsors
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of oncology agents, since such patients are relatively scarce. In dose-escalation
studies, enrollment is usually slow since the maximum tolerated dose (MTD),
the identification of which is an important objective in oncologic Phase I stu-
dies, may not be known and few patients are willing to enroll at a potentially
subtherapeutic dose.

� Trial design and objectives. The major purpose of the early cetuximab Phase I
studies was to define a safe and tolerable dose and dosing schedule either for
cetuximab alone or combined with chemotherapeutic agents to be investigated
in the later stages of clinical development. In general, the objectives were to de-
termine the MTD, to characterize side effects and identify dose-limiting toxicity,
to define the PK profile, to measure response to treatment, and to define the
potential immunologic response to cetuximab treatment. Patients were typically
treated in small cohorts of three to six per dose group, and dose-escalation steps
were performed according to a common methodology, the modified Fibonacci
Scheme [13, 14].

� Dosing. In oncology, the administration of a drug in relation to BSA (in mg/m2)
tends to be standard practice. The rationale for the use of BSA originates from
the observation that there is a proportional relationship between renal function
and BSA [15]. Over several decades, and for many cytotoxic drugs, an additional
relationship between specific toxicity and dosing per BSA could be established.
Dosing for cetuximab per BSA followed this historic path.

� Concomitant medication. Patients involved in Phase I oncologic studies have
typically undergone several rounds of previous anti-cancer therapies, which had
to be discontinued due to progression of the underlying disease or due to unac-
ceptable toxicity. The general health status of cancer patients enrolled in these
studies may, therefore, be comparatively poor. Hence, in contrast to Phase I stu-
dies in healthy volunteers, palliative and supportive care for disease-related
symptoms and for toxicity associated with treatment must be given to all pa-
tients in oncologic trials. Such intervention may include the administration of
medications such as antibiotics, analgesics, antihistamines, antiemetics, ster-
oids, growth factors (including erythropoietin), or procedures such as paracent-
esis or thoracentesis or the administration of blood products such as red blood
cells, platelets or fresh-frozen plasma transfusions.

� Data quality. Oncologic Phase I studies are often performed as multicentric stu-
dies because the recruitment of cancer patients tends to be slow. Since these stu-
dies are performed in the hospital setting at multiple sites, and not at dedicated
Phase I units, the ensurance of data quality is more challenging. Not all hospitals
and their staff are equally well experienced in adhering to the demands of a rigor-
ous PK sampling schedule, and the requirements regarding sampling prepara-
tion, handling, storage and shipment. More often than not, especially in Phase II
studies, hospitals and their staff are more mindful of the need to ensure the qual-
ity of the safety, tolerability and efficacy data rather than of PK data. This fact may
add to the overall variability seen in oncologic trials regarding PK data.
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14.3

Introduction to the Clinical Pharmacokinetics of Cetuximab

PK data for cetuximab were derived from 19 clinical studies performed up to 2003
[16]. Ten of these studies were conducted as dose-escalation/dose-finding studies,
while the remaining nine were conducted at the approved dosing regimen of
400 mg/m2 initially, followed by weekly doses of 250 mg/m2.

The PK of cetuximab were investigated after single IV doses ranging from 5 to
500 mg/m2. PK data obtained after administration of cetuximab monotherapy
were available from 82 patients in five of the dose-escalation studies, and from
214 patients in four of the studies with the approved dosing regimen. In two stu-
dies, cetuximab was administered both as a monotherapy and in combination
with irinotecan; single- as well as multiple-dose cetuximab concentration data
were available from 300 patients in these two studies.

In 10 studies the corresponding clinical study protocol stipulated that cetuxi-
mab was to be given in combination with a chemotherapeutic agent (irinotecan,
paclitaxel, gemcitabine, cisplatin, carboplatin, or doxorubicin) or in combination
with radiation therapy.

In the dose-escalation studies, PK data were obtained for patients with a variety
of EGFR-expressing solid cancers, while the studies at the approved dosing regi-
men were conducted in the indications of colorectal carcinoma, squamous cell
cancer of the head-and-neck, pancreatic cancer, and renal cell cancer.

Cetuximab serum concentrations were measured using validated enzyme-
linked immunosorbent assay (ELISA) methods or a validated surface plasmon re-
sonance assay. These bioanalytical assays were crossvalidated to allow pooling of
PK data across studies.

PK data were collected by the traditional approach of frequent sampling in all
studies, except for one Phase II study [17] in which a sparse population sampling
design (four to six PK samples per patient) was chosen. Two studies investigated
the single-dose PK of cetuximab for up to three weeks prior to the administration
of subsequent weekly cetuximab doses of 250 mg/m2. In all other studies, PK
sampling was carried out within the dosing interval of one week. Good agreement
was observed between PK data obtained from three-week and one-week sampling
schedules. Results from individual studies were analyzed by non-compartmental
PK analysis and are summarized in Sections 14.4 and 14.5. Additionally, cetuxi-
mab concentration data from all studies were analyzed by a population PK ap-
proach within the framework of an integrated PK database analysis. The results of
the integrated PK database analysis are summarized in Section 14.6.

14.4

Early Attempts to Characterize the PK of Cetuximab

Initially, PK results of the first three Phase I studies in patients were evaluated
after pooling [18]. This was carried out in an attempt to identify possible dose-re-
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lated patterns in the PK parameters across a dose range wider than that which
could be investigated in one study alone.

A total of 52 patients with either head-and-neck cancer or with non-small cell
lung cancer received either a single cetuximab dose (n = 13), multiple weekly ce-
tuximab doses (n = 17) and multiple weekly cetuximab doses with cisplatin
(n = 22). Cetuximab IV doses of 5, 20, 50, 100, 200 and 400 mg/m2 were adminis-
tered. Following the administration of 5 mg/m2, serum cetuximab concentrations
were generally below the limit of quantification. For all other doses, cetuximab
serum concentration data were analyzed using non-compartmental approaches.
Results from these preliminary analyses indicated that the volume of distribution
was independent of dose, while clearance (CL) appeared to decrease with dose,
with little difference in CL between the 200 mg/m2 and 400 mg/m2 dose levels. A
mean CL value of 0.127 was reported for the 20 mg/m2 dose, but this decreased
to 0.034 L/h/m2 for the 100 mg/m2 dose. At doses of 200 mg/m2 and higher, a
mean CL value of 0.018 L/h/m2 was determined (these values were converted
from the original unit, assuming a BSA of 1.7 m2 and a body weight of 70 kg). In
addition, the mean CL value at the 100 mg/m2 dose level after monotherapy was
similar to that obtained after cetuximab was coadministered with cisplatin, sug-
gesting a lack of an effect by cisplatin on the clearance of cetuximab.

14.5

PK of Cetuximab Following Pooling of Data Across All Studies

14.5.1

Comparison of Single-Dose PK Parameters at Various Dose Levels

Subsequently, with the accumulation of more single-dose cetuximab PK data, and
in order to obtain a sufficiently high number of observations at each dose level,
PK data for the same dose or dose level were pooled across studies [19]. Thus, the
PK characteristics could be described across a dose range of 5 to 500 mg/m2.
Mean single-dose cetuximab PK parameters are displayed by dose in Table 14.1,
across all studies.

14.5.1.1 Maximum Serum Concentration

Mean maximum observed cetuximab (Cmax) values after first cetuximab adminis-
tration are displayed as a function of dose in Fig. 14.1. Serum concentrations of ce-
tuximab typically reached maximum levels approximately 1–2 h following the end
of the cetuximab infusion, independent of dose. Mean cetuximab Cmax values
ranged from 8.7 to 283.8 µg/mL after single cetuximab doses of 20 to 500 mg/m2,
respectively. A linear relationship (coefficient of correlation, r2 = 0.98) between
cetuximab dose and mean Cmax value was observed, indicating that maximum
serum concentrations following infusion are predictable for each dose used.
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Table 14.1 Single-dose pharmacokinetic parameters for cetuximab across all studies.

Dose [mg/m2] 20 50 100 200 250 300 400 500

No. of studies 4 7 7 4 2 1 8 5

Cmax N 13 23 52 14 8 4 56 20
[µg/mL] Mean 8.69 22.19 46.77 102.36 140.20 133.25 184.51 283.80

SD 4.19 4.74 11.59 29.37 19.63 47.66 54.62 84.08
Range 3–19 12.58– 32.63 17–73 53–167 119.7–170.17 79–190 0–327.03 155.37–498

AUC0-� N 10 22 48 14 8 4 53 18
[µg h/mL] Mean 343 1031 2912 9923 12414 16311 21142 32448

SD 228 440 1060 3226 3332 3786 8657 12880
Range 133–866 394–1929 1136–7522 4683–17 015 9290–19 159 11 265–19 388 9412–48 039 14 659–57 700

t1/2 N 10 22 48 14 8 4 53 18
[h] Mean 33.3 32.3 44.8 79.8 65.9 90.5 97.2 119.4

SD 29.2 9.8 12.8 19.6 18.8 13.8 37.4 76.9
Range 14.74–106.66 15.35–57.91 20.85–95.26 51.19–117.53 45.48–104.11 77.28–108.07 41.39–213.38 33.58–338.07

CL N 10 22 48 14 8 4 53 18
[L/h/m2] Mean 0.079 0.059 0.039 0.020 0.022 0.019 0.022 0.018

SD 0.039 0.028 0.015 0.010 0.005 0.005 0.009 0.008
Range 0.023–0.15 0.026–0.127 0.013–0.088 0–0.042 0.013–0.027 0.015–0.027 0.008–0.042 0.009–0.034

Vss N 10 22 48 14 8 4 53 18
[L/m2] Mean 2.81 2.49 2.48 2.48 1.99 2.52 2.88 2.68

SD 1.09 0.70 0.91 1.05 0.29 0.49 0.93 0.75
Range 1.87–5.09 1.69–4.31 1.51–5.95 1.71–5.05 1.32–2.25 1.82–2.93 1.51–6.19 1.52–4.23

Abbreviations: Cmax: maximum cetuximab serum concentration; AUC0-�: area under the concentration–time curve extrapolated to infinity;
CL: total body clearance; Vss: volume of distribution at steady state; t1/2: terminal elimination half-life; SD: standard deviation.
Note: At the 5 mg/m2 dose level, only Cmax was determined: Mean: 2.38 ± 2.77 µg/mL; range: 1.00–9.00 (n = 8).



14.5.1.2 Area Under the Concentration-Time Curve

Mean area under the concentration–time curve (AUC0-�) values after the first
cetuximab administration are displayed as a function of dose in Fig. 14.2. Mean
cetuximab AUC0-� values ranged from 343 to 32448 µg·h/mL after single cetuxi-
mab doses of 20 to 500 mg/m2, respectively. Overall, a linear relationship
(r2 = 0.98) between cetuximab dose and AUC0-� value was observed, indicating
that the exposure to cetuximab, as measured by AUC, is predictable at dose levels
of 200 mg/m2 and higher. However, at lower doses (20 to 100 mg/m2), deviations
from this linear relationship were observed which are thought to be due the speci-
fic elimination characteristics of cetuximab at lower doses, as described in the fol-
lowing paragraph.

35914.5 PK of Cetuximab Following Pooling of Data Across All Studies

Fig. 14.1 Mean (± SD) maximum serum concentration (Cmax) for cetuximab

versus dose across all studies.

Fig. 14.2 Mean (± SD) area under the concentration–time curve (AUC0-�) for

cetuximab versus dose across all studies.



14.5.1.3 Clearance

Mean clearance (CL) values for cetuximab are displayed as a function of dose in
Fig. 14.3. Mean CL values decreased from 0.079 to 0.018 L/h/m2 after single
cetuximab doses of 20 to 500 mg/m2, respectively. In the dose range 20 to
200 mg/m2, CL values decreased with dose. At doses of 200 mg/m2 and greater,
CL values leveled off at a value of approximately 0.02 L/h/m2. This biphasic beha-
vior suggests the existence of two elimination pathways. The elimination of
cetuximab apparently involves a specific, capacity-limited elimination process that
is saturable at therapeutic concentrations, in parallel with a nonspecific first-order
elimination process that is non-saturable at therapeutic concentrations. Increas-
ing doses of cetuximab will therefore ultimately lead to the saturation of the elimi-
nation process that is capacity-limited and that follows Michaelis–Menten ki-
netics, whereas the first-order process will become the dominant mechanism of
elimination beyond a particular dose range.

For cetuximab, it is assumed that the specific, saturable elimination mechanism
acts via the complementarity-determining regions (CDRs) of the antibody, which
is reflective of the target-specific elimination process. Specifically, cetuximab
binds to EGFR via its CDRs, and the resulting cetuximab/EGFR complex is either
recycled with recurrence of the receptor at the cell surface or degraded in lyso-
somes. Due to the large number of EGFRs in the body, internalization markedly
contributes to the elimination of cetuximab from the systemic circulation.

At a certain serum concentration range (i. e., at a certain corresponding cetuxi-
mab dose), EGFRs will become saturated with cetuximab molecules. When con-
centrations increase beyond this saturation range, the nonspecific, nonsaturable,
elimination pathway becomes the predominant elimination pathway, as indicated
by the observation that CL and t1/2 values remain constant. This nonspecific elimi-
nation pathway is common for all antibodies, independent of their origin, and is
nonsaturable at therapeutic antibody concentrations. Antibodies are usually recog-
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nized by several receptors that have binding affinities to either the protein and car-
bohydrate moieties on the Fc region. Liver cells or cells of the reticuloendothelial
system, for example, are known to express Fc-recognizing receptors. Binding of
antibodies to these receptors is usually followed by internalization and further cat-
abolism [20, 21]. Due to the very large number of receptors in the body it is be-
lieved that these receptors are not saturable at cetuximab doses that were applied
in clinical studies.

14.5.1.4 Elimination Half-Life

Mean values for the elimination half-life (t1/2) of cetuximab increased from 33.3 to
119.4 h after single cetuximab doses of 20 to 500 mg/m2, respectively (Fig. 14.4).
At the approved dosing regimen of 400/250 mg/m2, t1/2 values were approxi-
mately 66 to 97 h.

14.5.1.5 Volume of Distribution

Values for mean volume of distribution at steady state (Vss) appeared to be inde-
pendent of dose, and ranged from 1.99 to 2.88 L/m2 after the first dose of 20 to
500 mg/m2 of cetuximab (Fig. 14.5). These volumes are consistent with that of the
vascular space, and in agreement with values of other IgG1-derived monoclonal
antibodies.
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Fig. 14.4 Mean (± SD) terminal half-life (t1/2) for cetuximab versus dose across all studies.



14.5.2

Drug Metabolism and in-vitro Drug–Drug Interaction Studies

To date, no studies on the metabolism of cetuximab have been performed in hu-
mans or in animals. Indeed, metabolism studies are not generally performed for
mAbs. Several pathways have been described that may contribute to antibody me-
tabolism, all of which involve biodegradation of the antibody to smaller molecules
(i. e., small peptides or amino acids). This fact has been recognized in the Interna-
tional Conference on Harmonization (ICH) guidance document “Preclinical
Safety Evaluation of Biotechnology-Derived Pharmaceuticals” [22], where it is sta-
ted in Section 4.2.3 that “… the expected consequence of metabolism of biotech-
nology-derived pharmaceuticals is the degradation to small peptides and indivi-
dual amino acids …” and that therefore classical biotransformation studies as per-
formed for traditional small molecule pharmaceuticals are not needed.

14.5.3

Comparison of Single- and Multiple-Dose PK at the Approved Dosing Regimen

Mean values of CL, AUC, t1/2, and Vss following the administration of up to four
doses of cetuximab are displayed in Table 14.2. These data suggest that PK para-
meters remained constant for up to four cetuximab doses at the approved dosing
regimen (400/250 mg/m2).

In a recently completed Phase I study [23], cetuximab was administered to 49
patients with metastatic CRC. Treatment regimens included the approved dosing
regimen (400 mg/m2, followed by weekly doses of 250 mg/m2), as well as two ex-
perimental regimens of 250 mg/m2 weekly and 350 mg/m2 weekly. The main PK
parameters in week 4 of the study are listed in Table 14.3. The PK parameters ob-
served in this study were in good agreement with previous data. In addition, va-
lues for CL, Vss and t1/2 were in good agreement across the three treatment
groups. Dose-related increases in exposure, as expected for linear PK characteris-
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Table 14.2 Pharmacokinetic parameters for cetuximab after multiple doses at the approved

dosing regimen (400/250 mg/m2).

Week No. of Statistic CL AUC t1/2 Vss

studies [L/h/m2] [�g h/mL] [h] [L/m2]

1 8 N 53 53 53 53
Mean 0.022 21 142 97.24 2.88
SD 0.009 8657 37.38 0.93
Range 0.008–0.042 9412–48 039 41.39–213.38 1.51–6.19

3 2 N 8 8 8 8
Mean 0.020 22 723 123.25 2.30
SD 0.006 10 313 41.39 0.83
Range 0.002–0.019 12 291–40 850 81.92–187.87 1.33–3.91

4 3 N 13 11 11 11
Mean 0.017 24 329 108.09 2.00
SD 0.006 11 202 29.32 0.59
Range 0.008–0.028 11 704–47 180 74.97–173.16 1.11–2.68

Table 14.3 Main pharmacokinetic parameters for cetuximab during week 4 of dosing.

Dosing regimen Statistic CL AUC AUC dose- t1/2 Vss

(initial/weekly) [L/h/m2] [�g h/mL] normalized [h] [L/m2]

[�g h/mL/mg]

400/250 mg/m2 N 11 11 11 11 11
Mean 0.020 13 181 30.1 97 2.69
SD 0.005 2560 6.9 24 0.47
Range 0.014–0.030 8165–17 474 17.0–41.6 56–125 2.12–3.73

250/250 mg/m2 N 17 17 17 17 17
Mean 0.020 14 968 34.8 89 2.23
SD 0.009 5792 15.1 32 0.70
Range 0.010–0.043 5791–25 144 11.6–64.1 30–164 1.59–4.33

350/350 mg/m2 N 17 17 17 17 17
Mean 0.019 22 524 37.3 109 2.62
SD 0.010 9044 16.1 32 0.77
Range 0.008–0.051 6852–42 460 10.9–73.2 40–163 1.7–3.8



tics, were observed following the dosing regimens of 250/250 mg/m2 weekly com-
pared to 350/350 mg/m2 weekly.

14.6

Characterization of Cetuximab PK by a Population PK Approach

Cetuximab concentration data from the 19 studies were combined into a common
PK database for an integrated PK analysis [16]. This analysis was performed for
the following purposes:

� to identify predictors of exposure to the drug (e. g., demographic factors,
laboratory values, concomitant therapy, renal and hepatic status);

� to identify if any patient subpopulation exhibits altered PK;
� to estimate the inter-patient variability of cetuximab PK.

A total of 8388 observations (i. e., concentration values) from 906 patients was
used for this analysis. The following covariates were investigated for a possible im-
pact on the PK of cetuximab: age, gender, race, BSA, creatinine clearance, biliru-
bin, alanine aminotransferase, aspartate aminotransferase, concomitant therapy,
hepatic status and renal status.

Population PK models were built using a nonlinear mixed-effect modeling ap-
proach with the NONMEM software (double precision, Version V, Level 1.1) and
NMTRAN pre-processor [24]. Models were run using the Digital Visual Fortran
Compiler (Version 5.0D) on a personal computer under the Microsoft Windows
NT 4.0 operating system. The interface software PDx-Pop was used to run NON-
MEM. Goodness-of-fit diagnostic plots were prepared within S-Plus 2000 Profes-
sional Release 3. Screening of potential covariates was conducted using the Gen-
eral Additive Modeling (GAM) feature of Xpose, version 3 [25].

In the initial model building, an initial dataset consisting of 5357 concentration
values from 13 studies was used for the development of the structural base model.
The following alternative models were assessed:

� a one-compartment model with Michaelis–Menten saturable elimination;
� a two-compartment model with first-order elimination;
� a two-compartment model with Michaelis–Menten saturable elimination;
� a two-compartment model with two parallel elimination pathways

(one saturable and one nonsaturable pathway).

The selection of the appropriate population pharmacokinetic base model was guided
by the following criteria: a significant reduction in the objective function value
(p <0.01, 6.64 points) as assessed by the Likelihood Ratio Test; the Akaike Information
Criterion (AIC); a decrease in the residual error; a decrease in the standard error of the
model parameters; randomness of the distribution of individual weighted residuals
versus the predicted concentration and versus time post start of cetuximab adminis-
tration; randomness of the distribution of the observed concentration versus indi-
vidual predicted concentration values around the line of identity in a respective plot.

364 14 Clinical Drug Development of Cetuximab, a Monoclonal Antibody



The first model tested was a one-compartment model with Michaelis–Menten
elimination, which served as a base against which to compare more complex mod-
els. A marked decrease in the objective function value (OFV) was obtained when a
two-compartment model with Michaelis–Menten elimination was fitted to the
data (� = –743). The addition of a linear component to the elimination from the
central compartment further reduced the OFV by an additional 245 points. The
two-compartment models incorporating saturable elimination with and without
the linear component were then further evaluated. Addition of the linear elimina-
tion pathway from the central compartment resulted in a decrease of 56 points in
OFV compared to the model with saturable elimination only.

Both candidate models were then re-evaluated using the final dataset of 8388 ob-
servations from 906 patients of the 19 studies. With the final dataset, the addition of
the linear elimination pathway resulted in only a single point reduction in OFV
compared to the model with saturable elimination only. Therefore, a two-compart-
ment model with saturable elimination was considered the final structural model
and was used for the development of the covariate model (see Table 14.4).

Table 14.4 Cetuximab population pharmacokinetic analysis:

final model parameter estimates.

Parameter Typical value (%RSE)a)

V1 [L] 4.54 (3.5)
Q [L] 0.0493 (16.3)
V2 [L] 4.49 (11.7)
Vmax [mg/h] 5.4 (19.1)
Km [�g/mL] 91.5 (38.4)

a) RSE: percent relative standard error of the estimate = SE/parameter
estimate × 100.
Abbreviations: V1: volume of central compartment; Q: inter-compartment
clearance; V2: volume of peripheral compartment; Vmax: maximum
elimination capacity; Km: concentration at which half maximum capacity
is achieved.

None of the tested covariates was identified as having a clinically relevant im-
pact on the PK of cetuximab. Thus, changes in dose or dosing regimen do not ap-
pear to be necessary in any of the subpopulations defined by these covariates.
However, it should be noted that the majority of the studied patients had adequate
hepatic and renal function. Overall, more than 90 % of the patients included in
the PK database had normal hepatic function, more than 60 % had normal renal
function, and a further 32% had only mild impairment (creatinine clearance 50–
80 mL/min). Hence, the effect of more severe renal or hepatic impairment on ce-
tuximab PK remains to be elucidated.
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Based on the integrated PK database analysis, CL values were estimated and are
displayed in Fig. 14.6 as a function of the cetuximab serum concentrations. A con-
centration-dependent decrease in CL was observed in the integrated PK database
analysis, similar to that observed in the non-compartmental analysis.

In summary, the pharmacostatistical model developed in the population PK
analysis provided an excellent basis for the description of the cetuximab concen-
tration data, and demonstrated that the PK of cetuximab are not likely to be influ-
enced by intrinsic or extrinsic factors, as indicated by the results of the covariate
analysis.

14.7

Drug–Drug Interaction Studies

One PK interaction study was performed to investigate potential interactions of
cetuximab with irinotecan and its active metabolites SN-38 and SN-38 glucuronide
(SN-38G) [26]. In this study, 14 patients with advanced, EGFR-expressing, solid tu-
mors were assigned consecutively to one of two treatment groups. Group A
(n = 6) received a single dose of irinotecan in week 1, followed by three weeks of
cetuximab at the approved dosing regimen. In week 4, another irinotecan dose
was administered (i. e., irinotecan doses of 350 mg/m2 at weeks 1 and 4, plus the
approved cetuximab dosing regimen starting in week 2). PK data on irinotecan
were determined from blood samples collected after administration of the drug at
weeks 1 (irinotecan alone) and 4 (irinotecan plus cetuximab). Results from this
group were used to investigate the impact of cetuximab on the PK of irinotecan.
Group B (n = 8) received three weeks of cetuximab monotherapy at the approved
dosing regimen, followed by one week of combination therapy (initial cetuximab
dose of 400 mg/m2 at week 1, followed by weekly doses of 250 mg/m2 at weeks 2,
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3, and 4, as well as a single dose of 350 mg/m2 irinotecan at week 4). PK data on
cetuximab were determined from blood samples collected at weeks 3 (cetuximab
alone) and 4 (cetuximab plus irinotecan). Results from this group were used to in-
vestigate the possible impact of a single dose of irinotecan on the PK of cetuxi-
mab. The two treatment groups were similar with regard to demographic and
baseline characteristics. Group A included three male and three female patients
with a mean (± SD) age of 51.7 ± 15.2 years. Group B included three male and five
female patients with a mean age of 52.1 ± 8.4 years.

The main PK parameters for irinotecan are summarized in Table 14.5. The PK
parameters for irinotecan at week 1 were similar to those at week 4, suggesting
the absence of a PK interaction with cetuximab. For the metabolite SN-38 the
measured concentrations were in good agreement with those cited in the litera-
ture [27]; however, the number of samples with quantifiable concentrations was
not sufficient to allow a meaningful analysis.

Table 14.5 Pharmacokinetic parameters of irinotecan before and after

cetuximab co-administration.

Parameter Week 1 Week 4 Week 4 as %

(irinotecan alone) (irinotecan+cetuximab) of Week 1a)

Cmax N 6 6 6
[ng/mL] Mean 8129 6783 90

SD 2882 1293 29
Range 5150–13 407 5095–8799 48–127

AUC0-� N 6 6 6
[ng h/mL] Mean 44 243 40 394 96

SD 23 683 18 365 21
Range 24 820–80 875 20 515–74 046 64–123

t1/2 N 6 6 6
[h] Mean 9.8 9.8 102

SD 2.6 2.0 16
Range 6.8–12.9 6.9–12.4 75–124

CL N 6 6 6
[L/h/m2] Mean 9.7 10.0 107

SD 4.2 4.3 26
Range 4.3–14.1 4.4–17.1 81–151

Vss N 6 6 6
[L/m2] Mean 83 85 106

SD 21 15 21
Range 57–117 68–105 71–130

a) Mean of individual ratios.
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The main PK parameters for cetuximab are summarized in Table 14.6. The PK
parameters for cetuximab in week 3 were similar to those in week 4, suggesting
the absence of a PK interaction with irinotecan.

The possible impact of co-administered chemotherapies and radiation therapy
on the PK of cetuximab was furthermore assessed using the population PK ap-
proach, as described in Section 14.6. The co-administered chemotherapies in-
cluded cisplatin, carboplatin, paclitaxel, doxorubicin, irinotecan, and gemcitabine.
The results of the analysis indicate that neither the co-administered chemothera-
pies nor radiation therapy had a significant impact on the PK of cetuximab. This
finding suggests that the potential for PK-based drug–drug interactions with ce-
tuximab is low.

Table 14.6 Pharmacokinetic parameters of cetuximab before and after

irinotecan co-administration.

Parameter Week 3 Week 4 Week 4 as %

(cetuximab alone) (cetuximab+irinotecan) of week 3a)

Cmax N 7 7 7
[µg/mL] Mean 153 162 106

SD 38 43 11
Range 112–225 115–225 87–122

AUC0-� N 7 7 7
[µg h/mL] Mean 13 039 14 923 117

SD 4783 5029 14
Range 6234–19 019 8918–22 386 102–143

t1/2 N 7 7 7
[h] Mean 119 117 107

SD 42 32 38
Range 82–188 85–173 51–167

CL N 7 7 7
[L/h/m2] Mean 0.020 0.018 91

SD 0.006 0.007 8
Range 0.013–0.027 0.011–0.028 80–103

Vss N 7 7 7
[L/m2] Mean 2.07 1.89 92

SD 0.55 0.55 13
Range 1.33–2.82 1.11–2.48 67–106

a) Mean of individual ratios.
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14.8

Conclusions

The PK of cetuximab after doses ranging from 5 to 500 mg/m2 are well described
in a broad range of studies and tumor types. Largely linear relationships with
dose were observed for Cmax and AUC0-� after single-dose administration, indicat-
ing that the exposure to cetuximab is predictable at doses of 200 mg/m2 and
higher. The volume of distribution is observed to be independent of dose and con-
sistent with a distribution of cetuximab in the vascular space. Dose-dependent re-
lationships were observed for t1/2 and CL, predominantly at lower doses. At con-
centrations following the approved dosing regimen for cetuximab, CL values are
constant (0.02 L/h/m2), indicating predictable PK in this dose range. PK para-
meters obtained after a three-week sampling period were in good agreement to
PK data obtained after a one-week sampling schedule. The possibility of PK-based
drug–drug interactions with cetuximab is low, which increases the potential of ce-
tuximab to be combined with a variety of chemotherapeutic agents, without the
need for a change in its approved dosing regimen. Furthermore, based on the PK
characteristics of cetuximab, dose adjustments in special subpopulations do not
appear necessary, as indicated by the results of the population PK analysis.

It should be noted that, as a protein, cetuximab has the potential to induce an
immune response in individuals who receive it as a therapeutic agent. During the
cetuximab clinical development program, patient sera were monitored for induc-
tion of an anti-cetuximab or human anti-chimeric antibody (HACA) response.
Although anti-cetuximab antibodies were identified in some patients, they were
found not to interfere with the biological properties of cetuximab, such as its abil-
ity to bind EGFR (i. e., they are non-neutralizing).

Currently, clinical studies are ongoing in order to investigate modifications to
the approved dosing regimen for cetuximab. Of particular interest are changes in
dosing frequency, from a weekly to a bi-weekly regimen, in order to harmonize
dosing with that of other treatment regimens involving chemotherapeutic agents
such as 5-fluorouracil, folinic acid, irinotecan, or oxaliplatin. These initial studies
are designed to identify bi-weekly cetuximab doses that result in similar efficacy,
safety and PK profiles, compared to those observed for the approved cetuximab
dosing regimen.
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Integration of Pharmacokinetics and Pharmacodynamics

Into the Drug Development of Pegfilgrastim, a Pegylated Protein

Bing-Bing Yang

15.1

Introduction

Cytotoxic chemotherapy suppresses the growth and proliferation of rapidly divid-
ing neoplastic cells. However, traditional chemotherapy does not discriminate be-
tween cancerous and rapidly dividing noncancerous cells. Noncancerous cells in-
clude white blood cells and their progenitor cells in the bone marrow, the body’s
primary defense against infection. As such, one of the most serious side effects of
many types of chemotherapy is a low white blood cell count. Chemotherapy
agents that cause this side effect are termed “myelosuppressive”, as they suppress
the production of white blood cells in the bone marrow. Neutrophils account for
50–70 % of all white blood cells, and a low neutrophil count is referred to as “neu-
tropenia”. Chemotherapy-induced neutropenia is associated with several adverse
consequences such as febrile neutropenia (absolute neutrophil count (ANC)
<0.5�109/L and temperature �38.2 �C for >1 h) that requires hospitalization,
infection, and infection-related mortality; it can also compromise the delivery of
the planned chemotherapy dose on schedule and thus the efficacy of the treat-
ment [1, 2]. These complications adversely influence the quality of life of affected
patients. Following the advent of recombinant biotechnology, the use of hemato-
poietic growth factors is now integral to managing neutropenia that can lead to
complications from infection, which are the most common dose-limiting adverse
events during cancer chemotherapy.

Granulocyte colony-stimulating factor (G-CSF) is an endogenous hematopoietic
growth factor that selectively stimulates granulopoietic cells of the neutrophil line-
age [3]. It acts at all stages of neutrophil development, and is a very potent late-act-
ing growth factor, increasing the proliferation and differentiation of neutrophils
from committed progenitor cells. G-CSF also enhances the survival and function
of mature neutrophils by increasing phagocytic activity, antimicrobial killing, and
antibody-dependent cell-mediated cytotoxicity [4].

Filgrastim (Neupogen; Amgen Inc.) is a recombinant human methionyl
G-CSF that is produced in genetically modified Escherichia coli bacteria [5–7]. It is
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composed of 175 amino acids in a sequence that is identical to that of endogenous
G-CSF, a glycoprotein with 204 amino acids, 30 of which are a signal sequence
and are removed from the secreted form. Because it is produced in E. coli, filgras-
tim is nonglycosylated; however, it has a methionine molecule added to the N-ter-
minus to add stability in the bacterial expression system. The biologic activities of
filgrastim are identical to those of the endogenous molecule. Since its approval
for marketing in the United States in 1991, filgrastim has been widely used by pa-
tients with cancer who receive myelosuppressive chemotherapy or bone marrow
transplantation, patients with acute myeloid leukemia receiving induction or con-
solidation chemotherapy, patients undergoing peripheral blood progenitor cell col-
lection and therapy, and patients with severe chronic neutropenia [8, 9].

Filgrastim is safe and effective in reducing the severity and duration of neutro-
penia and its complications, thus making possible the delivery of full-dose and
high-dose chemotherapy; however, its short circulating half-life necessitates that it
be given daily. Amgen Inc. therefore had an opportunity to improve the product
by reducing the frequency of injections while maintaining the therapeutic effect.
A more specific goal was to develop a molecule that had filgrastim as the back-
bone because of its history of safety and efficacy. Further, the molecule had to
have no greater toxicity but would provide similar efficacy with just one dose per
chemotherapy cycle, offering the benefits of greater patient compliance, uninter-
rupted therapy when patients cannot visit the clinic, convenience, and potential
cost savings – in general, simplifying the management of chemotherapy-induced
neutropenia for both patients and healthcare providers.

After many second-generation candidates had been screened, pegfilgrastim was
chosen for continued development [10–12], and its sustained activity has been de-
monstrated in preclinical and clinical studies. Pivotal trials showed that the reduc-
tion in the duration of severe neutropenia with a single injection of pegfilgrastim
was clinically and statistically equivalent to that with approximately 11 daily injec-
tions of filgrastim per chemotherapy cycle. Pegfilgrastim has been approved and
is now marketed worldwide under the trade names Neulasta and Neupopeg.
This chapter describes how pharmacokinetic (PK) and pharmacodynamic (PD)
data were used in the development strategy that brought this molecule to the mar-
ket.

15.2

Overview of Filgrastim Pharmacokinetics

The pharmaceutical industry commonly utilizes two main strategies in designing
a long-acting form of a drug:

� slowing its absorption (e. g., by sustained-release formulations), and
� reducing its clearance (e.g., by conjugating it to inert polymers).

As the latter approach has been the most common and practical approach for
modifying recombinant therapeutic proteins, Amgen Inc. elected this strategy to
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engineer a long-acting filgrastim. Therefore, an understanding how filgrastim is
cleared from the body was essential.

The PK of filgrastim have been extensively reviewed [13, 14]. As the dose of fil-
grastim given by intravenous (IV) or subcutaneous (SC) administration increases,
its clearance in animals and humans decreases. The saturable clearance pathway
for filgrastim has been attributed to neutrophil-mediated clearance, presumably
involving G-CSF receptors on neutrophils and neutrophil precursors. Internaliza-
tion and degradation of G-CSF derivatives by neutrophils and bone marrow in vi-

tro have been suggested for a mutein G-CSF derivative, nartograstim [15–17]. Sev-
eral studies have shown that the serum concentrations of filgrastim or leno-
grastim, another recombinant human G-CSF, are inversely correlated with the
number of circulating neutrophils [18–22]. The clearance of lenograstim was
shown to be closely related not only to the number of circulating neutrophils but
also to the percentage of G-CSF receptor-positive neutrophils [23]. Therefore, it
was suggested that the neutrophil-mediated clearance of recombinant human G-
CSF is mediated by G-CSF receptors on neutrophils and neutrophil precursors
rather than by nonspecific endocytosis by neutrophils. G-CSF receptors are nor-
mally present on myeloid progenitor cells in the bone marrow and on peripheral
neutrophils [24].

Compartmental analyses of filgrastim PK data collected from bilateral nephrec-
tomized and sham-operated rats also suggested that, in addition to neutrophil-
mediated clearance, two linear clearance pathways for filgrastim are present [25],
one of which has been attributed to renal clearance. Filgrastim, which has a mole-
cular weight of 18.8 kDa, is readily excreted by the kidney. The clearance of filgras-
tim is lower in nephrectomized rats than in sham-operated rats [25, 26]. It is not
clear what constitutes the second linear clearance pathway, though proteases and
soluble G-CSF receptors might play a role. Nevertheless, the contribution of the
second linear pathway to the total clearance is very minor.

Based on the clearance mechanisms for filgrastim, three options seemed to be
available for modifications to engineer a long-acting filgrastim. However, the phar-
macologic effect of filgrastim is to stimulate the production of neutrophils and
neutrophil precursors; as such, neutrophil-mediated clearance was not considered
a viable pathway to modulate. Next, as stated previously, the mechanism of the
nonspecific second linear pathway is not known and plays a very minor role in the
clearance of filgrastim. This left altering the renal clearance the most practical op-
tion for developing a long-acting form of filgrastim. Interestingly, the impactful
ramifications resulting from a reduction in the renal clearance of the drug were
unrealized at that time.

15.3

The Making of Pegfilgrastim

The covalent attachment of polyethylene glycol (PEG) polymers to therapeutic
drugs (pegylation) is one of the most widely used and well-established engineer-
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ing technologies to enhance the performance of biotech drugs (see Chapter 11)
[27, 28]. The unique physico-chemical properties of PEG polymers result in sev-
eral benefits observed in pegylated therapeutic proteins, including lower toxicity,
increased drug stability and solubility, and, under certain instances, increased
therapeutic efficacy through reduction or elimination of immunogenicity. Another
benefit – and one which is most relevant to the development of pegfilgrastim – is
a reduced drug clearance that allows for a less-frequent dosing schedule. The at-
tachment of PEG moieties to a protein will result in a molecule with a reduced re-
nal clearance. Furthermore, the shielding effect of the PEG moieties leads not
only to decreased immunogenicity but also to reduced proteolysis for these bio-
conjugates. Together, these properties increase the circulation residence time of
pegylated therapeutic proteins.

The reduction in renal clearance stems from the ability of the PEG moiety to be-
come highly hydrated in aqueous solution (partially because of chain flexibility
and extensive hydration) [11]. It has been shown that the molecular size increases
more than proportionally with increasing numbers of 5-kDa PEG polymers at-
tached to the native protein [29]. Studies of PEG polymers in solution have shown
that each ethylene oxide unit is tightly associated with two to three water mole-
cules.

Various pegylated derivatives of filgrastim were produced by modifying filgras-
tim with PEGs of different molecular weights, different numbers of PEGs per mo-
lecule, and with linear or branched PEGs [11]. The candidates were first screened
in a battery of in-vitro assays and then ranked in vivo on the basis of the elicited
PD data (ANC) in the normal mouse model. Because the responses in normal
mice could not distinguish many candidates, and because the pegylated filgrastim
was to be developed first for the treatment of chemotherapy-induced neutropenia,
the fluorouracil-treated mouse model was used to further rank the candidates.

Pegfilgrastim had the most promising profile, and was chosen for subsequent
development. It is produced by covalently attaching a single 20-kDa linear, mono-
functional monomethoxy-PEG molecule to the N-terminus of filgrastim (Fig.
15.1). It was expected that targeting the amino end with pegylation would mini-
mize any potential interference with G-CSF receptor interaction, not unduly upset
the tertiary structure of the molecule, and produce a consistent and defined pro-
duct [12]. In-vitro studies have shown that the biologic activity and mechanism of
action of pegfilgrastim are identical to those of filgrastim; however, in- vivo testing
in mice revealed that pegfilgrastim increases ANC for a substantially longer per-
iod of time than filgrastim [30].

15.4

Preclinical Pharmacokinetics and Pharmacodynamics of Pegfilgrastim

Dose-ranging PK and PD studies of pegfilgrastim have been conducted in mice,
rats, and monkeys. Similar to filgrastim, the PK of pegfilgrastim are nonlinear
after SC administration; the clearance of pegfilgrastim decreases with increasing
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doses. The saturable clearance of pegfilgrastim is also assumed to be attributed to
neutrophil-mediated clearance.

When pegfilgrastim was given every other day to rats, or once weekly to cyno-
molgus monkeys, the plasma concentrations of pegfilgrastim were lower after the
last dose than after the first (Fig. 15.2), indicating that clearance increased with re-
peated dosing. In addition, the ANC was higher after the last dose than after the
first. The parallel changes in pegfilgrastim clearance and ANC suggested that the
expansion of neutrophil and neutrophil precursor mass resulted in greater neutro-
phil-mediated clearance with time. The time-dependent nonlinearity was more ap-
parent with lower doses (50–100 �g/kg), when neutrophil-mediated clearance pre-
dominates, than with higher doses (500–1000 �g/kg), when it is saturated. As a re-
sult of the increase in neutrophil-mediated clearance with repeated dosing, no ac-
cumulation of pegfilgrastim was observed.
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Fig. 15.1 Structure of pegfilgrastim. A relatively compact protein (filgrastim)

is shown at the top of this molecule model. Despite having a similar mole-

cular weight to filgrastim (18.8 kDa), the PEG moiety (20 kDa), shown at

the bottom, is loosely hydrated and occupies a relatively large volume.

(Adapted with permission from [12]).



The role of neutrophil-mediated clearance in pegfilgrastim clearance was
further investigated in a study in G-CSF receptor-knockout mice. The murine G-
CSF receptor gene consists of 17 exons, and G-CSF receptor-knockout mice lack
exons 3 to 8, which results in a nonfunctional G-CSF receptor protein. Mice were
given a single dose of filgrastim or pegfilgrastim 10 or 100 �g/kg by the IV route;
this route was used to avoid complications of the absorption process in interpret-
ing the PK and PD data subsequently collected. Drug exposure was significantly
higher in the G-CSF receptor-knockout mice than in wild-type mice [31], regard-
less of which dose level was administered, or whether the mice received filgrastim
or pegfilgrastim. These findings suggested the importance of functional G-CSF
receptors in the clearance of pegfilgrastim and filgrastim.

Because the strategy for increasing the residence time of filgrastim was redu-
cing or eliminating its renal clearance, the role of the kidney in the clearance of
pegfilgrastim was evaluated in bilateral nephrectomized and sham-operated rats;
filgrastim was used as a comparator [25]. Bilateral nephrectomy resulted in de-
creased clearance of filgrastim by 60–75%; however, exposure to pegfilgrastim
was similar in sham-operated and bilateral nephrectomized rats, suggesting that
the kidney has a very minor role in the clearance of pegfilgrastim (Fig. 15.3).
The almost negligible contribution of the kidney to the elimination of pegfilgras-
tim is most likely related to its hydrodynamic radius. The molecular weight of
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Fig. 15.2 Mean (+ SE) plasma pegfilgrastim concentration–time and ANC–

time profiles in rats after subcutaneous administration of pegfilgrastim every

other day for two weeks.



pegfilgrastim (38.8 kDa) is only approximately twice that of filgrastim, but its hy-
drodynamic radius is approximately 4.5 times as large (data on file at Amgen
Inc.).

The results from the nephrectomy study in rats suggested that the goal of elimi-
nating the renal clearance of pegfilgrastim had been achieved. What also began to
become clear was the importance of leaving the neutrophil-mediated clearance
pathway to predominate with little to no renal clearance. These characteristics
would allow the molecule to have a very efficient self-regulating clearance me-
chanism; that is, the molecule could increase the neutrophil count, which in turn
would clear the drug from the circulation when the body no longer needed it. To
confirm this supposition for the second-generation filgrastim molecule selected
for development, clinical trials as well as PK and PD modeling were conducted.

15.5

Pharmacokinetic and Pharmacodynamic Modeling

The PK and ANC data obtained after the administration of pegfilgrastim to cyno-
molgus and rhesus monkeys were modeled to characterize the concentration–ef-
fect relationships [32]. Normal cynomolgus monkeys were given a single SC bolus
dose of pegfilgrastim (100, 300, or 1000 �g/kg), while normal rhesus monkeys
were given a single dose of pegfilgrastim (10 or 100 �g/kg) by either the IV or SC
route.

Pegfilgrastim plasma concentrations were modeled using a two-compartment
model with a delayed, first-order absorption process. The clearance of pegfilgras-
tim was described by parallel linear and neutrophil-mediated clearance pathways:

CL �

kcat �
ANC

ANCbaseline

km � C
� CL2
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Fig. 15.3 Plasma concentrations of filgrastim (left) and pegfilgrastim (right),

both given at 100 �g/kg in sham-operated rats (closed symbols) and bilateral

nephrectomized rats (open symbols). (Adapted with permission from [25]).



The neutrophil-mediated clearance was expressed as a Michaelis–Menten func-
tion, because G-CSF receptor binding is subject to saturation. The product of kcat

and the ratio of ANC and ANC at baseline is the maximum velocity of drug elimi-
nation from this pathway, km is the Michaelis constant, and C is the pegfilgrastim
concentration. CL2 denotes the linear clearance pathway.

A maturation-structured cytokinetic model was developed to describe the granu-
lopoietic effects of pegfilgrastim and the feedback regulation of pegfilgrastim
clearance (Fig. 15.4). This model consisted of an influx function into the postmito-
tic precursor pool that was expanded by plasma pegfilgrastim. It was also as-
sumed that pegfilgrastim increased the rate of influx of marrow band cells and
mature neutrophils into the circulation. The baseline residence times of postmito-
tic cells in the marrow (metamyelocytes, band cells, and segmented neutrophils)
were fixed in the model based on published data [33]. The effects of pegfilgrastim
on neutrophil margination (adhesion of peripheral neutrophils to blood vessels)
were described by changes in the neutrophil dilution volume. Concentration–
effect relationships were described by a saturable, simple Emax function:

Effect �
Emax � C

EC50 � C

where Emax is the maximum granulopoietic effect, and EC50 is the concentration
of pegfilgrastim that produced half-maximum stimulation of granulopoiesis. The
Emax model was applied to the mitotic and maturational effects of pegfilgrastim,
with the assumption of the same EC50 and a different Emax for each process.

This PK/PD model was fit to the individual and naive-averaged PK profiles
from monkeys. The km for the nonlinear pathway was 5.3 ng/mL for cynomolgus
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Fig. 15.4 Pharmacodynamic model describing

the granulopoietic effects of pegfilgrastim.

Concentrations of pegfilgrastim stimulate mi-

tosis and mobilization of band cells and seg-

mented neutrophils in bone marrow and affect

margination of the peripheral blood band cell

(BP) and segmented neutrophil (SP) popula-

tions, which comprise the total absolute neu-

trophil count (ANC). Changes in neutrophil

counts in peripheral blood provide feedback

regulation of pegfilgrastim clearance. (Model

provided courtesy of Dr. Lorin Roskos).



monkeys, and 5.7 ng/mL for rhesus monkeys. Pharmacodynamic modeling of
concentration–effect relationships produced EC50 values of 2.3 ng/mL for cyno-
molgus monkeys and 3.6 ng/mL for rhesus monkeys. The km and EC50 estimates
were comparable, suggesting that nonlinear clearance and granulopoietic effect of
pegfilgrastim are both mediated by the same receptor (the G-CSF receptor). It was
then hypothesized that the plasma concentration of pegfilgrastim relative to the
km and EC50 may be used as an indicator of receptor occupancy and a predictor of
the PD response.

In normal cynomolgus monkeys given pegfilgrastim 100 or 300 �g/kg SC, the
drug plasma levels fell below the targeted range (2–5 ng/mL) within 3–5 days after
dosing. Since a neutropenic monkey model was not readily available during the
early development of pegfilgrastim, simulations were conducted to predict whether
the concentrations of pegfilgrastim could be maintained above the targeted range
for a longer time during chemotherapy-induced neutropenia. The assumptions of
the simulations were that: (1) the baseline PK parameters were identical in neutro-
penic and normal monkeys; (2) the ANC profile in neutropenic monkeys was simi-
lar to that in the placebo cohort in a clinical study of filgrastim; and (3) the antiproli-
ferative effects of myelosuppressive chemotherapy were incorporated in the model
at the level of mitosis. The simulations predicted that effective concentrations of
pegfilgrastim might be maintained for 7–9 days during severe neutropenia in mon-
keys given a single 100- or 300-�g/kg SC dose (Fig. 15.5).

Most importantly, these simulations suggested that the clearance of a single
dose of pegfilgrastim given after the chemotherapy would be negligible during
the period of neutropenia, and that the plasma levels would be sustained until the
onset of ANC recovery. It was expected therefore that, because of its highly effi-
cient self-regulating clearance, a single dose of pegfilgrastim could be given once
per chemotherapy cycle. The results from these simulations were provided as a
product rationale in the pegfilgrastim Investigational New Drug Application sub-
mitted to the Food and Drug Administration (BB IND 7701). The prospective si-
mulation was later validated with data from neutropenic monkeys [34] and from
clinical studies in which patients received myelosuppressive chemotherapy.

15.6

Clinical Pharmacokinetics and Pharmacodynamics of Pegfilgrastim

The first clinical study of pegfilgrastim was conducted in patients with non-small
cell lung cancer (NSCLC) who were given pegfilgrastim before chemotherapy (cy-
cle 0) and after chemotherapy (cycle 1) to determine the safety and PK/PD proper-
ties of pegfilgrastim over a range of doses [35]. In cycle 0, chemotherapy-naive pa-
tients were randomized in a 3 : 1 ratio within a pegfilgrastim dose cohort to either
a single SC dose of pegfilgrastim or daily SC doses of filgrastim 5 �g/kg for 5 days
or until the ANC was �75 × 109/L, whichever occurred first. Three pegfilgrastim
cohorts (30, 100, and 300 �g/kg) were sequentially enrolled; the doses of pegfil-
grastim were chosen on the basis of the simulation results described in the pre-
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vious section. After a 14-day washout period (on day 15, the start of cycle 1), pa-
tients were given carboplatin (AUC 6) by a 30-min IV infusion and paclitaxel
(225 mg/m2) by a 24-h IV infusion. At 24 h after completion of the chemotherapy
(day 17), patients were given the same dose of the study drug as in cycle 0; daily
filgrastim was given until ANC was �10 × 109/L after the expected ANC nadir.

No dose-limiting adverse events were noted in this study. The results demon-
strated the temporal PK/PD relationship of pegfilgrastim before and after che-
motherapy (Fig. 15.6). The PK of pegfilgrastim appeared nonlinear in both cycles;
the apparent time-averaged clearance of pegfilgrastim (estimated by the dose di-
vided by the area under the pegfilgrastim concentration–time curve, AUC) de-
creased with increasing doses. Before chemotherapy, the median ANC in patients
receiving pegfilgrastim increased in a dose-dependent fashion. In addition, the
ANC response after a single dose of pegfilgrastim was sustained longer than that
after five daily doses of filgrastim. After chemotherapy, neutropenia occurred as
expected. The median ANC profiles were similar in the pegfilgrastim 30-�g/kg
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Fig. 15.5 Upper: Prospective simulation of

sustained plasma levels of pegfilgrastim in

simulated neutropenic monkeys. Symbols

indicate observed values in normal monkeys;

dashed lines indicate simulated values during

chemotherapy-induced neutropenia. The

shaded area represents the targeted concen-

trations for granulopoietic response to pegfil-

grastim. Lower: Assumed neutropenic ANC

profile used in simulation to modulate neutro-

phil-mediated clearance of pegfilgrastim.

(Data from Amgen Inc. BB IND 7701).



and filgrastim cohorts; the ANC nadirs for these two groups were lower than
those for the pegfilgrastim 100- and 300-�g/kg cohorts. The ANC profiles after
chemotherapy for the 100- and 300-�g/kg cohorts were similar, suggesting that
maximum response had been achieved by the 100-�g/kg dose. An interesting ob-
servation was contained in the PK profiles of pegfilgrastim. The maximum con-
centrations of pegfilgrastim after chemotherapy in each cohort were similar to
those respectively before chemotherapy. However, prolonged plateaus in the con-
centrations were observed after chemotherapy; these concentrations began to de-
cline only at the onset of neutrophil recovery. The clearance of pegfilgrastim after
chemotherapy was lower than that before chemotherapy in each dose cohort, pos-
sibly because of the lower neutrophil-mediated clearance.

This first clinical study of pegfilgrastim in patients with NSCLC provided preli-
minary and encouraging evidence that a single dose of pegfilgrastim stimulates
ANC recovery after chemotherapy in a manner similar to that with daily doses of fil-
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Fig. 15.6 Median cytokine (pegfilgrastim or filgrastim) concentration–

time profiles and ANC–time profiles in patients with non-small cell

lung cancer before and after chemotherapy (n = 3–4 per cohort).

(Adapted with permission from [35]).



grastim, and without greater toxicity. The data also suggested that the self-regulat-
ing clearance mechanism of pegfilgrastim could provide a potential therapeutic ad-
vantage in a variety of clinical settings associated with neutropenia. Subsequently,
additional clinical studies were conducted in patients who had different types of
cancer and who were treated with up to four cycles of chemotherapy [36–38].

One of these studies was a Phase II trial in women with high-risk stage II, III,
or IV breast cancer conducted to evaluate the efficacy, safety, and PK of pegfilgras-
tim during four cycles of myelosuppressive chemotherapy [36]. At 24 h after com-
pletion of the chemotherapy (doxorubicin 60 mg/m2 by IV bolus followed by doce-
taxel 75 mg/m2 by 1-h IV infusion), patients either received a single SC dose of
pegfilgrastim (30, 60, or 100 �g/kg) or began daily SC doses of filgrastim (5 �g/
kg) that continued for 14 days or until ANC reached 10 × 109/L, whichever oc-
curred first; treatment was repeated every 21 days for up to four cycles, as long as
full hematopoietic recovery occurred, defined as ANC >1�109/L and platelet
count >100�109/L. Similar to the observations in patients with NSCLC, the PK
of pegfilgrastim was nonlinear in women with breast cancer; the apparent time-
averaged clearance of pegfilgrastim decreased with increasing doses. The expo-
sure to pegfilgrastim was lower in chemotherapy cycle 3 than in cycle 1 (Fig.
15.7). This observation is consistent with an increase in drug clearance, possibly
because of an expansion of neutrophil and neutrophil precursor mass in the later
cycles, and further supports the self-regulating clearance mechanism of pegfil-
grastim. The importance of the results from this study was that for chemotherapy
given over multiple cycles, a single SC injection of pegfilgrastim 100 �g/kg per
chemotherapy cycle provided similar neutrophil support with respect to duration
of grade 4 neutropenia (ANC <0.5�109/L) compared with daily SC injections of
filgrastim 5 �g/kg. In addition, pegfilgrastim was found to be as safe as filgrastim
in this setting.

Subsequently, a randomized, double-blind, noninferiority Phase III study was
conducted to determine whether a single SC injection of pegfilgrastim 100 �g/kg
was as safe and effective in neutrophil support as daily filgrastim 5 mg/kg. Pa-
tients with breast cancer (n = 310) were randomized in a 1 : 1 ratio to receive a sin-
gle dose of pegfilgrastim 100 �g/kg or daily doses of filgrastim 5 �g/kg per che-
motherapy cycle; the chemotherapy treatment was the same as the above-men-
tioned Phase II study. Results from this Phase III study confirmed that a single
injection of pegfilgrastim 100 �g/kg per chemotherapy cycle is as safe and effec-
tive as 11 daily injections of filgrastim 5 �g/kg in reducing neutropenia and its
complications in patients with breast cancer [39].

Based on the results from these clinical studies, patients can be treated with
pegfilgrastim once per chemotherapy cycle, with the same therapeutic benefit that
daily filgrastim provides, thereby simplifying the management of chemotherapy-
induced neutropenia. To further simplify treatment, giving pegfilgrastim at a fixed
dose rather than a weight-adjusted dose (100 �g/kg) was considered. Instead of
conducting a Phase II study to evaluate several dose levels, PK/PD modeling of
clinical data was applied to facilitate selection of the optimal fixed dose, saving the
expense, time, and effort typically associated with dose-finding studies [40].
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15.7

Basis for the Fixed-Dose Rationale

The PK/PD model that was fit to the monkey PK and ANC data described pre-
viously was subsequently validated with data from the first clinical study of pegfil-
grastim in patients with NSCLC [35]. Briefly, the model describes the PK of pegfil-
grastim, the effects of the serum concentrations of pegfilgrastim on granulopoi-
esis, the feedback regulation of the clearance of pegfilgrastim by changing neutro-
phil mass, and the suppression of mitosis by chemotherapy [13].

The modeled PK and ANC profiles suggested that the PK/PD model adequately
described the relationship between pegfilgrastim concentrations and neutrophil
response before and after chemotherapy in patients with NSCLC (Fig. 15.8). In
this analysis, the linear, neutrophil-independent clearance pathway for pegfilgras-
tim was significantly reduced compared with that for filgrastim; the predominant
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Fig. 15.7 Median cytokine (pegfilgrastim or filgrastim) concentration–time

profiles and median ANC–time profiles in patients with breast cancer. In cycle

1, n = 18, 59, and 44 for pegfilgrastim 30-, 60-, and 100-�g/kg cohorts,

respectively, and n = 25 for the filgrastim cohort. In cycle 3, n = 4, 68, and 44

for pegfilgrastim 30-, 60-, and 100-�g/kg cohorts, respectively, and n = 25 for

the filgrastim cohort. (Adapted with permission from [36]).



dependency on neutrophil and neutrophil precursors for pegfilgrastim clearance
causes pegfilgrastim PK to be under highly efficient, homeostatic control. The
EC50 for the effect of pegfilgrastim on mitosis and maturation was estimated to be
approximately 8 ng/mL. This parameter estimate allowed for prediction of the op-
timum clinical dose of the drug.

In the clinical setting, pegfilgrastim is given once per chemotherapy cycle, and
it is not feasible to titrate the dose for each patient to ensure optimal administra-
tion. Therefore, all patients should be given a dose sufficiently high to ensure ade-
quate exposure to the drug. The EC50 is considered a “threshold” concentration
for response to pegfilgrastim, as this concentration falls in the middle of the steep
region of the concentration–effect curve. Individuals exposed to drug concentra-
tions below this threshold will have a low probability of responding adequately to
cytokine therapy. The optimum population average response will be achieved
when drug levels are near the EC90 (72 ng/mL) of pegfilgrastim. Beyond the EC90,
there is limited incremental gain in effect when the drug level increases. Due to
heterogeneity in response, an optimal dose of pegfilgrastim should thus provide a
population average serum concentration of drug greater than or equal to the EC90,
with all individuals achieving serum concentration greater than or equal to the
EC50.

In order to relate drug exposure to the EC value, an unconventional PK para-
meter was estimated; the average concentration (Cavg) of pegfilgrastim was calcu-
lated as AUC from the time of pegfilgrastim dosing to the time of the ANC nadir
divided by the time to the ANC nadir (Fig. 15.9). Because of the time required for
progenitor cells (precursors) to mature, it is thought that the concentrations of
pegfilgrastim before and at the time of the ANC nadir elicit the initial ANC recov-
ery. The concentrations of pegfilgrastim after the ANC nadir, while important in
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Fig. 15.8 Pegfilgrastim concentration–time

and ANC–time profiles in patients with non-

small cell lung cancer after single subcuta-

neous administration of pegfilgrastim

100 �g/kg before and after chemotherapy.

Symbols represent median observed serum

pegfilgrastim concentrations (closed circles)

and ANC values (open circles) that are pre-

sented in Fig. 15.6. The solid lines (generated

by the PK/PD model presented in Fig. 15.4)

suggest that the model provides a good

description of the data.



maintaining ANC recovery, are influenced by ANC variability, which contributes
to variability in clearance. The primary objective of determining the Cavg was to
make it possible to relate drug exposure (Cavg in ng/mL) to the EC90 (ng/mL),
which is not feasible with an AUC (ng�h/mL) representation.

Pharmacokinetic data from a Phase II study [39] in patients with breast cancer
were reevaluated using the Cavg approach. The median Cavg values in patients trea-
ted with pegfilgrastim 30, 60, and 100 �g/kg were 6.99, 36.1, and 123 ng/mL, re-
spectively. These drug levels correspond to EC47, EC82, and EC94, respectively (Fig.
15.10). The Cavg value in the majority of the patients in the 30-�g/kg group not
only was lower than the EC90 value (72 ng/mL) but was also lower than the EC50

value (8 ng/mL). This confirms the observation that a dose of 30 �g/kg does not
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Fig. 15.9 Pegfilgrastim average concentration was calculated by dividing the

area under the pegfilgrastim concentration–time profile from time of peg-

filgrastim administration to time of ANC nadir (shaded area) by the same

time interval.

Fig. 15.10 Concentration–effect relationship of pegfilgrastim based on a

simple Emax model. The average concentrations of pegfilgrastim from patients

with breast cancer at doses of 30, 60, and 100 �g/kg are indicated (�).



provide sufficient systemic drug exposure over time to support prompt and con-
sistent ANC recovery. The median Cavg value (EC82) in the 60-�g/kg group was
lower than the EC90 (72 ng/mL) and, according to a log-normal distribution of
Cavg values, a Cavg value below the EC50 value would be expected in approximately
20 % of patients treated with 60 �g/kg pegfilgrastim. At the 100-�g/kg dose level,
not only was the median Cavg value above the EC90 in the 100-�g/kg group, but
the Cavg values were also expected to be above the EC50 value in all patients. This
retrospective analysis also confirmed that 100 �g/kg was an adequate dose on a
weight basis.

Covariate analysis determined that body weight had the strongest correlation to
the Cavg. The Cavg values in the 60- and 100-�g/kg groups were higher in patients
with higher body weight than in those with lower body weight (Fig. 15.11); this re-
lationship was not observed with the subtherapeutic (30 �g/kg) dose, with which
only low Cavg values were achieved. A possible explanation for this phenomenon
in the 60- and 100-�g/kg groups is that patients with a high body weight have a
low volume of distribution relative to their body weight. Proteins with a size simi-
lar to that of pegfilgrastim are known to distribute to the extracellular water space,
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Fig. 15.11 Relationship between average concentration of pegfilgrastim and

body weight. A general trend of increasing average concentration of pegfil-

grastim with increasing body weight was observed.



and it is proposed that the extracellular water volume does not increase propor-
tionally with body weight, especially in overweight or obese subjects.

On the basis of the above observation, it was hypothesized that a fixed dose
should provide more consistent exposure to pegfilgrastim. A suitable fixed dose
(6 mg) was estimated on the basis of the average total dose given in the 60- and
100-�g/kg cohorts in a Phase II study in patients with breast cancer [39]. Addi-
tional PK analyses predicted that a fixed dose of 6 mg would provide adequate ex-
posure with a median Cavg value of 73.6 ng/mL, which approximates the EC90,
and that a Cavg value above the EC50 would be achieved in >99.99% of patients. To
support this supposition, the simulated concentrations corresponding to a 6-mg
dose were compared with the observed concentrations in breast cancer patients
who had been given a total dose of pegfilgrastim of 5–7 mg. Both datasets
matched well, and this confirmation of the predicted data by the observed clinical
data provided evidence that a fixed dose of pegfilgrastim 6 mg would produce
drug concentrations within the targeted range. Results from the PK analysis al-
lowed advancement of the choice of 6 mg to the clinic for further evaluation in pa-
tients.

15.8

Clinical Evaluation of the Fixed Dose

A Phase III study in patients with breast cancer was designed to compare the
safety and efficacy of the 6-mg fixed dose of pegfilgrastim given once per che-
motherapy cycle with those of daily filgrastim (5 �g/kg) [41]. The overall study de-
sign was similar to that of the Phase III trial [36] in patients with breast cancer
previously described, differing only in that a fixed dose of pegfilgrastim was given
instead of a body weight-adjusted dose. The primary end point of the study was
noninferiority (mean difference <1 day) in the duration of grade 4 neutropenia in
cycle 1.

Results from this study showed that a single 6-mg dose of pegfilgrastim was as
effective as daily injections of filgrastim in all efficacy measures in all four che-
motherapy cycles; the median number of daily injections of filgrastim was 11 in
cycles 1 through 3 and 10 in cycle 4. The mean (± SD) duration of grade 4 neutro-
penia in cycle 1 was 1.8 ± 1.4 days in the pegfilgrastim cohort, and 1.6 ± 1.1 days
in the filgrastim cohort. A concern with the fixed dose was that the clinical benefit
might not be as great in heavier patients, owing to their being given a lower dose
per unit of body weight. Subset analysis by baseline body weight was therefore
performed. Comparison of the duration of grade 4 neutropenia in cycle 1 for all
subsets suggested that patients of all weights were adequately supported (Fig.
15.12). At the other extreme, another concern was that a fixed dose might result
in an altered safety profile in lighter patients. When evaluated both between treat-
ment groups and within weight groups, however, the incidence and severity of ad-
verse events, including musculoskeletal bone pain, with a fixed dose of pegfilgras-
tim 6 mg were no different from those with filgrastim.
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To further support the use of a 6-mg fixed dose of pegfilgrastim, a Phase II
study was conducted in 29 patients with non-Hodgkin’s lymphoma who received a
single SC 6-mg dose of pegfilgrastim approximately 24 h after the start of CHOP
(cyclophosphamide, doxorubicin, vincristine, and prednisone) chemotherapy [42].
No relationship between the duration of grade 4 neutropenia and body weight
was seen, and no unexpected adverse events were reported.

These two clinical trials validated that a fixed dose of pegfilgrastim 6 mg is as
safe as, and provides the clinical benefits of, filgrastim. Subsequently, clinical effi-
cacy data from two pivotal studies in which patients received either a single dose
of pegfilgrastim 100 �g/kg or 6 mg or filgrastim 5 �g/kg/day were pooled for a
retrospective analysis [43]. Collectively, the data showed that the relative decrease
in risk of febrile neutropenia was significantly more pronounced (42%) in pa-
tients who received pegfilgrastim compared to those who received filgrastim.
Furthermore, patients who received pegfilgrastim were also at a lower risk of re-
quiring hospitalization and IV anti-infective medications than those administered
filgrastim. These observations were noted regardless of age, performance status,
disease stage, and prior treatment. Because of the advantage of once-per-cycle dos-
ing, pegfilgrastim is expected to simplify the management of chemotherapy-in-
duced neutropenia and to have significant quality-of-life benefits.
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Fig. 15.12 Mean (SE) duration of grade 4 neutropenia in patients with breast

cancer during the first chemotherapy cycle. The responses for the different

body weight subsets were similar after a single fixed dose of pegfilgrastim

6 mg and after daily doses of filgrastim 5 �g/kg. (Data from [41]).



15.9

Summary

The development of pegfilgrastim is an example of the use of PK and PD princi-
ples in drug development. The PK/PD modeling of preclinical and clinical pegfil-
grastim data has been important for describing the elimination pathways of the
drug and selecting the optimal schedule and dose. The granulopoietic model takes
into account the maturation and development of neutrophil precursor cells, which
is an essential component for the elimination of pegfilgrastim and is consistent
with feedback-regulated clearance by G-CSF receptors on neutrophils and neutro-
phil precursors. Both preclinical and clinical trials have verified the predictions in
the PK/PD models. Pegfilgrastim can be administered as a fixed dose once per cy-
cle, and is as safe and effective as filgrastim in decreasing the severity and dura-
tion of neutropenia and its complications in patients treated with myelosuppres-
sive chemotherapy.
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