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           Biopharmaceutical research represents the use of various biotechnology tech-
niques to discover and manufacture potential new medicines, to test their 
safety, and to prove their value in treating or preventing disease in humans 
and animals. It employs the skills and hard work of discovery and development 
scientists, pharmacologists, immunologists, toxicologists, pharmacokineticists, 
pharmacists and manufacturers, clinical scientists, and clinical research orga-
nizations representing the public interest, healthy and patient volunteers, 
ethics committees, and regulatory agencies. 

 The public, venture capitalists, media, and even novelists have looked to 
biotechnology for health care solutions with high expectations. Bringing the 
safest possible new medicines into public use is critical for society as a whole, 
from human and veterinary medical and economic perspectives, and also to 
maintain public trust in the industry. However, no drug can ever be  “ 100% 
safe. ”  Drugs are developed and approved because they show benefi ts that 
outweigh foreseeable risks for specifi c indications in specifi c populations. Once 
marketed, a drug can be less safe if it is used in a way that decreases foresee-
able benefi ts, or that increases risks if the actual risks are greater than or differ 
from the predicted risks. What then are the most appropriate and reasonable 
ways to answer the essential questions about possible risks versus benefi ts 
during the lengthy process of developing a new drug? What can be predicted 
from preclinical studies and of what value are the predictions? 

 Before testing new medicines in humans, various in vitro and in vivo 
preclinical studies are performed in selecting the lead candidate for clinical 
development. In particular, studies are designed to support a fi rst in human 
(FIH) dose for phase 1 clinical trials. Phase 1 trials are principally designed to 
examine safety of single and sometimes several doses in about 20 to 80 study 
subjects, usually healthy volunteers. Phase 2 trials are designed to confi rm 
safety, determine clinical activity, and help defi ne an optimal dose, usually fol-
lowing one -  to three - month dosing, for the subsequent phase 3 trials. Phase 2 
are controlled studies of approximately 100 to 300 volunteer subjects with 
disease. Phase 3 trials are designed to prove effi cacy and safety of the drug. 
These trials are double - blinded and placebo - controlled involving hundreds to 
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thousands of research subjects with the intended disease in clinics and hospi-
tals. The duration of dosing for drugs administered chronically can last six 
months or longer. Each phase is supported by in vivo animal studies based on 
consideration of the population being tested and the duration of the clinical 
trial. Following the completion of all three phases of clinical trials, the sponsor 
of the trial analyzes all the data and fi les a marketing application with one or 
more regulatory authorities. Once approved, the new medicines become avail-
able for physicians to prescribe. For some drugs the process from discovery to 
approval can take as long as 10 years or more. Sponsors are also required to 
submit periodic reports, including any cases of adverse reactions and appropri-
ate quality control records even after a product is approved. The phase 4 or 
postmarketing study commitments, which may involve additional preclinical 
as well as clinical studies, are for evaluation of long - term effects as well as 
detection and defi nition of previously unknown or inadequately quantifi ed 
adverse reactions and related risk factors. 

 A pre - approved capitalized cost estimate for development of a new bio-
pharmaceutical has recently been estimated at over  $ 1 billion (US dollars) 
with  $ 615 million estimated for all R & D costs, including basic research and 
preclinical development prior to initiation of clinical testing and  $ 626 million 
for clinical testing  [1] . These estimates take into account the signifi cant attri-
tion rates over the course of clinical development. 

 In order to facilitate clinical development, it is important to defi ne risk and 
benefi t in the most reasonable and appropriate way. Preclinical studies are the 
foundation for the initial and ongoing assessment of potential risks and as such 
should be designed in order to realize their maximum value. The primary 
objective of preclinical safety evaluation studies is to provide data that clinical 
investigators can use to better predict adverse effects in study subjects and to 
help researchers design clinical studies that will minimize their occurrence. 
The same information will also help to guide research toward new, less toxic 
drugs and, if harmful effects cannot be entirely avoided, to suggest means to 
lessen or alleviate the adverse actions. 

 In this context the term  “ nonclinical ”  is often used interchangeably with 
 “ preclinical, ”  particularly to defi ne the preclinical studies performed after a 
product has advanced into the clinic (and thus is no longer in the preclinical 
development phase). Diverse studies are performed at different times to 
answer specifi c questions that only become relevant during particular phases 
of clinical development; for example, carcinogenicity studies are done to 
answer questions that ultimately arise at the end of lifetime administration to 
patients. Based on the explicit objective of safety studies to reveal or exclude 
potential adverse effects before  they occur in healthy subjects or patients, the 
term  “ preclinical ”  will be used throughout this book to highlight the impor-
tance of the data to be derived prior  to the specifi c clinical phase they are 
designed to support. 

 The expanding role of preclinical safety evaluation has changed the discov-
ery/development interface for conventional small - molecule pharmaceuticals 
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as well as large - molecule biopharmaceuticals. A larger proportion of scientifi c 
staff and resources are required to support research and screening efforts. 
There has been an increasing emphasis on mechanistic studies, exploratory 
research, and a systems biology approach to detect and investigate an expand-
ing range of predictable and unexpected harmful effects, always with the 
intention of improving the predictive value of the positive and negative infor-
mation obtained. 

 Major technological advances in platform technologies have had a major 
impact on the pathways and timelines of pharmaceutical development. These 
include high - throughput assays for profi ling and probing new molecules: 
 “ omics ”  technologies, exposure technologies, delivery technologies, and  “ infor-
matics ”  technologies. A number of strategies have evolved to improve the 
predictive value and increase the safety knowledge based including the valida-
tion and acceptance of alternative methods, in vitro cellular models, in silico 
techniques and animal - based simulation models, use of nontraditional animal 
models and animal models of disease including humanized transgenic mice, 
development of noninvasive and minimally invasive technologies, and increased 
efforts in computational toxicology and data mining have also evolved to 
improve predictive value and increase the safety knowledge base and provide 
feedback from failed and successful development programs. A practical chal-
lenge has been the prioritization and validation of these innovative 
technologies. 

 Integration and optimization of results from early evaluation models have 
been essential components in improving the predictive value of preclinical 
studies. Programs have been accelerated through innovative study designs that 
can incorporate effi cacy, pharmacokinetics, and safety/toxicity endpoints in the 
same model, thus speeding the delivery of safer therapeutic and prophylactic 
medicines. Lead candidate selection has been advanced by the clinical explora-
tion and acceptance of microdosing and exploratory investigational new drug 
application (IND) regulatory mechanisms that support early investigation of 
new drugs in humans based on the results of focused preclinical information 
suffi cient to exclude unacceptable risks and obtained with limited but propor-
tionate expenditure of time and resources. Such strategies meet the goal of 
hastening development without increasing risks to the subjects involved. 

 Conventional FIH studies designed to determine the maximum safe dosage 
while ensuring the greatest possible safety in healthy volunteers may not 
always suffi ce to meet clinical needs and development and fi nancial timelines. 
For accelerated development plans, FIH studies should be designed not only 
to identify development - limiting adverse effects but to establish proof of 
concept or initial effectiveness, ideally this may mean studying in an index 
population (i.e., a disease population). Accordingly preclinical development 
strategies need to be designed to support early treatment of patients and 
seamless progress into full clinical development. 

 Sometimes a product will be shown not to be ready for the widespread use 
and must go back for refi nement. It is, however, very diffi cult from preclinical 
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studies or during the early stages of clinical trials to make the decision to stop 
or delay development because of fi ndings that point to potentially unaccept-
able risks. When a product is delayed in meeting certain milestones or if it 
never reaches registration and marketing at all, the consequences can be dev-
astating for the developer, particularly for small, one - product companies. The 
challenge of preclinical work is to be effi cient and effective in order to be able 
to make the  “ no go ”  decision as early as possible in the process to conserve 
resources and gain insight for future products. This opportunity to discontinue 
a product ’ s development early and to redirect research and development 
effort should ultimately lead to better products. 

 The history of drug development, especially its preclinical aspects, has been 
one of irregular advances, often based on ad hoc means intended to detect 
recent clinical problems and adverse effects and commonly based on national 
expertise and practices. The result was a patchwork of overlapping and even 
confl icting but commonly mutually exclusive data requirements in different 
countries. Additional barriers to facilitating clinical development have been 
the various multiple national and local standards and guidance that often 
resulted in duplication, ineffi ciency, and delays. By common consent this 
 “ internationally disharmonized state of drug development ”  slowed and inhib-
ited the development of new treatments for rare and common diseases and 
led to much waste of scarce and precious resources. 

 It took many years but eventually careful discussions between regulatory 
agencies representing the public interest, drug industry, and academic experts 
led to a continuing international process to agree on guidelines for the differ-
ent aspects of drug development. In the early 1990s the International Confer-
ence on Harmonization of Technical Requirements for Registration of 
Pharmaceuticals for Human Use (ICH) representing industry and regulators 
in the United States, Europe, and Japan was established to work on interna-
tional guidelines in the areas of manufacturing (quality), preclinical evalua-
tions (safety), and clinical evaluations (effi cacy). 

 For small molecules, experience with conventional pharmaceuticals (new 
chemical entities, NCEs)   has shown that relatively standardized approaches 
have generally been appropriate to support clinical development, but for bio-
pharmaceuticals (novel biological entities, NBEs), scientifi c and clinical appre-
ciation of their special properties has shown that it is unwise to provide 
detailed general guidelines applicable to every NBE because their nature, 
actions, and the reactions of the treated recipient differ so greatly between 
products and biological and clinical circumstances. Thus the broad nature of 
the information required to assess probable safety prior to obtaining clinical 
experience can be and has been defi ned but not the detailed procedures and 
investigative strategies required in providing it. 

 In 1997 the ICHS6 guidance on preclinical safety evaluation of biotechnol-
ogy - derived products  [2]  introduced the concept of the  “ case - by - case ”  
approach. This means that each new test article (product) or product class 
must have a science - based testing program custom prepared for that product 



FOREWORD xv

based on its chemistry, pharmacology, kinetics and biological properties 
and effects, and its clinical indication. This strategic approach replaced 
naive reliance on what had been done for the last product tested. The 
testing program is expected to be iterative, as we should learn from and 
adapt testing to what has been discovered from all previous testing with the 
product and from advances in biological, physiological, immunological, and 
pathological understanding.  “ Science - based ”  means that the testing program 
is defendable in terms of the scientifi c understanding of the biological effects 
of the product and the testing is performed with an appropriate scientifi c 
rationale. 

 Preclinical safety evaluation of biopharmaceuticals has evolved through the 
application of scientifi c insight, historical and anecdotal experiences, and 
common sense. The scientifi c community has relied on the exchange of ideas 
among academia, industry, and regulatory scientists. However, despite the 
implementation of up - to - date, optimal preclinical testing strategies to assess 
safety and rigorous product surveillance programs in the clinic, novel biophar-
maceuticals sometimes still cause unanticipated adverse clinical effects, con-
tributing to skepticism by some as to the purpose and/or relevance of preclinical 
studies. It should be realized that unexpected effects may occur because of 
unknown changes in the product, because of unanticipated actions of the 
substance and individual or idiosyncratic responses by treated subjects. Tighter 
pharmaceutical control and better - focused preclinical studies, both guided by 
past experience of adverse actions, will minimize the fi rst two risks, and cau-
tious investigation of carefully increased doses will limit the potential harm of 
unusual individual responses. There can be no direct defense against idiosyn-
cratic responses. Fortunately, they are rare, and cautious investigation of 
each novel substance in humans has protected us against this form of harm, 
as every   clinical study has to balance risk to every subject against the possible 
benefi t to the participant and to humankind in general. The value of prudently 
designed and conducted clinical studies is so great that they are justifi able 
provided that precautions are taken that refl ect the nature and activities of 
the biopharmaceutical product and any special features of the subjects to be 
given it, all interpreted in the light of the basic and preclinical knowledge of 
the product ’ s actions. 

 In a world of more fully informed patients, increased public scrutiny, and 
greater debate about ethics, manufacturers, developers, and regulators are 
demonstrating increased interest in patient welfare. Many small start - up 
biotech companies still enter the business to take on the challenges of produc-
ing safe and effective products to meet  “ unmet ”  medical need despite the high 
development costs and risk of failure. The expanded use of biotechnology 
in a broader range of diseases and conditions has opened a public debate 
about societal issues surrounding the expanded use of biotechnology, such as 
broadening the use of genetic testing to predict an individual ’ s susceptibility 
to a particular disease, the use of stem cells for tissue regeneration, the impli-
cations of genomic and potentially transmissible changes produced by gene 
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therapy, and the availability of allograft or xenograft organs and tissues for 
transplantation. 

 Heightened public awareness means industry must initiate interactions with 
regulators and their scientifi c and medical advisers and with public interest 
representatives early in development to select the most promising products, 
to ensure that the rationale for each project is acceptable, and to obtain agree-
ment that the development and testing strategy will provide valid and appro-
priate information to justify approval of the product as a prescribable medicine. 
It is important for industry to understand not only the regulatory review 
process but also to prepare development plans that comply with the process 
and address particular requirements. It is equally important for regulators to 
provide guidance that is consistent to enable strategic planning and yet fl exible 
enough to allow tailored development of individual therapies to meet regula-
tory expectations for individual companies. Industry as a whole will also have 
to meet their legal and other offi cial expectations. 

 Creating a cooperative atmosphere and processes to maintain increased 
trust and easy communication between  “ regulators ”  and  “ industry, ”  meaning 
scientists, clinicians, and industrialists, is becoming a key element in the growth 
and strength of the industry, which sees itself as the originator of life - saving, 
life - enhancing, and life - extending treatments and therapies. In the same way 
it is no less necessary to maintain trust and ready communication with academ-
ics and the public and their representatives and especially with regulators, 
whose mandate is to protect and enhance the public health. 

 The publication of the results of clinical trials and preclinical research has 
resulted in the general understanding that biopharmaceuticals can be toxic as 
well as benefi cial in humans and animals and that many aspects of their toxic-
ity can be studied with relevance in animals. Toxicology as a science has ben-
efi ted from this experience in many ways by improved and widely applicable 
understanding of basic biological mechanisms of health and disease and the 
introduction of novel methods to detect and assess effects. Case - by - case assess-
ment based on science encourages scientifi c advancement in toxicology and 
infuses excitement and quality research into safety assessment. 

 This book is intended to provide a comprehensive account of the past 20 
years of biopharmaceutical preclinical development practices. Although the 
book was written from the viewpoint of biopharmaceutical research, develop-
ment, and evaluation, the principles and concepts presented can be used for 
other stakeholders in the clinical research enterprise, including academic 
research scientists, clinical investigators, ethics committees, venture capitalists, 
and consultants to the pharmaceutical industry. The goal is to provide a com-
prehensive reference book for the preclinical discovery and development sci-
entist whose responsibilities span target identifi cation, lead candidate selection, 
pharmacokinetics, pharmacology, and toxicology and for the   regulatory scien-
tist whose responsibilities include the evaluation of novel therapies. 

 The scope of this book covers the entire clinical development continuum 
from selection of lead candidate to fi rst - in - human studies to ultimate product 
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approval. This book is devoted to the principles and practices of preclinical 
safety evaluation. It is divided into eight parts including (Part I) background, 
which provides defi nitions and methods of production of biopharmaceuticals; 
(Part II) discussion of the principles of ICHS6 and the global implementation 
of the principles; (Part III) current practices and comparisons to small mole-
cule development; (Part IV) the importance and criteria for selection of rele-
vant species; (Part V) a consideration of the various toxicity endpoints  “ icities ”  
as they relate to biopharmaceuticals; (Part VI) specifi c considerations based 
on each product class; (Part VII) practical considerations in design, implemen-
tation, and analysis of biopharmaceuticals; and fi nally (Part VIII) the ultimate 
transition to clinical trials. The parts of the book are self - contained but may 
be interrelated or cross - referenced for more general or specifi c details. 

 Many new challenges in biopharmaceutical clinical development lie ahead. 
New technologies such as nanotechnology, microelectronics, tissue engineer-
ing, and regenerative medicine utilizing stem cells are progressing rapidly. 
These technologies and potential products not yet envisioned will continue to 
challenge toxicologists. Additional challenges and advances will come from 
efforts devoted to site - directed delivery or site - specifi c expression. Open dia-
logue among scientists who are regulators, academics, or who work in industry 
will be critical in ensuring that the new products that are safe and effective 
are made available without unnecessary delay. A regulatory environment that 
encourages innovation will make this possible. Society has a large role as a 
neutral facilitator of ongoing discussions and as the receiver of the benefi ts 
and risks of the new developments. The concepts, justifi ed uses, and limitations 
of the new medicines must be explained and understood at all levels of the 
community. How toxicologists respond to the challenges ahead will infl uence 
whether we will continue to seize the opportunity to advance toxicology and 
enjoy medical and scientifi c progress or whether we will lose rigor and default 
to previous ineffi ciencies and weaknesses as it is often easier to maintain old 
habits than to develop and justify new approaches.  
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1.1 INTRODUCTION

 Compared with other types of pharmaceutical products, products derived from 
a biological source or a biotechnological process are structurally complex and 
involve manufacturing processes that require tight control to ensure their 
safety, quality, and effi cacy. Biological products, because of their sheer size, are 
orders of magnitude more complicated than small - molecule drugs. This can be 
seen by a comparison of molecular weight, which can be used as a measure of 
the size of a given product. Moreover the product arising from the manufac-
turing process is often not a pure, homogeneous mixture. Rather, various forms 
of these molecules are usually present in the fi nal product. 
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 In scientifi c terms, conventional biological products such as blood - derived 
clotting products, vaccines, and those derived from high technology such as 
those employing a recombinant DNA technology are characterized as biologi-
cal products. Because of these differences in respect of the product character-
istics and manufacturing process, the regulatory oversight of biological products 
is distinguishable from conventional pharmaceutical products based on small 
molecules. This chapter addresses legal framework governing biological prod-
ucts principally in the United States and in the European Union. The regula-
tory landscape in Japan is briefl y described particularly in relation to the 
recent changes to Japan ’ s   Pharmaceutical Affairs Law.  

1.2 UNITED STATES 

 The United States has one of the most active and sophisticated systems in the 
world for ensuring the safety and effectiveness of biopharmaceuticals. To 
understand this system, it is important to understand (1) how the United States 
defi nes biopharmaceuticals and biologics, (2) the legal foundations for regulat-
ing these products, and (3) the rules that apply during various stages, including 
research, development, approval, and marketing. This section also highlights 
how the United States regulates biologics in relation to drugs. 

1.2.1 How the United States  Defi nes Biologics 
and Biopharmaceuticals 

 US law does not have a single, simple defi nition for  biologics  or  biopharma-
ceuticals . The Food and Drug Administration (FDA) recognizes that most 
biologic products  “ are complex mixtures that are not easily identifi ed or char-
acterized ”   [1] . Traditionally  biologics  are substances that are derived from 
living organisms, such as humans, animals, plants, and microorganisms  [2] . 
Today  biologics  include these substances as well as those produced by biotech-
nology  [2] . A federal statute defi nes  biological product  as a virus, therapeutic 
serum, toxin, antitoxin, vaccine, blood, blood component or derivative, aller-
genic product, or analogous product, or arsphenamine or derivative of ars-
phenamine (or any other trivalent organic arsenic compound) that is 
 “ applicable to the prevention, treatment, or cure of a disease or condition of 
human beings ”   [3] . The corresponding federal regulation uses similar language, 
but clarifi es several key terms  [4] : 

  1.    A  virus  is interpreted to be a product containing the minute living cause 
of an infectious disease and includes fi lterable viruses, bacteria, rickettsia, 
fungi, and protozoa, among other things.  

  2.    A  therapeutic serum  is a product obtained from blood by removing the 
clot or clot components and the blood cells.  
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  3.    A  toxin  is a product containing a soluble substance poisonous to labora-
tory animals or to human in doses of one milliliter or less (or equivalent 
in weight) of the product, and having the property, following the injection 
of nonfatal doses into an animal, of causing to be produced therein 
another soluble substance that specifi cally neutralizes the poisonous sub-
stance and that is demonstrable in the serum of the animal thus 
immunized.  

  4.    An  antitoxin  is a product containing the soluble substance in serum or 
other body fl uid of an immunized animal that specifi cally neutralizes the 
toxin against which the animal is immune.    

 The regulation also clarifi es how additional products may be biologics if 
they are  “ analogous ”  to certain categories of products listed in the defi nition. 
A product is a biologic if it is analogous to the following  [5] : 

  1.    A  virus , if prepared from or with a virus or agent actually or potentially 
infectious, without regard to the degree of virulence or toxicogenicity of 
the specifi c strain used.  

  2.    A  therapeutic serum , if composed of whole blood or plasma or containing 
some organic constituent or product other than a hormone or an amino 
acid, derived from whole blood, plasma, or a serum.  

  3.    A  toxin  or  antitoxin , if intended, regardless of its source of origin, to be 
applicable to the prevention, treatment, or cure of diseases or injuries of 
human through a specifi c immune process.    

 Although these defi nitions seem to be relatively concrete, biological prod-
ucts come in many forms, including drugs, devices, and  “ combination ”  products 
 [6] . The FDA   regulates biopharmaceuticals as both drugs and biologics because 
they meet both defi nitions. US law, as described above, defi nes  biological
products  by referring to several categories of tangible products. In contrast, 
the law defi nes  drugs  by their functions  [7] . The term  drug  means  “ articles 
intended for use in the diagnosis, cure, mitigation, treatment, or prevention of 
disease in man ”  and  “ articles (other than food) intended to affect the structure 
or any function of the body of man ”   [8] . Thus the defi nitions of  drugs  and 
biologics  are not mutually exclusive, which allows the FDA to regulate some 
products as both.  

1.2.2 Legal Foundations for Regulating US Biopharmaceuticals 

 To understand how biopharmaceuticals are regulated in the United States, it 
is helpful to understand the underlying legal bases for regulation, how these 
laws have evolved, and how regulatory responsibility for biologics has shifted. 
Currently the Public Health Service Act authorizes the FDA to ensure the 
safety, purity, and potency of biologics. The FDA approves biologics for mar-
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keting under section 351 of the Act  [9] . The FDA also regulates biopharma-
ceuticals as drugs under the Federal Food, Drug, and Cosmetic Act. Thus the 
FDA now delegates responsibility for regulating biopharmaceuticals to two 
centers within the agency: the Center for Drug Evaluation and Research 
(CDER) and the Center for Biologics Evaluation and Research (CBER). 
Regulation under the Public Health Service Act precludes the manufacture of 
generic, or  “ follow - on ”  biologicals and  “ biosimilars. ”  

 The foundations for this regulatory system were set in 1902 with the Biolog-
ics Control Act, the fi rst legislation to regulate a specifi c class of drugs  [7] . The 
Biologics Control Act was a response to tragedies in St. Louis, Missouri, and 
Camden, New Jersey, in which several people died after taking diphtheria and 
small pox vaccines  [10] . The purpose of the Act was to authorize the regulation 
of certain biologics, require manufacturers to obtain licensing, and authorize 
the government to inspect manufacturing facilities  [7] . The Act prohibited 
companies from selling or transporting biologics that were either not manu-
factured at facilities licensed and inspected by the government or not labeled 
with the manufacturer ’ s name and an expiration date  [7] . 

 Since the 1902 Act, the laws and regulations for biologics have steadily 
evolved, and responsibility for regulating biological products has shifted 
several times. In 1903, the federal government issued the fi rst biologics regula-
tions, administered by the Hygienic Laboratory in the Public Health and 
Marine Hospital Service. The regulations required manufacturers to annually 
renew their licenses and make their facilities available for unannounced 
inspections. In 1919, the regulations were amended to require manufacturers 
to report changes in manufacturing methods, equipment, and personnel. The 
regulations also required manufacturers to maintain manufacturing records 
and submit certain product samples for government inspection and approval 
 [7] . 

 These initial laws and regulations laid the foundation for the current biolog-
ics regulatory scheme. From the beginning the United States regulated biolog-
ics and drugs differently. The government did not regulate nonbiologic drugs 
until it passed the Pure Food and Drugs Act in 1906, which did not address 
biologics or the 1902 Biologics Control Act  [7] . In fact Congress did not for-
mally recognize the difference between drugs and biologics until after it passed 
the 1938 Federal Food, Drug, and Cosmetic Act (FDCA)  [12] . In 1944, Con-
gress reenacted the 1902 Biologics Control Act and recodifi ed the Public 
Health Service Act. A major issue was the defi nitional overlap between drugs 
and biologics  [12] . 

 Between 1902 and 1972, regulatory responsibility for biologics transferred 
several times, ultimately settling with FDA, as shown by this brief timeline of 
the relevant transfers:

  1930    The Hygienic Laboratory within the Public Health and Marine 
Hospital Service is redesignated as the National Institutes of 
Health (NIH).  
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  1937    The NIH is reorganized, and responsibility for biologics is 
transferred to the Division of Biologics Control. In 1944 it is 
renamed the Laboratory of Biologics Control.  

  1948    The Laboratory of Biologics Control is integrated into the NIH ’ s 
National Microbiological Institute, which later becomes the 
Institute of Allergy and Infectious Diseases.  

  1955    Responsibility for biologics is transferred to the new Division of 
Biologics Standards, a new independent entity within the NIH.  

  1972    The Division of Biologics Standards is transferred from the NIH 
to the FDA, becoming the Bureau of Biologics.  

  1982    The Bureau of Biologics is merged with the Bureau of Drugs to 
form the National Center for Drugs and Biologics (NCDB).  

  1983    The biologics component of the NCDB is renamed the Offi ce of 
Biologics Research and Review, within the Center for Drugs 
and Biologics (CDB).  

  1988    CDB split into two centers, the Center for Biologics Evaluation 
and Research (CBER), and the Center for Drug Evaluation 
and Research (CDER).  

  2003    Transfer of therapeutic biological products from CBER to CDER.  

 The steady stream of reorganizations in many ways refl ects the diffi culty of 
both categorizing and regulating biologics. The FDA continues to struggle with 
these responsibilities. For instance, since the FDA created CBER in 1988, the 
agency has both overhauled the way it approves biologics, and once again 
shifted responsibility for certain biologics. First, the FDA established a single 
approval application, the Biological License Application (BLA) through the 
Food and Drug Modernization Act of 1997 (FDAMA), the most comprehen-
sive rewrite of food and drug laws since 1938. Second, in 2003, the FDA shifted 
responsibility for therapeutic biologics from CBER to CDER, given CDER ’ s 
role in regulating therapeutic drugs. CDER ’ s new responsibilities include a 
wide array of biological products, including monoclonal antibodies for in vivo 
use, therapeutic proteins, and immunomodulators  [10] . CBER retained author-
ity over traditional biologic products such as vaccines, allergenic extracts, 
antitoxins, blood, and blood products, as well as products composed of human, 
bacterial, or animal cells  [10] .  

1.2.3 Legal Requirements for US Biopharmaceuticals 

 The regulation of biologics continues to evolve. The transcendent growth of 
biotechnology research, spurred by the Human Genome Project, almost 
ensures that biologic regulations will require further tinkering to accommo-
date new products. The following is a brief synopsis of relevant US laws and 
regulations at various stages, including research, development, approval, and 
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marketing. Where relevant, we highlight where the rules for biologics differ 
from drugs. 

Research and Development   The United States heavily regulates the 
research and development of biologics. At the preclinical stage, FDA requires 
companies to comply with regulations on good laboratory practices (GLPs) at 
21 CFR part 58. The GLP regulations seek to ensure the quality and integrity 
of preclinical safety data submitted to the FDA. GLPs apply to nonclinical 
(preclinical) laboratory studies intended to support research or marketing 
applications, and address a broad range of topics, including personnel, facilities, 
and equipment. Ideally preclinical studies to support safety are subject to GLPs 
and should be supported by a statement that the study was conducted in com-
pliance with the good laboratory practice regulations in 21 CFR part 58, or if 
the study was not conducted in compliance with those regulations, a brief state-
ment of the reason for the noncompliance (21 CFR 312.23 (8) (iii)). 

 At the clinical stage, FDA sets minimum standards for clinical trials through 
several regulations and guidance documents, collectively known as good clini-
cal practices (GCPs). GCPs are designed to ensure the quality and integrity 
of data submitted to FDA and protect the rights of human subjects. GCPs 
govern key personnel involved in clinical trials — particularly sponsors, and 
investigators — and address several important areas, including informed 
consent, institutional review boards (IRBs), and investigational new drug 
(IND) requirements. 

 Informed consent is governed by both federal and state law  [14] . These laws 
generally require that before participating in clinical trials, human research 
subjects state in writing that they understand the risks of the trial and are 
participating voluntarily. Each informed consent document must contain 
several elements required by FDA regulations  [15] . 

 IRBs are also governed by federal and state law. FDA regulations require 
IRBs to provide initial and continuing review of clinical trials  [16] . IRBs must 
ensure that investigators and sponsors protect the study subjects, obtain ade-
quate informed consent, and adhere to other safeguards and reporting require-
ments  [16] . Moreover FDA regulations require IRBs members to meet specifi c 
membership criteria  [17] . 

 Investigational biologics are subject to the FDA ’ s investigational new 
drug (IND) requirements  [18] . The IND application is the fi rst formal submis-
sion to FDA, and the application must be submitted before initiating any 
clinical studies  [7] . It is not a request for commercial marketing approval; 
rather, it is a request to be exempt from the federal statute that prohibits ship-
ping  “ unapproved ”  drugs across state lines. Thus an IND permit allows the 
product to be shipped during investigational studies. The purpose of the IND 
requirement is to assure   the FDA that the safety and rights of subjects will be 
protected in all phases of the investigation, and that the quality of the studies 
are adequate to permit the FDA to evaluate the product ’ s safety and effective-
ness  [13] .  
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Approval   The FDA approves biologics for marketing through the biological 
license application   (BLA), which requires the applicant to show that the 
product is safe, pure, and potent  [19] . The BLA submission is typically the 
culmination of years of research and development, through which the company 
submits preclinical and clinical data, physiochemical information, biological 
activity results, and manufacturing information  [7] . Previously the FDA 
approved biologics through two license applications, the product license appli-
cation (PLA) and the establishment license application (ELA). In 1996, CBER 
consolidated these applications into a single BLA for certain products, and in 
1997, Congress extended the BLA to all biological products. 

 Although the BLA process differs in some ways from the new drug approval 
(NDA) application process for nonbiologic drugs, the required showing of 
safety and effi cacy is similar, if not identical, between drugs and biologics  [20] . 
While the FDA requires biologics to be  “ safe, pure, and potent, ”  the agency 
interprets this language as requiring the same type of evidence in NDAs for 
nonbiologic drugs  [20] . Nevertheless, there are differences between the BLA 
and NDA that refl ect CBER ’ s historical emphasis on manufacturing and 
process control. For instance, the FDA requires BLA applicants to submit 
detailed information on manufacturing processes so that the FDA can deter-
mine whether the manufacturer can produce a product consistent with current 
good manufacturing practices (cGMPs) and the manufacturing specifi cations 
listed in the BLA. The manufacturer ’ s facility is also a major factor — its con-
struction, design, layout, validation processes, and environmental monitoring 
must meet FDA standards. 

 After approval, biologics manufacturers must comply with the FDA ’ s cGMP 
regulations  [21] . These regulations govern the manufacturer ’ s use of raw 
materials, buildings and facilities, production and process controls, packaging 
and labeling, laboratory controls, stability testing, expiration dates, production 
records, and the company ’ s overall quality system. Although the same cGMP 
regulations apply to drugs and biologics, manufacturing biologics can be 
quite different. Physically and chemically, biologics act differently than drugs 
 [11] . They are less defi ned, less pure, less stable, and degrade in more complex 
ways than most drugs  [11] . Their potency also depends greatly on the underly-
ing organisms from which they are produced  [11] . Thus, if a manufacturer 
makes relatively minor changes to the manufacturing process of a biologic, the 
FDA may require the manufacture to demonstrate through new clinical studies 
that the process produces the same results as the original clinical studies 
 [11] .  

Marketing and Postapproval Requirements   Once the FDA approves a 
biopharmaceutical for marketing, the agency applies a different set of regula-
tory standards. The main postapproval requirements govern: (1) adverse event 
reporting, (2) manufacturing under cGMPs, (3) lot release testing, (4) general 
reporting, and (5) postmarketing studies. 
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 •   The FDA ’ s adverse event reporting system does not differ signifi cantly 
between drugs and biologics. However, the FDA did not have a compre-
hensive adverse event reporting system for biologics until 1994  [22] . Bio-
logics manufacturers can use two reporting systems: MedWatch and the 
Vaccine Adverse Event Reporting System (VAERS). MedWatch is admin-
istered by the FDA and covers drugs, biologics, medical devices, and 
special nutritional products. VAERS is jointly administered by the FDA 
and the Centers for Disease Control and Prevention (CDC), and covers 
adverse events following immunizations. FDA regulations require manu-
facturers to report serious, unexpected adverse events within 15 days. Less 
serious reports can be submitted in periodic follow - up, or distribution 
reports.  

 •   The FDA ’ s cGMP regulations specify minimum standards for manufactur-
ing facilities and their production controls. These regulations generally 
apply to both drugs and biologics, but the FDA has additional 
cGMP - related regulations that focus on biologics  [23] . CBER has 
also tailored cGMP requirements for  “ specifi ed biotechnology and 
synthetic biological products ”  to be as similar to drug requirements as 
possible.  

 •   The FDA ’ s lot release regulations allow the agency to require 
man ufacturers to submit samples of any licensed biological products 
for testing  [24] . Manufacturers must submit to CBER representative 
samples of each lot, a lot release protocol, and a summary of the test 
results. Lots may not be released until CBER authorizes an  “ offi cial 
release. ”  However, CBER does not require lot release in all 
circumstances.  

 •   The FDA requires manufacturers to report certain changes in the product, 
production process, quality controls, equipment, facilities, personnel, or 
labeling that are established in the approved license application  [25] . The 
manufacturer must demonstrate that the change does not adversely affect 
the identity, strength, quality, purity, or potency of the product that may 
affect the product ’ s safety or effectiveness. FDA regulations and guidance 
categorize each change as  “ minor, ”   “ moderate, ”  or  “ major ”  based on the 
risk to the product ’ s quality, safety, and effectiveness. The FDA must give 
prior approval before the manufacturer can implement  “ major ”  changes. 
 “ Moderate ”  changes must be reported to the FDA within 30 days. Minor 
changes must be reported annually.  

 •   The FDA may require, at the time of product approval, that the manu-
facture agree to conduct additional testing on its biological product, called 
phase 4 studies. These postmarketing studies may further evaluate the 
product ’ s safety, effi cacy, or manufacturing methods. Sponsors that agreed 
to conduct phase 4 studies as part of their BLA approval must update the 
FDA annually.       



1.3 EUROPEAN UNION 

1.3.1 How EU Law Defi nes a Biological Medicinal Product 

 In the European Union the regulation of biological products is subject to 
continuing review taking account of the evolving science and technology. 
Directive 87/22/EEC (now repealed) provided the fi rst time in EU   law the 
legal defi nition of a medicinal product developed by a biotechnological process. 
The following processes were considered as biotechnological: recombinant 
DNA technology, controlled expression of genes coding for biologically active 
proteins in prokaryotes and eukaryotes including transformed mammalian 
cells, hybridoma, and monoclonal antibody methods. This defi nition remains 
unchanged since 1987, and it is now used for defi ning a biotechnological 
medicinal product as set out in the Annex to Regulation (EC) 726/2004  [26] , 
which repealed Regulation (EC) 2309/93  [27]  governing the European central-
ized procedure. 

 The defi nition of a process based on biotechnology is suffi ciently broad to 
capture a wide arrange of medicinal products, such as recombinant proteins 
and gene - based therapeutics, and prophylactics, such as gene transfer medici-
nal products and DNA vaccines. Medicinal products manufactured by biotech-
nological processes as defi ned in the Annex to Regulation (EC) 726/2004 must 
be authorized centrally pursuant to article 3 of the Regulation. 

 In June 2003 the European Commission   adopted a new Annex I to Direc-
tive 2001/83/EC  [28]  on the EU code relating to medicinal products for human 
use. This new Annex was adopted in the form of Commission Directive 
2003/63/EC  [29] . The new Annex was adopted for implementation of the 
International Conference on Harmonization (ICH) Common Technical Docu-
ment (CTD) format. Annex I sets out the particulars and documents accom-
panying an application for marketing authorization irrespective of the EU 
procedure used for obtaining a marketing authorization. Directive 2003/63/EC 
defi nes a biological medicinal product, and this defi nition consists of two 
essential elements. First, the active substance is a biological substance. A bio-
logical substance is a substance that is produced by or extracted from a bio-
logical source. Any one of the following source is considered as a biological 
source: microorganisms, organs and tissues of either plant or animal origin, 
cells or fl uids (including blood or plasma) of human or animal origin, and 
biotechnological cell constructs utilizing cell substrates. If the product is pro-
duced from primary cells such as certain prophylactic vaccines, the product is 
considered a biological medicinal product. Second, the product requires for its 
characterization and the determination of its quality a combination of physi-
cochemical - biological testing together with the production process and its 
control. 

 The Commission has indicated that the following are considered as biologi-
cal medicinal products: immunological medicinal products and medicinal 
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products derived from human blood and human plasma. EU law defi nes an 
immunological medicinal product as any medicinal product consisting of vac-
cines, toxins, serums, or allergen products. Vaccines, toxins, and serums cover, 
in particular, agents used to produce active or passive immunity, and to diag-
nose the state of immunity. An allergen product means any medicinal product 
that is intended to identify or induce a specifi c acquired alteration in the 
immunological response to an allergizing agent. 

 Medicinal products derived from human blood or human plasma means 
those based on blood constituents that are prepared industrially by public or 
private establishments, such as albumin, coagulation factors, and immuno-
globulins of human origin. This defi nition refl ects the way plasma derived 
medicinal products are manufactured in the European Union. This class of 
products may be produced by privately owned industry or by public organiza-
tions that are owned by the member state.  

1.3.2 Legal Foundation for Regulation of Biological 
Medicinal Product 

 The regulatory framework governing biological medicinal products is based 
on the European Community Treaty, which aims at the free movement of 
goods within the European Union. Although the legal base is built on the 
principle of free trade of medicinal products within the European Union, the 
essential aim of any rules governing the production, distribution, and use of 
medicinal products must be fi rmly based on protection of public health. Recital 
3 of Directive 2001/83/EC notes that the objective of public health protection 
must be attained by means that do not hinder the development of the phar-
maceutical industry or trade in medicinal products within the European 
Union. 

 The EU regulatory system is based on cooperation among the competent 
authorities of the member states (including the member states of the Euro-
pean Economic Area, e.g., Norway, Liechtenstein, and Iceland) and various 
relevant European institutions such as the European Commission and the 
European Medicines Agency (formerly called the European Agency for the 
Evaluation of Medicinal Products). The European Medicines Agency (EMEA) 
was formally established in 1995 by virtue of Regulation (EC) 2309/93, which 
is now replaced by Regulation (EC) 726/2004. The EMEA ’ s role is narrowly 
defi ned in the Regulation as a body responsible for coordinating the existing 
scientifi c resources put at its disposal by member states   for the evaluation, 
supervision, and pharmacovigilance of medicinal products. In practice, the 
scientifi c work is carried out by the member states through the EMEA ’ s advi-
sory committees and working parties. 

 The Committee for Medicinal Products for Human Use (CHMP) is one of 
the main committees responsible for preparing the opinion of the EMEA on 
any question relating to the assessment of medicinal products for human use. 
Pursuant to Regulation (EC) 141/2000  [30]  the Committee for Orphan Medici-



nal Products (COMP) was established to provide scientifi c opinion on whether 
a medicinal product meets the criteria under EU law for it to be designated 
as an orphan medicinal product. 

 The sector - specifi c rules governing medicinal products are set out in various 
legal instruments and administrative guidance which follow the following 
hierarchy  [31] . 

 •   A Regulation is directly applicable and binding in its entirety on in all 
member states. Therefore it does not require a period of transposition into 
the domestic laws of the member states.  

 •   A Directive is directly effective that requires it to be transposed into 
domestic laws in order to give effect to the Directive. Under EU law, 
member states are only required to implement the Directive with respect 
to its objectives and EU law does not control the manner and form of 
how a Directive is transposed into the national laws.  

 •   A Decision is binding in its entirety upon persons to whom it is 
addressed.  

 •   Opinion is not legally binding.    

 In addition the Commission has issued a number of technical and administra-
tive guidelines such as those set out in various volumes of the Notice to 
Applicants in order to explain how EU law can workably put into practice. 
The EMEA has developed a body of scientifi c guidelines regarding the techni-
cal requirements for addressing issues relating to safety, quality and effi cacy. 
Although guidelines are not legally binding, the European Courts have increas-
ingly relied on such documents as an aid in interpretation of the legal 
requirements. 

Research and Development   Clinical development in the European Union 
is regulated by Directive 2001/20/EC  [32] , which is commonly known as the 
Clinical Trials Directive. This Directive regulates all stages of clinical develop-
ment in the European Union, including Phase I clinical studies involving 
healthy volunteers. The competent authorities of the member states are respon-
sible for assessing the applications for clinical trial authorization. In assessing 
whether an approval should be granted, the competent authorities are required 
to ensure that conduct of the clinical trials comply with the principles of good 
clinical practice and the relevant ethical principles. Reference is made to the 
principles set out in the ICH E6 Guideline on Clinical Practice and the applica-
ble version of the Declaration of Helsinki. Under the Clinical Trials Directive, 
competent authorities are required to make a determination of an application 
for clinical trial authorisation within 60 days from the date of submission. 
However, the Directive permits the member states to extend the statutory time 
limit for certain investigational medicinal products such as gene therapy, xeno-
transplantation, and products that are derived from biological source. 
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 Compliance with the requirements of Directive 2001/20/EC is important. 
This is because Annex I to Directive 2001/83/EC (as amended) expressly 
requires that for the purpose of obtaining a marketing authorization, all clini-
cal trials conducted within the European Union to comply with Directive 
2001/20/EC. For clinical trials conducted outside the European Union and the 
data of which are used in support of an application for a marketing authoriza-
tion, such clinical trials must be designed, implemented, and reported on the 
basis of principles that are equivalent to the provisions of Directive 2001/20/
EC and carried out in accordance with the ethical principles that are refl ected 
in the Declaration of Helsinki. 

 EU law expressly requires nonclinical (pharmacotoxicological) studies to 
be carried out in conformity with the provisions related to good laboratory 
practice set out in Directive 2004/10/EC  [33]  and Directive 2004/9/EC  [34]  on 
the inspection and verifi cation of laboratory practice.  

Approval   Approval process for biological medicinal products is the same as 
other chemically synthesized small molecules. The legal test is fi rmly based 
upon an assessment of risk – benefi t balance. However, in assessing risk – benefi t 
balance of a biological medicinal product, EU law requires the applicant to 
provide certain additional information. If the medicinal product contains a 
new biological active substance, the applicant must comply with the require-
ments set out in article 8(3) of Directive 2001/83/EC by providing results of 
the pharmaceutical and nonclinical testing, and clinical trials. 

 Given the safety and effi cacy of a biological medicinal product is deter-
mined largely by the starting material used and the process, EU law requires 
applicants to describe and document the origin and history of starting materi-
als. Starting materials mean any substance of biological origin such as micro-
organism, organs, and tissues of either plant or animal origin; cells or fl uids of 
human or animal origin; and biotechnological cell constructs, including the cell 
substrates whether or not they are recombinant. Moreover, for medicinal 
products that are manufactured based on a cell bank system, the cell charac-
teristics must be shown to have remained unchanged at the passage level used 
for the production and beyond. It is also a requirement to test all materials 
used in the process for adventitious agents, including animal spongiform 
encephalopathy agents. If the presence of potentially pathogenic adventitious 
agents is inevitable, the corresponding material must only be used when further 
processing is demonstrated to be capable of eliminating and/or inactivating 
such adventitious agents. The capability of the process must be validated. In 
comparison with chemically synthesized products, greater emphasis is placed 
on the in - process controls to ensure batch to batch consistency. 

 With respect to preclinical testing, EU law expressly states the testing 
program must be adapted for individual products. It is for the applicant for a 
marketing authorization to justify the testing program to elucidate the pre-
clinical safety and biological activity of the product. EU law states that in 
establishing the testing program, the following must be taken into account: 



 •   All tests requiring repeated administration of the product must be 
designed to take account of the possible induction of, and interference by 
antibodies.  

 •   Examination of reproductive function, of embryo - fetal and perinatal tox-
icity of mutagenic potential and of carcinogenic potential must be consid-
ered. However, constituents other than the active substance(s) are 
incriminated, validation of their removal may replace the study.  

 •   The toxicology and pharmacokinetics of an excipient used for the fi rst 
time in the pharmaceutical fi eld must be investigated.  

 •   Where there is a possibility of signifi cant degradation during storage of 
the medicinal product, the toxicology of degradation products must be 
considered.    

 In general, according to EU law, applicants are expected to carry out 
controlled clinical trials, randomized and as appropriate against a placebo 
and an established medicinal product (an active comparator) of proved thera-
peutic value. However, applicants may justify use of other trial design. The 
treatment of the control groups will vary from case to case and also will 
depend on ethical consideration and therapeutic area. In some cases it may 
be more justifi ed to compare the effi cacy of a new medicinal product with that 
of an established medicinal product of proved therapeutic value rather than 
with a placebo. 

 In the new European pharmaceutical legislation, a new regulatory path has 
been created for approval of a similar biological medicinal product, which is 
commonly known as a biosimilar medicinal product. The defi nition of a similar 
biological medicinal product as set out in article 10(4) of Directive 2001/83 (as 
amended by Directive 2004/27/EC)  [35]  to mean a biological medicinal product 
that is similar to a reference product does not mean the conditions in the defi -
nition of generic medicinal products owing to, in particular, differences relat-
ing to raw materials or differences in manufacturing processes of the biological 
medicinal product and the reference biological medicinal product. In such 
cases the results of appropriate nonclinical tests and/or clinical trials relating 
to these conditions must be provided. The EMEA has developed has now 
developed a series of technical guidelines to address the type and quantity of 
supplementary data to be provided  [36] .  

Marketing and Postapproval Requirements   Regardless of whether a 
medicinal product is considered a conventional pharmaceutical product or a 
biological product, after grant of an approval, the holder of the marketing 
authorization is required to monitor the continuing risk – benefi t balance of the 
product. In relation to the method of manufacture, in addition to ensuring 
compliance with good manufacturing practice in accordance with Directive 
2003/94/EC  [37]  the authorization holder must take account of scientifi c and 
technical progress and introduce any changes that may be required to enable 
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the product to be manufactured and controlled by means of generally accepted 
scientifi c methods. Immunological products such as vaccines and products 
derived from human blood or plasma may be subject to offi cial batch release 
testing at the request of a competent authority. 

 In the new pharmaceutical legislation, greater emphasis is placed on phar-
macovigilance and risk management. Indeed, at pre - approval, applicants are 
required to submit to the competent authority a detailed description of the 
pharmacovigilance and of the risk amangement system that the applicant will 
introduce. In general, it is a requirement for the marketing authorization 
holder to record all suspected serious adverse reactions and to report them 
promptly to the competent authority within a defi ned time frame as set out in 
EU law. For new products, the marketing authorization holder is required to 
provide periodic, updated safety report at least every six months during the 
fi rst two years following the initial placing on the market and once a year for 
the following two years. Thereafter the reports must be submitted at three 
yearly intervals or immediately on request by the competent authority. The 
Commission has developed a guidance document published in volume 9 of the 
Rules governing medicinal products in the European Union, which is currently 
being revised. This guidance takes account of various guidelines promulgated 
under the International Conference on Harmonization. 

 In order to establish and maintain a pharmacovigilance system, the holder 
of the marketing authorization is required to have permanently and continu-
ously at his or her disposal an appropriately qualifi ed person. This qualifi ed 
person is personally responsible for ensuring that information about all adverse 
reactions that are reported to the personnel of the company and to medical 
representatives is collected and collated. This qualifi ed person is also respon-
sible for ensuring that all suspected serious adverse reactions are reported to 
the competent authority concerned.    

1.4 JAPAN

 On 25 July 2002, the Japanese House of Representatives passed the revised 
Pharmaceutical Affairs Law (PAL), which dates back to 1943. Although 
amendments have been made in the 1940s, 1960s, and 1970s, certain parts 
of the legislation required updating to take account of changes in science 
and technology, and the need for the liberalization of the Japanese market. 
Companies can now outsource the manufacturing process, allowing pharma-
ceutical companies to market their products in Japan without operating 
their own production facilities. Changes made to the PAL have also fueled 
growth in the clinical trial sector in Japan. Notwithstanding the revision of 
the PAL, the basic purpose of the law remains intact in that it is designed to 
protect public health by ensuring the safety, quality, and effi cacy of medical 
products in Japan. 

 The revised PAL of 2002 aims at addressing the following challenges: 



 •   The need to strengthen the safety measures related to medical devices  
 •   The need to strengthen regulatory control over products based on bio-

technology and genomic technology  
 •   The need to strengthen the postmarketing safety monitoring and take 

account of the efforts in international harmonization for the technical 
assessment of pharmaceutical products    

 A new regulatory agency, the Pharmaceuticals and Medical Devices Agency 
(PMDA), has been created with the executive function of overseeing regulation 
of pharmaceutical products and medical devices. Similar to the system adopted 
by the United States and the European Union, the regulatory control of medici-
nal products in Japan is through a system of approval/licensing for certain regu-
lated activities such as conduct of clinical trials, manufacture, marketing, 
distribution, sale, and supply of specifi c pharmaceutical products. The Japanese 
Pharmacopoeia is an integral part of the regulatory framework as it sets out the 
quality standards for certain pharmaceutical products or substances. 

 Japan is a party to the tripartite ICH process. Therefore all the adopted 
guidelines have been implemented as the basic technical standards for the 
evaluation of safety, quality, and effi cacy for pharmaceutical and biotechno-
logical products. In addition the requirements for good laboratory practices 
for conducting nonclinical safety testing of pharmaceutical products have been 
applied since the 1980s in the form of administrative instruction. The require-
ments for conducting clinical trials in accordance with good clinical practice 
have been implemented since 1990. Such standards have now been enforced 
through various ministerial ordinances. 

 The PAL sets out the broad legislative framework for regulating medical 
products. However, the Ministry for Health, Labor, and Welfare (MHLW) has 
the authority to issue ordinances and notifi cations setting out the details for 
regulating certain product types, such as pharmaceutical products, medical 
devices, in vitro diagnostic reagents, cosmetic and quasi - drugs. For example, 
Ministerial Ordinance No. 136, 2004 sets out standards for quality assurance 
for drugs, quasi - drugs, cosmetics, and medical devices. This Ordinance seem-
ingly applies to drugs based on cells or tissues. The basic structure of this 
ordinance refl ects the principles of good manufacturing practice where a focus 
is placed on the quality management system, quality control, personnel, train-
ing, documentation, and self - inspection. 

 Given that global trade and international harmonization are key to the 
development of a sustainable life sciences industry, closer international coop-
eration is key to tackling technical barriers to trade in medicines. In addition 
to the ICH process, increasingly regulatory authorities have entered into 
agreements to enable them to exchange confi dential information about 
approval and safety of medicines. 

 In February 2007 the European Commission and the EMEA signed a con-
fi dentiality   agreement with the MHLW and PMDA to enable both parties to 

JAPAN 17



18 BIOPHARMACEUTICALS: DEFINITION AND REGULATION

exchange confi dential information relating to all legislation and guidance 
documents, postapproval pharmacovigilance, scientifi c advice, orphan designa-
tion, good clinical practices inspections, and so forth  [39] . The US FDA has 
established a similar confi dentiality arrangement with the European Commis-
sion and the EMEA.  

1.5 CONCLUSION

 This chapter introduces the legal and regulatory aspects pertaining to biologi-
cal products in the United States and in the European Union. The regulatory 
laws in these two jurisdictions distinguish between conventional pharmaceuti-
cal products based on small molecules and biological products. While the legal 
test for regulatory approval is fi rmly based on an assessment of risk – benefi t 
balance, the approach to such an assessment is distinctly different with respect 
to biological products. This is exemplifi ed by the publication of a recent scien-
tifi c review commissioned by the health ministers following serious adverse 
reactions that occurred in a fi rst - in - human clinical trial involving a monoclonal 
antibody TGN 1412 at Northwick Park Hospital in London (March 2006)  . Six 
healthy volunteers experienced severe systemic adverse reactions after admin-
istration with the biological product. The adverse reactions were characterized 
as associated with cytokine release. The report emphasizes the importance of 
performing appropriately conducted preclinical studies in identifying the safe 
starting dose in humans. The report appears to accept that the conventional 
approach based upon NOAEL (no observed adverse effect level), a concept 
that is generally applicable to chemically synthesized small molecules, may not 
be appropriate. Instead, the principle based on minimal anticipated biological 
effect level (MABEL) is a good model for defi ning the safe starting dose, 
taking account of the novelty of the agent, its biological potency, its mechanism 
of action, the degree of species - specifi city of the agent, the dose – response 
curves in vitro and in vivo. This concept is also articulated in the FDA guidance 
in consideration of lowering the starting dose based on a variety of factors 
that include the pharmacologically active dose (PAD)  [38] .  
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2.1 INTRODUCTION

 The genomics revolution over the past 20 years and subsequent sequencing 
of the human genome have provided opportunities for the pharmaceutical 
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industry in terms of drug targeting and identifi cation of novel therapeutics. 
Advances in molecular biology and genetics have also played signifi cant roles 
in the pharmaceutical development of these novel products. Specifi cally, the 
biomanufacture of protein therapeutics has relied on genetically engineered 
production systems. Biomanufacturing has evolved out of heterologous gene 
expression technology of the 1980s and 1990s and continues to evolve. From 
bacterial hosts to yeast to mammalian cells to even transgenic plants and 
animals, novel approaches have been developed to increase the capacity, effi -
ciency, and safety of biopharmaceuticals. 

 In parallel, protein purifi cation and characterization techniques have also 
markedly improved, increasing the yields and speeding analysis time for bio-
logically active proteins. With this developing technology, biopharmaceutical 
production has been able to diversify from bacterial cells to yeast to mamma-
lian cells and now into transgenic  “ bioreactors ”  (e.g., goats, cattle). Through 
an understanding of these novel production systems, the advantages of this 
new technology in contributing to the successful production of novel biophar-
maceutical products can be realized. 

 At present, over 20 therapeutics produced via recombinant technology are 
currently on the market  [1] . These products range from monoclonal antibodies 
to interferons (IFNs) to growth factors to human insulin. While in many cases 
relatively small - scale production in bacterial, yeast, or cell culture systems are 
amenable for proteins required in microgram quantities, new products are 
being developed requiring signifi cantly higher doses and long - term adminis-
tration. Thus the need for higher capacity manufacturing systems has arisen. 
In particular, protein production in transgenic animals has become the method 
of scale - up or a necessary choice for some protein therapeutics. Production in 
milk of transgenic sheep, goats, or cattle may yield between 5 and 30   g/L of 
recombinant protein, which is far beyond the production capacity of mam-
malian culture systems  [2] . 

 In 1969 the National Environmental Policy Act (NEPA) was enacted. This 
act requires that all federal agencies assess the environmental impacts of their 
actions and ensure that the interested and affected public is informed of envi-
ronmental analyses  [3] . The Food and Drug Administration (FDA) is required 
under the NEPA to consider the environmental impact of approving drug and 
biologic applications as an integral part of its regulatory process. The FDA ’ s 
regulations in 21 CFR part 25 specify that environmental assessments (EAs) 
must be submitted as part of certain new drug applications (NDAs), abbrevi-
ated applications, applications from marketing approval of a biological prod-
ucts (BLAs), supplements to such applications, investigational new drug 
applications (INDs), and for various other actions (see 21 CFR 25.20), unless 
the action qualifi es for categorical exclusion  [3] . 

 The issue of product comparability when manufacturing processes or 
systems are changed, in particular, poses an important challenge to the phar-
maceutical and biotechnology industry. For example, how should a sponsor 
demonstrate that proteins secreted into the milk of transgenic cattle or goats 
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are comparable with those produced in E. coli  or CHO cell systems? What 
methodologies should be employed to demonstrate product comparability? 
The need for analytical studies, in vitro testing, preclinical animal studies, or 
new clinical data will depend on the signifi cance of the change in the system 
and the potential effect on the biologic product. 

 The systems available for production of biopharmaceuticals, and the 
approaches to introducing new technologies into the drug development process 
are discussed in the sections that follow.  

2.2 HOST SYSTEMS FOR BIOPHARMACEUTICAL PRODUCTION 

 An overview of the manufacturing systems employed for the production of 
protein therapeutics is presented in Table  2.1 . The advantages and disadvan-
tages of the various manufacturing systems, as well as examples of therapeutic 
proteins currently marketed or under development utilizing these systems, are 
also presented.   

 One of the earliest and simplest expression systems for biopharmaceutical 
production is the eukaryotic bacteria,  E. coli . The biology of  E. coli  is well 
understood, and bacteria are simple to grow and genetically stable.  E. coli  can 
accumulate extremely high concentrations of exogenous proteins in their cyto-
plasm (up to 20% of their total cellular protein), and can translocate proteins 
from the cytoplasm to the periplasm  [4] . Although  E. coli  has proved to be a 
suitable host for a number of therapeutically useful proteins including IFNs, 
growth factors, and tissue plasminogen activator (tPA),  E. coli  cannot perform 
many of the same posttranslational modifi cations achievable in mammalian 
cells, and hence their utility is limited. Moreover many proteins expressed in 
E. coli  will form insoluble inclusion bodies, and purifi cation may be compli-
cated  [5] . 

 Yeast strains such as  Saccharomyces cerevesia  and  Pichia pastoris  have also 
proved useful for expression of biotherapeutics. Yeast are rapidly growing 
eukaryotic cells, and they perform many of the same secondary protein modi-
fi cations as mammalian cells. Yeast are inexpensive to grow and maintain, and 
can also secrete recombinant proteins directly into the culture media. This 
makes yeast very suitable for large - scale production of recombinant human 
proteins.  Pichia pastoris  are specifi cally capable of expressing correctly folded, 
secreted proteins, including those containing high levels of disulfi de bonding. 
Secreted proteins can often be easily and effi ciently purifi ed from the fermen-
tation media, often with only a single chromatographic step. For example, 
recombinant insulin was among the fi rst proteins to be produced in large 
quantities in yeast  [6] . While yeast do serve as excellent hosts for expression 
of recombinant proteins, they still do not perform all functions similar to mam-
malian cells, and can be extremely sensitive to temperature, aeration, and 
methanol concentration  [7] . Marketed recombinant proteins produced in yeast 
include human insulin (Novolin  ®  ), granulocyte macrophage colony stimulating 
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factor (Leukine  ®  ), and hepatitis B vaccine  (Engerix ®  )      [1] . Other products 
currently under study produced in yeast include infl uenza neuraminidase, 
botulinum neurotoxin A binding domain, and monoclonal antibody variable 
fragments  [8] . 

 Recombinant proteins can also be expressed in mammalian cell systems 
including Chinese hamster ovary (CHO) and baby hamster kidney (BHK) 
cells. While the initial bioreactor setup for these mammalian systems can be 
more costly than for either bacterial or yeast systems, mammalian cells can 
still produce large quantities of posttranslationally modifi ed, viable recombi-
nant product  [2] . Indeed the majority of biopharmaceutical products marketed 
today are produced in mammalian cells, primarily CHO cells (Table  2.1 ). 
Mammalian cell approaches are often required when protein function is 
heavily dependent on posttranslational modifi cations, including glycosylation, 
phosphorylation, or acylation. Many protein biopharmaceutical products 
including DNAse I (Pulmozyme  ®  ), tissue plasminogen activator (Retavase  ®  ), 
erythropoietin (Epogen  ®  ), and FSH (Follistem  ®  ) can only be produced in their 
native structure in mammalian cells. Many mammalian cell systems are also 
highly inducible, meaning that expression of the desired product can be tightly 
controlled and highly stimulated. Methotrexate, for example, was used to 
select for high levels of dihydrofolate reductase (DHFR) expression in CHO 
cells producing recombinant tPA  [2] . Among other advantages of mammalian 
cell systems are the numbers of distinct, specialized cell types available, growth 
of some cell types in suspension culture, and the ability of host cells to seques-
ter proteins into specifi c cell compartments or secrete proteins directly into 
the culture media  [9] . 

 Despite these many advantages mammalian cells do not possess all the 
necessary enzymatic machinery to properly posttranslationally modify every 
recombinant protein. In many cases mammalian cell lines lack the enzymes 
necessary for proper sialylation of proteins  [2] . While it is possible to stably 
introduce these sialyltransferases into the host cell, expression of these enzymes 
normally decreases with time and adds an extra variable to an already com-
plicated cellular process. Another challenge with mammalian cells is that they 
often require a solid matrix for adherent growth. While many cells can be 
grown in suspension, others such as CHO must utilize large - scale spinner 
culture or microbead technology to achieve maximum yields. In many cases 
expression and growth of mammalian cells is not indefi nite. Most cells exhibit 
a limited passage number, decrease their expression of recombinant protein, 
and cease to grow. Thus well - developed master cell banks and working cell 
banks must be constantly maintained in the event of contamination or loss of 
the culture  [2] . Additionally mammalian cell culture is signifi cantly more costly 
than bacterial culture with respect to growth media components such as serum 
and antibiotics. 

 Recombinant human proteins may also be expressed in baculovirus, such 
as Spodoptera frugiperd a (SF9) cells. These viruses possess large genomes 
capable of accommodating extremely large exogenous DNA sequences. 
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Numerous shuttle vectors are available that facilitate convenient transfer from 
bacteria or mammalian cells. Proteins such as HIV Gp 160, carcinoembryonic 
antigen, and a form of infl uenza vaccine have successfully been expressed in 
baculovirus systems  [9] . Potential disadvantages of this system include inap-
propriate posttranslational modifi cations, use of insect rather than mammalian 
cells, and characterization of both the baculovirus and SF9 insect cells used. 

 In the future, neoplastic cells including spontaneous or virus - transformed 
cells, or other immortalized cell lines, may also serve as a preferred cell sub-
strate for recombinant protein production. The use of malignant cells as host 
systems for recombinant proteins represents a natural extension of using neo-
plastic cells to produce purifi ed biologicals, including interferons and mono-
clonal antibodies  [10] . Obvious concerns with these agents as host systems for 
vaccine production include contamination with viable tumor cells or other 
adventitious agents. Contamination from residual DNA or biologically active 
proteins is also a possibility. Finally tumors are by nature heterogeneous, often 
consisting of numerous cell types exhibiting several distinct phenotypes and 
genotypes. Controlling for this heterogeneity represents an additional chal-
lenge for development of vaccines from neoplastic cell systems  [10] . 

 Transgenic plants might also be used for production of recombinant pro-
teins. While many of these systems are still early in the development stage, 
plants offer very robust and high - capacity system for biopharmaceutical pro-
duction. Since plants cannot always properly modify proteins as mammalian 
cells, their utility may be limited. However, early studies suggest that plants 
may serve as useful hosts for production of vaccines and antibodies. For 
example, HepB surface antigen has been successfully expressed in potatoes 
 [11] , and clinical trials are underway with secretory antibodies (SIgAs), such 
as CaroRx ™ , developed in plants  [12] . 

 Expression in transgenic animals, particularly dairy cattle, sheep, and goats, 
is a viable option for achieving large - scale recombinant protein production. 
Unlike bacterial, yeast, or mammalian cell systems, transgenic animal systems 
can express recombinant proteins in the milk at quantities up to 30   g/L. In 
addition to vastly increased capacity, milk provides a relatively simple matrix 
for purifi cation  [2] . Monoclonal antibodies, for instance, have successfully been 
expressed in transgenic mice and goats  [13] . Furthermore transgenic animals 
are also capable of producing complex proteins folded with many of the post-
translational modifi cations such as glycosylation, amidation, and gamma - 
carboxylation  [14] . 

 As with any other biological system, transgenic animals are still susceptible 
to those adventitious agents capable of affecting bacterial, mammalian cell, or 
yeast systems. Moreover, unlike cells and bacteria, a somewhat greater degree 
of intraindividual genetic variation may be observed with a transgenic herd. 
Variability in food intake and/or milk production also represent points to 
consider in the development of transgenic animal populations. Characteristics 
of these various expression systems and examples of recombinant proteins 
produced using these technologies are described in Table  2.1 .  
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2.3 GUIDELINES FOR THE PRODUCTION AND ACCEPTANCE OF 
RECOMBINANT PROTEINS IN BIOLOGIC SYSTEMS 

 As is the case for any new chemical entity, the FDA, the CPMP, and the Inter-
national Conference on Harmonisation of Technical Requirements for Phar-
maceuticals (ICH) have developed standards and guidelines for the production 
and characterization of recombinant biological products. In the subsequent 
section we will discuss some of the standards for manufacturing, release and 
fi nally, comparability of biologics produced in conventional versus transgenic 
systems. For reference, one may consult the ICH Tripartate Guidelines on Test 
Procedures and Acceptance Criteria for Biotechnological/Biological Products 
 [15] , and the FDA Points to Consider in the Manufacturing and Testing of 
Therapeutic Products for Human Use Derived from Transgenic Animals  [16] , 
the CPMP ’ s Guideline on Comparability of Medicinal Products Containing 
Biotechnology - Derived Proteins as Active Substance  [17] , and the Points to 
Consider in the Characterization of Cell Lines Used to Produce Biologicals 
 [18] . 

 The FDA and ICH both convey messages that biologic manufacturers must 
thoroughly characterize all aspects of their manufacturing process, including 
the starting raw materials, strains of microbials or animals used, growth condi-
tions, methods of introducing the novel genes into the host system, methods 
of isolation of the product, product characterizations including all analytical 
methods utilized, batch acceptance and rejection criteria, storage, expiration, 
and shipping. Regardless of the source of the recombinant protein, these 
elements must be addressed to ensure the safety and effi cacy of the fi nal 
product. 

2.3.1 Manufacturing Criteria for Cellular Systems 

 For cellular systems (bacterial, mammalian cell - based, etc.) manufacturers 
must describe the origin of the cell lines used, the general characteristics, 
and genotype (if known) of the master and working cell lines, including any 
known genetic markers and the source tissue (if known). Growth conditions, 
including all components of the culture media, antibiotics, and/or growth 
factors should also be described. Production, characterization, and storage of 
both the master and working cell banks should be discussed. Master cell banks 
should be characterized for morphology, species of origin, split ratio, function-
ality, and identity. Working cell banks should be routinely characterized for 
contamination, sterility, and presence of viruses. Composition and source of 
the culture media and any other additional factors (serum, antibiotics) should 
be described. 

 Manufacturers should include reasonable detail about the source of the 
gene to be expressed, including, if known, the complete DNA sequence and 
any regulatory elements, the method of introduction of the recombinant gene 
into the host cell, and methods for identifi cation of the transformed host. 



Manufacturers should also describe all reagents utilized, selection criteria, 
methods for screening for recombinant protein and monitoring for stability or 
maintenance of gene expression (periodic testing). Production conditions 
should also be described, including the length of collection, the total batch size 
(cell number or volume), and frequency of recovery. Isolation procedures, 
including centrifugation techniques, chromatographic, or other biochemical 
techniques required for product purifi cation, should also be described and 
validated for each biologically produced material. Finally, stability of the 
product should be determined, and storage conditions for the purifi ed material 
and standards for acceptance or rejection should also be well defi ned  [19] .  

2.3.2 Manufacturing Criteria for Transgenic Animals 

 The FDA and EU have also established specifi c guidelines for the manufacture 
and testing of therapeutic products derived from transgenic animals  [16] . The 
FDA has specifi ed its expectations on the use of transgenic animals for produc-
tion of biopharmaceuticals, including relevant scientifi c points that should be 
addressed in any subsequent regulatory submission. Guidelines for biologic 
production in transgenic animals essentially follow those for cell - based 
systems. 

 Similar to cell - based systems, it is expected that sponsors provide detailed 
information on their genetic construct, including description of the native 
protein, the genetic structure of the transgene, any cloning and purifi cation 
methods used, and any vectors such as yeast artifi cial chromosomes (YACs). 
The sponsor ’ s strategy to create the fi nal transgene construct should also be 
described. Specifi c DNA elements within the transgene, including enhancers, 
promoters, repressors, or other control regions, should be discussed, particu-
larly if they are to have a planned effect on expression of the transgene. 

 The manufacturer should further describe production of the initial founder 
animals, including the history of the animals donating the gametes. Like master 
cell banks, transgenic production animals should have detailed veterinary 
records. The method of introduction of the transgene into the recipient 
animal(s) should be described, as well as characterization of methods used to 
assess transgene expression. Again, acceptance criteria should be established 
for presence of the transgene and to confi rm expression of the transgene 
within desired limits in the transgenic animals. Also any deleterious effect of 
transgene expression on the animal ’ s health should be duly noted. 

 Next, the transgenic animals must be monitored for stability of the trans-
gene. This should continue through several rounds of germ - line passage using 
DNA analytical methods such as Southern blots. Then, stability of expression 
of the transgene must be established. While the transgene may be present in 
the transgenic animal, expression must be maintained. Unlike cell lines, trans-
genic animals cannot be stored indefi nitely. Thus approaches must be devel-
oped to ensure that the transgenic product remains available for an extended 
period of time. This can be likened to the use of master cell banks (MCBs) 
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and working cell banks (WCBs). These might be termed Master Transgenic 
Bank and Master Working Transgenic Bank, respectively. 

 Breeding techniques and animal husbandry methods should be described, 
including addition or elimination of animals from the production herd. Animal 
feed and housing should be thoroughly described. Standards for registered 
facilities may be found in the NIH Guide for the Care and Use of Laboratory 
Animals   [20] . 

 Last, purifi cation and characterization of the transgenic product should be 
adequately described. Procedures such as milking, exsanguination or extirpa-
tion of tissues should be detailed so as to  “ maximize safety, sterility, potency, 
and purity of the product. ”  Although collection of the biologic material may 
not occur under sterile conditions, the area should be as clean as possible. The 
actual production lot should be well defi ned, and those tests found to be sensi-
tive to potential changes in the product should be incorporated into the lot 
release protocol. Naturally, products derived from transgenic animals (milk, 
blood urine, semen, etc.) will have a unique set of concerns compared to a 
product derived from asceptic cell culture. As is the case for the ICH guide-
lines, the FDA expects that any biopharmaceutical product derived from trans-
genic animals be thoroughly characterized with respect to safety, purity, and 
potency.  “ The manufacturer should describe all tests performed for in - process 
control and fi nal product acceptability. ”  This is particularly important in trans-
genics, since unlike a relatively homogeneous cell population, a transgenic 
herd may consist of numerous unique individuals with material harvested at 
different times of the year in different temperatures. However, it is not very 
different from using blood donations from unique human individuals for com-
position of the starting pool for purifi cation of plasma products.   

2.4 CRITERIA FOR RELEASE OF RECOMBINANT 
PROTEIN PRODUCTS 

 The ICH expectations are that  “ acceptance criteria ”  or limits of acceptability 
will be established prior to fi nal product characterization, regardless of the 
host cell system. More important, with respect to system, the fi nal product 
should be compared to appropriate reference standards (if available), and 
ideally, with the naturally occurring protein. Products should be thoroughly 
characterized with respect to fi ve distinct criteria (ICH Guideline, Specifi ca-
tion: Test Procedures and Acceptance Criteria for Biotechnological/Biological 
Products  [15] ): 

 •   Physiochemical properties  
 •   Characterization of biologic activity  
 •   Immunochemical properties  
 •   Characterization of purity and potential impurities  
 •   Yield (quantity)    



 In 1999 the ICH recommended the adoption of a series of guidelines defi ning 
the test procedures and acceptance criteria for biotechnological and biological 
products. This document provides general principles for setting a uniform set 
of international specifi cations for biotechnology products. The principles apply 
to  “ all proteins and polypeptides, their derivatives, and products of which they 
are components. ”  It is assumed that these proteins are produced from recom-
binant or nonrecombinant cell - culture expression systems or transgenic animal 
systems, and that they will be highly purifi ed and characterized using appropri-
ate analytical procedures. 

2.4.1 Physiochemical Properties 

 Any protein product, regardless of the host cell system, must be extensively 
characterized. This involves describing not only the primary amino acid 
structure but also information regarding any higher order structure (if 
known), which may be acquired by various biochemical and analytical means 
including, but not limited to, a mass spectrum, amino acid analysis   and SDS -
 polyacrylamide gel electrophoretic (SDS - PAGE) analysis. Other characteriza-
tions might include isoelectric focusing, anion exchange or gel fi ltration 
chromatography, HPLC analysis, fl uorescence spectroscopy, tryptic mapping, 
or even circular dichroism spectra. 

 The manufacturer must also characterize the degree of heterogeneity in the 
product with respect to glycosylation or other posttranslational modifi cations 
using standard biochemical analyses: SDS - PAGE, Western blotting, and RP -
 HPLC. Again, standards should be developed for such secondary modifi ca-
tions and limits set for acceptance or rejection of a particular lot of material. 
If a consistent degree of heterogeneity is maintained and is deemed acceptable 
for biological activity, then extensive evaluations of effi cacy and safety may 
not be required.  

2.4.2 Biologic Activity 

 As for any new lot of material, assessments of biological activity should be 
performed to demonstrate the effi cacy of the product. This may be achieved 
though the use of animal - based biological assays, cell - based assays that evalu-
ate the material at the cellular level, and biochemical activity assays such as 
enzymatic action. Standards should be properly defi ned. Potency and effi cacy 
for individual lots of material can   therefore be defi ned.  

2.4.3 Immunochemical Properties 

 The immunochemical properties of the biopharmaceutical should also be fully 
characterized. This may include binding assays of the antibody to purifi ed 
antigens, using defi ned regions of the antigen. Additionally the target antigen, 
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and if possible, the specifi c epitope should also be biochemically defi ned, par-
ticularly if immunochemical activity defi nes the primary biologic action.  

2.4.4 Purity and Potential Impurities 

 Manufacturers should be able to demonstrate purity of the material. Post-
translational modifi cations do not necessarily represent impurities, provided 
that they can be shown to be consistent and without effect on the biological 
activity. Because of the complex nature of biological systems, it is understood 
that certain impurities may be present. In this case they should be character-
ized and shown to be without biological effect. Acceptance criteria should be 
equal to or exceed results obtained in preclinical studies. Contamination 
should be strictly controlled using well - defi ned in - process acceptance criteria. 
Product stability should be likewise characterized based on real time studies 
conducted with representative material  [19] .  

2.4.5 Product Content 

 Protein or peptide content should be well defi ned by an appropriate physio-
chemical test. If the quantity of product can be well correlated to a specifi c 
biological activity (standard curve), then an elaborate physiochemical test 
does not need to be performed.  

2.4.6 Products Made Transgenically 

 With respect to the fi nal product, transgenic recombinant proteins are essen-
tially no different from proteins produced in bacterial, yeast, or mammalian 
cell systems. Donor DNA must be entirely characterized, as well as the methods 
for introduction of the recombinant. Production conditions should be well 
defi ned as will be methods for product harvest, purifi cation, and storage. The 
product must be characterized for its physical and biologic properties. Many 
of the primary concerns with the use of transgenic animals in fact have already 
been considered during the development of purifi ed human proteins. A number 
of marketed biologics derived from human plasma or serum, such as IFN  α  - N3 
(Alferon N  ®  ) or Coagulation Factor IX (Mononine  ®  ) are prepared from 
pooled donor plasma, representing diverse donors in distinct environments. 
The plasma or serum obtained must then be extensively tested for purity and 
viral contamination. In a similar manner, transgenic recombinant products will 
routinely be pooled from multiple individuals and examined for adventitious 
agents. Following sample collection, postharvest techniques should again be 
similar to those used for bacterial or mammalian cell systems. Table  2.2  high-
lights the various aspects of the manufacturing process and release criteria for 
biopharmaceutical products. It becomes apparent that transgenic animal prod-
ucts must meet the same criteria as those required for other host systems.     



 TABLE 2.2    Biologic manufacturing of recombinant proteins 

  Element of System 

  Cell Substrate  

  Bacterial    Mammalian Cell 
  Transgenic 

Animal

DNA expression 
construct

•  Sequence 
•  Expression vector 
•  Regulatory 

Elements
•  Method of 

Production
•  Purifi cation 
•  Purity standards 

  Same    Same  

Host cell/animal 
system

•  History of Cell Line 
•  Master and Working 

Cell Banks 
•  Environmental 

Growth Conditions 

•  Monitor 
contamination

•  Monitor 
contamination

•  Animal 
pedigree

•  Monitor for 
illness

Method of gene 
transfer

•  Transformation     •  Transfection     •  Embryo 
manipulation

Methods of identifying 
or characterizing 
recombinant 
proteins

•  Growth selection     •  Antibiotic 
resistance

•  Southern blots 
•  PCR  

Production conditions 
(environmental)

•  Controlled     •  Controlled     •  Less controlled 
•  Distinct 

individuals
Method of product 

recovery
•  Batch 

fermentation
•  Batch 

Fermentation  
•  Pool multiple 

individuals
Product stability      •  Product specifi c     •  Product 

specifi c  
•  Product specifi c  

Product storage      •  Product specifi c     •  Product 
specifi c  

•  Product specifi c  

Criteria for release/
acceptance

•  Physiochemical 
•  Biologic activity 
•  Immunochemical 
•  Purity/impurities 
•  Yield  

  Same    Same  

2.5 ENVIRONMENTAL ASSESSMENT AND 
CATEGORICAL EXCLUSIONS 

 Any submission requiring action by the FDA must include either an environ-
mental assessment (EA) or a claim of categorical exclusion from the require-
ment for an EA (21 CFR 51.15(a)).When an EA is submitted, it is evaluated 
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by the FDA and either an environmental impact statement (EIS) or a fi nding 
of no signifi cant impact (FONSI) is fi led by the Agency (21 CFR25.15(b)). 

 The following actions are generally categorically excluded from needing an 
EA or an EIS: 

 •   If use of the active moiety does not increase  
 •   If use of the active moiety increased, but the concentration of the sub-

stance at the point of entry into the aquatic environment (estimated 
introduction concentration; EIC) will be below 1 part per billion  

 •   If the substance occurs naturally in the environment and the action does 
not alter signifi cantly the concentration or distribution of the substance, 
its metabolites, or degradation products in the environment  

 •   Action on an IND    

 The following assumptions are made in determining the EIC. 

  1.    All of the drug product is used and enters the publicly owned treatment 
works,  

  2.    Drug product usage occurs throughout the United States in a distribu-
tion that is proportional to the population, and amount of wastewater 
generated.  

  3.    No metabolism occurs    

 A protein or nucleic acid comprised of naturally occurring amino acids or 
nucleosides, but having a sequence different form that of a naturally occurring 
substance, will normally qualify as a naturally occurring substance after con-
sidering metabolism. 

 The estimated introduction concentration (EIC)   =

  Kilogram (kg) of drug/biologic produced per year    ÷    365 days    ×    10 9  micrograms 
per kg    ×    liters of water per day entering the POTW (publicly owned treatment 
works; 1.2    ×    10 11  liters/day  ) (1996 Needs Survey, Report to Congress at  www.epa.
gov/own )   

 Refi nements to the calculations can be made to correct for metabolism, phar-
macological activity of metabolites, nonproportional distribution of release, 
and other factors. 

 The maximum expected environmental concentration (MEEC) is the con-
centration that organisms would be exposed to in the environment. It is derived 
from the EIC after taking into account any spatial or temporal accumulation 
or depletion factors, such as dilution, degradation, or bioaccumulation. If a 
drug is rapidly inactivated or degraded under environmental conditions, then 
it is generally not necessary to institute further testing. If not, then tiered 
environmental (ecotoxicity) testing is required. 



 INDs generally involve relatively small amounts of drug and treatment of 
a limited number of recipients, so the environmental exposure is usually low. 
INDs are evaluated on a case - by - case basis to determine if extraordinary cir-
cumstances exist. Extraordinary circumstances include situations where there 
is potential for serious harm to the environment at the expected level of expo-
sure, lasting effects on ecological community dynamics, or an adverse effect 
on an endangered specie or habitat of an endangered specie. The determina-
tion of extraordinary circumstances can be based on information from the 
agency, the sponsor, published sources, and other sources. Most commonly 
INDs will be submitted with a request for categorical exclusion from EA. 

 An example of an EA for a typical IND is provided below:

  [Company name] certifi es that [drug or biologic name] is intended for use in 
clinical studies in which waste will be controlled and the amount of waste 
expected to enter the environment is expected to be nontoxic. Therefore, in 
accordance with 21 CFR 25.31, we request categorical exclusion from providing 
an environmental assessment.    

2.6 DEMONSTRATION OF COMPARABILITY WHEN 
A MANUFACTURING SYSTEM IS CHANGED 

 In its Guidance on Demonstration of Comparability of Human Biologic 
Products, including Biotechnology Derived Products  [18] , the FDA formally 
elaborated its position on the steps manufacturers must take to demonstrate 
comparability following manufacturing changes (see Chapter  8 ). The FDA ’ s 
position is for sponsors to discuss any potential changes with them prior to 
implementation to prevent unnecessary duplication of resources. These guide-
lines are applicable to any type of manufacturing change including changes 
from bacterial to mammalian cell to transgenic expression systems. While this 
list is not exhaustive, some of these potential changes include the following: 

 •   Changes in DNA vector  
 •   Changes in host cell system  
 •   Changes in fermentation/culture process  
 •   Equipment changes  
 •   Changes in raw materials  
 •   Changes in purifi cation techniques  
 •   Changes in storage conditions    

 Sponsors may make changes in manufacturing processes for a particular 
product for a number of reasons, including improvement of quality, yield, 
or simply manufacturing effi ciency. Such changes may be frequent, and 
manufacturing changes have been successfully made during or even after the 
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completion of clinical studies. In these situations comparability   data have 
provided assurance that the product would continue to be safe, pure, and 
effective. For example, in the past such changes have included conversion from 
pilot plant to full - scale production, a move of the production facilities from 
one location to another, and implementation of changes in different stages of 
the process such as fermentation, purifi cation, and formulation. For changes 
made prior to product approval, the sponsor must fully describe the changes 
in any license application or investigational new drug application (IND). The 
criteria for establishing product comparability include the following: 

 •   Biochemical characterization  
 •   In vitro and in vivo bioactivity  
 •   Pharmacokinetics  
 •   Safety    

 In terms of product identity and biochemical characterization, when manu-
facturers transition from one system of production to another, qualifi ed 
product standards are used to judge product identity and purity. Biologic activ-
ity testing either in vitro or in vivo are also frequently standardized and can 
be consistently performed on protein products derived from any production 
system whether it be bacterial, mammalian, or intact organism. In most cases, 
however, mimicking the biological activity in the clinic following a change in 
the manufacturing process would not be required provided that cell or bio-
chemical assays can be shown to correlate to clinical response. 

 Regardless of the cell substrate utilized for biologic production, consistency 
in both upstream and downstream production processes will also play an 
important role in validating any novel biological system. Detailed knowledge 
of the stepwise manufacturing paradigm and elaboration of these methodolo-
gies may compensate to a large extent for changes in starting materials. Nev-
ertheless, manufacturers should make available to the FDA extensive chemical, 
physical, and biological comparisons with side - by - side analyses of the old and 
new lots of material. Most important, tests should include those routinely used 
for release of the bulk drug substance and fi nal drug products in addition to 
those tests aimed at evaluating the impact of the change on the product. Basi-
cally the regulatory position suggests that sponsors follow their normal pro-
cedures when implementing a manufacturing change, namely demonstrating 
comparability. The tests should be sensitive to detect any alteration induced 
by the manufacturing change  [21] :

These tests should include tests routinely done on all production lots, those initially 
used to fully characterize product structure and identity and establish product 
consistency from one production lot to another   .  .  . 

 An example of changes in manufacturing system and how comparability 
was assessed from a regulatory perspective involves interferon β  - 1a (IFN β  - 1a). 



Recombinant IFN β  - 1a is produced in CHO cells, and the primary amino acid 
sequence of the recombinant protein produced by these cells was identical to 
the naturally occurring IFN β . IFN β  - 1a is a single, glycosylated polypeptide 166 
amino acids in length. An initial batch of drug product, termed BG9015 was 
used in phase 3 clinical trials. The sponsor subsequently developed a new CHO 
cell line carrying the IFN β  - 1a gene and designated the product isolated from 
these cells BG9216. These particular CHO cells harboring the IFN β  - 1a gene 
were adapted for the suspension culture. Data supporting the use of this cell 
line were submitted to the FDA, and it was determined that the specifi c activ-
ity of BG9216 was greater than BG9015 and contained an additional peak in 
the peptide map. Pharmacokinetic studies also demonstrated that BG9216 was 
not equivalent to BG9015. With these data the FDA determined that BG9216 
was not comparable to BG9015. 

 The sponsor then developed yet another IFN β  - 1a cell line, and the product 
produced by these cells was designated BG9418. This product was extensively 
characterized and compared side by side with BG9015. Biological, biochemi-
cal, and biophysical analyses demonstrated that the two molecules were com-
parable. Biological activities of each molecule were similar using several 
different antiviral and antiproliferative assays. Chromatography of peptides 
derived by proteolysis of the two proteins was nearly identical. Carbohydrate 
analysis was also performed, and both forms exhibited similar patterns. In this 
case the sponsor further performed clinical pharmacokinetic studies and 
showed that the two forms behaved identically. Based on these data, the FDA 
determined that drugs BG9015 and BG9418 were comparable and that data 
obtained during the study of BG9015 would support the licensing of the 
BG9418 molecule  [22] . 

 Change to an entirely new host cell system can also have either minor or 
signifi cant effects on recombinant protein production. In a comparison of fi ve 
distinct eukaryotic cell expression systems, Geisse et al.  [9]  assessed the expres-
sion of human leukemia inhibitory factor (hu - LIF) in fi ve of the most com-
monly used cell lines. The yields and quality of protein product were assessed 
in CHO, Sp2/0, MEL, COS, and baculovirus - infected insect cells. Although 
recombinant, biologically active product was produced in every case, yields 
and glycosylation patterns varied widely among the systems  . To date, such 
signifi cant changes have yet to be implemented into a biologic manufacturing 
paradigm.  

2.7 APPLICATION OF COMPARABILITY CRITERIA TO A NEW 
MANUFACTURING TECHNOLOGY 

 The potential impact induced by changes in manufacturing systems cannot be 
assumed. Thus major changes in the host system may or may not impact a 
product ’ s identity or activity. Applying sound scientifi c principles of safety and 
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effi cacy will permit manufacturers and regulators to objectively assess the 
impact of manufacturing changes. 

 Changes can occur in the manufacturing system at any point in the drug 
development cycle, and the extent of comparability testing may be related to 
the timing of such changes. Regardless of the stage of development, the FDA 
encourages sponsors to consult with them prior to instituting any major change 
in the manufacturing process. For biological products that the FDA has 
approved, the sponsor should submit information about manufacturing changes 
pursuant to 21 CFR 601.12 or 21 CFR 314.70(g) along with any FDA guidance 
on the changes described. The European Agency for the Evaluation of Medici-
nal Products (Committee for Proprietary Medicinal Products) has issued 
similar comparability statements in its year - end   2003 publication  [17] . 

 In general, the later in the development process a change takes place, the 
more studies may be expected to be conducted. Thus it is advantageous for 
biologic manufacturers to select an overall manufacturing approach as soon 
as possible. Similarly manufacturers will likely need to demonstrate some form 
of comparability each time major change takes place in the development 
process (see Figure  2.1 .). Naturally, the best time to make signifi cant changes 
to a biomanufacturing system is during the early development phase. If this is 
the case, few or potentially no comparability studies may be needed. When 
manufacturing changes are instituted during the preclinical (pre - IND) phase, 
limited batch comparison studies may be required to demonstrate comparabil-
ity, but formal bioequivalence testing, including animal toxicology or pharma-

    Figure 2.1     Comparability needs in relationship to development stage.  

PHASE OF DEVELOPMENT 

PRECLINICAL PHASE 1 PHASE 2/3 PHASE 4 

        IND        BLA 

MAMMALIAN  MAMMALIAN  TRANSGENIC        TRANSGENIC 
CELL  A   CELL B   ANIMALS         ANIMALS 

Scenario 1 

Physiochemical  Physiochemical  Physiochemical  NONE 
Equivalence   Equivalence   Equivalence 
Biological Activity  Biological Activity  Biological Activity 

        +/- Animal PK Studies Clinical Equivalence*

MAMMALIAN  MAMMALIAN  MAMMALIAN        TRANSGENIC 
    CELL A   CELL B   CELL C         ANIMALS

COMPARABILITY
NEEDS 

Scenario 2 

Physiochemical    Physiochemical  Physiochemical      Physiochemical 
Equivalence   Equivalence   Equivalence       Equivalence 
Biological Activity  Biological Activity  Biological Activity      Biological Activity 

COMPARABILITY
NEEDS 

        +/- Animal PK Studies +/- Animal PK Studies     Clinical Equivalence*

*Pharmacodynamic equivalence as demonstrated by validated surrogate markers or primary clinical endpoints.



cokinetic studies, may not be required. The sponsor, in its application, should 
provide a rationale for the types of comparability testing performed based on 
the nature of the change in the manufacturing system.   

 In most cases changes in a manufacturing paradigm are unlikely to impose 
drastic changes in product quality. However, even if purity and identity can be 
unequivocally established following a change in manufacturing system, animal 
pharmacokinetic or pharmacodynamic studies may be warranted. While a 
subtle change in product quality may have little or no impact on the toxicologi-
cal profi le of a biologic, changes in glycosylation, in protein folding, or in the 
tertiary structure could impact the pharmacodynamics of a biologic. Ulti-
mately, if clinical studies are warranted, product innovators will frequently 
have at their disposal surrogate markers of effi cacy and/or toxicity. These 
markers should allow more limited studies with defi ned surrogate endpoints 
in lieu of costly pivotal clinical trials. Identifi cation and validation of these 
surrogate markers in Phase 2 and 3 studies, respectively, will be an increasingly 
important step in the development of any novel biologic. 

 When a manufacturing change occurs during the clinical phase (between 
the IND and BLA or NDA), the sponsor will need to demonstrate that batches 
used are chemically, biologically, and perhaps clinically equivalent. Again, 
pharmacodynamic equivalence should be verifi ed using a validated animal 
model. Clinical pharmacokinetic studies might be warranted if chemical, bio-
chemical, and animal pharmacodynamic studies cannot demonstrate compa-
rability with the earlier product. This is demonstrated in scenario 1 in Figure 
 2.1 . As was the case for IFN  β  - 1a discussed above, the sponsor needed to 
demonstrate that the product produced in the new CHO cell line was biologi-
cally equivalent to the earlier version used in an initial clinical study. 

 Finally, manufacturing changes might also be introduced in the post -
 approval phase (Figure  2.1 , scenario 2), namely after the initial, approved 
version of the product has already been on the market. Sponsors might pursue 
limited pharmacodynamic studies provided that chemical and biochemical 
equivalence can be established. In such a case that physiochemical or biologic 
comparability cannot be demonstrated following a manufacturing change 
during the postmarketing phase, clinical batch - to - batch comparability must be 
demonstrated.  

2.8 SUMMARY AND CONCLUSIONS 

 Numerous manufacturing systems are presently available for large - scale 
expression of recombinant proteins. Bacteria, yeast, mammalian cells, and 
transgenic animals have all been successfully utilized for large - scale produc-
tion of recombinant biologics. In most cases the recombinant product is a 
cloned version of a previously purifi ed human or animal protein; thus refer-
ence standards are available for comparison. The FDA and the   European 
Regulatory Agency have since   developed standards for both the production 
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and characterization of protein therapeutics produced using recombinant 
technology. These standards address the identity, purity, stability, and biological 
activity for recombinant proteins. Moreover, since it is expected that novel 
technology will facilitate conversion from one production method to another, 
both the FDA and the European CPMP have provided guidance on demon-
strating comparability following changes to a manufacturing system. These 
guidances have provided a common pathway that can be followed for incor-
porating and evaluating changes within a biologic manufacturing system. 

 Any submission requiring action by the FDA must include either an envi-
ronmental assessment (EA) or a claim of categorical exclusion from the 
requirement for an EA. INDs are frequently submitted with a request for 
categorical exclusion from EA, since they generally involve relatively small 
amounts of drug and treatment of a limited number of recipients such that the 
environmental exposure is usually low. 

 The criteria for demonstrating comparability are dependent on both the 
fi nal product and its stage of development, rather than on perceived degree 
of change, especially as one may change host systems radically. While recom-
binant proteins in general are often more complex than small molecule drugs, 
the approach and standards for product comparability are similar. Structure, 
identity, purity, and biologic activity still remain the fi nal endpoints of analysis, 
regardless of whether a novel drug is a small molecule or large, recombinant 
protein. While the process and its consistency and predictability are very 
important, the fi nal drug product is the entity from which safety and effi cacy 
will be evaluated. It is the responsibility of drug manufacturers to demonstrate 
product safety and effi cacy of the fi nal drug product throughout the develop-
ment cycle where changes in process and manufacturing systems are common. 
With adherence to scientifi c principles and regulatory guidance, the develop-
ment and commercialization of novel protein therapeutics utilizing manufac-
turing systems that meet the production needs of new lifesaving therapeutics 
should be realized.  

REFERENCES

   1.      PDR ,  Physician ’ s Desk Reference .  2006 .    Thomson PDR, Montvale, NJ, USA .  
   2.       Werner   RG  ,   Noe   W  ,   Kopp   K  ,   Schluter   M  .  Appropriate mammalian expression 

systems for biopharmaceuticals .  Arzneimittelforschung   1998 ; 48 ( 8 ): 870  –  80 .  
   3.     Guidance for Industry Environmental Assessment of Human Drugs and Biologics 

Applications ( 1998 ).  
   4.       Pines   O  ,   Inouye   M  .  Expression and secretion of proteins in  E. coli  .  Mol Biotechnol

 1999 ; 12 ( 1 ): 25  –  34 .  
   5.       Janne   J  ,   Hyttinen   J - M  ,   Peura   T  ,   Tolvanen   M  ,   Alhonen   L  ,   Halmekyto   M  .  Transgenic

animals as bioproducers of therapeutic proteins .  Ann Med   1992 ; 24 : 273  –  80 .  
   6.       Ladisch   MR  ,   Kohlmann   KL  .  Recombinant human insulin . Biotechnol Prog   1998 ;

 8 ( 6 ): 79  –  81 .  



   7.       Eckart   MR  ,   Bussineau   CM  .  Quality and authenticity of heterologous proteins 
synthesized in yeast . Curr Opin Biotech   1996 ; 7 : 525  –  30 .  

   8.       Pennell   CA  ,   Eldin   P  .  In vitro production of recombinant antibody fragments in 
Pichia pastoris .  Res Immunol   1998 ; 149 ( 6 ): 599  –  603 .  

   9.       Geisse   S  ,   Gram   H  ,   Kleuser   B  ,   Kocher   HP  .  Eukaryotic expression systems: A com-
parison .  Protein Express Purifi c   1996 ; 8 : 271  –  82 .  

  10.       Lewis   AM  ,   Krause   P  ,   Peden   K  .  A Defi ned Risks Approach to the Regulatory 
Assessment of the Use of Neoplastic Cells as Substrates for Viral Vaccine Manu-
facture . US FDA,  1999 .  

  11.       Mason   HS  ,   Lam   DM  ,   Arntzen   CJ  .  Expression of hepatitis B surface antigen in 
transgenic plants .  Proc Natl Acad Sci USA   1992 ; 89 ( 24 ): 11745  –  9 .  

  12.       Larrick   JW  ,   Yu   L  ,   Chen   J  ,   Jaiswal   S  ,   Wycoff   K  .  Production of antibodies in trans-
genic plants .  Res Immunol   1998 ; 149 ( 6 ): 603  –  8 .  

  13.       Bruggemann   M  ,   Neuberger   MS  .  Strategies for expressing human antibody reper-
toires in transgenic mice .  Immunol Today   1996 ; 17 ( 8 ): 391  –  7 .  

  14.       Clark   AJ  .  The mammary gland as a bioreactor: Expression, processing, and produc-
tion of recombinant proteins .  J Mammary Gland Biol Neoplasia   1998 ; 3 ( 3 ):
 337  –  50 .  

  15.     Specifi cations: Test procedures and Acceptance Criteria for Biotechnological/Bio-
logical Products, ICH Harmonized Tripartite Guideline,  1999 .    

  16.      US FDA, CBER ,  Points to Consider in the Manufacture and Testing of Therapeutic 
Products for Human Use Derived from Transgenic Animals .  1995 .  

  17.      Committee for Proprietary Medicinal Products (CPMP) .  Guidance on Comparabil-
ity of Medicinal Products Containing Biotechnology - Derived Proteins as Active 
Substance . EMEA,  2003 .  

  18.      US FDA .  Points to Consider in the Characterization of Cell Lines Used to Produce 
Biologicals .  1993 .  

  19.      US FDA .  ICH Q5C Quality of Biotechnological Products: Stability Testing of 
Biotechnological/Biological Products .  1996 .    

  20.      Offi ce for the Protection from Research Risks. Guide for the Care and Use of 
Laboratory Animals . Washington: National Academy Press,  1996 .  

  21.       Cavagnaro   JA  .  Establishment of criteria for determining comparability of  “ well -
 characterized ”  proteins .  Dev Biol Stand   1998 ; 96 : 79  –  81 .    

  22.      US FDA .  Summary Basis of Approval for Interferon beta - 1a . PLA#95 - 0979, 
 1995 .   

REFERENCES 41





PRINCIPLES OF PRECLINICAL 
DEVELOPMENT

PART II





45

CHAPTER 3

Preclinical Safety Evaluation of Biopharmaceuticals: A Science-Based Approach to Facilitating 
Clinical Trials, edited by Joy A. Cavagnaro
Copyright © 2008 by John Wiley & Sons, Inc.

The Principles of ICH S6 and the 
Case-by-Case Approach 

  JOY A. CAVAGNARO, PhD DABT, RAC   

  Contents 

    3.1     History of Preclinical Safety Evaluation   45  
  3.2     ICH S6: A New Approach to Preclinical Safety Evaluation   47  
  3.3     Principles versus Practices   49  
  3.4     Implementation of ICH S6 Guidance   49  

  3.4.1     Use of Animal Models   52  
  3.4.2     Selection of Relevant Species   54  
  3.4.3     Cross - Reactivity   55  
  3.4.4     Analogous Products   56  
  3.4.5     Use of Relevant Test Systems   57  

  3.5     Future of Preclinical Safety Evaluation and ICH S6   60  
  3.6     Conclusion   62  
     References   62           

  3.1 HISTORY OF PRECLINICAL SAFETY EVALUATION 

 The conduct of toxicology studies in laboratory animals has been driven by 
experience, historical precedence, and governmental requirements, and the 
results of these studies usually, and reasonably, have led to restrictions on the 
use, or method of use, of the chemicals concerned  [1] . The primary objective 
of pharmaceutical preclinical safety evaluation is to provide information 
essential for the initiation of clinical trials. Scientifi c rationale and controlled 
reproducible data are used to show that the initial human risk is so low as to 
be ethically and practically acceptable in relation to the medical value of the 
information to be obtained from humans. Preclinical safety studies performed 
throughout the course of product development facilitate and may guide work 
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in healthy volunteers and patients by confi rming the acceptability of the risk –
 benefi t ratio of the proposed clinical development and how to minimize any 
foreseeable risks (see Table  3.1 ). Efforts devoted to improving the predictive 
value of preclinical studies are critical to achieving these objectives.   

 In the early 1950s guidelines and standard approaches for general toxicity 
testing were introduced in the form of acute subchronic and chronic toxicity 
studies to help predict human risks. The increase in the number of new drugs, 
chemicals, and environmental pollutants led to the introduction of additional 
toxicological tests to screen for specifi c mutagenic, teratogenic, and other 
reproductive and/or carcinogenic activities to better determine toxicity to 
specifi c organ systems. This testing became standardized. During this time 
these approaches for toxicity testing were considered essential in ensuring 
adequate coverage of potential risks and in promoting consistency and improv-
ing the quality of data for review. They also provided guidance to industry on 
testing strategies that would generally be acceptable for evaluation by regula-
tory authorities. 

 In the late 1960s the FDA Goldenthal guidelines described, in general, the 
types of preclinical studies that could be used in support of the several phases 
of clinical investigation as well as the approval of a new drug application. Admit-
tedly the guidelines were not intended to be used as protocols, but merely as 
guides  [2] . The agency stated that it was in full agreement with the critics of 
current practices — and that the toxicology assessment of new drugs should keep 
pace with the more sophisticated technology, consistent with the objective of 
being as critical and comprehensive as possible. It was acknowledged that devel-
opment of new methods in drug evaluation was proceeding at a rapid rate. The 
agency correctly cautioned that general acceptance of new procedures would 
be predicated on their applicability and predictive value  [2] . 

 When originally promulgated, the 1968 guidelines were intended to provide 
a framework of guidance on which a testing program for a specifi c compound 

 TABLE 3.1    Objectives of preclinical safety evaluation 

•  To permit initiation of clinical trials and to support subsequent clinical 
investigations

•  To recommend safe starting dose, dose escalation scheme, regimen, and route of 
administration

•  To identify potential target organs of toxicity 
•  To identify parameters to monitor in the clinical trial (e.g., biomarkers of safety 

and activity) 
•  To discern the mechanism of activity/toxicity and reversibility or delay of effects  
•  To identify  “ at - risk ”  human populations by thorough defi nition of study subject 

inclusion/exclusion criteria 
•  To provide safety data to support product labeling claims 
•  To provide data to support potential product liability concerns 
•  To provide critical information to support termination of a potentially unsuccessful 

development program in a timely manner 



could be built. In practical usage the term  “ guideline ”  has come to connote a 
list of necessary tests to meet minimum regulatory requirements. Although 
guideline connotes various meanings to different individuals, to the toxicolo-
gist it has traditionally meant a comprehensive set of rules to follow for the 
testing of new drugs for registration with regulatory authorities. In the extreme 
it is a  “ check box ”  approach to the toxicity testing of new compounds for safety 
assessment. Thus lists of specifi c tests have come to be seen as absolute require-
ments for product registration, and not doing a test would mean not following 
the guidelines. However, comprehensive guidelines can only be based on what 
is known or can be anticipated  [3] . 

 Similar approaches were adopted by major regulatory authorities in other 
countries, including the United Kingdom, France, Germany, Italy, and Scandi-
navia and subsequently the European Union. The offi cial agencies and the 
pharmaceutical industries ’  own experts have published recommendations 
for a wide range of types of toxicity tests to provide comprehensive data in 
stardardized form for assessment.  

3.2 ICH S6: A NEW APPROACH TO PRECLINICAL 
SAFETY EVALUATION 

 Biopharmaceuticals have brought new challenges to toxicologists. In the early 
1980s neither industry toxicologists nor regulatory scientists were sure of what 
constituted an appropriate toxicological assessment program for biopharma-
ceuticals. It was fortuitous that interferon, an extremely species - specifi c protein 
was one of the fi rst human biopharmaceutical products. Despite performing a 
 “ traditional ”  toxicity package, including assessment in multiple species, toxi-
cologists found that   the animal studies did not predict the common adverse 
events observed in humans  [4] . 

 In 1986 the Biotechnology Working Party was established in Europe to 
focus on specifi c issues related to the development of biotechnology - derived 
pharmaceuticals. In July 1986 a Satellite Symposium to the IV International 
Congress of Toxicology was held   in Tokyo, Japan. Approximately 135 scientists 
representing virtually all major countries attended the symposium. Among the 
attendees were government regulatory scientists, university scientists, and 
industrial scientists and research managers, all with an interest in the develop-
ment of new biotechnology products  [5] . A few statements made during this 
meeting are worth noting as they introduced an approach to preclinical safety 
evaluation that would distinguish the practice of biopharmaceutical preclinical 
development for the ensuing two decades.

  The availability of modern biotechnology products opens a wide range of excit-
ing therapeutic possibilities.  .  .  .  For many areas of potential toxicity, no satisfac-
tory safety tests are available, and most of the existing models are not yet 
properly validated. Nevertheless, since progress can only be made through 
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accumulation of experience, it appears reasonable to suggest that a considered 
effort be made to develop and to use scientifi cally sound experimental systems, 
and to refrain from following the beaten track of routine toxicity testing.  [4]    

 There is no place for detailed programs of rigidly pre - defi ned tests to be applied 
automatically to all products. Instead, useful information will only be obtained 
if the need for any experimentation at all is decided according to the specifi c 
properties and planned uses of each compound. Then, the nature of the studies 
should be adapted to those individual circumstances. Toxicity testing in this area 
is most like a series of pharmacological explorations and should not be expected 
to follow conventional rigid guidelines.  [6]    

 In part our [FDA] experience with the endocrine drug products (the peptides) 
has infl uenced our approach for other proteins. We recognize that we do not 
know enough about the pharmacology of many of the new immunomodifi ers and 
many of the other protein products. I believe the case - by - case approach is the 
most sensible course at this time I ’ m sure that as we learn more about the phar-
macology of a class of proteins, for example, that our approach will be modifi ed 
for that class.  [7]  

 Consistent with the case - by - case approach, some toxicological studies will follow 
a traditional approach, while others may deviate. Instead of focusing on proce-
dures (length of studies, number of groups, number of animals, number of species, 
etc.) it would be best to focus on the goal behind such testing in order to identify 
and understand the potential toxicity of the agent.  [8]    

 Based on experiences gained over the intervening decade, a concept paper 
was proposed by the FDA in 1995, under the auspices of the International 
Conference on Harmonization of Technical Requirements of Pharmaceuticals 
(ICH), for a new safety topic specifi cally relating to the preclinical safety 
evaluation of biotechnology - derived products. In February 1997 the Thirteenth 
CMR International Workshop provided an opportunity for international 
experts to discuss experiences and diffi culties encountered in designing scien-
tifi cally based   preclinical safety evaluation programs for biopharmaceuticals. 
This two - day meeting brought together toxicologists and clinicians, from 32 
pharmaceutical and biotechnology companies and regulators and regulatory 
advisors from the European Medicines Evaluation Agency and 9 countries: 
Denmark, France, Germany, Italy, Japan, the Netherlands, Sweden, the United 
Kingdom and the United States  [9] . Recommendations arising from the CMR 
Workshop were taken into consideration by the Expert Working Group for 
the fi nal drafting of ICH S6 guideline and agreement was reached at ICH 4 
in Brussels in July 1997  [10] . 

 At the ICH 4 meeting ICH M3 was also fi nalized, acknowledging that that 
there had been marked changes in the kinds of therapeutic products being 
developed (e.g., biotechnology - derived products) and that existing paradigms 
for safety evaluation might not always be appropriate or relevant. As such the 
safety evaluation of biotechnology - derived products should be considered on 
a case - by - case basis, as described in ICH S6  [11] . 
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 The principles of case - by - case assessment were also suggested in a 1998 
paper by DeGeorge et al. entitled  “ Regulatory Considerations for Preclinical 
Development   of Anticancer Drugs. ”  The authors acknowledged that basic 
research continues to provide information about new cellular mechanisms 
central to malignancy and often leads to drugs that attempt to exploit those 
mechanisms. The optimal development of a new class of drug may differ from 
successful approaches used in the development of older well - established classes. 
The authors commented that new biological endpoints and new methods in 
toxicology may be discovered that cannot be anticipated  . The recommenda-
tions in the manuscript emphasized the concerns to be addressed and the 
importance of avoiding excessively restrictive and specifi c guidelines so as not 
to impede the development of innovative therapies for clinical use  [12] .  

3.3 PRINCIPLES VERSUS PRACTICES 

 The basic principles of toxicology are applicable across product classes. It is 
the specifi c attributes of the product that have the greatest infl uence on the 
successful practice of biopharmaceutical toxicology (see Table  3.2 ). This focus 
on product attributes has defi ned the case - by - case approach. Table  3.3  pro-
vides a further defi nition of the case - by - case approach (see Table  3.3 ).     

 Pharmaceuticals and biopharmaceuticals can be viewed as a product con-
tinuum based on size and complexity in molecular structure. However, as 
products have evolved, there has been a blurring of product attributes. Small 
molecules have become larger as the result of alternative scaffolding technolo-
gies (e.g., forming protein conjugates and fusion proteins)   in order to improve 
exposure characteristics and dosing regimens. Large molecules have become 
smaller (e.g., antibody fragments and protein mimetics) in order to improve 
distribution and decrease potential immunogenicity. There are small molecules 
in development that exhibit unique species specifi city making the traditional 
test species, rat and/or the dog, less relevant for safety assessment. Novel 
delivery technologies are also enabling alternative routes of delivery for bio-
pharmaceuticals, such as by the oral and inhalation routes. Some products such 
as oligonucleotide drugs (ODNs) may have combined product attributes. For 
example, ODNs are synthetically derived but have complex chemical profi les 
and are catabolized in ways similar to those followed by certain biopharma-
ceuticals. Although toxicity assessments are designed to address hybridization -
 independent effects, some ODNs can also exhibit species specifi city where 
analogous sequences may be needed to assess hybridization - dependent effects, 
namely toxicity related to exaggerated pharmacology.  

3.4 IMPLEMENTATION OF ICH S6 GUIDANCE 

 The optimal preclinical development of a biopharmaceutical product has ben-
efi ted from experience. This is because the strategy for designing programs is 
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 TABLE 3.2    Comparative product attributes 

  Product Attribute    Pharmaceutical    Biopharmaceutical  

   Manufacture     Chemical synthesis    Biological synthesis (cell 
culture, transgenic 
plants, transgenic 
animals)

   Composition     Commonly organic chemical    Protein, carbohydrate, 
DNA, virus, bacteria, 
cell

   Structure     Well - defi ned, linear    Complex, tertiary 
structure

   Size     Generally  < 1   kDa    Generally  > 30   kDa up to 
800   kDa  

   Purity     Homogeneous single - entity high 
chemical purity (except racemic 
mixtures)

  Heterogenous mixture 
(microheterogeneity, 
aggregates)

   Impurities     Easy to qualify; toxicity testing 
may be required 

  Diffi cult to qualify; 
toxicity generally not 
an issue but may affect 
immunogenicity

   Product 
characterization   

  Specifi cations defi ned early in 
development, generally little 
change; usually one bioanalytical 
method (mostly LC/MS - MS)

  Broadly defi ned at initial 
stages of developed 
and refi ned; several 
bioanalytical assays (e.
g., HPLC, SDS - PAGE, 
MALDI - TOF)  

   Potency     Not determined    Required; generally in 
vivo but for some 
products in vitro 
acceptable.  

   Stability     Stable and not heat sensitive    Less stable and sensitive 
to heat and shear 

   Route of 
administration   

  Oral, topical, inhalation    Parenteral or targeted 
(IV, SC, IM, 
intracardiac, intrathecal, 
intraarticular, etc.) 

   Pharmacokinetics     Half - life usually minutes to hours    Half - life usually days to 
weeks

   ADME     Rapid entry through blood 
capillaries, distribution to many 
organs/tissues, metabolized to 
active and non - active 
metabolites

  Distribution limited 
based on size to plasma 
a/o extracellular fl uid, 
degraded (catabolized) 
to endogenous amino 
acids

   Drug – drug 
interactions   

  Infl uenced by metabolism (enzyme 
induction or inhibition) — can be 
signifi cant  

  Interactions related to 
additive or synergistic 
pharmacological
activity not metabolism 
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  Product Attribute    Pharmaceutical    Biopharmaceutical  

   Dose response     Linear — establishment of 
maximum tolerated dose 
(MTD)

  Can be bell - shaped —
 establishment of 
optimum biological 
dose (OBD) 

   Targets     Intracellular or ligand – receptor    Cell – matrix, cell – cell, or 
ligand – receptor

   Pharmacological 
activity   

  Active in standard screening and 
functional assays 

  Not active in standard 
screening assays; novel 
models created to 
address activity (e.g., 
transgenic animals, 
homologous test 
material)

   Species specifi city     Species independent; preclinical 
assessments for generally 
toxicity generally performed in 
one rodent (generally rat) and 
one nonrodent (generally dog) 

  Species specifi c; 
nonhuman primates 
often the only relevant 
species or design of 
specifi c animal models 

   Toxicological 
effects   

  Unpredictable; can be related to 
metabolites or unrelated to 
mechanism of action 

  Predictable based on 
known mechanism of 
action  “ exaggerated 
pharmacology ” ; animal 
models of disease often 
used to assess safety in 
addition to activity 

   Immunogenicity     Rare; allergic or hypersensitivity 
reactions may occur 

  Common; may affect PK 
or result in immune -
 mediated adverse 
events other than 
allergic and/or 
hypersensitivity
responses

   Dosing interval     Daily    Intermittent  
   Dose formulation     Complex    Simple  
   Demonstration of 

equivalence   
  Bioequivalence (generic 

equivalents)
  Comparability within a 

development program 
(more diffi cult to defi ne 
biogeneric)

Source :   Adapted from Cavagnaro (2002), Baumann (2006), and Horvath (personal 
communication).   

TABLE 3.2 Continued

infl uenced not only by the amount of existing knowledge concerning the phar-
macology and toxicology for the specifi c product and product class but also 
by the expanding knowledge base of a number of product classes. A number 
of articles have been published over the years highlighting the challenges of 
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 TABLE 3.3    Case - by - case approach to preclinical safety evaluation 

  Is Not  …     Is  …   

•  Consistent with the  “ traditional ”  
practices for small molecules 

•  Consistent with the principles for safety 
evaluation of small molecules 

•  Standardized approach     •  Product or product - class specifi c  
•  Unique to biopharmaceuticals     •  Science - based  
•  A minimalist approach     •  Questions - based  
•  An opportunity to  “ get a better label ”      •  Experiential - based  
•  Just what a sponsor wants to do     •  Targeted  
•  Practiced by all developers of 

biopharmaceuticals
•  Flexible  

•  Embraced by all regulators 
•  Fair  

•  Easy to predict  “ if acceptable ”  to 
regulatory authorities 

•  More diffi cult to predict  “ if acceptable ”  
to regulatory authorities 

preclinical development of biopharmaceuticals  [13 – 20]  as well as the valuable 
experiences in implementing the case - by - case approach  [21 – 30] . The following 
is a discussion of a few key areas. 

3.4.1 Use of Animal Models 

 A guiding principle in the design of preclinical safety studies is to parallel as 
closely as possible the clinical conditions of exposure. In accordance with the 
principle, much attention is paid to the dosing regimen with respect to the 
route of administration, duration of exposure, and dosing interval. With respect 
to mirroring the characteristics of the patient population to be exposed, normal 
animals appropriately parallel the typical phase 1 population in normal sub-
jects (healthy volunteers). Where toxicologists deviate from the principle of 
correlation of clinical conditions of exposure is in the evaluation of potential 
toxicity in patients in the later safety and effi cacy trials in phase 2 and beyond. 
The deviation from this principle relates primarily to the physiological state 
of the clinical populations involved as they are no longer healthy volunteers 
but rather individuals who have a specifi c disease and/or are very ill. Thus a 
relevant question for the toxicologist is to ask whether toxicology studies in 
normal animals adequately assess the risks in sick people. The answer to this 
question has even greater signifi cance for biopharmaceuticals as fi rst in human 
(FIH) phase 1 trials are often conducted in subjects with disease for ethical 
and practical reasons. 

 Animal models of disease play a critical role in the drug discovery process 
and are important in the lead candidate selection process as well. Categories 
of animal disease models include spontaneous disease, induced models (e.g., 
chemically, immunologically), xenograft models, infection models, and geneti-
cally modifi ed models (e.g., transgenic knockouts (KOs) or knock - ins (KIs), 
humanized animals (e.g., expressing the human   protein or receptor). The sub-
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sequent evaluation and demonstration of biological activity of test articles in 
these animal models is often pivotal for further progression of these agents in 
the clinic. 

 The principle of estimating a therapeutic index prior to clinical trials typi-
cally involves determining the no observable adverse effect level (NOAEL) 
and comparing that to the projected human dose. In providing the estimate, 
the effi cacious dose is typically obtained from in vitro data with human cells 
or tissues and in vivo preclinical pharmacology studies that involve animal 
disease models. Not infrequently the species used to estimate the toxic level 
is different from the species used to estimate an effi cacious level. Thus the 
therapeutic index is not a true ratio as the units (species and/or conditions) are 
often different. On the other hand, if one were to obtain information relating 
to toxicity as well as effi cacy from studies employing animal models of disease, 
a direct estimate of therapeutic index could be made provided that appropriate 
models had been characterized or validated in the relevant species. 

 The decision on the use animal models of disease for assessing safety is 
based on a consideration of a number of factors, not the least of which is 
whether an animal model of disease is available for the intended disease. There 
are also ethical and welfare considerations as in any proposal to use animals 
in scientifi c work. Animal models of human disease may not mimic all aspects 
of disease or be more sensitive. However, as long as there is a good under-
standing of the human disease as well as acknowledgment of specifi c limita-
tions of the model, studies should allow for better predictions of risk in the 
intended disease populations (see Table  3.4 ).   

 TABLE 3.4    Use of animal models of disease 

  Potential Advantages    Potential Disadvantages 

•  Ethical considerations in protection of 
humans

•  Ethical considerations in use of 
animals

•  May be useful to screen compounds for lead 
candidate

•  Relative paucity of background 
data

•  Potential for increased sensitivity     •  Inherent variability 
•  Disease condition may parallel target 

population
•  May only represent one aspect of 

the disease 
•  Early opportunity to defi ne biomarkers of 

safety and activity more relevant to 
intended population 

•  Excess mortality may confound 
data interpretation 

•  Direct estimate of therapeutic index 
feasible

•  Increased sensitivity may not be 
relevant

•  Opportunity to understand the pathogenesis 
of treatment related fi ndings  

•  May be limited in size of group 

•  Support human safety and effi cacy when 
human clinical trial is not feasible or ethical 
( “ animal rule ” )  

•  Potential limitations in study 
design

•  Potential interference of disease 
process with safety evaluation 
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 A variety of transgenic animals have been used over the years to help 
characterize the activity and safety of biopharmaceuticals. Knockout animals 
have been used to assess a worst - case scenario for maximum inhibition (e.g., 
MAbs blocking a receptor and suppression of endogenous cytokines or pro-
teins); knock - in animals have been used to describe a worst - case scenario for 
overexpression (e.g., consequences of growth factor induced proliferation) and 
humanized transgenic animals (e.g., expressing the human receptor). In the 
latter case the clinical material can be directly assessed rather than relying on 
the species specifi c homologue or on indirect extrapolation from the actions 
of the clinical (human) therapy acting on targets in another species. In all cases, 
however, the models lack historical control data. There may be additional 
concerns with respect to potential differences related to epitope density, 
localization/compartmentalization, signal transduction pathways, regulation, 
unknown compensatory mechanisms, host defense mechanisms, or natural life 
history. Thus as a caution, models may either overestimate or underestimate 
identifi cation and the magnitude of of a hazard.  

3.4.2 Selection of Relevant Species 

 Traditionally toxicologists have used at least one rodent and nonrodent species 
for multidose toxicity studies. The use of two species is important for assessing 
potential variability of metabolism, for products with extensive distribution, 
and in cases where a relevant species has not been defi ned. The rat and dog 
are selected in most cases, usually on an empirical basis  [2]  without an open -
 minded consideration of whether alternate species might be better in terms of 
biochemistry and metabolism  [1] . 

 In 1987 Zbinden identifi ed three main areas of concern for biopharmaceu-
ticals: (1) the toxicity per se (intrinsic toxicity), (2) the adverse effects related 
to the pharmacodynamic properties (exaggerated pharmacology), and (3) the 
undesirable responses mainly due to indirect biological responses not related 
to pharmacodynamic properties  [4] . Since contaminants are usually present 
only in small amounts (e.g., host cell proteins, contamination with viruses, 
DNA, endotoxin, antibiotics), their intrinsic toxicity is considered of minor 
signifi cance and best addressed through rigorous quality control. Intrinsic 
toxicity is defi ned as toxicity unrelated to a product ’ s pharmacodynamic prop-
erties, such as the clinical syndrome, fl u - like symptoms, fever, nausea, and 
malaise, observed in humans following interferon administration, or fl uid 
retention and interstitial pulmonary edema following IL 2 administration. The 
information gained from clinical observations are used to guide toxicological 
experiments in animals to gain a better understanding of the intrinsic toxic 
potential and hopefully defi ne more predictive animal models. However, stan-
dard toxicological test procedures are poorly suited to a priori identify intrinsic 
effects. Toxicity that occurs as a consequence of the desired pharmacodynamic 
effect can often be predicted especially when the biological characteristics are 
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known. Biological toxicity due to indirect biological responses unrelated to 
pharmacodynamic properties includes toxicity related to structure such as the 
allergic and sensitizing potential of biopharmaceuticals  [4] . See also immuno-
genicity discussed below. 

 ICH S6 states that safety evaluation programs should include relevant 
species demonstrating pharmacological activity. As such the mechanism of 
toxicity is defi ned by exaggerated pharmacology. Importantly, relevant phar-
macological species can also be used to assess biological toxicity and in some 
cases intrinsic toxicity. In some cases it may be necessary to consider animal 
models of disease to evaluate intrinsic toxicity. For small molecules where 
toxicity may be the result of metabolites or due to extensive distribution to 
nontarget tissues, a species lacking the target may be relevant as the mecha-
nism of toxicity may be unrelated to exaggerated pharmacology. In such cases 
the most sensitive species becomes the most relevant species with respect to 
dose extrapolation. A variety of techniques (e.g., immunochemical or func-
tional tests) can be used to identify a relevant species. 

 There has been the misconception that only one species is expected for 
assessing general toxicity of biopharmaceuticals. However, the language in 
ICH S6 explicitly states that safety evaluation programs should normally 
include two relevant species, but in certain justifi able cases, one relevant 
species may suffi ce (e.g., when only one relevant species can be identifi ed or 
where the biological activity of the biopharmaceutical is well understood). The 
guidance intentionally did not specify use of the  “ most relevant ”  in order to 
avoid the routine consideration of use of higher primate species (e.g., greatest 
homology of a protein or a receptor with chimpanzees or baboons). Demon-
stration of binding of the biopharmaceutical to a receptor or other target may 
not be suffi cient to defi ne a relevant species as not all molecules that bind 
actually induce activity. Therefore primary consideration should be given to 
receptor - mediated activity. Determining biological activity is based on an 
understanding of in vitro receptor occupancy, affi nity, distribution, and in vitro 
and in vivo pharmacological effects. Importantly, toxicity studies in nonrele-
vant species are discouraged. 

 The ICH reproductive toxicology guidance considers the acceptability of a 
single species if it can be shown by means of pharmacological and toxicological 
data that the species selected is a relevant model for humans. ICH further 
states that there is little value in using a second species if it does not show the 
same similarities  [31] .  

3.4.3 Cross-Reactivity

 Tissue cross - reactivity studies for monoclonal antibody products were origi-
nally intended to explore off - target tissue binding. Studies have thus been used 
to screen candidates to avoid off - target binding. As stated in ICH S6, an animal 
species that does not express the desired epitope may be of some relevance 
for assessing toxicity if comparable unintentional tissue cross - reactivity to 
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humans is demonstrated. For example, if cross - reactivity was observed in 
human tissues, assessments of potential binding to nonhuman primate tissue 
is recommended in order to determine if similar binding is observed in order 
to justify the use of a nonhuman primate. If similar binding is not observed, 
the data could be used to justify use of rodents especially in cases where the 
epitope is not present in normal animals (e.g., tumor antigens). Tissue cross 
reactivity, however, has inappropriately expanded to testing a variety of animal 
species in order to select a relevant species for assessing general toxicity. As 
discussed above, selection of a relevant species is more correctly justifi ed by 
pharmacological - based receptor or other specifi c target studies. Similar off -
 target binding to nonhuman primate nonreproductive tissues justifying use 
in general toxicity studies does not justify use of the nonhuman primate 
in reproductive or developmental toxicity studies. The design and relevance 
of tissue cross - reactivity studies for bispecifi c and trispecifi c antibodies, 
conjugated antibodies, and fusion proteins may differ from monoclonal anti-
body applications. 

 Unintentional cross - reactivity may also be suggested by Basic Local Align-
ment Search Tool (BLAST) that are routinely performed electronically 
to identify potential binding to   nontarget tissue or to determine if there is 
unintentional cross - reactivity with an endogenous molecule such as following 
administration of a monoclonal antibody or a vaccine  [32] . CEREP assay 
platforms routinely performed for small molecules for determining off - target 
binding are not used for biopharmaceuticals.  

3.4.4 Analogous Products 

 For biopharmaceuticals that are unique in their species specifi city (i.e., react-
ing only with monkeys, chimpanzees, and/or humans) use of the homologous 
protein or more broadly defi ned analogous products that recognize the ortho-
log of the original human target, have been considered in order to assess 
general and/or specifi c toxicity. The term  “ surrogate molecule ”  has been used 
incorrectly especially if one considers the judicious use of the term when refer-
ring to surrogate endpoints in clinical development. The acceptability of a 
surrogate endpoint requires extensive validation. 

 While analogous products are often used in early discovery and develop-
ment to provide data in support for proof of concept, there is concern regard-
ing their use for assessing safety unless they have been shown to be comparable 
to the clinical material (see Table  3.5 ). The use of analogous products is most 
often considered for assessing reproductive/development toxicity based on the 
inherent limitations of nonhuman primate models for characterizing repro-
ductive risks. Analogous products are also considered for assessing carcino-
genic risk for products intended for chronic use. Interestingly both of these 
preclinical risks are communicated in product labels. Since the manufacturing 
process is different than that of the clinical material, the product may contain 
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differences in impurity contaminant profi les as well as stability. More impor-
tant, however, there can be signifi cant differences in potency and pharmaco-
logical activity.   

 In cases where analogous products are not used to establish proof of concept 
for a development candidate, such information would need to be developed 
prior to the conduct of toxicology studies. If an analogous product is not suf-
fi ciently comparable to the clinical product but utilized in order to satisfy the 
assessment of general toxicity in two species, it is unclear how to interpret the 
relevance of any adverse fi ndings with the analogous product especially in 
cases where similar fi ndings are not observed with the clinical material in a 
relevant species. The cost, production capabilities, and the additional resources 
required for a parallel product development program of an analogous product 
may also be prohibitive.  

3.4.5 Use of Relevant Test Systems 

ADME   Since metabolism and formation of active metabolites are not a 
concern for unmodifi ed biopharmaceuticals, mass balance studies are uninfor-
mative. Tissue concentration of radioactivity using radioactive proteins is also 
diffi cult to interpret due to unstable radiolabel linkage, rapid in vivo catabo-
lism, and recycling of radiolabeled amino acids into non – drug - related 
proteins/peptides. 

 TABLE 3.5    Considerations for use of analogous products 

  Potential Advantages    Potential Disadvantages 

•  Useful for understanding early 
pharmacological properties of the 
drug

•  Could have different manufacturing 
process and thus difference in range of 
process related impurities/contaminants  

•  Useful for developing early proof of 
concept

•  Could have different PK 

•  Provides the ability  “ to do ”  toxicology 
studies

•  Could have different pharmacological 
activity and/or feedback control 
(toxicity profi le may be different if 
based on exaggerated pharmacology) •  Opportunity to use a lower order 

species (rodents vs. NHP)     •  May be different for monoclonal 
antibody isotype   (with associated 
activity)

•  May be only feasible approach if no 
usable species responding to the 
clinical biopharmaceutical is 
available (e.g., no terminable 
studies feasible in chimpanzees, 
carcinogenicity testing not feasible 
in NHPs) 

•  Could have different intrinsic toxicity 
unrelated to pharmacological activity 

•  Inability to assess relative 
immunogenicity of the clinical product 

•  May be of questionable relevance in 
following up mechanism of toxicity of 
adverse events in clinic 
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 PK - mediated interactions are unlikely except for the rare examples of 
certain hormones that may be displaced by various chemicals form the tight 
binding of specifi c transport proteins, and the depressant action of certain 
interferons and other cytokines on hepatic P450s.  

In vitro Safety Pharmacology   Specifi c guidance on safety pharmacology, 
ICH S7B, was published after ICH S6. This guidance specifi cally excluded 
biopharmaceuticals, acknowledging that, since biopharmaceuticals achieve 
highly specifi c receptor targeting, it has usually been suffi cient to evaluate 
safety pharmacology endpoints as a part of toxicology and /or pharmacody-
namic studies  [33] . Nevertheless, assessment of in vitro cardiotoxicity, such as 
in vitro IKr assays (human ether a - go - go related gene, hERG), has been per-
formed for some biopharmaceuticals even though mechanistically biopharma-
ceuticals are not likely to enter cells and bind a site within the potassium 
channel due to their molecular size. With the exception of some highly selec-
tive peptide toxins, there are no data to support binding to proteins on the cell 
surface mediating subsequent effects on ion channels.  

Genotoxicity   Biopharmaceuticals do not have the same distribution prop-
erties as small molecules, and they are therefore not expected to pass through 
cell and nuclear membranes to interact with DNA. Experience has confi rmed 
that the standard battery of genotoxicity assays is not relevant for products 
that do not directly interfere with DNA or mitosis to induce gene mutations, 
chromosome aberrations, or DNA damage. While studies may be applicable 
for protein conjugates with a chemical organic linker, consideration is war-
ranted if there is precedence of use with the linker or if there is no evidence 
of degradation of the protein conjugate. Additionally, unlike small molecules 
where there may be a cause for concern for testing for genotoxic impurities, 
process - related impurities associated with biopharmaceuticals include residual 
host cell proteins, fermentation components, column leachables, and deter-
gents rather than organic chemicals.  

Immunogenicity   The injection of human proteins in suffi cient quantity into 
animals should be expected to elicit an immunological response. Interestingly 
some analogous products have also induced immune responses in the deriva-
tive species. The presence of neutralizing antibody can change the PK/PD 
profi le and thus impact exposure margins and estimates of toxicity. In early 
studies with biopharmaceuticals the development of antibodies in a toxicology 
study was considered a reason to stop studies; however, we now know that we 
can  “ dose through ”  in animals similar to dosing practices in humans. While the 
presence of antibodies in animals is generally not predictive for humans, the 
information has helped in defi ning relative immunogenicity and identifying 
potential consequences of an immune response such as neoantigenicity, auto-
antigenicity, immune complex deposition, complement activation, and 
antibodies crossing the placenta. 
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 Clinically relevant antibodies include clearing antibodies, sustaining anti-
bodies, neutralizing antibodies, and antibodies that cross - react with endoge-
nous proteins and other molecules. 

 A reliable antibody screening assay capable of detecting high -  and low -
 affi nity antibodies is recommended. The sampling time for antibody assess-
ment is also important, in allowing long washout periods in some cases in order 
to ensure that components in the serum sample do not prevent the assay from 
detecting a true positive (e.g., interference by the biopharmaceutical due to a 
long half - life). 

 Although assays for cell - mediated immunity are more complex and demand-
ing, the possible need for them should always be considered because they may 
represent the source of a  “ toxic ”  action while accompanying antibodies are 
only a signal that an immune response has occurred. 

 The possibility of induced autoimmune responses should also be considered 
as a cause of damage to nuclei, cytoplasm, and cells and tissues as well as the 
stimulus for antibody formation.  

Dose: Selection, Schedule, Duration, and Response   According to ICH 
S6, dose levels should be selected to provide information on a dose response 
including a toxic dose and NOAEL  [10] . While the NOAEL is generally con-
sidered for purposes of recommending initial doses for fi rst in human studies, 
it was recognized that for certain classes of drugs or biologics (e.g., vasodilator, 
anticoagulants, monoclonal antibodies, or growth factors) where toxicity may 
arise from exaggerated pharmacology that the pharmacologically active 
dose (PAD) in these cases may be a more sensitive indicator of potential toxic-
ity than the NOAEL and might therefore warrant lowering the minimum 
recommended starting dose (MRSD)  [34] . More recently it has been suggested 
that the starting dose for the FIH for certain classes of biopharmaceuticals 
should be below the MABEL (minimal anticipated biological effect level) 
as predicted from all the available preclinical data (in vitro in humans and 
in vivo in animals)  [35,36] . Importantly a number of factors have to be con-
sidered to optimize dose extrapolation (see Table  3.6 ). It is also important to 
consider if these initial trials are performed in normal subjects or subjects with 
disease.   

 Ideally the design of the toxicology studies should mimic the clinical trial. 
However, because of more rapid clearance in test animals, more frequent 
dosing than proposed for the clinical trial may be needed to model for the 
equivalent exposure. Importantly, when longer intervals are anticipated, such 
as once a month or once every six months, a more accelerated or contracted 
dosing scheme may be needed as longer intervals generally serve as immuniz-
ing regimen (e.g., similar to the intervals used for vaccines intended to induce 
an immune response). It is also important to understand whether dosing strat-
egies induce tolerance, as was the case for IL 12  [37] . 

 While identifying a maximum tolerated dose is preferred when designing 
toxicity studies in some cases, such a dose has been diffi cult to achieve for 
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biopharmaceuticals. The use of a limit dose has been acceptable as the high 
dose for pharmaceuticals if an MTD cannot be achieved (e.g., 1   g/kg/day  [31]  
and 1.5   g/kg/day ICH S1CR  [38] ). For biopharmaceuticals a limit dose is often 
defi ned as a maximum feasible dose (MFD) based on the physiological proper-
ties of the test material or dosage form allied to route of administration that 
may impose practical limitations in the amount that can be administered. A 
maximum absorbed dose (MAD) or pharmacodynamic maximum response 
dose (PMRD) based on saturation of absorption has also generally been 
acceptable for pharmaceuticals. However, in cases where for biopharmaceuti-
cals with inherently low toxicity a maximum sensible dose (MSD) (A. Pilaro, 
personal communication) may need to be considered, a good understanding   
of the mechanism of action of the product, as well as of the intended clinical 
subject (i.e., normal volunteer vs. patient), is needed to support the adequacy 
of proposed multiples (e.g., 10 – 20X) for the high dose. In cases where lower 
multiples are justifi ed, a more conservative estimate of FIH dose could be 
considered. Ironically it can be more diffi cult to select a FIH dose for a  “ safe 
drug. ”     

3.5 FUTURE OF PRECLINICAL SAFETY EVALUATION AND ICH S6

 The speed at which clinical development is expected to take place to bring 
novel therapies to market is challenging not only for small start - up companies 
but also for large   established global companies. The inability to better assess 
and predict product safety can lead to failures during clinical development 
and, occasionally, after marketing  [39] . Emerging technologies and novel ther-
apies created the need and also the opportunity for considering novel 
approaches to toxicological testing in efforts to improve the predictive value 
of the data from preclinical studies for clinical decision making. 

 TABLE 3.6    Considerations for optimizing dose extrapolation across species 

•  Receptor binding affi nity  
•  Receptor saturation 
•  Potency to the target 
•  Upregulation of soluble receptors 
•  Tissue expression 
•  Stimulation of biological cascades by agonists at immune cell receptors 
•  Knowledge of other downstream signaling 
•  Potential for biological amplifi cation  
•  Delayed induction of secondary mediator release 
•  Temporal dissociation of pharmacological effects from plasma levels due to 

persistent activity in nonplasma compartments 
•  Redundancy 
•  Homeostasis  

Note :   Specifi c considerations based on product class.   



 Many novel therapies could be considered  “ high risk ”  if only based on their 
uniqueness and lack of precedence. The introduction of novel therapies into 
the clinic has been facilitated by the cooperation between industry and regula-
tory scientists, and an adherence to sound scientifi c principles, common sense, 
and an approach based on fl exibility. The  “ case - by - case ”  approach is depen-
dent on acceptance by both regulators and industry that the interpretation of 
the data has to refl ect best scientifi c practice and that no study in experimental 
animals can predict with certainty the outcome when a drug is given to humans 
 [40] . 

 In 2007 ICH S6 was proposed for updating ( “ maintenance ” ) under the 
auspices of the ICH. Since the optimal design of preclinical programs is expe-
riential based, the revisions would refl ect accumulated experiences as well as 
advancements in science over the past decade —  “ a knowledge transfer. ”  There 
is a concern, however, that revising this document may result in formalizing 
the emerging increase in studies performed for biopharmceuticals. The recent 
increase in the number and types of studies over the last few years has been 
attributed in part to both industry practice and regulatory expectations at 
better  “ aligning ”  preclinical development programs of biopharmaceuticals 
with pharmaceutical without consideration of the specifi c product attributes. 
As previously mentioned, fl exibility in program design may also be needed for 
novel pharmaceuticals that share product attributes similar to biopharmaceu-
ticals such as species specifi city. The revised guidance could reduce the current 
fl exibility in programs if new programs are expected to follow the  “ case 
studies ”  discussed in the guidance. The specifi c examples may not be applica-
ble to either current or future novel products. 

 On the other hand, a revision may be an opportunity to redirect the emerg-
ing trend of increasing studies and increasing regional guidance. It could 
discourage the application of ICH guidance documents where biopharmaceu-
ticals are specifi cally excluded and provide a better understanding of current 
regulatory expectations. Specifi c sections could be clarifi ed to ensure optimal 
interpretation, for example, of species selection, immunogenicity assessment, 
duration of chronic studies, the number of species needed to assess chronic 
toxicity, the use of analogous products including interpretation of fi ndings 
when an analogous product is not suffi ciently comparable especially when 
toxicity differs signifi cantly from results obtained with the clinical product, 
reproductive toxicity assessment strategies, carcinogenicity assessment 
strategies including whether  “ enhanced ”  chronic studies could inform 
the carcinogenicity section of the label. Other sections could be added, 
for example, on dose selection to support the fi rst in human dose based 
on pharmacological activity, developmental immunotoxicity testing for immu-
nomodulatory products, and information regarding risk management and 
communication. 

 Alternatively, ICH S6 could serve as an umbrella document. More specifi c 
guidance regarding the types of studies and areas of concern could then be 
provided as addendums or annexes with respect to product class, for example, 
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monoclonal antibodies, protein conjugates, growth factors, soluble receptors, 
oligonucleotide drugs.  

3.6 CONCLUSION

 Supported by advances in biotechnology and other enabling technologies, the 
practice of toxicology has shifted form a ritualistic standards - based approach 
to a rational science - based approach, which is best defi ned by studies designed 
to ask specifi c questions with an understanding of what need to be known and 
the ability to make acceptable assumptions. Studies are data driven and practi-
cal to obtain maximum information. Designs are modifi ed, based on additional 
information. Identifi cation of limitations and knowledge gaps are acknowl-
edged and identifi ed, and effort to develop new models to replace outdated 
models embracing novel technologies is an ongoing process. 

 Development principles for preclinical safety assessment have been and 
will continue to be a dynamic process that is strongly controlled by the expand-
ing knowledge and improvements in product design. The full investigation of 
the potential usefulness of biopharmaceuticals requires the development of 
reliable animal model systems that allow assessment of toxicity and provide 
pharmacokinetic data that can be successfully scaled to humans in order to 
reduce risk factors before clinical testing. The design of relevant preclinical 
safety evaluation programs is consistent with global initiatives to facilitate and 
to improve clinical development programs. In the coming years stakeholders 
will be facing the issue of how to implement preclinical development programs 
for biopharmaceuticals and pharmaceuticals that better anticipate adverse 
effects, including development of new test systems that produce reliable results 
faster and at lower cost. Hopefully, preclinical evaluation programs will evolve 
and mature concurrently with more novel products and will focus on improv-
ing the predictive value of preclinical safety testing, targeting the toxicity 
testing to provide information to ensure that the correct data are collected 
from the most appropriate studies.  
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4.1 INTRODUCTION

 The development and regulatory approval of biopharmaceuticals in the Euro-
pean Union (EU) has lagged slightly behind that in the United States. But 
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over the last decade this class of drug has assumed increasing importance in 
the development pipelines of EU - based pharmaceutical companies. In addi-
tion, many US and Japanese companies conduct development of their prod-
ucts in Europe for the EU market. Some countries in the European Union   
have acquired a reputation for innovation in the biopharmaceutical fi eld, with 
various clusters of start - up and small biotechnology companies becoming 
established, particularly in the United Kingdom (mainly around the university 
cities of Oxford and Cambridge) and Germany. More recently France, the 
Netherlands, the Scandinavian countries (Sweden, Denmark, Norway, Finland), 
and smaller countries such as Belgium and Ireland can claim to have fl ourish-
ing biotechnology industries, producing potential biopharmaceutical develop-
ment candidates. Although Switzerland is not a member of the European 
Union, its location and the presence of both long - established large multina-
tional pharmaceutical, as well as some smaller biotechnology start - up compa-
nies, make it a major contributor to the biopharmaceutical sector in Europe. 

 Examples of biopharmaceutical products that have received approval in the 
European Union are shown in Table  4.1 . In addition to the approval of novel 
biopharmaceutical products, the fi rst EU approval of a  “ generic ”  or  “ biosimi-
lar ”  biopharmaceutical product (Omnitrope ® ) was granted in 2006  [1] . In 
general, most major new biopharmaceutical products that are approved by the 
US regulatory authority (FDA) are approved in the European Union at about 
the same time, or shortly after FDA approval for marketing. There are rela-
tively few biopharmaceutical products that undergo region - specifi c develop-
ment and marketing, largely due to the high cost of development of these 
products, and refl ecting the fact that the drugs are often for areas of unmet 
medical need. In addition the EU population (slightly under 500 million) 
makes it one of the most attractive potential markets for new pharmaceutical 
products. Therefore the trend of an increasing proportion of new drugs in 
development or receiving EU marketing approval that are biotechnology 
derived probably refl ects the situation in the United States and other regions. 
In 2004, 8 of 19 new therapeutics approved for use in the United Kingdom 
were biopharmaceuticals.   

 In terms of the application and implementation of ICH guidelines in the 
European Union, the approach from a technical and scientifi c viewpoint can 
be regarded as similar to that in the other major ICH regions (the United 
States and Japan). The major difference relates to the regulatory administra-
tive structure within the European Union, as will be discussed below. Sponsors 
developing biopharmaceuticals for the US and Japanese markets will deal with 
a single regulatory agency for those regions throughout the development cycle. 
The EU situation is rather more complex, such that early in the development 
cycle the sponsor may interact with one or two EU national authorities to 
enable phase 1 and 2 trials to be initiated. As the development cycle proceeds, 
interactions with more national authorities and the central European Medi-
cines Agency (EMEA) are likely to take place, working toward   approval of 
the product by the central agency, through the so - called centralized procedure. 
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This chapter will therefore concentrate mostly on the major differences in 
regulatory structure between the European Union and other regions, which 
has bearing on obtaining regulatory guidance and scientifi c advice during the 
development of a biopharmaceutical for the European market. Such interac-
tions with the regulatory agencies are crucial to the application of the case -
 by - case approach to preclinical development of biopharmaceuticals advocated 
by the ICH S6 guideline.  

4.2 EUROPEAN UNION 

 The European Union per se was created in November 1993 when the Treaty 
on European Union came into effect. At that time 12 European countries had 
already joined the European Community (EC), formed in 1967 as a merger 
of the European Coal and Steel Community (ECSC, founded in 1952), the 
European Economic Community (EEC, founded in 1958), and the European 
Atomic Energy Community. The 12 countries that were part of the European 
Union in 1993 were Belgium, France, Italy, Luxembourg, the Netherlands, West 
Germany, Denmark, Ireland, the United Kingdom, Greece, Portugal, and 
Spain. 

 Since 1993 other countries have joined the European Union, with Austria, 
Finland, and Sweden joining in 1995, Cyprus, Czech Republic, Estonia, Hungary, 
Latvia, Lithuania, Malta, Poland, Slovakia, and Slovenia joining in 2004, and 
Bulgaria and Romania joining in January 2007. At the present time, there are 
27 countries or  “ member states ”  in the European Union. At the time of writing, 
Turkey and Croatia are in  “ accession ”  negotiations to join the European 
Union, with several other countries, such as Macedonia, Albania, Montenegro, 
and Serbia, as potential future member states. 

 The European Union has a number of high - level institutions, the most 
important being as follows: 

The Council of Ministers.     The Council is the main decision - making body 
of the European Union. The ministers of the member states meet within 
the Council, and depending on the issue on the agenda, each country will 
be represented by the minister responsible for that subject (foreign 
affairs, fi nance, social affairs, transport, agriculture, etc.). The presidency 
of the Council is held for six months by each member state on a rota-
tional basis.  

The European Parliament.     Following elections held in June 2004, the 
European Parliament had 732 members elected in the 25 member states 
of the European Union. Each member is elected for a fi ve - year term. Most 
of the time Parliament and its members are based in Brussels where its 
specialist committees meet to scrutinize proposals for new EU laws.  

The European Commission.     Based in Brussels, the Commission consists of 
27 commissioners, one from each member state, appointed for a fi ve - year 
term by member states ’  governments. The Commission, which acts as the 
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European Union ’ s civil service, and comprises approximately 14,000 offi -
cials, has the right of initiative, that is, to draw up proposals for Union 
legislation. The Commission negotiates on behalf of the member states 
in multilateral and bilateral trade matters and in the drawing up of asso-
ciation and membership agreements with nonmember countries.  

The European Court of Justice.     The European Court of Justice, consisting 
of 15 judges (appointed by the Member States) and 9 Advocates - General, 
is based in Luxembourg. It is responsible for arbitrating in disputes relat-
ing to the interpretation and application of EU legislation.     

4.3 EU DRUG REGULATORY FRAMEWORK 

4.3.1 Pharmaceutical Legislation and Regulation 

 Pharmaceutical regulation in the European Union is applied centrally and 
nationally in individual member states. In general, after joining the European 
Union, a member state is required to harmonize or revoke its existing legisla-
tion and to incorporate any new provisions agreed centrally into its national 
legislation. European Union pharmaceutical legislation dates back to the 
1960s; Directive 65/65/EEC remained the basis of European Union rules 
for many years. This has been superseded by Directive 2001/83/EC (e.g., as 
amended by 2004/27/EC) relating to medicinal products for human use, which 
essentially consolidated previous relevant directives into one text. As 
explained in the preamble to Directive 2001/83/EC, the key aim of EU phar-
maceutical legislation is the protection of public health, provided that this is 
achieved by means that will not hinder drug development. A committee 
system ( “ comitology ” ) is often used in the European Union as a vital part of 
the adoption and implementation of legal statutes. Most EU   legislation is 
passed by the Commission under powers delegated by the Council of Minis-
ters, and in such cases there is no formal involvement of the general public, 
national parliaments, or the European Parliament. One example in drug reg-
ulation is Annex I to Directive 2001/83/EC, an annex containing a variety of 
defi nitions and concepts that forms the basis of technical requirements 
involved in drug regulation. An updated Annex 1 (Directive 2003/63) is now 
in operation  [2] . 

 Other important legal documents are as follows: 

 •   Directive 2001/20/EC, which mainly concerns approval of clinical trials in 
the European Union.  

 •   Council Regulation 726/2004/EC (updates and expands the previous reg-
ulation 239/1993/EC), which mainly concerns the duties of the European 
Medicines Agency (EMEA), establishment of   the Committee for Medici-
nal Products for Human Use (CHMP), and the   scope and mechanisms of 
the centralized procedure for marketing authorization applications 
(MAAs) and pharmacovigilance issues.    
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 All the above - mentioned legal treatises apply to the European Economic 
Area (EEA; this comprises the 27 EU member states plus Liechtenstein, 
Iceland, and Norway — Switzerland chose by referendum not to join the EEA, 
but has certain Swiss – EU bilateral agreements)  . Switzerland acts as the rep-
resentative of the European Free Trade Association, which is an observer in 
the ICH (International Conference on Harmonization) process, accepts ICH 
guidelines, but is not part of the European Economic Area. There is a legal 
obligation for the Swiss competent authority, Swiss Agency for Therapeutic 
Products (Swissmedic), to take account of decisions/authorizations in other 
territories that have equivalent medicinal product control.  

4.3.2 European Medicines Agency and National 
Competent Authorities 

 Each member state has a national medicines agency, which is usually located 
in the capital city (but not, e.g., in Germany, the Netherlands, and Sweden). 
These agencies are listed in Table  4.2 . Some national agencies combine the 

 TABLE 4.2    Regulatory bodies (competent authorities) for human medicines in 
Europe

  Country    Agency    Web Site  

  Austria    Bundesamt f ü r Sicherheit im 
Gesundheitswesen

   www.ages.at   

  Belgium    Directoraat generaal Geneesmiddelen 
 Direction g é n é rale M é dicaments  

   www.afi gp.fgov.be   

  Denmark    L æ gemiddelstyrelsen     www.dkma.dk   
  Europe    European Medicines Agency (EMEA)     www.emea.europa.eu   
  Finland    L ä  ä kelaitos     www.nam.fi    
  France    Agence Fran ç aise de S é curit é  

Sanitaire des Produits de Sant é   
   www.afssaps.sante.fr 

  Germany    Bundesministerium f ü r Gesundheit 
und Soziale Sicherung 

 Bundesinstitut f ü r Arzneimittel und 
Medizinprodukte

 Paul - Ehrlich - Institut  

   www.bmgs.bund.de 
  www.bfarm.de/de/index.php  
  www.pei.de   

  Germany    Zentralstelle der L ä nder f ü r 
Gesundheitsschutz bei 
Arzneimitteln und 
Medizinprodukten

   www.zlg.nrw.de   

  Greece    National Organization for Medicines     www.eof.gr   
  Iceland    Lyfjastofnun     www.lyfjastofnun.is   
  Ireland    Irish Medicines Board     www.imb.ie   
  Italy    Ministero della Salute     www.ministerosalute.it   
  Liechtenstein    Liechtensteinische Landesverwaltung 

 Amt f ü r Lebensmittelkontrolle und 
Veterin ä rwesen 

 Kontrollstelle f ü r Arzneimittel  

   www.llv.li   
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TABLE 4.2 Continued

  Country    Agency    Web Site  

  Luxembourg    Minist è re de la Sant é  
 Division de la Pharmacie et des 

M é dicaments

   www.etat.lu/MS   

  Netherlands    Staatstoezicht op de volksgezondheid 
 Inspectie voor de Gezondheidszorg 

   www.igz.nl   

  Netherlands    College ter Beoordeling van 
Geneesmiddelen (CBG) 

   http://www.cbg - meb.nl   

  Norway    Statens Legemiddelverk     www.legemiddelverket.no   
  Portugal    Instituto Nacional da Farm á cia e do 

Medicamento
   www.infarmed.pt   

  Spain    Agencia espa ñ ola del medicamento     www.agemed.es   
  Sweden    L ä kemedelsverket     www.mpa.se   
  United 

Kingdom
  Medicines and Healthcare products 

Regulatory Agency  
   www.mhra.gov.uk 

  Bulgaria    Bulgarian Drug Agency     www.bda.bg   
  Cyprus    Ministry of Health     www.pio.gov.cy   
  Czech 

Repbulic
  State Institut for Drug Control     www.sukl.cz  

  www.uskvbl.cz   
  Estonia    State Agency of Medicines     www.sam.ee   
  Hungary    National Institute of Pharmacy     www.ogyi.hu   
  Latvia    Food and Veterinary Service     zaale.vza.gov.lv   
  Lithuania    State Medicines Control Agency     www.vvkt.lt   
  Malta    Medicines Authority     www.medicinesauthority.

gov.mt   
  Poland    Offi ce for Medicinal Products     http://www.urpl.gov.pl 
  Romania    National Medicines Agency     www.anm.ro/home.html 
  Slovak 

Republic
  State Institute for Drug Control     www.sukl.sk   

  Slovenia    Agency of the Republic of Slovenia 
for Medicinal Products and Medical 
Devices

   http://www2.gov.si/mz/
mz - splet.nsf   

  Switzerland    Swissmedic, Schweizerisches 
Heilmittelinstitut

   www.swissmedic.ch   

regulation of medicines and medical devices (e.g., Medicines and Healthcare 
products Regulatory Agency, called MHRA, in the United Kingdom) while 
others regulate both human and veterinary medicines. The European Medi-
cines Agency (EMEA) is a pan - European regulatory agency, responsible for 
both human and veterinary medicines, located in Canary Wharf on the east 
side of London. It was established on February 1, 1995, and its staff numbers 
have grown year by year; the EMEA budget for 2007 makes provision for 
up to 441 staff. The EMEA functions in a different manner to the US Food 
and Drug Administration. Its role is mainly in policy and coordination while 
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 TABLE 4.3    EMEA: Mission statement and main responsibilities 

  Mission statement 

  In the context of a continuing globalization, to protect and promote public and 
animal health:  
•  By developing effi cient and transparent procedures to allow rapid access by users 

to safe and effective innovative medicines and to generic and nonprescription 
medicines through a single European marketing authorization 

•  By controlling the safety of medicines for humans and animals, in particular, 
through a pharmacovigilance network and the establishment of safe limits for 
residues in food - producing animals  

•  By facilitating innovation and stimulating research, hence contributing to the 
competitiveness of EU based pharmaceutical industry 

•  By mobilizing and coordinating scientifi c resources from throughout the European 
Union to provide high - quality evaluation of medicinal products, to advise on 
research and development programs, to perform inspections for ensuring 
fundamental GXP provisions are consistently achieved, and to provide useful and 
clear information to users and health - care professionals  

  Main tasks and responsibilities 

•  Scientifi c advice to member states and Community institutions on quality, safety, 
and effi cacy of human and veterinary medicinal products 

•  Centralized (and to a lesser extent decentralized) authorization procedures: 
administration of these procedures to achieve a single evaluation and marketing 
authorization for medicinal products 

•  Pharmacovigilance and inspection: organization of procedures for effective 
surveillance (and possibly withdrawal) of medicinal products in the European 
Union, and to reinforce national inspection activities 

•  Advice to companies on drug development (scientifi c advice and protocol 
assistance)

•  Committees, working parties, and scientifi c advisory groups 
•  Guidance documents 
•  EPARs (European Public Assessment Reports) and Withdrawal Public Assessment 

Reports
•  List of European experts 

Note :   GXP means  “ good clinical practice ”  (GCP),  “ good manufacturing practice ”  (GMP), and 
 “ good laboratory practice ”  (GLP) collectively.   

technical expertise is provided by staff from the national agencies  [3] . There 
is a network of approximately 3500 European experts that are drawn mainly 
from the national agencies and academia  [4]  whose main roles relate to under-
taking assessment of application dossiers, providing scientifi c advice, develop-
ing new guidelines, and sitting on various committees, working groups, and 
advisory groups. The mission statement and main tasks and responsibilities of 
the EMEA are shown in Table  4.3 . More details on committees, working 
groups, and scientifi c advisory groups are shown in Table  4.4 .        
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4.3.3 Marketing Authorization Applications ( MAAs)

 Four routes are available for obtaining a marketing authorization (MA) for 
a human medicinal product in the European Economic Area: independent 
national procedure, mutual recognition procedure (MRP), decentralized pro-
cedure (DCP), and centralized procedure (CP)  [5 – 7] . 

Independent National Procedure   If a company wishes to market a product 
in one country only and there are no legal obligations to use a route other 
than the national one (which would apply if the type of drug or therapeutic 
area were within the scope of the centralized procedure), then an application 
can be made to one health authority, leading to a marketing authorization in 
that country alone.  

Mutual Recognition Procedure ( MRP)   This procedure begins with a 
national application to one member state (MS), and when a marketing 

 TABLE 4.4    EMEA: Committees, working groups, and scientifi c advisory groups on 
human medicines 

  Committees  

•  Management Board 
•  Committee on Human Medicinal Products (CHMP) 
•  Committee on Orphan Medicinal Products (COMP) 
•  Committee on Herbal Medicinal Products (HMPC) 

  Working parties (WPs) 

•  Safety Working Party (SWP) 
•  Quality Working Party (QWP) 
•  Effi cacy Working Party (EWP) 
•  Other WPs: Pharmacogenetics (PgWP), Pharmacovigilance (PhVWP), Biologics 

(BWP), Gene Therapy (GTWP), Vaccines (VWP), Blood Products (BPWP), Cell -
 Based Products (CPWP), Scientifi c Advice (SAWP) 

•  Temporary WPs: Pediatric (PEG), Similar Biological (Biosimilar) Medicinal 
Products (BMWP) 

  Scientifi c advisory groups (SAGs)  

•  The role of the SAGs is to provide, on request from the committee concerned, an 
independent recommendation on scientifi c and technical matters relating to 
products under evaluation or any other scientifi c issues relevant to the work of the 
respective committees. While views expressed by SAGs are taken into account, the 
ultimate responsibility for the fi nal opinions rests with the respective scientifi c 
committee.  

•  SAGs created to date: Oncology, Diagnostics, Anti - Infectives, Diabetes/
Endocrinology, Cardiovascular Issues, Central Nervous System, HIV/Viral Diseases 
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authorization has been obtained the applicant applies for  “ mutual recogni-
tion ”  of this initial authorization by the reference member state (RMS) in 
some or all of the other European economic area countries, called concerned 
member states (CMSs).  

Decentralized Procedure ( DCP)   The decentralized procedure was estab-
lished as an application route in late 2005. This procedure is essentially a 
combination of the national and the mutual recognition procedures. The appli-
cant chooses a reference member state to undertake the initial assessment. 
On completion of the RMS   assessment, the concerned member states can 
put forward additional questions to those raised by the reference member 
state. If the questions are answered by the applicant to the satisfaction of 
the reference member state and concerned member states, the drug can be 
authorized. The benefi t of the decentralized procedure is that all concerned 
member states are provided with the application dossier from the start of the 
procedure.  

Centralized Procedure ( CP)   This is the procedure of most interest for 
biopharmaceuticals, as this is the mandatory route for review and approval of 
such drugs in the European Union. In the centralized procedure a single 
application is submitted to the European Medicines Agency (EMEA). A 
variety of presubmission activities, starting six months before the intended 
start date of the centralized procedure, are required  [8] . Two initial assess-
ments by a  “ Rapporteur ”  and  “ Co - rapporteur ”  national authorities (one from 
each of two member states chosen by the EMEA) are made, leading to Day 
80 Critical Assessment Reports. A consolidated list of questions (LoQ) is 
provided to the applicant at Day 120 when there is a clock stop, normally of 
three months, to allow the preparation and submission of responses. Following 
satisfactory negotiation of other steps in the procedure, the Committee on 
Human Medicinal Products will recommend authorization at Day 210, with 
authorization by the Commission at Day 277. 

 The centralized procedure is mandatory for the following cases: 

 •   Medicinal products developed by means of one of the following biotech-
nological processes: recombinant DNA technology, controlled expression 
of genes coding for biologically active proteins in prokaryotes and eukary-
otes including transformed mammalian cells, hybridoma and monoclonal 
antibody methods.  

 •   New chemical entities for the following indications: acquired immunode-
fi ciency syndrome (AIDS), cancer, neurodegenerative diseases, diabetes. 
Two more categories (autoimmune diseases and other immune dysfunc-
tions, and viral diseases), will be included with effect beginning May 20, 
2008.  

 •   Orphan medicinal products.  
 •   Biosimilar products.    
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 The current CP application fee is 232,000 Euros for a single strength associated 
with one pharmaceutical form. Although the fees are high and the Committee 
on Human Medicinal Products review is extremely thorough, if successful the 
centralized procedure leads to an authorization that is valid in all European 
Economic Area countries, and for this reason is attractive to companies that 
have a presence in only one or a few European countries.   

4.3.4 Clinical Trial Authorizations ( CTAs)

 Clinical trials are regulated by individual member states in the European 
Union. An applicant (or sponsor) submits data on the investigational medici-
nal product (IMP), and details of the proposed clinical trial, to the competent 
authority in the country in which the trial is to be carried out. The ethics com-
mittee responsible for the site where the trial is to take place also needs to 
give approval. 

 Clinical trials and clinical trial authorizations in the European Union are 
controlled under the Clinical Trial Directive, 2001/20/EC  [9] , and all member 
states are bound by its requirements. Under the provisions of the Directive, a 
clinical trial is an investigation in human subjects that is intended to discover 
or verify the clinical, pharmacological, and/or other pharmacodynamic effects 
of one or more medicinal products, identify any adverse reactions or study the 
absorption, distribution, metabolism, and excretion, with the object of ascer-
taining the safety and/or effi cacy of those products. This defi nition includes 
pharmacokinetic studies. 

 All submissions need to include a completed application form and, prior to 
submitting the application, a reference number (EudraCT number) must be 
obtained  [10] . In addition the applicant needs to supply additional documents 
(depending on the type of trial and investigational medicinal product), but 
normally including: 

 •   Investigator ’ s brochure (IB)  
 •   Clinical trial protocol  
 •   Investigational medicinal product dossier (IMPD)  
 •   Subject information leafl et  
 •   Informed consent    

 Detailed guidance on the preparation of the Investigational Medicinal Product 
Dossier is available  [11] . In terms of preclinical aspects, the key considerations 
are: 

 •   The investigational medicinal product dossier can be stand - alone or be 
constructed by cross - reference to relevant sections of the IB (applies to 
preclinical and clinical data only).  

 •   Summaries of preclinical data should be provided, preferably using tabular 
formats. The headings for the preclinical part should follow those for 
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written summaries in the Common Technical Document (CTD) module 
2.6. In contrast to the situation with the US FDA, full study reports 
and individual data (line listings) for the nonclinical studies are not 
required.  

 •   An overall risk assessment should be included. This is intended to be a 
brief integrated summary that analyzes the preclinical and clinical data in 
relation to the potential risks and benefi ts of the proposed trial. Safety 
margins should be expressed on the basis of relative systemic exposure 
rather than applied dose.    

 The CTA approval process should take no longer than 60 days. Approval times 
are often shorter (e.g., 14 – 21 days for a healthy volunteer trial in the United 
Kingdom) and vary among member states.  

4.3.5 Scientifi c Advice 

 The case - by - case approach that is needed for the effective preclinical develop-
ment of biopharmaceuticals requires close collaboration and agreement 
between the sponsor and the regulatory agency at all stages of development. 
In the United States, such collaboration and scientifi c advice is often achieved 
through interaction with the FDA at pre - IND, end of phase 2, or pre - NDA 
meetings with the Agency. 

 In the European Union, scientifi c advice can be sought from national agen-
cies at any stage of drug development  [12,13] . Details are provided on agency 
Web sites (e.g., MHRA)  [14] , and fees are charged depending on the nature 
of the advice requested (one or more of quality, preclinical, clinical, regulatory, 
pharmacovigilance plans). Scientifi c advice (called  “ protocol assistance ”  in the 
case of orphan drugs) can also be obtained centrally from the EMEA. The 
concepts are similar to those for national scientifi c advice, but the procedures 
are considerably more complex (sometimes involving joint sessions with FDA), 
of longer duration, and more costly in terms of applicant fees  [15] . EU guid-
ance emphasizes that it is not the role of the Committee on Human Medicinal 
Products (CHMP) to substitute the industry ’ s responsibility in the develop-
ment of their products, and that any advice given is not legally binding with 
respect to any future marketing authorization application for the product 
concerned, although in the Notice to Applicants it is a requirement to include 
a copy of any formal scientifi c advice in the application dossier. 

 In terms of the particular questions asked as part of EMEA scientifi c advice, 
questions that can be answered by consulting a particular guideline are dis-
couraged, although a question based on interpretation of a guideline would 
probably be acceptable. There is no direct equivalent of the US FDA pre - IND 
or end - of - phase - 2 meeting in Europe. Since clinical trials are regulated 
on a national basis, and the review times for clinical trial submissions are 
quite short, most companies would submit an application for a CTA without 
holding a meeting beforehand, unless the treatment in question was poten-



tially controversial (e.g., involving a monoclonal antibody, gene therapy, or cell 
therapy). Once a program has negotiated phase 1, obtaining scientifi c advice 
either nationally and/or centrally would be strongly considered by most 
companies.   

4.4 THE EUROPEAN UNION AND ICH

 The European Union was and still is a major contributor to ICH, through the 
input of the European Commission (which represents the 27 member states) 
and the European pharmaceutical industry (European Federation of Pharma-
ceutical Industries and Associations, EFPIA) to the process. European techni-
cal and scientifi c support for the ICH process was provided by the Committee 
for Medicinal Products for Human Use (CHMP, formerly CPMP) of the Euro-
pean Medicines Agency (EMEA), on behalf of the European Commission. 
Therefore EU - based regulatory and industry professionals were actively 
involved in the development of the ICH guidelines, including the S6 guideline 
that covers preclinical testing of biotechnology - derived pharmaceuticals. The 
content and principles of the ICH S6 guideline have been covered in detail in 
other chapters, so it will not be addressed further here. Obviously the key 
message from the ICH S6 guidance was the need for a case - by - case approach 
to the preclinical testing of biopharmaceuticals, taking into account factors 
such as species specifi city and immunogenicity of the products. 

 Prior to the implementation of the ICH S6  [16]  guideline, an EU guideline 
covering the preclinical testing of biotechnology - derived drugs  [17]  was 
adopted in 1988. The ICH S6 guideline was approved by the CPMP of the EU 
regulatory agency (EMEA) in September 1997 and came into operation in 
member states in March 1998. The implementation of the ICH S6 guideline 
effectively replaced the previous 1988 guidance document. At the time of 
adoption of the ICH S6 guideline, there was only one other document in place 
that provided some preclinical guidance on biopharmaceuticals, a guideline 
covering the production and quality control of monoclonal antibodies  [18] . 
This guidance recommended the use of tissue cross reactivity studies that are 
usually performed on monoclonal antibody products. A more recent initiative 
to update the EU monoclonal antibody guidance indicated that the update 
should concentrate on quality aspects only, since preclinical testing of these 
products was adequately addressed by adoption of the ICH S6 guidance  [19] .  

4.5 EU-SPECIFIC REGULATORY GUIDANCE 

 Since the adoption of the ICH S6 guideline, and with the growing number of 
biopharmaceuticals entering development, the EMEA have developed a 
number of specifi c guidelines in relation to the preclincial testing of biophar-
maceuticals. The current draft and approved EU - specifi c preclinical guidance 
documents that apply to biopharmaceuticals are listed in Table  4.5 . In addition 
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to use of the guiding principles laid out in ICH, there are EU - specifi c preclin-
cial guidelines relating to gene transfer medicinal products, vaccines, vaccine 
adjuvants, and insulin analogues  . There has also been much recent activity with 
respect to evolution of guidelines for addressing comparability of biotechnol-
ogy products after production process changes, and the development of 
biosimilar products, that contain some guidance on the preclinical data require-
ments. EU - specifi c guidelines relating to  “ biosimilar ”  products are listed in 
Table  4.6 , and these include some guidance directed toward some specifi c 
 “ generic ”  forms of biopharmaceutical product that are likely to be coming 
off - patent in the coming years. Such products include recombinant forms of 
human insulin, growth hormone, and erythropoeitein.     

 TABLE 4.5    EU - specifi c preclinical guidelines on biopharmaceuticals 

  Relevant Product Type    Guideline    Date  

  Vaccines (excluding DNA or 
viral vector vaccines) 

  CPMP/SWP/465/95: Preclinical 
pharmacological and toxicological testing 
of vaccines [31]   

  1997  

  Gene therapy, DNA vaccines, 
genetically modifi ed tissue or 
cell - based products  

  CPMP/BWP/3088/99: Quality, preclinical, 
and clinical aspects of gene transfer 
products  [32]   

  2001  

  Insulin analogues    CPMP/SWP/372/01: Nonclinical assessment 
of carcinogenic potential of insulin 
analogues  [33]   

  2001  

  Insulin analogues    CPMP/SWP/2600/01: Need for assessment 
of reproductive toxicity of insulin 
analogues  [34]   

  2002  

  Biotechnology - derived proteins    CPMP/3097/02: Comparability of medicinal 
products containing biotechnology -
 derived proteins as drug substance —
 preclinical and clinical issues  [35]   

  2003  

  Gene therapy, DNA vaccines, 
genetically modifi ed tissue or 
cell - based products.  

  EMEA/273974/05: Draft Annex on 
nonclinical testing for inadvertent germ -
 line transmission of gene transfer vectors 
 [36]   

  2005  

  Vaccine adjuvants    CHMP/VEG/134716/2004: Guideline on 
adjuvants in vaccines for human use [37]   

  2005  

  Biotechnology - derived proteins    EMEA/CHMP/BMWP/101695/2006: 
Guideline on comparability of 
biotechnology - derived medicinal 
products after a change in the 
manufacturing process [38]  (will replace 
CPMP/3097/02)

  2007  

Note :   The term guideline is used here to refer to testing guidelines,  “ Notes for guidance, ”  as well 
as  “ Points to consider ”  documents.   



 In addition to the EU guidance documents that relate specifi cally to bio-
pharmaceuticals, there are also a few other EU general preclinical guidelines 
that may need to be referred to in the planning of toxicity studies on biophar-
maceuticals. For example, there is a guidance relating to toxicokinetic sampling 
of control animals in toxicity studies, in order to check for cross contamination 
with test substance  [20] . An indication of potential evolution of new or modi-
fi ed guidance on nonclinical issues in the European Union can be gained from 
reference to the  “ work plan ”  for the Safety Working Party (SWP) on the 
EMEA Web site  [21] .  

4.6 APPLICATION OF THE ICH S6 GUIDELINE IN 
THE EUROPEAN UNION 

 In addition to the unique regulatory structure in the European Union and the 
specifi c guidelines referred to above, there are a few other comments and 
issues relating to the interpretation and application of the ICH guidance. 

4.6.1 General Comments on Application of the Guidance 

 All the national regulatory agencies, and the central agency (EMEA) in the 
European Union recognize and are generally familiar with the principles laid 
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 TABLE 4.6    EU preclinical guidelines on biosimilar medicinal products 

  Guideline    Type    Start Date 

  CHMP/437/04: Similar biological medicinal 
products [39]   

  Regulatory guideline    2005  

  EMEA/CHMP/42832/05: Similar biological 
medicinal products containing biotechnology -
 derived proteins as active substance —
 preclinical and clinical issues  [40]   

  Testing guideline    2006  

  EMEA/CHMP/94526/05: Annex guideline —
 preclinical and clinical issues on similar 
medicinal products containing recombinant 
erythropoietins [41]   

  Testing guideline    2006  

  EMEA/CHMP/94528/05: Annex guideline —
 preclinical and clinical issues on similar 
medicinal products containing somatropin [42]   

  Testing guideline    2006  

  EMEA/CHMP/94529/05: Annex guideline —
 preclinical and clinical issues on similar 
medicinal products containing recombinant 
granulocyte - colony stimulating factor  [43]   

  Testing guideline    2006  

  EMEA/CHMP/32775/05: Annex guideline —
 preclinical and clinical issues on similar 
medicinal products containing recombinant 
human insulin [44]   

  Testing guideline    2006  
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out in the ICH S6 guideline. In view of the considerable expertise that has 
been gained in the various agencies through review of preclinical programs 
on the large number of approved biopharmaceuticals in the EU region, the 
level of scientifi c expertise and quality of advice given to applicants can be 
regarded as equivalent to that in the other major territories covered by ICH 
(the United States and Japan). In general, there is a good understanding of 
the need for a case - by - case approach to preclinical testing of biopharmaceuti-
cal products, and most EU preclinical assessors are anxious to avoid unneces-
sary animal studies that will add little to the human risk assessment. The 
strategies employed for preclinical testing of biopharmaceuticals have been 
generally similar to the fl exible approaches that have been a hallmark of the 
Center for Biologics Evaluation and Research (CBER) at the US FDA. While 
some observers have commented that since the recent switch of assessment of 
many biotechnology - derived drugs from CBER to the drugs division of FDA 
(CDER — Center for Drugs Evaluation and Research), a more rigid small -
 molecule approach has been applied by the US agency, not strictly in the spirit 
of the ICH S6 guideline  [22] , a similar trend is not evident among the EU 
agencies. The EU approach is generally harmonized across all types of bio-
pharmaceutical products, and it seems to be fi rmly anchored around the prin-
ciples laid out in the ICH S6 guideline, as evidenced by recent publications on 
safety assessment of these products by regulators in Germany  [26] , as well as 
comments in the report from UK industry bodies (Association of British 
Pharmaceutical Industry, ABPI and BioIndustry Association, BIA) issued fol-
lowing the TGN1412 incident in 2006  [23]  (see later). These publications 
reinforce the concept that preclinical studies on biopharmaceuticals should 
only be performed in species that show target homology with humans, and 
where the relevant human pharmacology/pharmacodynamics can be demon-
strated. This approach is reinforced by the fact that human toxicity caused by 
biologicals normally results from  “ on - target ”  effects (i.e., exaggerated phar-
macology), while the opposite tends to be the case for small - molecule drugs. 
There does not appear to be any drift toward a more conventional two - species 
(rodent/nonrodent) approach to toxicity testing for biopharmaceuticals in the 
European Union, regardless of species relevance, that has become evident 
recently in the United States, since CDER took over assessment of many of 
these products from CBER  [21] . 

 In Germany, where potentially two different agencies (PEI and BfArM) 
may review biopharmaceutical products (predominantly PEI, which has 
responsibility for review of blood/tissue products, vaccines, gene/cellular 
therapies and antibody products, although some biopharmaceuticals are 
reviewed by BfArM), the between - agency approach is consistent and ICH 
S6 compliant. 

 The major difference between application of the ICH S6 guideline in the 
European Union, compared to the United States and Japan, is the rather more 
complex interaction with the regulatory agencies in relation to agreeing on 
the preclinical testing strategy for biopharmaceuticals. While sponsor compa-



nies in the United States and Japan will work with a single agency (FDA or 
MOHW) during the development cycle, in the European Union several 
national agencies, and then the EMEA, may be consulted for scientifi c advice. 
Prior to initiation of the fi rst human study on a biopharmaceutical in the 
European Union, the sponsor company will fi le a CTA with the relevant 
national authority for the country where the trial will be conducted, and may 
seek scientifi c advice from that authority prior to fi ling. For novel biopharma-
ceuticals, some sponsor companies also adopt a strategy of approaching a 
selection of national authorities in the EU countries that have had the oppor-
tunity to amass signifi cant experience in the assessment of biopharmaceutical 
products (e.g., United Kingdom, Germany, France, the Netherlands, and 
Sweden) for scientifi c advice, fairly early in the development cycle, to obtain 
a general impression of likely EU data requirements. This process may then 
be further supported by a request for scientifi c advice from the EMEA, before 
submission of the MAA. Prior to and following MAA submission, further 
interaction between the sponsor and the appointed Rapporteur authority may 
take place to resolve any outstanding issues in the data submission. It may be 
a point of concern that due to the rather fl exible case - by - case approach to 
preclinical studies advocated by ICH S6, there could be differences of opinion 
about data requirements between national authorities, but it is the role of the 
EMEA and the Rapporteur authorities to act as  “ moderators ”  in this regard. 
There is ample opportunity, particularly in the preclinical overview (section 
 2.4  of the Common Technical Document or CTD), for sponsor companies to 
defend their preclinical program and to justify any apparent data gaps. Major 
disputes during late development, or at the MAA, regarding the adequacy of 
the preclinical programme for a biopharmaceutical in the European Union 
appear to occur rarely, which seems to indicate that the scientifi c advice 
process and sponsor/agency relationships work quite well.  

4.6.2 “High-Risk” Compounds and Clinical Trials 

 The severe, unexpected toxicity, not predicted by a 28 - day toxicity study in the 
monkey, observed in a phase 1 study with a CD28 agonist monoclonal anti-
body (TGN1412) in healthy volunteers conducted in London in March 2006, 
has had repercussions regarding the extrapolation from preclinical data to 
starting doses in human phase 1 studies for some biopharmaceuticals, as well 
as some so - called high - risk small - molecule drugs. Following the TGN1412 
phase 1 study incident, an Expert Scientifi c Group (ESG) was established in 
the United Kingdom to investigate why the adverse events seen in the volun-
teers had not been predicted by the preclinical safety studies in animals and 
to make recommendations about the future conduct of phase 1 clinical trials 
in the United Kingdom. The ESG, led by Professor Gordon Duff, published 
its fi nal report in November 2006  [24] . As a result of the review process fol-
lowing the TGN1412 trial, the ESG made 22 recommendations regarding the 
preclinical and early clinical development of compounds that might pose a 
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 “ high risk ”  to volunteers or patients in early clinical studies. In the subsequent 
CHMP guideline that has been issued, relating to mitigation of risk for such 
studies  [25] , it is stated that all compounds entering the clinic should be 
assessed for certain  “ factors of risk, ”  namely: 

 •   Novelty of the mode of action, including possibility of pleiotropic effects 
or triggering of biological cascades (e.g., cytokine release).  

 •   Nature of the target in humans, and level of available knowledge of the 
target.  

 •   Relevance of animal species and models used for preclinical studies.    

 For drugs that might be identifi ed to pose a  “ high risk ”  based on assessment 
of these criteria, prior to conduct of a phase 1 study (or possibly other types 
of trial) in the United Kingdom, a data package (basically the CTA package, 
supplemented by specifi c responses to some standard questions; see Table 4.7), 
is submitted to the UK authority (MHRA) for consideration by an Expert 
Advisory Group (EAG). Prior to submission of the CTA package, it is possible 
to request an opinion from MHRA as to whether the trial might be regarded 
as  “ high - risk, ”  thereby warranting referral of the CTA package to the EAG 

 TABLE 4.7    Standard questions requiring response prior to conduct of phase 1 
trials with  “ high - risk ”  pharmaceuticals in the United Kingdom 

  Question    Information/Data Requested 

     1    A discussion of the function of the target in human.  
     2    A discussion of the ability of the subject to maintain a normal 

physiological response to challenge in the presence of the 
investigational product.  

     3    A rationale for the transition from preclinical to human testing, 
particularly with regard to highly species - specifi c molecules.  

     4    A discussion of the potential for on - target and off - target effects and 
how these will be handled in the clinic.  

     5    A discussion of the doses used in the relevant animal species 
(particularly with regard to the use in the animal model of the 
starting dose to be used in human).  

     6    A rationale for the starting dose in human (e.g., including receptor 
occupancy).  

     7    A rationale for the study population (particularly for the use of 
healthy volunteers).  

     8    A rationale for the administration schedule for the initial and 
subsequence cohorts. This should include the time interval between 
dose administered to individual subjects.  

     9    A rationale for the dose escalation particularly with regard to 
potential adverse effects.  

  10    The proposed trial site, including the facilities available.  



for review. The scope and remit of assessments performed by the EAG is as 
follows: 

 •   First Time in Man (FTIM) studies with new compounds acting (directly 
or indirectly) via the immune system with a novel target or a novel mecha-
nism of action or having a secondary potential effect on the immune 
system via a mechanism of action which currently is not well 
characterized.  

 •   FTIM studies with novel compounds acting via a possible or likely species 
specifi c mechanism.  

 •   Any FTIM studies which are otherwise seen as requiring expert advice.  
 •   Other clinical trials involving classes of compound where MHRA may 

wish to seek external expert advice.  
 •   Provide expert advice on whether a product ’ s mechanism of action is 

novel and comes within the scope of the EAG.  
 •   Provide MHRA with expert advice on pre - meeting scientifi c advice docu-

mentation for within scope compounds.  
 •   Other clinical trials where MHRA may wish to seek advice or where there 

is a diffi cult risk/benefi t balance.  
 •   Other clinical trials involving products where a new class safety issue has 

been identifi ed.    

 EAG review of a CTA package referred to the EAG by MHRA takes 40 – 45 
days, after which time the CTA can be submitted to MHRA provided the EAG 
gives a positive opinion. This new process for assessment of CTAs for drugs 
that might pose a  “ high risk ”  in early human trials has already been imple-
mented by the UK regulatory authority (MHRA). As mentioned above, fol-
lowing the TGN1412 event, and due to political pressure, the Safety Working 
Party (SWP) of EMEA has issued an EU guidance document with regard to 
the identifi cation and mitigation of risk for fi rst - in - man human clinical trials 
for investigational medicinal products  [25] . 

 At a practical level, the TGN1412 incident is likely to have an infl uence on 
the preclinical testing of certain biopharmaceutical products (particularly 
monoclonal antibodies and other immunomodulatory products), in the follow-
ing respects: 

 •   There will need to be clearer understanding of the relevance of the species 
used in preclinical studies to humans. This is likely to involve generation 
of relative receptor expression/density data between animals/humans and 
relative potency between animals/humans using suitable cell/tissue prepa-
rations, to be taken into account in interspecies dose scaling. Although 
the ICH S6 guideline makes reference to these issues, they will now 
assume greater importance and a more thorough examination as a result 
of the TGN1412 incident.  

APPLICATION OF THE ICH S6 GUIDELINE IN THE EUROPEAN UNION 85



86 IMPLEMENTATION OF ICH S6: EU PERSPECTIVE

 •   Additional preclinical data to address potential for specifi c adverse events, 
such as cytokine release syndrome, may be required in some cases.  

 •   The approach to setting the starting dose for  “ high - risk ”  human clinical 
trials may no longer be based on extrapolation from the no - observable -
 adverse - effect - level (NOAEL) in the animal toxicity studies, but rather 
on the  “ minimal anticipated biological effect level ”  (MABEL), derived 
from in vitro potency data, combined with predictive modeling of the 
kinetic behavior of the drug in man and/or estimates of potential receptor 
occupancy at the human starting dose. Examples of various approaches 
to calculation of MABEL values are given in the Final Report of the ESG 
on Phase One Clinical Trials  [24] , as well as in the ABPI/BIA report on 
early stage clinical trials  [23] . An overview of the TGN1412 incident and 
the implications for conduct of phase 1 trials in Germany has been pub-
lished by assessors from one of the German authorities, the Paul - Ehrlich 
Institute (PEI)  [26] . Some other EU countries have also modifi ed their 
assessments and procedures for approval of fi rst - in - man clinical trials fol-
lowing the TGN1412 incident (e.g., the French agency, AFSSAPS, issued 
guidance on conduct of human phase 1 studies in July 2006, including 
recommendations for starting dose selection and dose escalation, although 
this guidance no longer seems to be available in English on their 
website).     

4.6.3 Primate Supply and Use 

 Due to the high degree of species specifi city of action of many biopharmaceu-
ticals, and potential immunogenicity in lower species, primates are quite exten-
sively used in preclinical safety testing of these products. There is a slight 
misconception in some regions outside the European Union that there are 
tight controls and some diffi culties regarding the conduct of preclinical studies 
in primates in Europe. The reality of the situation is as follows: 

 •   Breeding facilities for primates for laboratory use are limited within the 
European Union, with the exception of marmosets.  

 •   There are well - established supply channels for import of purpose - bred 
monkeys (mainly cynomolgus monkeys, and some rhesus monkeys) 
into the European Union from breeding colonies in Eastern Asia or 
Mauritius.  

 •   Monkeys used for drug development are almost exclusively  “ purpose 
bred, ”  the use of wild - caught animals actually not being allowed in many 
member states.  

 •   The use of primates in research has to be fully justifi ed, and is subject to 
special review in some member states. However, provided that scientifi c 
justifi cation can be provided, preclinical studies on primates are permit-
ted, and there are a number of major contract research organizations 



(CROs) throughout the EU that perform primate toxicity studies on a 
routine basis.  

 •   Studies using great apes (e.g., chimpanzees) are generally not permitted 
in many member states, and there are no readily available colonies of 
great apes for research use in the European Union.    

 The protection of experimental animals in the European Union is covered by 
Directive 86/609/EEC  [27] . This Directive is currently undergoing a process of 
review and update, a public consultation exercise on the proposed revisions 
having recently been undertaken. There are some proposed changes to the 
Directive that could impact on primate use, and potentially on biopharmaceu-
tical development in the European Union: 

 •   A proposal to restrict primate use to F2 animals (and subsequent genera-
tions) of wild - caught breeding stock. At present, many EU laboratories 
still use F1 generation animals, and a switch to F2 animals would lead to 
supply problems in the coming years, while breeders set aside a signifi cant 
number of the F1 animals normally supplied to the European Union, for 
breeding purposes.  

 •   An EU - wide ban on the use of great apes, with very limited exceptions. 
In reality this change may have little impact, since statistics show that 
virtually no great apes have been used for research purposes in the Euro-
pean Union in recent years (only six animals in 1999, and zero in 2002). 
However, for monoclonal antibodies that only show cross reactivity in 
humans and chimpanzees, it is still fairly common for a limited safety 
study in chimpanzees to be conducted to support the phase 1 human 
studies. Such studies would have to be conducted outside of the European 
Union, although it should be pointed out that it is unlikely that an EU 
national regulatory authority would expect chimpanzee data to be submit-
ted as part of a CTA for a human - specifi c monoclonal antibody product. 
Data from literature sources, in vitro data, as well as data from any rele-
vant transgenic mouse or rodent homologue antibody models would 
probably be used in the risk assessment in these circumstances.    

 There are efforts to reduce primate use in the European Union, which could 
impact on the use of monkeys for biopharmaceutical development programs 
in the future. For example, the National Centre for Replacement, Refi nement 
and Reduction of Animals in Research (NC3Rs, based in the Union Kingdom) 
has recently hosted a workshop and published proposals in relation to the 
reduction in primate use in monoclonal antibody development  [28] . They are 
advocating that so - called   alternative approaches to safety testing of monoclo-
nal antibodies, using transgenic rodents that express the human receptor for 
the antibody, or using rodent homologue versions of the human antibody, 
should be employed more routinely so as to reduce the numbers of primates 
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used. This initiative, while well - intentioned, possibly fails to understand the 
technical diffi culties and interpretative challenges associated with the alterna-
tive approaches, and it remains to be seen whether such approaches would be 
accepted in place of primate toxicity studies by regulatory agencies in all ICH 
regions. In addition, while such approaches have been used in a few instances 
where human antibodies show no cross reactivity with conventional laboratory 
animal species (e.g., the anti - CD11a antibody, Efalizumab  [29] ), there has been 
no validation of the alternative approaches for an antibody that does cross 
react with monkeys, to assess whether the transgenic or rodent homologue 
models provide equivalent, relevant safety data compared to those obtained 
from a standard primate toxicity study. This debate will probably continue for 
some time, but for the present, sponsors based outside the European Union 
probably just need to be aware that there are groups working to reduce 
primate use in Europe.  

4.6.4 Duration of Chronic Toxicity Studies 

 There has been some confusion regarding the required duration of chronic 
toxicity studies on biopharmaceutical products. The ICH S6 guideline states 
that studies of six months duration are usually adequate for biotechnology -
 derived drugs. In contrast, some regulators (including some assessors at CDER 
in the US agency) have referred to the ICH M3 guidance  [30]  on this topic, 
and suggested that 9 or 12 month toxicity studies may be necessary for chronic 
use biopharmaceuticals, using a small - molecule drug approach to the preclini-
cal studies. In the European Union such confusion does not seem to exist, such 
that all agencies accept the ICH S6 guidance that a six - month animal study 
is generally adequate to address chronic toxicity of biopharmaceutical 
products.  

4.6.5 Comparability Testing of Biopharmaceutical Products 

 It is reasonable to comment that the state of the art of comparability testing, 
as well as approaches used for assessment of biosimilar or follow - on biologics 
may actually be slightly more advanced in the European Union than in some 
other regions, due the effort that has been expended in the development of a 
number of guidelines in this area. These guidelines include specifi c documents 
on particular product types (e.g., insulins, growth hormone) that are likely to 
be developed as biosimilars in the coming years.   

4.7 CONCLUDING REMARKS 

 ICH S6 has been uniformly implemented across the EU member states, and 
considerable experience of the application of the guiding principles in this 
document has been gained both locally (in many of the national authorities) 



as well as centrally (within the EMEA). There is no evidence that there are 
major differences in the interpretation of the guideline within the European 
Union, compared to the other major ICH territories (the United States and 
Japan). The major difference in application of the guidance stems from the 
rather more complex regulatory structure and process for obtaining scientifi c 
advice, compared to the single - agency model that applies in the United States 
and Japan. Therefore much attention has been paid in this chapter to an expla-
nation of the unique regulatory structure and the options for obtaining drug 
approvals within the European Union. 

 Safety evaluation of novel biopharmaceuticals has come into the spotlight 
in the European Union over the last year, as a result of the serious adverse 
events observed in the TGN1412 phase 1 clinical trial. This has already led to 
new initiatives with regard to extrapolation from preclinical animal data to 
early human trials, which will place more emphasis on a full understanding of 
species differences in pharmacology of biotechnology - derived drugs, as well 
as novel approaches to deriving starting doses for fi rst - in - human studies for 
some of these molecules. In the short term there is likely to be a more cautious 
approach to setting of starting dosages for phase 1 studies on immunomodula-
tory biopharmaceuticals in the European Union, although there is no evidence 
that the TGN1412 incident has led to increased requirements for preclinical 
animal studies. In contrast, there has probably been an increased interest in 
additional in vitro studies to assist in pharmacokinetic/pharmacodynamic cor-
relations between animals and humans so as to better understand the rele-
vance of the animal safety data to humans. These activities are basically an 
extension of some of the principles originally laid out in the ICH S6 guideline, 
and should serve to further enhance the relevance and value of preclinical 
studies on biopharmaceuticals.  

REFERENCES

   1.     European Medicines Agency Press Release: European Medicines Agency adopts 
fi rst positive opinion for a similar biological medicinal product. 27 January  2006 . 
 http://www.emea.europa.eu/pdfs/human/press/pr/3179706en.pdf   

   2.     Commission Directive 2003/63/EC. Offi cial Journal of the European Union. 27 
June  2003 .  http://ec.europa.eu/enterprise/pharmaceuticals/eudralex/vol - 1/dir_2003_
63/dir_2003_63_en.pdf   

   3.       Harman   RJ  .  The EMEA – Drug regulation at a supranational level . Pharm J
 2002 ; 269 : 752  –  6 .  

   4.     European Experts. European Medicines Agency Web site.  http://www.emea.europa.
eu/htms/aboutus/experts.htm   

   5.       Pignatti   F  ,   Boone   H  ,   Moulon   I  .  Overview of the European regulatory system . J
Ambul Care Manage   2004 ; 27 : 89  –  97 .  

   6.       Bertele ’    V  ,   Li   Bassi   L  .  A critique to the European regulatory system . J Ambul Care 
Manage   2004 ; 27 : 98  –  104 .  

REFERENCES 89



90 IMPLEMENTATION OF ICH S6: EU PERSPECTIVE

   7.       Ainsworth   MA  .  New drugs and European procedures of approval. The European 
Agency for Evaluation of Medicinal Products ’  role .  Ugeskr Laeger   2003 ; 165 :
 1648  –  9 .  

   8.     EMEA pre - submission fl owchart. European Medicines Agency Web site.  http://
www.emea.europa.eu/htms/human/presub/q31.htm   

   9.     Directive 2001/20/EC of the European Parliament and of the Council of 4 
April 2001 on the approximation of the laws, regulations and administrative 
provisions of the member states relating to the implementation of good clinical 
practice in the conduct of clinical trials on medicinal products for human use. 
 http://europa.eu.int/eur - lex/lex/LexUriServ/LexUriServ.do?uri=CELEX:
32001L0020:EN:HTML   

  10.     European Clinical Trials Database. EudraCT supporting documentation.  http://
eudract.emea.eu.int/document.html   

  11.     Detailed guidance for the request of authorization of a clinical trial on a medicinal 
product for human use to the competent authorities, notifi cation of substantial 
amendments and declaration of the end of the trial. October  2005 .  http://ec.europa.
eu/enterprise/pharmaceuticals/eudralex/vol - 10/11_ca_14 - 2005.pdf   

  12.       Kock   M  ,   Thomsen   MK  .  Contact and dialogue between drug companies and the 
global regulatory authorities throughout research and development phase .  Ugeskr
Laeger   2003 ; 165 : 1649  –  52 .  

  13.       Dejas - Eckertz   P  ,   Shaffner   G  .  Scientifi c advice by the nationally competent author-
ity and the EMEA on the conduct of clinical trials .  Bundesgesundheitsblatt Gesund-
heitsforschung Gesundheitsschutz   2005 ; 48 : 423  –  8 .  

  14.     MHRA Web site. Scientifi c advice for license applicants.  http://www.mhra.gov.
uk/home/idcplg?IdcService=SS_GET_PAGE&nodeId=121   

  15.     European Medicines Agency. New framework for scientifi c advice and protocol 
assistance. EMEA/267/187/2005 Rev. 1, 26 April  2006 .  http://www.emea.europa.eu/
pdfs/human/sciadvice/26718705en.pdf   

  16.     ICH Harmonized Tripartite Guideline S6: Preclinical Safety Evaluation of 
Biotechnology - Derived Pharmaceuticals. July  1997 .  http://www.ich.org/LOB/media/
MEDIA503.pdf   

  17.     Pre - clinical biological safety testing on medicinal products derived from biotech-
nology (3BS13a). European Commission.  http://pharmacos.eudra.org/F2/eudralex/
vol - 3/pdfs - en/3bs13aen.pdf   

  18.     Guideline on Production and Quality Control of Monoclonal Antibodies. Docu-
ment III/5271/94 in Volume 3AB4a of the Rules Governing Medicinal products in 
the European Union.  http://www.tga.gov.au/docs/pdf/euguide/vol3a/3ab4aen.pdf   

  19.     Concept paper on the need to revise the guideline on production and quality 
control of monoclonal antibodies. CHMP/BWP/64/04, 21 October  2004 .  http://www.
emea.eu.int/pdfs/human/bwp/006404en.pdf   

  20.     European Medicines Agency — Committee for Proprietary Medicinal Products. 
Guideline on the Evaluation of Control Samples In Nonclincial Safety Studies: 
Checking for Contamination with the Test Substance. CPMP/SWP/1094/04. 17 
March 2005 .  http://www.emea.europa.eu/pdfs/human/swp/109404en.pdf   

  21.     European Medicines Agency. Work plan for the Safety Working Party. EMEA/
154420/2006 corr. January  2007 .  http://www.emea.europa.eu/pdfs/human/swp/
15242006en.pdf   



  22.       Schwieterman   WD  .  Regulating biopharmaceuticals under CDER versus CBER: an 
insider ’ s perspective .  Drug Disc Today   2006 ; 11 : 945  –  51 .  

  23.     Joint ABPI/BIA Report: Early stage clinical trial taskforce. 24 July  2006 .  http://
www.abpi.org.uk/information/pdfs/BIAABPI_taskforce2.pdf 

  24.     Expert Scientifi c Group on Phase One Clinical Trials. Final report. 
30 November 2006 .  http://www.dh.gov.uk/en/Publicationsandstatistics/
PublicationsPublicationsPolicyAndGuidance/DH_063117   

  25      European Medicines Agency — Committee for Medicinal Products for Human Use 
(CHMP) . Guideline on Strategies to Identify and Mitigate Risks for First - in - Man 
Human Clinical Trials with Investigational Medicinal Products. EMEA/CHMP/
SWP/2836707/2007. 19 July  2007 .  http://www.emea.europa.eu/pdfs/human/swp/
2836707enfi n.pdf   

  26.       Liedert   B  ,   Bassus   S  ,   Schneider   C  ,   Kalinke   U  ,   L ö wer   J  .  Safety of phase 1 clinical 
trials with monoclonal antibodies in Germany — The regulatory requirements 
viewed in the aftermath of the TGN1412 disaster .  Int J Clin Pharmacol Ther
 2007 ; 45 : 1  –  9 .  

  27.     Council Directive of 24 November 1986 on the approximation of laws, regulations 
and administrative provisions of the member states regarding the protection of 
animals used for experimental and other scientifi c procedures (86/609/EEC).  http://
ec.europa.eu/food/fs/aw/aw_legislation/scientifi c/86 - 609 - eec_en.pdf   

  28.       Chapman   K  ,   Pullen   N  ,   Graham   M  ,   Ragan   I  .  Preclinical safety testing of monoclonal 
antibodies: the signifi cance of species relevance .  Nature Drug Disc   2004 ; 6 : 120  –  6 .  

  29.       Clarke   J  ,   Leach   W  ,   Pippig   S , et al .  Evaluation of a surrogate antibody for preclinical 
safety testing of an anti - CD11a monoclonal antibody .  Reg Toxicol Pharmacol
 2004 ; 40 : 219  –  26 .  

  30.     ICH Harmonized Tripartite Guideline M3: Nonclinical Safety Studies for the 
Conduct of Human Clinical Trials for Pharmaceuticals. November  2000 .  http://www.
ich.org/LOB/media/MEDIA506.pdf   

  31.     European Medicines Agency — Committee for Proprietary Medicinal Products. 
Preclinical pharmacological and toxicological testing of vaccines. CPMP/SWP/465/95. 
London, 17 December  1997 .  http://www.emea.eu.int/pdfs/human/swp/046595en.
pdf   

  32.     European Medicines Agency — Committee for Proprietary Medicinal Products. 
Note for Guidance on the Quality, Preclinical and Clinical Aspects of Gene Trans-
fer Medicinal Products. CPMP/BWP/3088/99. London, 24 April  2001 .  http://www.
emea.eu.int/pdfs/human/bwp/308899en.pdf   

  33.     European Medicines Agency — Committee for Proprietary Medicinal Products. 
Points to Consider on the Non - clinical Assessment of the Carcinogenic Potential 
of Insulin Analogues. CPMP/SWP/372/01. London, 15 November  2001 .  http://www.
emea.eu.int/pdfs/human/swp/037201en.pdf   

  34.     European Medicines Agency — Committee for Proprietary Medicinal Products. 
Points to Consider on the Need for Assessment of Reproductive Toxicity of Human 
Insulin Analogues. CPMP/SWP/2600/01 fi nal. London, 1 March  2002 .  http://www.
emea.eu.int/pdfs/human/swp/260001en.pdf   

  35.     European Medicines Agency — Committee for Proprietary Medicinal Products. 
Guideline on the Comparability of Medicinal Products Containing Biotechnology -

REFERENCES 91



92 IMPLEMENTATION OF ICH S6: EU PERSPECTIVE

 Derived Proteins as Active Substance. Nonclinical and Clinical Issues. 17 Decem-
ber  2003 .  http://www.emea.europa.eu/pdfs/human/ewp/309702en.pdf   

  36.     European Medicines Agency — Committee for Proprietary Medicinal Products. 
Note for Guidance on the Quality, Preclinical and Clinical Aspects of Gene Tansfer 
Medicinal Products. Draft annex on the non - clinical testing for inadvertent germ-
line transmission of gene transfer vectors. 17 November  2005 .  http://www.emea.
europa.eu/pdfs/human/genetherapy/27397405en.pdf   

  37.     European Medicines Agency — Committee for Proprietary MedicInal Products. 
GuidelIne on Adjuvants in Vaccines for Human Use. EMEA/CHMP/VEG/
134716/2004. London, 20 January  2005 .  http://www.emea.eu.int/pdfs/human/vwp/
13471604en.pdf   

  38.     European Medicines Agency — Committee for Proprietary Medicinal Products. 
Guideline on Comparability of Biotechnology - Derived Medicinal Products after a 
Change in the Manufacturing Process. EMEA/CHMP/BMWP/101695/2006. 24 
January  2007 .  http://www.emea.europa.eu/pdfs/human/biosimilar/10169506en.pdf   

  39.     European Medicines Agency — Committee for Medicinal Products for human use. 
Guideline on Similar Biological Medicinal Products. CHMP/437/04, 30 October 
 2005 .  http://www.emea.europa.eu/pdfs/human/biosimilar/043704en.pdf   

  40.     European Medicines Agency — Committee for Medicinal Products for Human 
Use. Similar Biological Medicinal Products Containing Biotechnology - Derived 
Proteins as Active Substance: Nonclinical and Clinical Issues. EMEA/
CHMP/42832/05. 22 February  2006 .  http://www.emea.europa.eu/pdfs/human/
biosimilar/4283205en.pdf   

  41.     European Medicines Agency — Committee for Medicinal Products for Human Use. 
Annex Guideline: Nonclinical and Clinical Issues on Similar Medicinal Products 
Containing Recombinant Erythropoietins. EMEA/CHMP/94526/05. 22 March 
 2006 .  http://www.emea.europa.eu/pdfs/human/biosimilar/9452605en.pdf   

  42.     European Medicines Agency — Committee for Medicinal Products for Human Use. 
Annex Guideline: Nonclinical and Clinical Issues on Similar Medicinal Products 
Containing Somatropin. EMEA/CHMP/94528/05. 22 February  2006 .  http://www.
emea.europa.eu/pdfs/human/biosimilar/9452805en.pdf   

  43.     European Medicines Agency — Committee for Medicinal Products for Human Use. 
Annex Guideline: Nonclinical and Clinical Issues on Similar Medicinal Products 
Containing Recombinant Granulocyte - Colony Stimulating Factor. EMEA/
CHMP/94529/05. 22 February  2006 .  http://www.emea.europa.eu/pdfs/human/
biosimilar/3132905en.pdf   

  44.     European Medicines Agency — Committee for Medicinal Products for Human Use. 
Annex Guideline: Preclinical and Clinical Issues on Similar Medicinal Products 
Containing Recombinant Human Insulin. EMEA/CHMP/32775/05. 22 February 
 2006 .  http://www.emea.europa.eu/pdfs/human/biosimilar/3277505en.pdf    



93

CHAPTER 5

Preclinical Safety Evaluation of Biopharmaceuticals: A Science-Based Approach to Facilitating 
Clinical Trials, edited by Joy A. Cavagnaro
Copyright © 2008 by John Wiley & Sons, Inc.

Implementation of ICH S6: 
Japanese Perspective 

  TAKAHIRO NAKAZAWA, PhD  

                     Contents 

    5.1     Introduction   93  
  5.2     Analysis of Data from the JPMA Questionnaire Survey Regarding ICH S6 

Implementation in Japanese Pharmaceutical Companies   95  
  5.2.1     Understanding the General Principles   95  
  5.2.2     Japanese Practices in Preclinical Studies   96  

    5.3     Points - to - Consider Document in Japan   99 
  5.3.1     Classifi cation of Biopharmaceuticals   100  
   5.3.2     Individual Considerations   103    
  5.3.3     Items for Future Update of Japanese Points - to - Consider Document   107 

   5.4     Conclusion   108  
     References   109           

  5.1 INTRODUCTION

 Biotechnology - derived pharmaceuticals (biopharmaceuticals) appeared for 
the fi rst time in the 1980s for medical treatment of diseases, such as diabetes 
mellitus and hypophysical dwarfi sm. Since then the number and types of 
biopharmaceuticals have climbed and continue to dramatically increase. 
One reason for the increase is the evolution of recombinant manufacturing of 
biopharmaceuticals. This has provided suffi cient amounts of proteins for devel-
opment and clinical use, whereas, for example, the amount of insulin or growth 
hormones extracted from animal or human tissues had been limited. Another 
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benefi t of recombinant technology is the production of proteins with primary 
amino acid sequences that are identical to those of endogenous human pro-
teins. This reduces immunogenicity, which was a problem with the use of 
animal proteins in humans. Long - term use of bovine or porcine insulin induces 
the production of an antibovine insulin or antiporcine insulin antibody that 
can sometimes decrease its effi cacy, change the pharmacokinetics, and cause 
immunological adverse effects. Human proteins are expected to have suffi -
ciently low or no immunogenicity to be used for the long term in humans. 
Human insulin produced by recombinant DNA technology was shown to 
induce the production of the antibody at much lower level in humans than 
bovine or pork insulin. Although immunogenicity is reduced, long - term admin-
istration of human insulin also induces the production of antibody in humans 
in some patients. Similarly to human insulin, the immunogenicity of biophar-
maceuticals in humans remains an issue. 

 From a preclinical point of view, human protein biopharmaceuticals may 
be immunogenic in animals. In the case where a human protein is highly 
immunogenic in animals, the safety evaluation may have technical limitations. 
Over a decade ago the following concerns/questions were raised about the 
scientifi c justifi cations on the safety assessment of biopharmaceuticals in pre-
clinical studies: If low or no toxicity is observed at high doses of a biopharma-
ceutical in an animal that does not respond to the biological activity of the 
biopharmaceutical, can it simply be concluded that the failure of demonstrat-
ing toxicity in animals would mean low or absence of toxicity in humans? How 
is the potential toxicity of a biopharmaceutical interpreted if toxicity decreases 
after repeated administration due to the production of neutralizing immuno-
genicity? Should developers conduct a battery of genotoxicity studies for a 
biopharmaceutical? A human protein biopharmaceutical is positive in an anti-
genicity study  [1] , but is this meaningful? Should ADME studies be conducted 
with radiolabeled biopharmaceuticals? 

 To answer these questions, guidelines and/or Points - to - Consider documents 
were issued in the European Union, the United States, and Japan. However, 
differences in approaches for safety evaluation of biopharmaceuticals among 
those regions were identifi ed, indicating the need for harmonizing these 
approaches among the three regions. In 1997 the three regions reached an 
agreement concerning preclinical safety evaluation of biotechnology - derived 
pharmaceuticals (ICH S6). On the basis of this ICH S6 guideline, Notifi cation 
326 was issued as ICH Step 5 by the Ministry of Health and Welfare (MHW) 
in 2000  [2] . Subsequently scientists from the   National Institute of Health Sci-
ences (NIHS), the Pharmaceuticals and Medical Devices Evaluation Center 
(currently, Pharmaceuticals and Medical Devices Agency, called PMDA), and 
Japan Pharmaceutical Manufacturers Association (JPMA) collaborated to 
publish a Japanese Points - to - Consider document regarding the safety assess-
ment of biopharmaceuticals in preclinical studies in 2002  [3] . An English 
translation was published in 2004  [4] .  



5.2 ANALYSIS OF DATA FROM THE JPMA QUESTIONNAIRE 
SURVEY REGARDING ICH S6 IMPLEMENTATION IN JAPANESE 
PHARMACEUTICAL COMPANIES 

 A JPMA working group conducted a survey in 2001 to examine how the ICH 
S6 guideline was being implemented by the 83 pharmaceutical companies that 
belonged to JPMA at that time  [5] . Responses to general principles were 
obtained from 54 out of 83 pharmaceutical companies. Moreover 34 biophar-
maceuticals from 25 pharmaceutical companies were examined with respect 
to each company ’ s specifi c points of considerations in their preclinical studies. 
In this section the key survey results are summarized along with the interpre-
tation of the JPMA working group. 

5.2.1 Understanding the General Principles 

Animal Species Selection   Almost all pharmaceutical companies select 
animal species for preclinical studies on the basis of the results of the respon-
siveness of a test animal to the biological activity of a biopharmaceutical and 
its   production of neutralizing antibodies. Such considerations are specifi cally 
applicable to biopharmaceuticals but not to new chemical entities (NCEs). 
This survey fi nding suggests that most pharmaceutical companies in Japan 
understand and implement the animal species selection in good accordance 
with ICH S6. 

 ICH S6 allows the use of only one species for subsequent long - term studies 
when the toxicity profi les of two species are comparable in a short - term study. 
JPMA ’ s questionnaire included a question on whether the toxicity profi les are 
concluded to be similar when no toxicity is observed in the two species that 
are responsive to the biological activity of a biopharmaceutical. The most 
common response was that this decision is made on a case - by - case basis con-
sidering pharmacological and pharmacokinetic data. The second most common 
was that the toxicity profi les are considered similar when the highest dose for 
testing is scientifi cally justifi ed (as discussed in the next section), closely fol-
lowed by the third most common answer that profi les are not concluded to be 
similar since the comparison of toxicological changes cannot be done. There 
may not be a correct single answer. Because in many cases only the biological 
changes due to   exaggerated pharmacological effects are observed, the JPMA 
working team concluded that it may be practical to consider these toxicity 
profi les as similar and to use only one species in the subsequent long - term 
studies as long as the pharmacologically responsive animal and the dose selec-
tion are appropriate.  

Highest Dose Selection   It is sometimes diffi cult to set the highest dose for 
safety programs of a biopharmaceutical when low or no toxicity is observed 
in animals. The JPMA questionnaire survey revealed that most pharmaceutical 
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companies set the highest dose of a biopharmaceutical using the maximum 
feasible dose, which is the highest concentration that can be prepared based 
on the solubility of the biopharmaceutical, and the largest administration 
volume that can be administered to animals. The second most common 
response was a dose that is 10 to 100 times higher than the expected clinical 
dose, and the third was to use a dose several to 10 times higher than the clini-
cal dose. However, the JPMA working team did not agree that the maximum 
feasible dose or a large multiple of the clinical dose is scientifi cally appropriate. 
More important is to determine the adverse biological changes induced by any 
exaggerated pharmacological effects at doses relevant to the expected clinical 
dose rather than toxicological changes induced by unrealistic doses. Moreover 
animal data gathered at maximum feasible doses or at doses that are 100 times 
higher than the clinical dose cannot ensure the safety of biopharmaceuticals 
in humans without the consideration of the difference in   responsiveness to the 
biological activity between the test animals and humans and the intended 
clinical indication. Therefore the JPMA working team concluded that the test 
doses should be determined on the basis of the responsiveness of animal 
species to the biological activity of a biopharmaceutical and the clinical usage 
conditions.   

5.2.2 Japanese Practices in Preclinical Studies 

Types of Biopharmaceuticals   Survey data on preclinical safety assess-
ment programs were analyzed for 34 biopharmaceuticals cases. The numbers 
of antibodies, human proteins, and human protein analogues either in the 
development or marketed as of 2001 in Japan were 13, 12, and 6, respectively. 
The remainder were bioconjugates, DNA - derived vaccines, and human T cell 
epitopes. Thus antibodies and human proteins are the two major 
biopharmaceuticals.  

In vivo Studies   The in vivo preclinical studies conducted for 34 biopharma-
ceuticals are shown in Table  5.1 . Single - dose and repeated - dose toxicity studies 
up to three months were conducted in most cases using rodents and non-
rodents. Repeated - dose toxicity studies longer than three months were con-
ducted for a third of the 34 cases. Nonrodents were used more often than 
rodents in considering the biological responsiveness of test animals to the 
biopharmaceuticals. Levels of antibodies were measured in most repeated -
 dose toxicity studies (31 out of 34 cases). The alteration of pharmacokinetics 
or pharmacodynamics by antibodies was observed in 13 out of 31 cases, which 
did not result in the discontinuation of the studies nor required signifi cant 
changes in the study design. The JPMA working group agreed with the 
continuation of such studies, since neutralizing antibodies do not always inter-
fere with the outcome of a toxicological response. However, the production 
of neutralizing antibodies precludes long - term studies, such as carcinogenicity 
studies. Reproductive toxicity studies were conducted for 11 out of 34 cases. 



 TABLE 5.1    In vivo preclinical studies conducted for 34 biopharmaceuticals 

  In vivo Preclinical Studies    Cases  

  Rodent single - dose toxicity study    24  
  Nonrodent single - dose toxicity study    21  
  Rodent repeat - dose toxicity study (not longer than 3 months)    24  
  Nonrodent repeat - dose toxicity study (not longer than 3 months)    29  
  Rodent repeat - dose toxicity study (longer than 3 months)    8  
  Nonrodent repeated dose toxicity study (longer than 3 months)    13  
  Antigenicity studies    12  
  Immunogenicity studies (excepting antigenicity studies)    11  
  Reproductive toxicity study (segment 1)    13  
  Rodent reproductive/developmental toxicity study (segment 2)    14  
  Nonrodent reproductive/developmental toxicity study (segment 2)    17  
  Reproductive/developmental toxicity study (segment 3)    11  
  Genotoxicity studies    16  
  Carcinogenicity study (long - term)    2  
  Carcinogenicity study (short -  to mid - term)    1  
  Local irritation studies    24  
  General pharmacology studies (category A)    9  
  General pharmacology studies (category B)    3  
  Safety pharmacology studies (core battery)    9  
  Safety pharmacology studies (follow - up or additional studies)    5  
  Other    6  

Antigenicity studies (active sensitization test in guinea pigs, PCA in rabbits or 
guinea pigs, passive hemagglutination reaction using sensitized rabbit serum, 
investigation of IgE - type antibody production capacity, degree of covalent 
bonding with proteins, polymerization of the drug or cross - antigenicity) defi ned 
by a book entitled Drug Approval and Licensing Procedures in Japan   [1]  were 
conducted for 11 out of 34 cases. The antigenicity studies were conducted in 
most cases before the ICH S6 notifi cation. It was concluded by the ICH S6 
expert working group that antigenicity studies conducted with biopharmaceu-
ticals are not scientifi cally justifi ed. A description of antigenicity studies was 
taken out of the 2006 edition of the book. The in vivo genotoxicity studies 
were done for 16 biopharmaceuticals; almost all the cases were prior to the 
ICH S6 notifi cation. A few carcinogenicity studies were conducted for 34 bio-
pharmaceuticals examined (e.g., recombinant hormones).   

 On the questionnaire was also a question asking what in vivo preclinical 
studies commonly conducted for NCEs were intentionally omitted for the 34 
biopharmaceuticals (Table  5.2 ). Rodent repeated - dose toxicity, antigenicity, 
reproductive toxicity, in vivo genotoxicity, and carcinogenicity studies were in 
this category for a third to half of the 34 cases. The main reason for not con-
ducting rodent repeated - dose toxicity studies was the lack of rodent respon-
siveness to the biological activities of the biopharmaceuticals. The reasons 
for not conducting reproductive toxicity studies were related to   the 
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 TABLE 5.2    In vivo preclinical studies intentionally not conducted for 34 
biopharmaceuticals

  In vivo Preclinical Studies    Cases  

  Rodent single - dose toxicity study    9  
  Nonrodent single - dose toxicity study    8  
  Rodent repeat - dose toxicity study (not longer than 3 months)    11  
  Nonrodent repeat - dose toxicity study (not longer than 3 months)    5  
  Rodent repeat - dose toxicity study (longer than 3 months)    10  
  Nonrodent repeat - dose toxicity study (longer than 3 months)    6  
  Antigenicity studies    15  
  Immunogenicity studies (excepting antigenicity studies)    4  
  Reproductive/developmental toxicity study (segment 1)    11  
  Rodent reproductivedevelopmental toxicity study (segment 2)    11  
  Nonrodent reproductive/developmental toxicity study (segment 2)    8  
  Reproductive/developmental toxicity study (segment 3)    11  
  In vivo genotoxicity studies    11  
  Carcinogenicity study (long - term)    15  
  Carcinogenicity study (short -  or mid - term)    6  
  Local irritation studies    3  
  General pharmacology studies (category A)    5  
  General pharmacology studies (category B)    4  
  Safety pharmacology studies (core battery)    6  
  Safety pharmacology studies (follow - up or additional studies)    5  
  Other    0  

administration period in a clinical setting, the patient population, nonrespon-
siveness of animal species to biological activity, and the existence of extensive 
safety data for humans on natural proteins  . The main reason for not conduct-
ing antigenicity and in vivo genotoxicity studies was that those studies are not 
required by ICH S6. The main reasons for carcinogenicity studies were the 
lack of biological responsiveness and the production of neutralizing 
antibodies.    

In vitro Studies   Table  5.3  shows the in vitro preclinical studies conducted 
for the 34 biopharmaceuticals. Most were in vitro genotoxicity studies that are 
not required by the ICH S6 guideline. This is not the case of poor understand-
ing of the ICH S6. In vitro genotoxicity studies are usually conducted at the 
early stage of development. Almost all the in vitro genotoxicity studies exam-
ined by the JPMA survey in 2001 were conducted before the ICH S6 notifi ca-
tion. The cross - reactivity studies were used to understand interspecies reactivity 
to a biopharmaceutical, especially in case of antibodies.    

ADME Studies   Absorption, distribution, metabolism, and excretion studies 
were conducted for 24, 21, 17, and 19 out of the 34 biopharmaceuticals, respec-
tively. No radiolabeled proteins were used for 20, 2, 1, and 13 out of the 34 
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biopharmaceuticals, respectively. The types of radiolabeled proteins in the 
remaining studies included conjugates of 125 I - ,  14 C - , and  3 H - . When using radio-
labeled proteins, it is important to demonstrate that a radiolabeled test mate-
rial maintains its activity and biological properties equivalent to those of the 
unlabeled material. In most cases this was done before using the radiolabeled 
protein. Other concerns are stoichiometric radiolabeling, the loss of radiolabel, 
recycling of a radiolabeled amino acid into non – drug - related protein, and 
disruption of stability. It is well known that there are technical limitations to 
the use of radiolabeled proteins for ADME studies. For example, when using 
125 I - radiolabeled proteins in distribution studies, the formation of inorganic 
iodine by deiodinization in vivo should be considered. Free  125 I thus produced 
is accumulated in the thyroid gland: therefore a  125 I - radiolabeled biopharma-
ceutical seems to distribute mainly in the thyroid gland. However, the JPMA 
working group agreed that with a good understanding of the technical limita-
tions, ADME studies using radiolabeled proteins may provide some useful 
information for the planning of human study.    

5.3 POINTS-TO-CONSIDER DOCUMENT IN JAPAN 

 Scientists from NIHS, PMDA, and JPMA collaborated to publish a Points - to -
 Consider document regarding the safety assessment of biopharmaceuticals in 
preclinical studies in 2002  [3] . The collaboration team intended to clarify their 
interpretation of the ICH S6 guideline and share recent Japanese practices on 
this matter. However, it was written in Japanese. Thus the collaboration team 
made an English translation of the document and also collected comments on 
the contents from experts in the United States and the European. The experts 
agreed to most ideas presented in the Japanese Points - to - Consider   document. 
They also suggested more clarifi cation of some other ideas. In light of these 
comments, the collaboration team revised and published the English transla-
tion of the document, such that the nonnative Japanese could correctly under-
stand the contents  [4] . In this section, I summarize the key points of the 
document, as they may be of some help to scientists in the pharmaceutical 

 TABLE 5.3    In vitro preclinical studies conducted for 34 human proteins 

  In vitro Preclinical Studies    Cases  

  Ames tests    14  
  Chromosomal aberration test    10  
  Mouse lymphoma TK test    3  
  Cross reactivity study    9  
  In vitro general pharmacology studies (category A)    4  
  In vitro general pharmacology studies (category B)    3  
  In vitro safety pharmacology studies    3  
  Other    3  
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industries and regulatory reviewers in countries other than Japan. However, 
it is important to note that the Points - to - Consider document is not a regulatory 
requirement in Japan. There may even be a gap between the contents of the 
document and some individual cases. Therefore the application of the contents 
to individual cases should be made on a scientifi cally justifi ed case - by - case 
manner. 

5.3.1 Classifi cation of Biopharmaceuticals 

 A signifi cant contribution of the Japanese Points - to - Consider document is the 
classifi cation of biopharmaceuticals. When ICH S6 was written, the types of 
biopharmaceuticals whose information was available for discussion were mainly 
human proteins/peptides and diagnostic antibodies. Several new types of bio-
pharmaceutical have been developed since the notifi cation of the ICH S6. 
However, the knowledge on and experiences in the development of the new 
types of biopharmaceutical have not been shared. Thus the classifi cation and 
considerations for many of the newer types is proposed in the Japanese Points -
 to - Consider document. Discussed next are the key points of the document  [4] . 

 Biopharmaceuticals covered by the ICH S6 guideline   include protein and 
peptide products consisting of natural amino acids. The top portion of Table 
 5.4  shows the subcategories of biopharmaceuticals. Antibodies were initially 
considered to be included under the protein subcategory classifi cation, as they 
consist of amino acids, but ended up being a separate category because the 
biological activities of antibodies differs substantially from those of other 
protein products. In recent years the development of human protein analogues 
has sporadically been observed with the intent of improving effi cacy. Therefore 
approaches to the development of these analogues are also described. The 
ICH S6 covers the safety evaluation of biopharmaceuticals by taking into 
account the type and clinical applications. The considerations for each type of 
biopharmaceutical are described below. The safety of impurities and degrada-
tion products in biopharmaceuticals   needs to be comprehensively assessed 
with respect to their quality and bioactivity.   

Proteins   When a human protein is used at a concentration in blood exceed-
ing the physiological level, studies for safety evaluation should be designed 
with reference to many of the considerations mentioned in the ICH S6 guide-
line. Moreover an entirely different physiological secretion pattern in humans 
should be considered. Changes in concentration in blood are considered more 
signifi cant than the concentration itself for some classes of proteins. Biophar-
maceuticals intended for use in sustained - release formulation show changes 
in blood concentration that diverge much from the physiological secretion 
pattern. Therefore, when the changes in the blood concentration of an exoge-
nous human protein in blood differ from the physiological secretion patterns 
of an endogenous protein, attention should be paid to the potential changes 
in the physiological action. 
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 For animal proteins or human - type protein analogues consisting of natural 
amino acids (i.e., human - type protein analogues with the original human 
protein amino acids substituted with other natural amino acids, added natural 
amino acids, or deleted amino acids) potential differences in the potency and 
quality of biological activity between these pharmaceuticals and the original 
human proteins should be considered. For example, in the case of a human -
 type protein analogue in which the substituted site is in receptor recognition 
sites, its biological activity may be enhanced or diminished, and even a new 
biological activity may occur. Moreover, depending on the type and site of the 

 TABLE 5.4    Type of biopharmaceuticals/related biological medicines and scope of 
the ICH S6 guideline 

   proteins   (covered by ICH S6)
     Human - type protein  
     Nonhuman protein 
     Human - type protein analog consisting of natural amino acid 
     Human - type protein analog containing nonnatural amino acid 
     Bioconjugate of human - type protein and other protein 
     Bioconjugate of human - type protein and organic linker 

   peptides   (covered by ICH S6)

     Human - type peptide  
     Nonhuman - type peptide  
     Human - type peptide analogue consisting of natural amino acid 
     Human - type peptide analogue containing nonnatural amino acid 

   antibodies   (covered by ICH S6)

     Monoclonal antibodies/chimera antibodies 
     Immunoconjugates  

   peptide mimics (not covered by ICH S6 but its basic principles can be used as 
reference)

  NCEs having a selective affi nity to human peptide receptors 

   oligonucleotide medicines (not covered by ICH S6 but its basic principles can be 
used as reference)

     Anti - sense compounds  
     RNAi  
     Aptamer  

   other biological medicines (not covered by ICH S6 and safety evaluation conforms 
to other standards)

     Antibiotics  
     Allergen extracts 
     Vitamins  
     Viral vaccines, etc.  
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amino acid replaced, a new antigen determinant (epitope) may be expressed 
that results in changes of immunogenicity. 

 For human - type protein analogues with nonnatural amino acids, in addition 
to the considerations above, attention should be paid to the potential biologi-
cal activity and pharmacokinetic behavior in the fragment containing the site 
in which this protein has been metabolized. For example, no genotoxicity 
studies are required for proteins that cannot pass through cell membranes, 
whereas the applicability of these studies should be discussed on a case - by -
 case basis for fragments containing nonnatural amino acids. No metabolism 
studies are required for proteins that are degraded into only amino acids, 
whereas metabolism studies may provide useful information on proteins con-
taining nonnatural amino acids. 

 Two types of bioconjugates may exist. A bioconjugate of a human - type 
protein and another protein may have the combined biological activity of both 
proteins, and their effects on the body may be altered due to their interaction. 
Therefore conducting safety evaluation in pharmacological studies should be 
considered. On the other hand, a bioconjugate of a human - type protein and 
an organic linker can be studied similarly to human - type protein analogues 
containing nonnatural amino acids.  

Peptides   Peptides, similar to proteins, consist of amino acids, although their 
molecular weights are lower than those of proteins. Therefore the consider-
ations above   for proteins are also applicable to peptides. Antibody formation, 
which is a key issue in animal experiments on human - type proteins, generally 
depends on molecular weight (i.e., the probability of antibody formation is low 
if the molecular weight is low). The guideline covers not only biotechnologi-
cally produced peptides but also chemically synthesized peptides.  

Antibodies   Antibodies are usually targeted to specifi c receptors, particu-
larly monoclonal antibodies. Many of these antibodies are inherently species -
 specifi c. It is important for the developer to verify species specifi city in order 
to justify the use (or non - use) of a particular animal species in safety studies. 
In the cases where an appropriate animal model is not available, the use of 
homologous antibodies for animals or the use of relevant transgenic animals 
expressing human antigens should be considered. In addition, when an IgG 
antibody is used in possibly pregnant or lactating women, and on the basis of 
the intended indication, reproductive toxicity should be investigated because 
of the potential of the antibody to be transferred to the placenta or milk. 
Immunoconjugates of antibodies, conjugated with either other proteins or 
organic linkers, should be handled the same way as for the bioconjugates 
described above.  

Peptide Mimics and Oligonucleotide Medicines   The middle section of 
Table  5.4  shows new types of pharmaceuticals not classifi ed as biopharmaceu-
ticals, although they may have a selective pharmacological action similar to 
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that of biopharmaceuticals. Their safety evaluation in animals is sometimes 
diffi cult to conduct. The ICH S6 guideline does not cover these pharmaceuti-
cals, but its basic principles can be used as reference. Peptide mimics, antisense 
compounds, RNAi, and aptamer fall in this category. (Refer to the Points - to -
 Consider paper  [4]  for references.)  

Other Biological Medicines   The conventional biologics shown in the 
bottom section of Table  5.4  are not covered by the ICH S6 guideline. Pre-
clinical safety evaluation based on relevant standards is necessary for this 
group of pharmaceuticals. (Refer to the Points - to - Consider paper  [4]  for 
references.)   

5.3.2 Individual Considerations 

 Additional useful ideas included in the Japanese Points - to - Consider document 
are summarized that require further clarifi cation. 

Highest Dose Selection   The highest dose for safety assessment programs 
in the preclinical studies should be selected by considering the intended 
maximum clinical exposure of a biopharmaceutical on the basis of its AUC. 
There is generally no need to investigate biopharmaceuticals at exposures 
much higher than the intended clinical exposure, unlike the case of NCEs. 
Another consideration is that the highest dose is as the dose at which the 
pharmacodynamic response has reached the plateau (pharmacodynamic 
maximum dose).  

Toxicological Effects and Pharmacological Action   In some cases only 
exaggerated pharmacological effects may be observed in the toxicological 
studies of the biopharmaceuticals. Sometimes these effects are diffi cult to dis-
tinguish from a compound - related toxicity. However, if the effect is related to 
the mechanism (predictable) and is reversible, it should not be considered as 
an adverse effect. 

 In the event of lethality observed in a toxicity study it is prudent to deter-
mine whether the death is due to toxicity or an exaggerated pharmacological 
effect considering   the clinical application. For example, death due to hemor-
rhage is sometimes observed in healthy animals after administration of bio-
pharmaceuticals with an anticoagulation activity. Likewise death due to 
hypoglycemia can occur in healthy animals after administration of insulin. To 
attribute these death cases to toxicity has little value for determining human 
safety in clinical practice. Because these changes are observed only in healthy 
animals, and because biopharmaceuticals are prescribed for the normalization 
of abnormal functions in patients (e.g., hypercoagulopathy or hyperglycemia) 
through their pharmacological activity, one can easily assume that hemorrhage 
or hypoglycemia due to excessive expression of the pharmacological actions 
may occur.  
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Metabolism Study   The degradation of a protein to peptides and an amino 
acid moiety is commonly expected as a representative metabolic pattern. 
Therefore conventional biotransformation studies are not needed for biophar-
maceuticals consisting of natural amino acids. However, metabolism studies of 
biopharmaceuticals containing nonnatural amino acid may provide useful 
information. In such cases radiolabeled proteins should be prepared to trace 
the pharmacokinetic behavior of the nonnatural amino acid fragments.  

In vitro Electrophysiological Study   In vitro electrophysiological studies 
are generally not applicable to biopharmaceuticals. This is because NCEs act 
on each cellular channel after passing through the cell membrane, whereas 
biopharmaceuticals are not expected to act similarly because they cannot pass 
through the cell membrane.  

Single-Dose Toxicity Study   An objective of single - dose studies is to defi ne 
the relationship of dose with systemic and/or local toxicity. For biopharmaceu-
ticals repeatedly administered clinically, the data from single - dose toxicity 
studies can be used to select doses for repeated - dose toxicity studies. Repeated -
 dose toxicity studies of biopharmaceuticals that have minimal toxicity can be 
performed without conducting single - dose toxicity studies under GLP condi-
tions. Therefore single - dose toxicity studies in two animal species are not 
considered to be as necessary for these biopharmaceuticals as they are for 
NCEs. When a single - dose toxicity study is necessary, single - dose toxicity can 
be evaluated as a component of safety pharmacology or primary pharmaco-
dynamic studies using animal models. When the doses set for the repeated -
 dose toxicity study are reasonable, the initial administration data obtained 
from the repeated - dose toxicity study can be used as data for single - dose tox-
icity studies. Since biopharmaceuticals need not be examined at high doses 
such as the approximate lethal dose, conducting single - dose toxicity studies 
merely to obtain information on the potential of toxic substances among 
others would be meaningless. Single - dose toxicity studies in nonrodents only 
should be considered in cases where rodents are not considered a relevant 
species.  

Repeat-Dose Toxicity Studies   Typically toxicity studies are performed in 
two animal species. However, for toxicity studies for which there is only one 
relevant animal species, these studies may be performed using one animal 
species. When two animal species show the same toxicity profi le in short - term 
studies, only one animal species may be used in long - term studies. Comparison 
of toxicity profi les means comparing the type and severity of any toxicity 
observed. However, biopharmaceuticals with a low toxicity may display 
no toxicity at high doses in some cases. It such cases it may still be important 
to select one species for assessment of chronic toxicity. More important, in 
cases where toxicity has not been clearly demonstrated justifi cation of human 
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safe human doses would be based on an understanding of the therapeutic 
index (i.e., minimum effective biological dose and the maximum feasible 
dose).  

Reproductive and Developmental Toxicity Studies   The requirement for 
reproductive and developmental toxicity studies depends on the clinical indi-
cation and intended patient population. For example, when (1) no relevant 
animal species exists, (2) a biopharmaceutical is not used for pregnant women 
or women of child - bearing potential (3) there is a structurally comparable 
natural biopharmaceutical for which there is much experience in clinical prac-
tice, or (4) a biopharmaceutical is indicated for patients with minimal child -
 bearing potential and indicated for those with serious diseases, reproductive, 
and developmental toxicity studies could be obviated. 

 When standard reproductive and developmental toxicity studies are not 
feasible due to problems of neutralizing antibody formation,   although it is 
deemed necessary, the study design and dosing schedule may be modifi ed on 
the basis of factors related to species specifi city, immunogenicity, biological 
activity, and/or elimination half - life. For example, a reproductive and develop-
mental toxicity study with a shorter periodic dosing than the whole - period 
dosing shown in the toxicology guideline for NCE can be meaningful. In addi-
tion alternative studies using relevant transgenic animals, or homologous 
proteins, should be considered. However, as reproductive performance in 
transgenic animals has not yet been clarifi ed, careful selection of a study 
system is required. 

 The points to consider on the need for assessment of reproduction toxicity 
of human insulin analogues have been published  [6] .  

Carcinogenicity Studies      When the following points are confi rmed, gener-
ally, carcinogenicity studies are not necessary even when a biopharmaceutical 
is used for a long period:  

  1.    It is used for substitution therapies at the physiological level.  
  2.    It has no physiological activity that differs from that of endogenous 

substances.  
  3.    Its biological action is not signifi cantly stronger than that of endogenous 

substances.  
  4.    It has no potential to induce tumor cell division (in the case of growth 

promoters).  
  5.    It neither locally retains nor accumulates at a high concentration for a 

long period of time.  
  6.    It does not have a sustained pharmacological action.  
  7.    In repeated - dose toxicity studies when a dosing duration adequate for 

evaluation is attained, no preneoplastic lesions are observed.  
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  8.    The results of genotoxicity studies are negative in the case that the 
studies are relevant and have been conducted (e.g., bioconjugate with 
organic chemical linker).    

 Assessment of the carcinogenic/tumorigenic potential should be considered 
for some biopharmaceuticals because of the dosing duration, the relationship 
of target diseases with cancer, the biological activity of a product, the presence 
or absence of immunosuppressive action, in vitro data, and so forth. In the 
cases where a product is biologically active and nonimmunogenic in rodents 
and other studies have not provided suffi cient information to allow an assess-
ment of carcinogenic potential, then the use of one rodent species should be 
considered. Careful consideration should be given to the selection of dose. The 
use of a combination of pharmacokinetic and pharmacodynamic endpoints, 
with consideration of comparative receptor characteristics and intended 
human exposures, represents the most scientifi c approach to defi ning the 
appropriate dose. The rationale for the selection of dose should be provided. 
Points - to - consider on the preclinical assessment of the carcinogenic potential 
of insulin analogues have been published  [7] .  

Genotoxicity Studies   It is generally not applicable to routinely implement 
the genotoxicity studies of biopharmaceuticals as required for NCEs. Proteins 
and peptides are not expected to interact directly with DNA or other chro-
mosomal materials by passing through the cell membrane. On the other hand, 
ICH S6 describes  “ With some biopharmaceuticals, there is a potential concern 
about accumulation of spontaneously mutated cells (e.g., via selectively facili-
tating a predominating factor of proliferation) leading to carcinogenicity, alter-
native in vivo or in vitro models to address such concerns may have to be 
developed and evaluated. ”  When in vitro or in vivo data suggest a potential 
biopharmaceuticals ’  ability to strongly stimulate cell proliferation, carcinoge-
nicity studies should be considered. In the case of human - type proteins or 
peptides, it would be helpful to assess the necessity of conducting further 
studies to compare the physiological concentration of a biopharmaceutical in 
blood or tissue with that at which an enhanced activity of the biopharmaceuti-
cal on cell proliferation is observed. Human protein analogues should 
be evaluated for potential difference in activity from natural human - type 
proteins. 

 Genotoxicity studies should be considered for bioconjugates having an 
organic chemical linker molecule or proteins with nonnatural amino acids. The 
requirement for genotoxicity studies depends on whether a biopharmaceutical 
is a natural protein or an analogue such as a bioconjugate. Genotoxicity studies 
are not required for natural proteins, because they are not expected to interact 
directly with DNA or other chromosomal materials after passing through the 
cell membrane and because natural proteins are   degraded into only natural 
amino acids. In the case of protein analogues containing nonnatural amino 
acids, it may be necessary to assess their genotoxicity under metabolic activa-
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tion conditions, since there might be a possibility that chemical compounds 
having unknown activity can be formed by metabolic degradation. However, 
genotoxicity studies can be obviated even by demonstrating the inability of 
such a protein analogue and the fragments into cells using radiolabeled bio-
pharmaceuticals or by other scientifi c evidence for their lack of genotoxicity.   

5.3.3 Items for Future Update of Japanese 
Points-to-Consider Document 

New Types of Biopharmaceuticals  There is accumulated knowledge and 
experience on new types of biopharmaceuticals since the issuance of the Japa-
nese Points - to - Consider document in 2002  [3] . One of new types of biophar-
maceuticals are the bioconjugates, namely PEGylated proteins. PEGylation is 
a useful method of improving the therapeutic potential of proteins by changing 
pharmacokinetics and in vivo pharmacodynamics. The preclinical information 
from a number of PEGylated proteins is helpful for the further clarifi cation 
of safety assessment programs (particularly, metabolism, in vitro electrophysi-
ological and genotoxicity studies) for bioconjugates. Another new category of 
biopharmaceuticals is therapeutic antibodies. The section on antibodies in the 
Japanese Points - to - Consider document should be revised because there are 
examples of therapeutic antibodies that have much more potent biological 
activity than those developed in the 1990s. These antibodies act strongly on 
biological systems of the body and sometimes induce marked biological 
changes. Furthermore some of the therapeutic antibodies acting on the immune 
system may induce cytokine release that results in a  “ cytokine release syn-
drome ”  in humans. This syndrome is one of the most serious adverse events 
caused by biopharmaceuticals in humans. Therefore intensive investigations 
on the mechanism underlying this syndrome and preclinical studies of the 
prediction of cytokine release syndrome are needed for those biopharmaceu-
ticals with potent pharmacology toward activation of the immune system. 

New Technologies and Assays   The use of transgenic animals for the 
safety assessment of biopharmaceuticals has become easier and less costly 
over the years. Transgenic animals can provide useful information when no 
relevant animal species are available, although there are limitations in terms 
of the historical background and how data will be used in the evaluation of 
the margin of safety. The use of homologous proteins is also a useful alterna-
tive when the biological activity of a biopharmaceutical is not properly studied 
in animals. Homologous proteins should be designed to produce similar bio-
logical activities in animals used for the safety assessment to those of biophar-
maceuticals that will be used in humans. 

 In vitro electrophysiological studies have been introduced in ICH S7B  [8]  
for the evaluation of the potential of QT prolongation of ECG for NCEs. 
Those studies are usually not applicable for biopharmaceuticals. This is because 
NCEs act on each type of cellular channel after passing through the cell 
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membranes, whereas biopharmaceuticals consisting of natural amino acids are 
not expected to act similarly because they cannot pass through the cell mem-
brane. However, we may need to confi rm whether this argument is relevant 
for bioconjugates and proteins containing nonnatural amino acids, since there 
might be a possibility that unknown chemical compounds can be formed by 
metabolic degradation. Likewise we should revisit the justifi cation for not 
conducting genotoxicity studies for bioconjugates and proteins containing 
nonnatural amino acids. Preclinical studies of prediction of cytokine release 
syndrome are required for some categories of therapeutic antibodies acting 
on the immune system, as described in the previous section. There would be 
a species difference in responsiveness in terms of cytokine release induced by 
humanized antibodies. Therefore an in vitro cytokine release assay using 
human blood may also need to be considered. 

Timing of Preclinical Studies  Neither ICH S6  [2]  nor ICH M3  [9]  defi nes 
the timing of preclinical studies to support biopharmaceutical clinical develop-
ment. Considering limitations in the prediction of adverse effects in humans 
using preclinical models, it may be most important to clarify what preclinical 
information is useful for the fi rst trial in humans. One should note that no 
toxicity is often observed even at a high dose of a biopharmaceutical in 
animals that are not biologically responsive to the biopharmaceutical. Preclini-
cal programs that support the fi rst dosing in humans may need to be optimized 
on a case - by - case basis. In particular, the necessity for in vitro electrophysiol-
ogy, genotoxicity, and cytokine release studies should be justifi ed by taking 
into consideration the types of biopharmaceutical and available information 
on the class of biopharmaceutical tested. There are some differences in pre-
clinical studies required for phases 2 and 3 of clinical trials and registration 
between biopharmaceuticals and NCEs. For example, the durations of nonro-
dent repeat dosing studies are six and nine months for biopharmaceuticals and 
NCEs, respectively. ICH S6 allows the use of only one species for subsequent 
long - term studies if the toxicity profi les of a biopharmaceutical in two species 
are comparable in a short - term study. Moreover only one animal species may 
be used for a carcinogenicity study for a biopharmaceutical when the study is 
required. These different approaches described in ICH S6 are useful for most 
biopharmaceuticals. Therefore the preclinical programs after conducting the 
fi rst trial in humans should be optimized on a case - by - case basis rather than 
determined by a common study package. 

5.4 CONCLUSION

 The safety assessment of biopharmaceuticals in preclinical studies has been 
improved in Japan with the implementation of the ICH S6. The analysis of 
data from a questionnaire survey conducted by JPMA suggests that the ICH 
S6 was well understood and adequately implemented in Japan. The Japanese 



Points - to - Consider document helps industry scientists and regulatory review-
ers understand the ICH S6 guideline. In particular, it is helpful for the clarifi ca-
tion of case - by - case approaches to preclinical programs depending on the 
biopharmaceutical type. However, further updates of the Japanese Points - to -
 Consider document may be needed as newer types of biopharmaceuticals, 
technologies, and assays have developed.  

ACKNOWLEDGMENT

 I deeply appreciate valuable comments from Drs. T. Inoue and S. Kitajima 
from NIHS, H. Onodera from PMDA, F. Sagami from JPMA, and M. Kawai 
and S. H. Heidel from Eli Lilly.  

REFERENCES

  1.      Antigenicity tests .  Drug Approval and Licensing Procedures in Japan 1992 .  Yakugyo 
Jiho ,  Tokyo ,  1992 , pp.  128 .  

  2.      Ministry of Health and Welfare . Preclinical Safety Evaluation of Biotechnology -
 Derived Pharmaceuticals,  2000 . Notifi cation No. 326.  

  3.      Pharmaceutical Non - clinical Investigation Group .   “ Points - to - consider ”  regarding 
safety assessment of biotechnology - derived pharmaceuticals in non - clinical studies . 
In Handbook on Non - clinical Guidelines for Pharmaceuticals 2002 .  Tokyo : 
 Yakujinipposya ,  2002 , pp  83  –  94 .  

  4.       Nakazawa   T  ,   Kai   S  ,   Kawai   M  ,   Maki   E  ,   Sagami   F  ,   Onodera   H  ,   Kitajima   S  ,   Inoue   T .  
  “ Points - to - consider ”  regarding safety assessment of biotechnology - derived 
pharmaceuticals in non - clinical studies (English translation) . J Toxicol Sci   2004 ;
 29 : 497  –  504 .  

  5.       Kamita   Y  ,   Shiga   T  ,   Koga   T  ,   Nomura   A  ,   Shibata   M  ,   Maeda   Y  ,   Horigome   H  ,   Kurokawa
 M  ,   Suzuki   I  ,   Niwano   Y  ,   Nakazawa   T  ,   Matsuzawa   T .   Points - to - consider on non - clinical 
safety studies on biotechnology - derived pharmaceuticals — Analysis of question-
naire survey data by JPMA . Iyakuhin kenkyu   2003 ; 34 : 358  –  67 .  

  6.      CPMP/SWP/2600/01 . Points - to - Consider on the need for Assessment of Reproduc-
tion Toxicity of Human Insulin Analogues,  2002 .  www.emea.eu.int   

  7.      CPMP/372/01 . Points - to - Consider on the Non - clinical Assessment of the Carcino-
genic Potential of Insulin Analogues,  2001 .  www.emea.eu.int   

  8.      ICH S7B Step 4 . Non - clinical Evaluation of the Potential for Delayed Ventricular 
Depolarization (QT Interval Prolongation) by Human Pharmaceuticals,  2005 .  

  9.      Ministry of Health and Welfare . Non - clinical Safety Studies for the Conduct of 
Human Clinical Trials for Pharmaceuticals (revision),  2000 . Notifi cation No. 1831.     

REFERENCES 109





111

CHAPTER 6

Preclinical Safety Evaluation of Biopharmaceuticals: A Science-Based Approach to Facilitating 
Clinical Trials, edited by Joy A. Cavagnaro
Copyright © 2008 by John Wiley & Sons, Inc.

Implementation of ICH S6:
US Perspective 

MARY ELLEN COSENZA, PhD, MS , DABT, RAC 

  Contents 

    6.1     Introduction   111  
  6.2     Historical Perspective   113  
  6.3     ICH S6 Guidance   115  

  6.3.1     General Principles   115  
  6.3.2     Animal Species Selection   115  
  6.3.3     Administration/Dose Selection   116  
  6.3.4     Immunogenicity   117    

  6.4     ICH S6 Specifi c Considerations   118 
   6.4.1     Safety Pharmacology/Single - Dose Studies   118  
  6.4.2     Exposure   118  
  6.4.3     Repeat - Dose Studies   118  
  6.4.4     Immunotoxicity Studies   119  
  6.4.5     Reproductive/Developmental Studies   119  
  6.4.6     Genetoxicity Studies   119  
  6.4.7     Carcinogenicity   120  
  6.4.8     Local Tolerance   120    

  6.5     Summary 120
     References 121           

6.1 INTRODUCTION

 Several years ago an ICH guidance (ICH S6 Preclinical Safety Evaluation of 
Biotechnology - Derived Pharmaceuticals) was written to address the preclini-
cal development and safety issues of products derived from biotechnology. 
ICH S6 defi ned biotechnology - derived pharmaceuticals as  “ products derived 
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from characterized cells through the use of a variety of expression systems 
including bacteria, yeast, insect, plant, and mammalian cells ”   [1] . The scope of 
the guidance included proteins, peptides, derivatives of these or products of 
which they are components. It also states that these principles may apply to 
 “ recombinant DNA protein vaccines, chemically synthesized peptides, plasma 
derived products, endogenous proteins extracted from human tissues, and oli-
gonucleotide drugs, ”  but does not cover  “ antibiotics, allergenic extracts, 
heparin, vitamins, cellular blood components, conventional bacterial or viral 
vaccines, DNA vaccines, or cellular and gene therapies. ”  

 Regulatory agencies throughout the world defi ne biopharmaceuticals dif-
ferently, and in part this has affected how they are regulated. In the United 
States most  , but not all, biopharmaceutical products have been developed in 
accordance with ICH S6 since its publication in 1997. However, some product 
classes specifi ed in the guidance at that time fell under the FDA defi nition of 
hormones and chemically synthesized products (e.g., oligonucleotides) and 
were thus considered  “ drugs. ”  These  “ drugs ”  were reviewed by regulatory sci-
entists in the Center for Drug Evaluation and Research (CDER) and approved 
as new drug applications (NDAs). Therapeutic proteins, including antibodies, 
were regulated as  “ biologics ”  and were reviewed by regulatory scientists in 
the Center for Biologics Evaluation and Research (CBER) and approved as 
biologics license applications (BLAs). In 2003, the divisions of CBER respon-
sible for review of ICH S6 - specifi ed, biotechnology - derived pharmaceuticals 
merged with CDER. This merger changed the FDA center responsible for 
primary review of these products. The products, however, were, and continue 
to be, approved as BLAs  [2] . The  “ traditional biologicals ”  (i.e., vaccines and 
blood products and the novel cellular, tissue, and gene therapy products includ-
ing tissue engineered products) remained in CBER (see Table  6.1 ). In June 
2003 the CBER staff (pharm/tox experts and medical offi cers) in the Offi ce 
of Therapeutics were transferred to CDER, and resided in a new Offi ce of 
Drug Evaluation, ODE VI. More recently this offi ce was eliminated, and the 
various  “ biologics ”  reviewers were reassigned by therapeutic or disease area 
to be consistent with how pharmaceutical products are reviewed. Thus the 
review of biopharmaceuticals now takes place in the same review division as 
traditional drug therapeutics for similar indications.   

 Even before fi nal approval there was a rapid adoption of the principles 
outlined by in the ICH S6 guideline both by industry and by the FDA. The 
main tenet of the ICH S6 guidance is to create a case - by - case, science - driven 
approach to biotechnology preclinical product development. That is to say, 
each molecule should be evaluated for both its physical and pharmacological 
properties. Therefore a product ’ s pharmacological attributes needs to be 
understood in addition to its clinical use before embarking on a preclinical 
safety assessment development plan. The overarching goal of a preclinical 
development plan is to provide information for designing and conducting 
clinical trials ( “ the principles ” ). A case - by - case rational, science - based 
approach ( “ the practice ” ) was defi ned, and has proved   to be, the most appro-
priate way to develop biotechnology - derived products  [3] . The approach 



defi ned in S6 is appropriate for any pharmaceutical, regardless of its chemical 
or biological nature, that demonstrates species specifi city, has an extended 
half - life, or requires a novel route of delivery.  

6.2 HISTORICAL PERSPECTIVE 

 Over the past two decades many biotechnology - derived products have been 
approved in the United States. A selected list of these products is provided in 
Table  6.2 . The products include recombinant endogenous - replacement pro-
teins, cytokines, monoclonal antibodies, and fusion molecules. Other chapters 
in this book give more detailed  “ product - class - specifi c ”  descriptions of the 
preclinical development programs for many of these molecules.   

 In the early days of biotechnology product development, the focus was on 
 “ quality ”  issues  [4]  or process - related impurities. The concerns at that time were 
for carryover of other cellular proteins and DNA and for contamination with 
endotoxins, chemicals, and viruses. Of course, these concerns still exist, but 
methods for purifi cation and assays for evaluation of clearance have alleviated 
the need for the safety assessment scientist to focus on contaminants; instead 
they are now asked to focus on the pharmacological activity of the molecules. 
An ICH guidance (Q6B Specifi cations: Test Procedures and Acceptance Crite-
ria for Biotechnological/Biological Products) addresses the specifi c issues 
related to the manufacturing process  [6] . Other product - related issues such as 
impurities do need to be considered by the safety assessment scientist, for 

 TABLE 6.1    Regulation of biotechnology products 

   Products formally regulated by CBER, now by CDER   

•   Proteins and modifi ed proteins   
•   Cytokines   
•   Growth factors 
•   Ligands and receptors 
•   Antibodies   

   Products regulated by CDER   

•   Hormones   
•   Chemically synthesized peptides 
•   Oligonucleotides   

   Products still regulated by CBER   

•   Gene therapies 
•   Cellular therapies 
•   Engineered tissue products 
•   Vaccines   
•   Blood and blood products 
•   Antitoxins   

HISTORICAL PERSPECTIVE 113
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 TABLE 6.2    Examples of marketed biotechnology products 

  Year of Approval    Approved Biologics    Trade Name  

  1982    Insulin    Humulin ®   
  1985    Growth Hormone    Protropin ®   
  1986    Interferon - alpha    Roferon ® , Intron A ®   
  1986    Muromonab CD3    Orthoclone OKT3 ®   
  1987    TPA (Alteplase)    Activase ®   
  1989    Epoetin - alfa    Epogen ®   
  1990    Interferon - gamma    Actimmune ®   
  1991    Filgrastim (G - CSF)    Neupogen ®   

  Sargramostim (GM - CSF)    Leukine ®   
  1992    Interleukin - 2    Proleukin ®   

  Antihemophilic factor    Recombinate ® rAHF  
  1993    Interferon - beta    Betaseron ®   

  Dornase Alfa    Pulmozyme ®   
  1994    Imiglucerase    Cerezyme ®   

  Abciximab    ReoPro ®   
  1997    Rituximab    Rituxan ®   

  Daclizumab    Zenpax ®   
  Oprelvekin    Neumega ®   
  Becaplermin gel    Regranex ®   

  1998    Traztuzumab    Herceptin ®   
  Infl iximab    Remicade ®   
  Basiliximab    Simulect ®   
  Palivizumab    Synagis ®   

  2000    Tenecteplase    TNKase ®   
  2001    Pegfi lgrastim    Neulasta ®   

  Darbepoetin    Aranesp ®   
  Alemtuzumab    Campath ®   
  Drotecogin alpha    Xigris ®   

  2002    Interferon beta 1 - a    Rebif ®   
  Ibritumomab tiuxetan    Zevalin ®   

  2003    Alefacept    Amevive ®   
  Tositumomab    Bexxar ®   
  Efalizumab    Raptiva ®   
  Omalizumab    Xolair ®   

  2004    Bevacizumab    Avastin ®   
  Natalizumab    Tysabi ®   
  Palifermin    Kepivance ®   
  Technetium 99m Tc fanolesomab    NeutroSpec ®   

  2005    Abatacept    Orencia ®   

Sources :    www.fda.gov ; and  www.bio.org .   

example, genetic variants, aggregate forms, chemical linkers, and differences in 
glycosylation patterns. 

 In 1997 the FDA issued an addendum to the original Points - to - Consider 
Document for Developing Monoclonal Antibodies. This document addressed 
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issues covering all aspects of drug development for these molecules. Items 
specifi c to safety assessment included the requirement for tissue cross - 
reactivity studies. These studies allow for evaluation of binding in tissues from 
different species with the idea that this could help justify species selection. 
Over the years other more specifi c methods have generally been used to select 
appropriate species for safety assessment studies. Binding is no longer consid-
ered suffi cient to justify the selection of a species. Other proof of biological 
activity is generally desired as well. The next section reviews specifi c sections 
of the ICH S6 document and discuss how this guidance has been implemented 
in the United States.  

6.3 ICH S6 GUIDANCE 

6.3.1 General Principles 

 The General Principles section acknowledges that  “ conventional approaches 
to toxicity testing of pharmaceuticals   may not be appropriate for biopharma-
ceuticals. ”  This has led to the proposal for case - by - case, science - driven drug 
development. Some of the unique challenges that the biopharmaceutical mol-
ecules face include species specifi city, immunogenicity, unique routes of admin-
istration, and intermittent dosing schedules. The addition of pharmacological 
parameters to standard GLP toxicology studies, or the addition of toxicology 
parameters to pharmacology studies, allows for the judicious use of animals. 
The challenge of conducting some of these assays under GLPs was recognized 
in this guidance and by the FDA. Over the years more and more of these spe-
cialty assays (e.g., immunotoxicity assessment in primates using fl ow cytome-
try) have been validated and are being conducted in compliance with GLPs.  

6.3.2 Animal Species Selection 

 One of the greatest challenges in the preclinical development of biotechnol-
ogy - derived molecules is that of species specifi city. Unlike traditional  “ small 
molecules, ”  such a molecule cannot be assumed to be active in the standard 
species used for toxicity testing. The lack of pharmacological activity in a 
species can then lead to  “ no effects ”  in that species. With a few exceptions, 
where there were potential effects of contaminants, these studies had little 
purpose and a questionable use of animals. Justifi cation for using only one 
species can be based on the lack of a second species with biological activity 
or when the biological activity of the molecule or target toxicity can be ade-
quately defi ned in just one species. 

 An example where the original species was not relevant is that of the early 
work performed on the interferons. The studies were performed in nonrelevant 
species and generated misleading information  [7] . Several studies were con-
ducted in rodents with recombinant human interferons with little evidence of 
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toxicity. This did not predict what was to occur in humans. Activity in monkey 
studies was more predictive, but there was the additional challenge of relative 
differences in the activity level between humans and nonhuman primates. 

 The Animal Species Selection   section of the ICH document also refers to 
the use of homologous proteins and transgenic animals that express the human 
receptor. One example of a development program that relied on surrogates 
for safety assessment is that of infl iximab  [8] . Many of the challenges of these 
models are acknowledged in this section. Animal models of disease are also 
discussed and can be used   with strong scientifi c rationale.  

6.3.3 Administration/Dose Selection 

 Unlike most traditional pharmaceutical small molecules, biologics are not 
given once or twice a day, orally, in a pill or capsule. They are almost all dosed 
via a parenteral route and are not given (or  “ taken ” ) daily. Some of these 
therapeutics are given in hospital settings or in clinicians ’  offi ces. Several are 
now self - administered on an approximately weekly basis. The dose regimen 
for the safety assessment studies should refl ect the dosing regimen plan for 
the human studies. The dosing interval in the toxicology studies may be dif-
ferent depending on the half - life of the molecule in animals versus humans. 
Also the development of antibodies in the animals may alter the pharmaco-
kinetics, and modifying the dosing interval has been shown to reduce the 
incidence of antibodies. 

 Dose selection can be a challenge with biopharmaceuticals. Often the dose -
 limiting toxicity is related to the pharmacology (often referred to as exagger-
ated pharmacology), and it can be diffi cult to establish a margin of safety. The 
slope of the dose – response curve between the intended level of effect and an 
effect that leads to toxicity (even if it is the same effect, e.g., an increase in 
hematocrit with erythropoietin - like molecules) may be very steep. The ability 
to produce formulations of proteins that allow for  “ high ”  doses can be diffi cult, 
especially if the protein formulation is viscous. Doses can be limited by prac-
ticality as well   (dosing volume limits, maximal stable concentrations, etc.). 
There is always the desire to study a dose without effect, but this can be an 
additional challenge for molecules that are active at doses in the μ g/kg level. 

 Other factors that need to be considered in dose selection are related to 
pharmacokinetics and drug metabolism. One area generally not deemed rele-
vant for biologics is metabolism studies. Mass balance studies have not proved 
useful when performed with proteins. Radiolabeled studies have limited use-
fulness as these labeled molecules undergo rapid metabolism and the label is 
often unstable. Protein biologics undergo proteolytic degradation into smaller 
peptides and then into individual amino acids. Distribution is viewed more 
from the perspective of target distribution, except for gene and cell therapies 
and viral or bacterial vectors. 

 Recovery periods are very important considerations for studies with bio-
pharmaceuticals. For many biopharmaceuticals, the pharmacodynamic effects 
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are prolonged either pharmacologically, through secondary  “ cascading ”  effects 
through various pathways, and/or as a consequence of a long half - life. It is 
important to have a recovery/washout period of the test agent in order to 
properly test for antibody levels. The longer recovery can greatly increase the 
ability of the assays to detect antibodies to the drug. Active test article levels 
in blood samples can interfere with the ability to measure true antibody 
levels.  

6.3.4 Immunogenicity

 It is generally well accepted that immunogenicity is not well predicted across 
species. It has also been well documented that many biological compounds 
intended for human use are immunogenic in animals  [9] . ICH S6 states:  “ Most 
biotechnology - derived pharmaceuticals intended for humans are immuno-
genic in animals. ”  Traditional antigenicity studies or guinea pig anaphylaxis 
studies are not useful for predicting immunogenicity in humans and are now 
generally recognized as not being appropriate studies for biologics. When 
these studies were conducted years ago, at the request of some regulators, they 
were generally positive and led to adverse effects in animals. Since there is 
little to no predictive value in these studies, and they were not considered 
appropriate, such studies have not been conducted since publication of ICH 
S6. 

 All preclinical (and clinical) studies with biopharmaceuticals should include 
measurements of total incidence of antibodies and a further characterization 
as to whether these antibodies are neutralizing. Assays to determine antibod-
ies have become more sophisticated over the years, and the newest technolo-
gies allow detection at lower levels than was achievable with traditional 
ELISAs. Clinically relevant antibodies include those that are clearing, sustain-
ing, neutralizing, and/or cross - react with endogenous proteins  [10] . It is impor-
tant to screen for the presence and development of antibodies   to the test 
article throughout development. Since the consequence of these antibodies 
may range from no clinically signifi cant effects to serious safety effects, assays 
need to be developed to determine if antibodies that appear are able to block 
the biological activity of the test compound. This may occur either by direct 
binding to an epitope with   activity or by binding to a site in close proximity, 
resulting in steric hindrance to the active site. 

 Immunogenicity is a substantial complication for preclinical safety assess-
ment studies. Antibodies can invalidate the animal model species. Antibody 
production alone, however, should not necessarily prohibit the conduct of 
these studies. The effect on pharmacokinetics and pharmcodynamics needs to 
be measured and evaluated. The potential consequences of the antibodies on 
endogenous molecules also needs to be evaluated. Secondary effects, such as 
antibody deposition, should be measured. The lack of ability to predict abso-
lute human immunogenicity does not preclude the use of animals to assess the 
relative potential for an immune response.   
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6.4 ICH S6 SPECIFIC CONSIDERATIONS 

6.4.1 Safety Pharmacology/Single -Dose Studies 

 Safety pharmacology parameters (e.g., cardiovascular) can be incorporated 
into standard toxicology studies, including single - dose studies if that is most 
appropriate. Molecules that cross - react in traditional species (rodents and 
dogs) allow for more fl exibility in designing these studies. Molecules that only 
have activity in nonhuman primates can be more challenging. Knowledge of 
the intended molecular target and its presence on these target organs can aid 
in the decision as to whether specifi c studies will need to be conducted. Pri-
mates can be telemeterized for cardiovascular assessments. In recent years 
many CNS parameters have been validated in primates as well. In vitro assess-
ments are generally not relevant for biologics for many of the same technical 
reasons well recognized with in vitro genotoxicity assays.  

6.4.2 Exposure

 Toxicokinetics must be assessed in preclinical toxicology studies, as with tra-
ditional pharmaceuticals. These data are necessary to prove exposure (which 
may differ with route) and to monitor the potential effects of antibodies on 
the exposure levels over time. Perhaps the greatest difference between small -
 molecule pharmaceuticals and large - molecule biopharmaceuticals is the 
potential for immunogenicity, which can greatly affect pharmacokinetics as 
previously discussed.  

6.4.3 Repeat-Dose Studies 

 The ICH S6 document states:  “ This duration of animal dosing has generally 
been 1 – 3 months for most biotechnology derived pharmaceuticals. ”  And then: 
 “ for chronic indications, studies of 6 months duration have generally been 
appropriate, although in some cases shorter or long durations have supported 
marketing authorizations. ”  Most important, it states:  “ the duration of long -
 term toxicity studies should be scientifi cally justifi ed. ”  The six - month paradigm 
was based on the idea that all or most toxicity would be elicited during this 
time frame for molecules that are highly targeted and for which their toxicity 
is mainly based on exaggerated pharmacology. Although it may not always be 
as straightforward as this, six months has proved to be suffi cient for the eluci-
dation of chronic toxicity for almost all biologics that have been developed. 
Requests for longer term toxicity studies (9 or 12 months) have rarely added 
useful information to the safety assessment of these molecules  [11] . This does 
not mean that six months should be a default without rigorous scientifi c evalu-
ation. If there are indications of unexpected toxicities, or other scientifi c 
reasons to expect delayed effects, then   longer term studies should be consid-
ered. Without these concerns six months should continue to be suffi cient. If 
there are indications of carcinogenic potential, then those questions should be 



dealt with via more specifi c studies. The issues of species specifi city or the use 
of homologous proteins makes these questions more complicated and are 
another reason to consider the need to conduct longer term studies carefully. 
Longer term dosing may also increase the possibility of immunogenicity.  

6.4.4 Immunotoxicity Studies 

 Since many biotechnology products are designed to modulate the immune 
system, basic immunotoxicity parameters have traditionally been evaluated as 
part of standard toxicity studies. Over time more and more immunotoxicity 
specifi c parameters have been validated in toxicology species, including pri-
mates. These parameters (humoral and cell - mediated) should be measured as 
appropriate. Other specifi c issues for biopharmaceuticals include immuno-
genicity, as previously discussed.  

6.4.5 Reproductive/Developmental Studies 

 When a biopharmaceutical product cross - reacts with traditional reproductive 
toxicology species, these studies should be conducted as appropriate for the 
intended clinical population. When conducting these studies in rodents and 
rabbits, care should be taken to select the dosing regimen and to consider the 
impact of immunogenicity. The timing of dosing in these studies might need 
to be more frequent to ensure that there is adequate exposure during the 
pivotal stages of gestation. The exposure period for the segment 2 studies in 
rodents and rabbits is usually short enough to avoid a strong immunogenic 
response, but samples should be taken to measure test article levels and anti-
bodies in the dose – range - fi nding studies. 

 When a molecule does not cross - react with rodents or rabbits, then a deci-
sion must be made as to whether to conduct these studies in primates or to 
make a rodent surrogate. There are several factors that need to be considered. 
For example, human IgGs are known to cross the placental barrier, and their 
response to teratogens has been shown to be similar to humans. Compared to 
rodents, nonhuman primates have a small number of offspring (usually just 
one offspring per mother), they are very expensive, and their gestation period 
is 150 days. In addition nonhuman primates have a low conception rate and a 
high spontaneous abortion rate, and the historical database for primate repro-
ductive studies is not that large. The FDA has been more accepting of primate 
studies than agencies in other geographic regions. (See Chapters  17  and  18  for 
discussions of reproductive toxicity studies for biopharmaceuticals.) The con-
siderations above must also be balanced against the challenges of developing 
and validating a surrogate to use in rodents or rabbits.  

6.4.6 Genotoxicity Studies 

 It is generally accepted now that genotoxicity studies are not applicable for 
biopharmaceuticals, unless there is a  “ chemical ”  linker or toxic conjugate to 
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the molecule. This is also clearly stated in the FDA Points - to - Consider Docu-
ment for Monoclonal Antibodies  [5] .  

6.4.7 Carcinogenicity

 Carcinogenicity studies are generally considered inappropriate for biophar-
maceuticals. Both the ICH S6 document and the ICH S1A (The Need for 
Long - term Rodent Carcinogenicity Studies of Pharmaceuticals) support this 
position  [12] . ICH S6 states that need for evaluation of carcinogenic potential 
of these molecules depends on  “ duration of clinical dosing, patient population, 
and/or biological activity. ”  Most of the early biotechnology molecules devel-
oped were for severe clinical indications and/or addressed unmet medical 
needs. 

 Currently (December 2007) there are no published traditional carcino-
genicity studies for ICH S6 specifi ed biotechnology - derived pharmaceuticals. 
Conducting a traditional two - year   bioassay with these molecules is extremely 
challenging due to species specifi city, immunogenicity, and the challenges of 
using   homologous molecules. When there are reasons to be concerned about 
related issues such as potentially enhancing the growth of existing tumors 
through the intended pharmacological activity, then more specifi c studies have 
been considered. These studies have included (among others) assessments of 
the presence or absence of the drug ’ s receptor on relevant tumor cells, effects 
of the drug on in vitro tumor cell growth rate, and effects of the drug on the 
growth rate of tumor cell xenografts in mice. Measurements of cell prolifera-
tion have also been added in some cases to repeat - dose animal studies as per 
ICH S6 when there is cause for concern.  

6.4.8 Local Tolerance 

 Local tolerance assessments are usually incorporated into repeat - dose toxicity 
studies. Specifi c assessments include clinical observations (e.g., Draize scoring) 
and macroscopic and microscopic evaluations of the injection site. These types 
of studies may also be used to test formulation changes during the course of 
clinical development.   

6.5 SUMMARY

 The safety evaluation of biotechnology products has been an evolving process 
over the past two decades. ICH S6 did much to help give guidance to preclini-
cal scientists (both in industry and government) on how to approach these 
development plans. In the future the basic questions for these products will 
remain the same, but the challenges will be greater. Global strategies for 
development of biopharmaceuticals should be more science driven and 
problem focused. If we (industry scientists) want the reviewers (regulatory 



scientists) at the FDA (and at all agencies worldwide) to stick to the scientifi c 
principles addressed in ICH S6, then the safety assessment industry scientist 
must be able to use science (e.g., target liability) to justify development plans 
as well. Defaulting to ICH S6 without scientifi c justifi cation is as imprudent as 
conducting traditional small - molecule pharmaceutical studies on biopharma-
ceuticals inappropriately. 

 With the changes in the global regulatory environment there are likely to 
be additional challenges. The overarching goal should still be to evaluate pre-
clinically the potential effects of these molecules and to provide guidance to 
the clinicians. Safety assessments approaches should have a strong scientifi c 
rationale and use the appropriate animal species judiciously.  
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7.1 INTRODUCTION

 Successful and effi cient development of a new pharmaceutical requires the 
planning of an integrated development program that coordinates the trilogy 
of product manufacture — chemistry, manufacturing, and controls (CMC), 
preclinical studies (distribution, metabolism, and pharmacokinetic [DMPK], 
pharmacology and toxicology), and clinical trials — within the framework of 
the regulatory development strategy. Preclinical (often referred to as nonclini-
cal) safety studies   must support each successive phase of clinical development, 
as well as any signifi cant changes to the method(s) of manufacturing, formulat-
ing, or administering the pharmaceutical. A desirable goal for the preclinical 
portion of the integrated development program should be to enable each 
phase of clinical development and each signifi cant change in CMC methodol-
ogy without ever becoming rate - limiting to the pharmaceutical development 
time line. At face value, this would seem to be a relatively simple task if one 
adheres to available guidance documents: International Conference on Har-
monization (ICH) M3  [1]  outlines the necessary types of studies and their 
timing relative to phase 1, 2, or 3 clinical trials, additional ICH guidelines (S1A 
through S8)  [2 – 13]  discuss selected types of safety studies in detail, ICH S6 
 [14]  discusses special considerations for biopharmaceuticals (biotechnology -
 derived pharmaceuticals), and ICH Q5E  [15]  addresses comparability testing 
for biopharmaceuticals. However, the preclinical program must also evaluate 
potential changes in pharmacology, DMPK, immunogenicity, and/or safety 
properties as evolutionary changes are made to the process or scale of manu-
facture, the formulation, and the route or method of administration of the 
pharmaceutical. 

 This chapter had its origins in a discussion that occurred during a June 2004 
meeting between Food and Drug Administration (FDA) pharmacology and 
toxicology reviewers and BioSafe, a committee of experts experienced in pre-
clinical development of biotechnology - derived products organized under the 
auspices of the Biotechnology Industry Organization (BIO). The intent of that 
meeting was to review and discuss some of the inherent differences among   pre-
clinical development programs for biologics and drugs, particularly the com-
plexities of reproductive toxicology testing of biologics. It was agreed that, 
consistent with ICH S6, preclinical programs for biopharmaceuticals should be 
designed on a case - by - case basis to address  relevant  safety issues, and that novel 
approaches might be necessary to accomplish this. For example, the preclinical 
program might require the use of nontraditional study designs, species, or end-
points or even the invention and use of a homologous (surrogate) test article. In 
these discussions it was diffi cult to reach agreement on what constitutes a  rele-
vant  preclinical program, as the relevance of each preclinical program might 
depend on both the results of the component studies and their acceptance by 
the assigned FDA reviewers. Thus a conundrum was recognized: How does one 
design a program that might of necessity be unlike any other yet be reasonably 
likely to provide relevant and acceptable answers regarding safety? 



 For members of the pharmaceutical industry engaged in the biologics devel-
opment this question raises practical concerns as well. While the resources and 
time needed for a traditional drug development program are well known, 
those for a nontraditional biologics development program are less well known, 
but might reasonably be expected to be greater. In addition, while the accept-
ability of a traditional drug development program is well established, the 
acceptability of each nontraditional biologics development program must be 
established. The degree of acceptability will be dependent on the degree of 
relevance, which can only be  “ known ”  retrospectively, or after completion of 
the program. Attempts to gain the a priori approval from FDA reviewers for 
nontraditional preclinical development programs are not always successful. 
Therefore nontraditional preclinical development programs may be run at risk 
of not attaining the necessary relevance and acceptability. For members of a 
pharmaceutical company ’ s management this dilemma signals greater risk and 
a lower probability of success, and thus creates pressures to  “ de - risk ”     the 
preclinical development program for biologics. 

 From a purely pragmatic point of view, most pharmaceutical companies are 
interested in trying to determine the costs, resources, and time required to 
complete various different possible development programs for a product. For 
drugs or biologics, if multiple development pathways are possible and scientifi -
cally sound, it may be appropriate to pursue the path that is least costly or most 
rapid. For most drugs, the development path is relatively straightforward and 
well - trodden. For most biologics, fi nding an appropriate development path is 
often an exercise in trailblazing. The uncertainty of this process, as well as the 
inherent difference in some of the issues to be addressed for biologics, has the 
potential to result in more risky, costly, and time - consuming development 
programs. 

 To attempt to investigate some of the issues described above, I volunteered 
to try to assemble a comparative evaluation of the studies, timing, materials, and 
costs associated with preclinical development of a drug instead of a biologic. I 
based the comparison on experiences I have had with the preclinical programs 
for both a drug and a biologic (a monoclonal antibody) being developed for very 
closely related therapeutic targets in the same clinical indications. The resulting 
comparison was fi rst presented at a February 2005 BioSafe/FDA reviewer 
workshop1  and subsequently at the June 2005 BIO convention.  2

7.2 OBJECTIVE AND METHODS 

 The objective of this chapter is to compare to the studies, materials, and costs 
associated with hypothetical preclinical development programs intended to 

1     Preclinical development of biologics and biotech derived pharmaceuticals: Principles and prac-
tices. University of Maryland Conference Center, Rockville, February 1, 2005. 
2   Key considerations in designing preclinical safety evaluation programs for biopharmaceuticals. 
Program designs and material needs: Investing for success. BIO 2005, Philadelphia, June 20, 2005. 
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support the clinical development of a small molecule (drug) and a large mol-
ecule (biologic). 

 To accomplish this objective, a detailed clinical development program was 
designed, from investigational new drug application (IND) through new drug 
or biologic licensing application (NDA or BLA). The respective preclinical 
development programs to support each fi ling were planned for a drug and 
biologic. Individual GLP -  and ICH - compliant studies for both preclinical pro-
grams were then designed and submitted to different preclinical contract 
research organizations (CROs) for price estimates, to allow determination of 
the average price for each study. Although this comparison was conducted in 
2004 and the study prices are likely no longer accurate, the relative prices of 
these study should remain comparable over time (see Chapter  37  updated 
listing of cost estimate for preclinical study designs). For an estimation of the 
amount of each test article needed for each study, the study designs included 
the doses to be evaluated, based on information available on each product at 
that time, and on common industry practices for setting doses.  

7.3 DISTINGUISHING BIOLOGICS FROM DRUGS 

 For the purposes of this discussion, drugs are chemically synthesized pharma-
ceuticals, often described as  “ small molecules ”  or  “ new chemical entities ” ; 
biologics are  “ large molecules ”  or  “ biopharmaceuticals. ”  

7.3.1 Properties of Drugs and Biologics 

 In addition to great differences in biophysical characteristics, the properties 
of biologics are vastly different than those of drugs. Key differences in the 
properties of drugs and biologics are summarized in Chapter  3 . It should be 
noted that some drugs have properties of biologics, and vice versa.  

7.3.2 Infl uence of Drug and Biologic Properties on Development 
Program Design 

 The inherent differences in the properties of drugs and biologics strongly 
infl uence the design of their respective development programs. Some key 
considerations for the design of preclinical development programs for drugs 
and biologics are summarized in Table  7.1 . Detailed discussion of each of these 
considerations is beyond the scope of this chapter. However, the magnitude 
of these differences can be illustrated by discussing one of the key consider-
ations: selection of relevant specie(s) for preclinical testing.   

 As specifi ed in ICH M3, general toxicology testing (e.g., single -  and repeated -
 dose studies) should be conducted in two species: a rodent and a nonrodent. 
For drugs, the  “ default ”  choices are rats and dogs. The selection of these species 
(or occasionally other species) as the relevant species for preclinical studies is 
generally justifi ed on the basis of comparative in vitro metabolism testing and 
demonstration of the extent to which the species - specifi c metabolism of the 
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parent compound and the resulting metabolite profi le is similar to that for 
humans. The intent is to identify any  active  metabolite(s) that might contribute 
to pharmacologic responses and to study in animals any inactive  metabolite(s) 
that might contribute to toxicologic effects in humans. Pharmacologic activity 
in the chosen species, though desirable and often present, is not essential for 
toxicology testing. Because the focus of traditional toxicology testing is to 
discover and characterize unexpected and/or  “ off - target ”  toxicity, this approach 
to selection of relevant species is considered scientifi cally sound, even if the 
drug is not the pharmacologic activity in the chosen species. Thus the selection 
of relevant species for toxicity testing of drugs is generally based on metabo-
lism and not on the pharmacologic mechanism of action. 

 In contrast, as specifi ed in ICH S6, the primary consideration for the selec-
tion of a relevant species for toxicity testing of biologics is pharmacologic 
activity. This is because biologics are generally catabolized (degraded) rather 
than metabolized (chemically altered), and therefore generation of active 
metabolites with pharmacologic effects or inactive metabolites with toxico-
logic effects is uncommon. Thus off - target (nonpharmacologically mediated) 
toxicity is unlikely for biologics. This fundamental difference in the disposition 
of drugs and biologics means that the observed toxicity of biologics often 
represents  “ superpharmacology. ”  It also means that an animal species in which 
there is no pharmacologic activity is generally not relevant for studying the 
safety of biologics. In recognition of this point, ICH S6 made allowances for 
use of only a single, relevant species in toxicity testing when such a decision 
could be scientifi cally justifi ed.  

7.3.3 Applicable Regulatory Guidelines for Drugs and Biologics 

 The ICH guidances pertaining to preclinical development  [1 – 13]  are generally 
applicable to both drugs and biologics, except as noted, with additional guid-
ances specifi c to biotechnology - derived products  [14, 15] . Careful reading and 
interpretation of all guidances is necessary to facilitate planning of the pre-
clinical programs. 

 In addition to the ICH guidances discussed above, additional specifi c 
guidances related to pharmacology/toxicology evaluations to support clinical 
development should be considered based upon product class and/or indication 
(specifi c considerations for medical imaging agents, therapeutic radiopharma-
ceuticals, and pediatric drug products, as wells as for photo - safety testing, 
safety testing of drug metabolites, etc.).   

7.4 COMPARATIVE PRECLINICAL DEVELOPMENT PROGRAMS FOR 
A HYPOTHETICAL DRUG AND BIOLOGIC 

 For this hypothetical comparison of the preclinical development programs for 
a drug and a biologic it was necessary to make some general assumptions about 
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the preclinical development programs, to defi ne the therapeutic target, mecha-
nism of action and clinical indication, to defi ne the clinical development program, 
and then to make some specifi c assumptions for the drug and biologic. 

7.4.1 General Assumptions 

 The general assumptions about the preclinical development programs were as 
follows: 

 •   The comparison would begin at the point of nomination of the compound 
for clinical development; that is, the fi rst series of studies would be 
IND - enabling.  

 •   The respective preclinical development programs would represent typical, 
but idealized programs, with the focus being on safety only (e.g., no con-
sideration of pharmacology or DMPK studies).  

 •   All studies would be outsourced to contract research organizations 
(CROs) for study conduct, including any bioanalytical or other assays.  

 •   All studies would comply with GLP regulations, as well as other appropri-
ate guidelines (ICH M3, S6, etc.).  

 •   All animals would be observed until test article had cleared (estimated 
to be fi ve half - lives).  

 •   All regulatory fi lings would be on fi nal study reports.  
 •   The manufacture of the respective test articles used in the studies would 

be outsourced to contract manufacturing organizations (CMOs) and 
sequential use of research - grade/non - GMP and GMP material would be 
allowed, if appropriate.  

 •   The clinical development plan to be supported would be idealized, with 
minimal delays between phases and without substantive changes to the 
test article (e.g., no changes to manufacturing process or formulation) or 
the route of administration.  

 •   No  “ run - at - risk ”  strategies would be allowed, such as concurrently vali-
dating the PK assay while collecting the samples to be assayed.    

 These assumptions were made to try to keep the number of variables to a 
minimum to allow this comparison, although hypothetical, to be as realistic as 
possible. Last, the key metrics to be compared would include the numbers and 
types of studies and their durations and costs, the quantity of material (test 
article) needed, the time required for manufacture and its costs, and the timing 
of the studies relative to clinical development.  

7.4.2 Therapeutic Target, Mechanism of Action, 
and Clinical Indication 

 Designing an appropriate preclinical development program requires a com-
plete understanding of the therapeutic target, mechanism of action, clinical 
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indication, and disease biology. This information is essential in choosing the 
relevant specie(s) and endpoints to be assessed. In addition it is necessary to 
have an understanding of the intended clinical route of administration, pro-
jected therapeutic concentration, projected therapeutic dose, projected dosing 
regimen, and the intended duration of dosing and exposure. These attributes 
are often summarized in the target product profi le (TPP) that is generated by 
a project team during the development candidate nomination process. Detailed 
discussion of the methods for establishing this information is beyond the scope 
of this discussion. 

 For this hypothetical comparison, however, most of this information 
was known. The therapeutic targets were G protein - coupled receptors that 
were expressed on the cell surface of T cells, monocytes, and tissue macro-
phages. Through ligand - binding interactions these receptors were implicated 
in leukocyte traffi cking, particularly to sites of active infl ammation in autoim-
mune disease settings such as might be present in rheumatoid arthritis or 
multiple sclerosis. The intended mechanism of action was blockade of the 
receptor and thus prevention of ligand binding and subsequent leukocyte traf-
fi cking. The intended pharmacologic effect was downregulation of infl amma-
tion, or immune modulation. Data from animal models of disease induced 
in homozygous receptor knockout mice supported the targets, clinical 
indications, mechanism of action, and immunomodulatory effects of target 
knockout.  

7.4.3 Clinical Development Plan to Be Supported 

 The proposed clinical development plan is summarized in Table  7.2  and 
illustrated in Figure  7.1 . Based on the therapeutic target(s) and mechanism(s) 

 TABLE 7.2    Proposed clinical development program 

   Phase      1a      1b      2a      2b      3   

  Subjects    NHV    NHV    Patients    Patients    Patients  
  Women 

enrolled?
  No    No    Post - menopausal    WCBP, 

DBP
  WCBP  

  Regimen    SAD    MAD    MAD    MD    MD  
  Duration of 

dosing
  Once    2 weeks    1 month    3 months  ≥ 6 months  

  Phase 
duration
(enrollment
to report) 

  6 months    8 months    18 months    2 years    3 years  

Note :   DBP   =   double - barrier protection, MAD   =   multiple (repeated) ascending dose, WCBP   =  
 women of child - bearing potential, MD   =   multiple (repeated) dose, NHV   =   normal human volun-
teers, SAD   =   single ascending dose.   
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of action, the clinical indication to be supported is chronic administration in a 
non – life - threatening autoimmune and/or infl ammatory disease. The plan calls 
for sequential conduct of phase 1a, 1b, 2a, 2b, and 3 clinical trials that enroll 
normal human volunteers (NVH) in phase 1 and patients in phases 2 and 3.     

 Dosing progresses from single ascending doses (SAD), to multiple ascend-
ing doses (MAD), to multiple doses (MD), as the duration of dosing increases 
from a single administration to dosing over 2 - week, 1 - month, 3 - month, and 
≥ 6 - month periods.   The duration of each clinical trial (from fi rst patient in to 
clinical report) increases successively from 6 months to 3 years, with the dura-
tion of the entire clinical program, from IND through BLA fi ling, being 8 years. 
Milestones are incorporated to allow end of phase 1 (EoP1), end of phase 2 
(EoP2), and the Carcinogenicity Assessment Committee (CAC) meetings. This 
clinical development program is idealized, as minimal time is allowed for the 
transition from completion of one phase to initiation of the next phase. As 
such, this clinical plan will put considerable pressure on the preclinical program 
to deliver the required support in advance of the need for it.  

7.4.4 Specifi c Assumptions 

 The specifi c assumptions about the drug were as follows: 

 •   The doses to be tested in humans in various studies would be 1, 3, 10, 30, 
and 100   mg/kg, administered orally once daily. The top viable dose would 
be 100   mg/kg.  

 •   The relevant species were monkeys (in which the drug was pharmacologi-
cally active and metabolism was comparable to humans), rabbits, and 
rats (in which there was no pharmacologic activity but comparable 
metabolism).  

 •   The route of administration would be oral, with daily dosing at doses of 
3, 10, 30, 100, 300, and 1000   mg/kg utilized in various studies.  

 •   The no observable adverse effect (dose) level (NOAEL) would be 
100   mg/kg, with a maximum tolerated dose (MTD) of 1000   mg/kg.  

 •   The cost of manufacturing test article for preclinical use would range from 
 $ 10,000 to  $ 70,000 per kilogram, with a cost of  $ 25,000 per kilogram at 
the commercial scale.    

 The specifi c assumptions for the biologic, a monoclonal antibody (mAb), were 
as follows: 

 •   The doses to be tested in humans in various studies would be 0.1, 0.3, 1, 
3, and 10   mg/kg, administered intravenously once monthly. The top viable 
dose would be 10   mg/kg.  

 •   The relevant species was the monkey, in which the biologic was pharma-
cologically active, with comparable affi nity and activity to human test 
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systems in vitro. The mAb was not active in any other species, including 
mice, rats, guinea pigs, rabbits, dogs, and pigs.  

 •   The route of administration would be intravenous, with weekly dosing at 
doses of 10, 30, and 100   mg/kg utilized in various studies.  

 •   The NOAEL would be 100   mg/kg, without an MTD being established.  
 •   The mAb would be immunogenic in monkeys, with approximately 50% 

of the animals developing anti - mAb antibodies, and approximately 25% 
of the animals developing neutralizing and/or clearing antibodies.  

 •   The cost of manufacturing test article for preclinical use would range from 
 $ 3000 to  $ 30,000 per gram, with a cost of  $ 1000 per gram at the commer-
cial scale.    

 Obviously some of these specifi c assumptions could be questioned, and the 
associated costs might be very different for different products or within dif-
ferent companies. At the time, however, these were reasonable assumptions 
for the two products being compared, and these specifi c assumptions allowed 
calculation of the amount, time, and cost associated with manufacture of the 
test articles.  

7.4.5 “Traditional” Preclinical Development Plans to Support Clinical 
Development by Phase 

 The fi rst comparison to be made evaluates  “ traditional ”  preclinical develop-
ment plans to support each phase of clinical development. While the term 
 “ traditional ”  might be thought to apply only to drugs, it is also true that certain 
preclinical programs for biologics have been established as well as accepted, 
and therefore could be regarded as traditional. This initial comparison assumes 
direct, uninterrupted progression of the product along a relatively simple 
development pathway. For the biologic this means that a relevant species has 
been identifi ed and there are no planned changes to the cell line, manufactur-
ing process, formulation, or route of administration during development. The 
need for  “ nontraditional ”  or  “ alternative ”  development pathways to address 
these issues will be discussed later. 

Essential Components Required for Starting Preclinical Develop-
ment   Prior to the design and initiation of a preclinical development program, 
there are a number of essential components that should be in place, as outlined 
in Table  7.3 . These components include important information on the manu-
facture and characterization of the product, as well as the reagents and assays 
necessary for evaluation of the PK and PD properties and, for biologics, the 
immunogenicity and tissue cross - reactivity. In addition, most preclinical devel-
opment programs would not be started without identifi cation of the relevant 
species and some preliminary non – GLP - compliant studies to establish some 
general parameters, such as those associated with  “ discovery toxicology. ”  
These preliminary studies, generally conducted to facilitate nomination of a 
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 TABLE 7.3    Essential components required for starting preclinical development 

       Criteria      Drug      Biologic (mAb) 

   Product 
information   

  Material selected    Compound and 
salt form  

  Initial cell line, growth 
conditions

  Production 
process known 

  Yes    Yes  

  Initial material 
characterization

  Impurities, 
solvents

  LPS, viral, host cell 
proteins

  Pilot scale 
material
produced
in - house

≤ 1   kg     ≤ 20   g  

  Other criteria    NA    Potency (activity) assay 
   Assays and 

reagents   
  Dose retain 

analysis
  HPLC    ELISA  

  PK    LC/MS/MS    ELISA  
  PD (receptor -

 ligand binding 
inhibition)

  FACS    FACS  

  Immunogenicity 
(PAHA)  

  NA    ELISA  

  Tissue cross - 
reactivity

  NA    IHC  

   Preclinical 
studies   

  Relevant species 
selected

  Based on shared 
in vitro 
metabolite
profi le with 
humans. Rodent 
and nonrodent 
species
identifi ed.  

  Based on shared 
pharmacologic
activity. Identifi cation 
of rodent species is 
generally diffi cult, 
if not impossible. 
Identifi cation of 
nonrodent specie(s) is 
occasionally diffi cult.  

  Genetic toxicology 
screened

  Mini - Ames 
 In vitro 

micronucleus

  NA  

  Discovery 
toxicology has 
set doses  

  Non - GLP 14 - day 
rodent, non -
 GLP 14 - day 
nonrodent

  Non - GLP single - dose 
PK/PD/toxicity in 
relevant species 

  Other criteria    Non - GLP receptor 
screening

  Non - GLP tissue 
cross - reactivity

Note :   ELISA   =   enzyme - linked immunosorbent assay, FACS   =   fl uorescence - activated cell sorting, 
HPLC   =   high - performance liquid chromatography, IHC   =   immunohistochemistry, LC/MS   =   liquid 
chromatography/MS   =   mass spectrometry, LPS   =   lipopolysaccharide (endotoxin), NA   =   not 
applicable, PAHA   =   (nonhuman) primate anti - human antibodies.   



COMPARATIVE PRECLINICAL DEVELOPMENT PROGRAMS 137

candidate for development, are intended to ensure that preclinical develop-
ment has the appropriate preliminary information and/or tools to assess safety 
and that there are few surprises during development.    

Preclinical Support to Phase 1   The studies, time, materials, and costs 
associated with preclinical support to phase 1 are summarized in Table  7.4  and 
illustrated in Figure  7.2 . For the drug, the studies necessary to support phase 
1 would typically consist of in vitro and in vivo genetic toxicity studies, dedi-
cated safety pharmacology studies evaluating cardiovascular, central nervous 
system (CNS) and respiratory function,  3  and general toxicology studies of 
1 - month (28 - day) dosing duration (with a 2 - week recovery period) in a rodent 
and nonrodent species.  4  For this particular drug, a receptor antagonist, a study 
would also be conducted to assess species cross - reactivity in vitro by screening 
receptor binding on target cells from different species.  5

 Except for the general toxicology studies, phase 1 - supporting   studies are 
independent in nature and can be conduct in parallel. The general toxicology 
studies ideally would not be initiated until after the PK and PD assays are 
validated, by which time there may be some useful toxicity information from 
the safety pharmacology studies. This IND - enabling preclinical program for a 
drug requires approximately 10 months and costs around  $ 1.2   M, including 
the roughly  $ 40   K cost and 2 months required for manufacturing approxi-
mately 1.3   kg of non – GMP - compliant material. For a drug, most sponsors 
would elect to use GMP - compliant material, with the attendant delay in the 
ability to start. 

 For the mAb, the studies necessary to support phase 1 include tissue cross -
 reactivity and general toxicology studies; in accordance with ICH S6, dedi-
cated safety pharmacology and genetic toxicology studies are not required. 
The general toxicology studies can be conducted in a single, pharmacologically 
relevant species and include both a single - dose  6  and 1 - month repeated - dose 
study, with longer recovery periods (one and three months, respectively) 
to allow for the slower clearance of the mAb. Relative to those for a drug, 
these studies can be much more complicated and expensive, as they would 
routinely incorporate assay for immunogenicity (in addition to PK and PD) 
and assessment of safety pharmacology (cardiovascular, respiratory and CNS) 

3     Prior to beginning development, many sponsors would also have conducted in vitro safety phar-
macology studies (e.g., hERG inhibition) to assess cardiovascular concerns, as well as single - dose 
and 5 -  to 7 - day repeated - dose non – GLP - compliant studies to assess toxicity and help set doses 
for the GLP - compliant studies (see Table  7.3 ). 
4   A 14 - day dosing duration would also be acceptable to support phase 1 single - dose to 2 - week 
studies, although many sponsors are electing to conduct 28 - day studies to support up to 1 - month 
trials. 
5     Some sponsors would also screen related targets, if available, for recognition by the drug, which 
might be associated with secondary pharmacologic activity. 
6   A single - dose study is generally useful to fully characterize the clearance of a compound, such 
as this mAb, with a long half - life. 
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parameters. This preclinical IND - enabling program for a mAb requires 
approximately 17 months and costs  $ 2.6   M, including the  $ 1.6   M cost and 6 
months required to manufacture approximately 35   g of non – GMP - compliant 
material. Thus, relative to the program for the drug, the program for the mAb 
requires fewer studies and less material, but will take approximately 7 months 
longer and require  $ 1.4   M more in total costs. Both the added cost and time 
are primarily related to the manufacture of material, although the longer time 
required for validation of the biological assays and clearance of the test article 
in the recovery periods also contribute to this. 

 Both of these IND - enabling preclinical programs could reasonably be 
expected to be acceptable to regulatory agencies, so there   may be little need 
to try to obtain a preliminary agreement as to their acceptability from regula-
tory reviewers. That is, it would not be essential to arrange a pre - IND meeting 
(to present preliminary results) or even an earlier (pre - pre - IND) meeting (to 

    Figure 7.2     Preclinical support to phase 1.  

Preclinical programs to support a drug (top) or biologic (bottom).  For comparison

purposes, the starting date was assumed to be 18 January 2005.  
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discuss planned studies) to assess whether the appropriate studies were done 
to support the phase 1 trial.  7

Preclinical Support to Phase 2   The studies, time, materials, and costs 
associated with preclinical support to phase 2 are summarized in Table  7.5  and 
illustrated in Figure  7.3 . For the drug, the studies necessary to support phase 
2 would consist of rodent and nonrodent 3 - month repeated - dose general toxi-
cology studies and reproductive and developmental toxicology studies. The 
latter would include embryo/fetal (segment 2) studies in pregnant female rats 
and rabbits, and fertility (segment 1) studies in males and female rats. Range -
 fi nding (pilot) studies to establish maternal toxicity prior to segment 2 studies 
would be necessary as well. The use of rabbits and rats, in which pharmacologic 
activity is absent, for developmental toxicology can be justifi ed on the basis of 
metabolic profi les comparable to humans in vitro. Such a decision is not 
unusual for drugs, where toxicology unrelated to the mechanism of action is 
a primary concern. A signifi cant advantage to the use of rats and rabbits is the 
short gestation periods and less expensive animal costs. This preclinical program 
to support phase 2 for the drug takes approximately 9 months and costs  $ 1.8   M, 
including the nearly  $ 125   K cost and   2 months required for manufacturing 
approximately 5   kg of GMP - compliant material.     

 For the mAb, the studies necessary to support phase 2 would consist of a 
monkey 3 - month repeated - dose general toxicology study (with a 2 - month 
recovery period), segment 2 studies in pregnant female monkeys and segment 
1 studies in male and female monkeys.  8  Although the duration of dosing in 
the latter studies is relatively short (1 to 3 months), these studies can be very 
diffi cult and time - consuming to conduct as they typically last at least 12 months. 
This time is required to identify females in estrus and to breed and enroll 
pregnant female monkeys into the studies. This preclinical program to support 
phase 2 for the mAb requires approximately 17 months and costs  $ 4.3   M, 
including the  $ 1.2   M cost and 5 months required for manufacturing approxi-
mately 400   g of GMP - compliant material. Thus, the program for the mAb is 
approximately 8 months longer, and  $ 2.5   M more expensive than the program 
for the drug, primarily due to the use of monkeys (with long gestation periods) 
for reproductive and developmental toxicology. 

 As was the case for support for phase 1, these development programs to 
support phase 2 follow ICH guidelines and are therefore not controversial. 
They are unlikely to require advanced indication of their acceptability to regu-
latory agencies.  

7     This discussion understandably cannot address whether the  results  of the preclinical studies that 
were conducted would support the proposed clinical trials (e.g., the proposed fi rst - in - human dose). 
For that reason, or for other reasons, a development project team might choose to request a pre -
 IND meeting or an earlier meeting. 
8   It should be noted that there are very few CROs that offer reproductive toxicity testing in nonhu-
man primates. To date, most of the reproductive toxicology studies in monkeys have been segment 
2 (teratology) studies. Segment 1 (fertility) studies would be diffi cult to conduct. 
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  Preclinical Support to Phase 3 and Registration     The studies, time, mate-
rials, and costs associated with preclinical support to phase 3 and registration 
are summarized in Table  7.6  and illustrated in Figure  7.4 .     

 For the drug, the studies necessary to support phase 3 include chronic toxi-
cology in rats and monkeys (6 and 12 months, respectively) and perinatal/post-
natal (segment 3) toxicology studies in pregnant female rats. These studies take 
approximately 22.5 months and  $ 1.6   M, including the 2.5 months and  $ 125   K 
to manufacture 5   kg of material. To support registration of the drug, carcino-
genicity studies must be conducted in two rodent species. This example uses a 
2 - year bioassay in rats and a 6 - month study in transgenic mice. The cost to 
support registration is approximately 38 months and  $ 2.9   M, including 2 months 
to manufacture 3   kg of material for  $ 75   K. 

 For the mAb, the studies necessary to support phase 3 include a 9 - 
month chronic toxicology study  9   and a segment 3 reproductive toxicology 

  9     Although ICH S6 indicates that chronic toxicology studies of 6 months duration may be suffi cient, 
many Sponsors have been recently requested to conduct nine - month studies. 

    Figure 7.3     Preclinical support to phase 2.  

Preclinical programs to support a drug (top) or biologic (bottom).  For comparison purposes, 

starting date was assumed to be 18 January 2005.  



COMPARATIVE PRECLINICAL DEVELOPMENT PROGRAMS 143

 TA
B

L
E

 7
.6

  
  P

re
cl

in
ic

al
 s

up
po

rt
 t

o 
ph

as
e 

3 
an

d 
re

gi
st

ra
ti

on
 

   P
ha

se
 3

   
    

   D
ru

g   
   B

io
lo

gi
c   

   T
im

e 
(M

o)
   

   M
at

er
ia

l 
(g

)   
   C

os
t 

( $
 K

)   
   T

im
e 

(M
o)

   
   M

at
er

ia
l 

(g
)   

   C
os

t 
( $

 K
)   

  R
ep

ro
du

ct
iv

e 
an

d 
de

ve
lo

pm
en

ta
l

to
xi

co
lo

gy

  Se
gm

en
t 

3,
 r

at
  

  9  
  25

0  
  35

0  
  Se

gm
en

t 
3,

 m
on

ke
y 

(3
   m

o  
 re

c 
+

 3
   m

o)
  

  18
  

  12
0  

  15
00

  

  C
hr

on
ic

 t
ox

ic
ol

og
y  

  6  
 m

o 
(+

2  
 m

o  
 re

c)
 r

at
  

  11
  

  12
50

  
  35

5  
    

    
    

    
  12

   m
o 

(+
2  

 m
o  

 re
c)

 m
on

ke
y  

  20
  

  36
00

  
  77

0  
  9  

 m
o 

(+
3  

 m
o  

 re
c)

 m
on

ke
y  

  16
  

  40
0  

  75
0  

  St
ud

ie
s  

    
  20

  
   —

   
  14

75
  

    
  18

  
   —

   
  22

50
  

  m
at

er
ia

l  
    

  2.
5  

   51
00

   
  12

5  
    

  5  
   52

0   
  18

00
  

  To
ta

l  
    

  22
.5

  
   —

   
   16

00
   

    
   23

   
   —

   
   40

50
  R

eg
is

tr
at

io
n  

  C
ar

ci
no

ge
ni

ci
ty

  
  2  

 yr
 r

at
  

  36
  

  30
00

  
  17

00
  

    
    

    
    

  5  
 d/

1  
 m

o  
 R

F,
 T

g  
 m

ou
se

  
  4  

  10
  

  22
5  

    
    

    
    

  6  
 m

o  
 T

g  
 m

ou
se

  
  18

  
  15

  
  90

0  
    

    
    

    
  St

ud
ie

s  
    

  36
  

   —
   

  28
25

  
    

  18
  

   —
   

  22
50

  
  M

at
er

ia
l  

    
  2  

   30
25

   
  75

  
    

  5  
   52

0   
  18

00
  

  To
ta

l  
    

  38
  

    
   29

00
   

    
   23

   
   —

   
   40

50

N
ot

e :
   R

ec
   =

   r
ec

ov
er

y,
 R

F
   =

   r
an

ge
 - fi

 n
de

r, 
T

g  
 =

   t
ra

ns
ge

ni
c.

   



144  STUDIES, TIMING, MATERIALS, AND COSTS

study  10   in monkeys. These studies take approximately 23 months and  $ 4.1   M, 
including 5 months and  $ 1.8   M to manufacture approximately 500   g of material. 
In accordance with ICH S6, carcinogenicity studies would not be conducted 
for a biologic if no relevant and appropriate species can be identifi ed. While 
monkeys are a relevant species for this mAb, they are not an appropriate 
species for carcinogenicity testing. Therefore, after chronic toxicity testing, no 
additional studies are necessary to support registration. Once again, relative to 
the drug, the cost of this preclinical support is greater for the mAb, primarily 
due to the cost of its manufacture. However, the time needed is about 15 
months shorter due to the lack of carcinogenicity testing for this biologic. 

 Again, these preclinical safety evaluation programs to support Phase 3 are 
designed to follow ICH guidelines and are relatively likely to be acceptable 
to regulatory agencies.  

  The Integrated Preclinical Development Plans     The total time, materials 
and costs associated with preclinical support for phase 1 through registration 
are summarized in Table  7.7  and the integrated preclinical support to clinical 
development is illustrated in Figure  7.5 .     

    Figure 7.4     Preclinical support to phase 3 and registration.  

Preclinical programs to support a drug (top) or biologic (bottom).  For comparison purposes,

starting date was assumed to be 18 January 2005.  

  10   It should be noted that conducting true segment 3 studies in monkeys are not feasible, as this 
would require several years to follow the fi rst fi lial (F1) generation to reproductive maturity. 
However, some sponsors developing immunomodulatory biologics have been evaluating the 
immune system function in F1 monkeys to address the most relevant portion of segment 3 concerns 
for their product. To do this, some sponsors elect to combine immune function assessment of the 
offspring from a segment 2 study when using monkeys for reproductive toxicology testing. 
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    Figure 7.5     Integrated preclinical support to clinical development.  

Preclinical programs to support a drug (top) or biologic (bottom).  For comparison purposes,

starting date was assumed to be 18 January 2005.  

 TABLE 7.7     Total time, materials, and costs for preclinical support for phase 1 
through registration 

    

   Drug      Biologic   

   Time 
(Mo)   

   Material 
(kg)   

   Cost 
( $ M)   

   Time 
(Mo)   

   Material 
(kg)   

   Cost 
( $ M)   

  Phase 1    10    1.293    1.186    17    0.035    2.560  
  Phase 2    9    4.940    1.700    17    0.390    4.252  
  Phase 3    22.5    5.100    1.600    23    0.520    4.050  
  Registration    38    3.025    2.900     —      —      —   
  Material    8.5    15    0.4    16    1    4.6  
  Studies    73     —     7.0    47     —     6.3  
  Total    105     ∼ 15    7.4    112     ∼ 1    10.9  
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 For the drug, the studies conducted require 73 months in total, at a cost of 
around  $ 7.0   M. The amount of material required is 15   kg, manufactured over 
8.5 months at a cost of  $ 0.4   M. Of the  $ 7.4   M total cost, manufacturing repre-
sents only 5.4%. In contrast, the studies for the mAb required only 47 months 
and  $ 6.3   M. Only around 1   kg of material is required for the mAb, with about 
16 months required to manufacture it, at a cost of around  $ 4.6   M. Manufactur-
ing represents 42% of the  $ 10.9   M total costs. Thus, relative to the drug, mate-
rial supply for preclinical development of the mAb takes twice as long and is 
10 times as expensive, even though only 1/15th as much material is required. 
The studies for the mAb can be completed in almost half the time, but cost 
approximately the same. Overall, this comparison demonstrates that it is more 
expensive to provide comparable preclinical support to clinical development 
for the mAb than the drug. 

 If both programs were started at the same time and progressed as sched-
uled, it would take 105 months (8 years, 9 months)   until fi ling the NDA for 
the drug and 112 months (9 years, 4 months) until fi ling the BLA for the mAb. 
The additional 7 months required to bring the mAb to registration can be 
traced directly to the additional 7 months required to enable phase 1, which 
was related primarily to a longer time to manufacture and the longer recovery 
period necessary to observe clearance of the mAb in the one - month repeated -
 dose study. This illustration reveals an important difference between drugs and 
biologics: the rate - limiting portion of preclinical development for a drug is the 
time required to conduct the toxicology studies, while for a biologic it is the 
time required to manufacture the material.  

Critical Decisions to Be Made   The preceding examples have demonstrated 
that the time required for manufacturing the appropriate material for preclini-
cal testing is an important contributor to the overall time line for preclinical 
development; more so for biologics. When planning these programs, there are 
critical decisions to be made related to reserving the necessary manufacturing 
capacity. Whether manufacturing is to be done internally or outsourced to a 
contract manufacturing organization (CMO), the lead time necessary to secure 
manufacturing time via contract is generally 3 to 6 months for a drug and 6 to 
12 months for a biologic.  11

 The differences in lead time are related to the inherent differences in the 
complexity of manufacturing and to the relative number of CMOs or internal 
capacity available for each type of product. It is generally easier, quicker, and 
less expensive to manufacture drugs, and easier to identify and reserve avail-
able manufacturing capacity for drugs. Similar lead times for advanced reser-
vation of CRO capacity are often needed for certain types of preclinical 

11     For a drug, the lead time necessary for reserving manufacturing capacity remains 3 to 6 months 
throughout development, while over time it declines from 6 to 12 months to 6 to 9 months for a 
biologic. 
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studies, such as those using monkeys or requiring complicated technical 
procedures. 

 A careful review of Figure  7.5  reveals that, because of the 3 -  to 6 - month or 
6 -  to 9 - month lead time required for a drug or biologic, respectively, these 
critical decisions must generally be made prior to knowing whether the con-
tractual commitment is justifi ed. They therefore involve an element of risk. 
For example, a development project team must commit to manufacturing a 
drug or biologic for preclinical support to phase 1 as much as 5 or 18 months, 
respectively, ahead of the time when the material is actually needed for dosing. 
In many companies this would mean that a commitment to manufacture 
development material to facilitate preclinical support to phase 1 must be made 
before the product is offi cially accepted into development. This requirement 
for making critical decisions in advance of supportive results recurs in each 
phase of clinical development. 

 Some sponsors elect to pursue a minimal risk development strategy, with 
success of each phase of clinical development being demonstrated before 
preclinical or manufacturing support for the next phase is initiated. Sometimes 
such a strategy is dictated by fi nancial constraints. This stage - gated approach 
imposes signifi cant delays to the clinical development time line and ensures 
that the time until registration will be prolonged. The only way to prevent 
delays in clinical development that might arise from the preclinical program 
would be to manufacture the preclinical material and conduct the preclinical 
studies at risk. That is, complete all preclinical support to the next phase prior 
to knowing whether the current phase of clinical development will be success-
ful, thereby rewarding the risk taken. 

 It is important to recognize that the magnitude of the resources, time, and 
money at stake for the manufacture of biologics is greater than for drugs, and 
that the manufacturing capacity is more limited. Sponsors may elect to accept 
certain risks to decrease the likelihood that there will be later delays. For 
example, suffi cient quantities of a drug could be manufactured to enable mul-
tiple phases of preclinical and clinical development with minimal fi nancial risk 
because manufacturing a drug is relatively inexpensive and quick. Further-
more, because of the inherent physicochemical properties of drugs, which lend 
themselves to early defi nition of the manufacturing specifi cations, there is also 
minimal risk that the material will not be representative of ( “ noncomparable ”  
to) the  “ fi nal ”  material, which is used in phase 3 trials. Relatively simple bio-
equivalence (comparative PK/PD) studies can be conducted in animals or 
humans to document this. This strategy is generally not viable for a biologic. 

 The most risk - fi lled phase of preclinical development, especially for a bio-
logic, is that associated with the support to phase 3, which should be completed 
prior to the end of phase 2. Support to phase 3 is the most critical portion of 
preclinical development, as these are the pivotal studies that, with the carci-
nogenicity studies run concurrently with phase 3, will support registration. It 
is therefore essential that the material used to support phase 3 is representa-
tive of fi nal product intended for use in humans. 
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 When possible, GMP - compliant material from the clinical trial lots might 
be used, but waiting for this material may delay the start of the chronic toxi-
cology studies. A drug manufactured by the fi nal process and/or representative 
of the fi nal process material is generally available for phase 3 support. A bio-
logic manufactured by the fi nal process (fi nal cell line, scale, process, etc.) is 
seldom available when it is time to initiate the studies required for phase 3 
support. Thus for a biologic, simple bioequivalence studies may be replaced 
by more complicated comparability studies that assess PK/PD parameters and 
immunogenicity at a minimum, and perhaps safety and effi cacy if warranted 
by observed differences (see Chapter  8 ).   The point is that each project team 
must consider many different critical decisions in designing the integrated 
development plans. Each of these decisions will carry with it an element of 
risk with regard to fi nancial, scientifi c or regulatory aspects and to the develop-
ment time line.   

7.4.6 “Alternative” or Novel Preclinical Development Plans 
for Biologics 

 So far this exercise has focused on a  “ traditional ”  and uncomplicated develop-
ment program for a biologic. To facilitate this, some assumptions were made, 
such as that a relevant species was identifi ed and there were no planned 
changes to the cell line, manufacturing process, formulation, or route of admin-
istration during development. These assumptions, however, are not typical for 
most biologics. In reality the nature of many biologics is that they often require 
 “ nontraditional ”  or  “ alternative ”  development pathways. This is the essence 
of the  “ case - by - case ”  or science - driven program design espoused by ICH S6. 

 For example, it may be diffi cult to identify a relevant species, such as when 
a mAb does not cross - react with any species other than humans or cross - 
reactivity is limited to chimpanzees, a protected species that is diffi cult to access 
and has signifi cant limitations in their use. Or the biologic may recognize the 
target in species other humans, but the target is expressed in different tissues 
or on different cells or has different functions than in humans. In these cases 
one may choose to develop a homologous (or surrogate) biologic for which a 
pharmacologically relevant (generally rodent) species can be identifi ed. 

 Biologics are also different than drugs in that the product characteristics 
may differ as changes are made to the cell line or manufacturing process. These 
changes could affect PK, PD, immunogenicity, effi cacy, and/or safety and typi-
cally require comparability studies to assess the potential differences. Likewise 
it is not uncommon for biologics to be tested initially in their simplest forms, 
such as an aqueous solution administered intravenously (IV), to attempt to 
get an indication of the viability of the product for the intended clinical indica-
tion. Later in development it might be prefered that the biologic be formulated 
for delayed release after subcutaneous (SC) administration. These changes 
could also affect the in vivo properties of the product and typically require 
 “ bridging ”  studies to assess potential differences. 
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 Thus the second set of comparisons to be made evaluates  “ alternative ”  
preclinical development plans to support the lack of a relevant species and 
planned changes to the cell line, manufacturing process, formulation, or route 
of administration during development. 

Supporting Development without a Relevant Species   The simplest 
defi nition of a relevant species might be  “ one that is biologically comparable 
to humans and in which the test article has comparable pharmacologic 
and toxicologic properties. ”  It is, however, sometimes much easier to describe 
a relevant species than to identify one. For the GPCRs that were the targets 
in this example, demonstrating biological comparability might involve 
comparison of the amino acid sequences, cellular and tissue expression 
in normal and disease states, and in vitro biological functions for humans 
and several other species, with the intent being to identify the most compara-
ble species (see Chapters  9 – 13 ). 

 A robust preclinical safety program may devote as much or more effort to 
demonstrating biological comparability of the chosen species as to evaluating 
the toxicity of the product in that species. Prior to undertaking this effort, most 
project teams would evaluate the extent to which the product recognized or 
was active against the target in candidate species. Simple receptor binding 
affi nity or ligand binding inhibition studies are often used for this purpose (see 
Chapter  9 ). If an acceptable level of cross - recognition or  “ cross - reactivity ”  is 
present in the tested species, then additional efforts would be justifi ed to deter-
mine the relative activity and potency of the product in that species in vitro, or 
to evaluate pharmacologic activity of the product in vivo, such as in an animal 
model of disease (see Chapter  13 ). Despite these efforts to demonstrate com-
parable biology and pharmacology as the key components for identifi cation of 
a relevant species for safety testing, it will only be after testing in humans that 
the degree of relevance of the selected species will become known. 

 Perhaps all biologics would be pharmacologically active in chimpanzees, 
our closest nonhuman primate relative. Most biologics would also be active in 
one or more monkey species, particularly of the  Macaca  genus (e.g.,  M. mulatta
or M. fascicularis , the rhesus and cynomolgus monkeys, respectively). However, 
some biologics, particularly mAbs, have such restricted, species - specifi c cross -
 reactivity that they recognize the target only in humans and chimpanzees and 
thus are active only in these species. Although chimpanzees have been used 
for preclinical testing programs, their protected status, relatively limited 
numbers, lack of suitability for invasive measurements (e.g., histopathology) 
or chronic, reproductive or developmental toxicology studies, and past use for 
testing a variety of biologic agents (which can be associated with interfering 
immunogenic responses) makes chimpanzees not practical for most programs. 
Furthermore in some countries there is a ban on the use of chimpanzees to 
support clinical development. For these reasons, some biotechnology compa-
nies will no longer nominate as a development candidate any biologic that has 
cross - reactivity restricted to chimpanzees only. 
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 While most biologics companies will fi rst evaluate cynomolgus monkeys as 
a potential relevant species (because of their relative availability), that is not 
to say that monkeys are always the most relevant species or that other species 
are not relevant. The degree of relevance of the selected species must be 
demonstrated for each program. 

 When a relevant species cannot be identifi ed for preclinical testing of a 
biologic, ICH S6 supports the use of (1) transgenic animals expressing the 
human target (in which the biologic might be tested, provided that the target 
was appropriately functional), (2) knockout or transgenic animals to evaluate 
the potential effects of target inhibition or replacement therapy, respectively, 
or (3) the use of  “ homologous proteins, ”  which are often referred to as  “ sur-
rogate ”  biologics. Any of these choices requires a commitment to thoroughly 
characterize the surrogate product and (surrogate) testing system. That is, the 
choice of testing system (species, strain, genotype, etc.) must be demonstrated 
to be relevant. For transgenic or knockout animals, this might mean genotyp-
ing individual animals, as well as fully describing the resulting phenotype. For 
a surrogate product, this might mean characterizing the pharmacologic activity 
of the surrogate in the test species, as well as the biological function of the 
target in this species. For example, for a non – cross - reactive mAb directed 
against a human target, a relevant surrogate mAb might be one directed 
against the same target in a rodent species, provided that the target functions 
comparably in the rodent species. Any of these alternative choices, if intended 
to support preclinical safety testing, must also comply with appropriate regula-
tory guidelines. For example, the material used might best be manufactured in 
compliance with GMP guidelines and the studies might best be GLP compli-
ant. In these surrogate studies all of the usual endpoints should be assessed, 
such as PK, PD, and immunogenicity. In essence this means that the decision 
to adopt a surrogate program to address safety issues in a pharmacologically 
relevant   species is a decision to double the amount of preclinical (and CMC) 
work to be done. However, adoption of a surrogate may allow testing of all 
aspects of toxicology, potentially even through carcinogenicity testing. Some 
would argue that, because these alternative methods do not directly evaluate 
the development product, some degree of relevance is lost. The counterargu-
ment to this point of view might be that if the biologic is not active in an animal 
species, there is no choice but to develop an alternative preclinical develop-
ment program. 

 Figure  7.6  illustrated the hypothetical studies and time lines associated with 
preclinical support for a mAb that has cross - reactivity (pharmacologic activ-
ity) restricted to humans and chimpanzees. In this example, the strategy to 
support clinical development consists of conducting single - dose and 1 -  and 3 -
 month repeated - dose studies in chimpanzees with the development mAb and 
use of a surrogate rat – anti - mouse mAb in a complete toxicology program in 
mice. Note that the portions of the program conducted in chimpanzees or mice 
would be essentially identical to what would be done in monkeys or rats if 
either were a relevant species. Once adopted, the surrogate mAb program 
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cannot be abbreviated; to the extent possible, appropriate studies must be 
conducted to demonstrate that the surrogate is relevant. In this case the results 
of the chimpanzee studies with the development mAb and the mouse studies 
with the surrogate mAb could be compared.   

 As an aside, many biologics companies would choose one or the other of 
these alternative strategies, not both. In some cases it might not be logistically 
or technically feasible to conduct chimp studies. In some cases it might not be 
technically possible or pharmacologically appropriate to use a surrogate. In 
no case does ICH S6 recommend that a surrogate be developed for the 
purpose of allowing testing in a second (rodent) species if a single relevant 
species is identifi ed. 

 This example of an integrated development plan assumes that the surrogate 
mAb cell line was already established, so that no time was required for estab-
lishing it. In this case the time until BLA fi ling is essentially unchanged from 
the previous example in which monkeys were used, but the total cost of the 
program is about  $ 8.1   M, which is  $ 2.8   M less expensive. This savings is primar-
ily related to the use of mice rather than monkeys. However, the lower cost 
does not include the internal costs associated with the concurrent (parallel) 
development of both the surrogate and development mAb cell lines. If the 
surrogate mAb cell line was not yet established at the time it was decided to 
pursue this strategy, an additional roughly 9 to 12 months would be necessary, 
with the BLA then fi led about 1 year later. 

 As with a traditional approach there are numerous critical decisions to be 
made during development. One of the most important considerations is the 
extent to which the data generated by use of a surrogate is likely to be viewed 
as acceptable to regulatory authorities. From the project team ’ s point of view, 
it is unwise to commit resources to the conduct of studies that would not be 
acceptable.  12  From a regulator ’ s point of view, acceptability will be assessed 
both on the quality of the studies (appropriateness, design, and compliance) 
and their eventual results (demonstration of apparent relevance). While a 
given study may be understood to be irrelevant a priori (e.g., one that uses a 
species in which there is no pharmacologic activity), it is not true that all 
studies that appear to be relevant will prove to be so. That is, the true relevance 
of any study can only be known after  human data are available for comparison. 
It becomes therefore important for an alternative preclinical program to 
attempt to establish the degree of apparent  relevance of a study. But it is 
equally important to try to establish the degree of apparent regulatory accept-
ability  of alternative development programs. That means that there are several 
times during development, generally prior to large resource commitments, 
when discussions should be held with regulatory authorities as to the accept-
ability of the proposed alternative development programs. 

12   In this context, acceptability refers to the scientifi c rationale and the study designs, rather than to 
the results, which can only be assessed for acceptability retrospectively. 
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 If one reviews Figure  7.6 , it is apparent that discussions with regulatory 
authorities might be held at two critical times. The fi rst is around 12 months 
prior to beginning manufacture of the surrogate, when the commitment to 
reserve manufacturing capacity is needed, and when the acceptability of the 
alternative strategy should be discussed. This discussion might address whether 
GMP - compliant material, GLP - compliant studies and validated assays would 
be expected. Without an agreement as to the apparent acceptability of the 
proposed program, the program may be run at risk of failure (nonacceptabil-
ity) from a regulatory point of view. The second discussion should be held 
several months prior to the time of IND submission, when the apparent rele-
vance of the surrogate should be demonstrable based on the results of the 
studies conducted to date. At this time, if the cumulative data from the surro-
gate studies suggest that the surrogate approach is not relevant, then this 
alternative approach is not viable. For example, if our hypothetical mAb binds 
to a cell surface receptor and inhibits activation of human T cells in vitro and 
chimpanzee T cells in vivo, but the rodent surrogate mAb binds to mouse T 
cells and inhibits T cell activation in vitro, yet induces T cell depletion in vivo, 
the surrogate would not be relevant because it does not share the pharmaco-
logic properties of the development mAb. Perhaps numerous efforts to re -
 engineer the surrogate mAb to a nondepleting mAb would be unsuccessful 
also. Or a nondepleting surrogate might be discovered, but the cell line might 
not reach necessary productivity levels, leading to failure for technical reasons. 
Thus, even with a preliminary agreement that an alternative approach might 
be relevant and acceptable, there is still considerable risk that the alternative 
approach will eventually not be successful in supporting the clinical develop-
ment program.  

Supporting Changes to Cell Line, Manufacturing Process, Formulation, 
or Route of Administration   Biologics generally evolve over the lifespan of 
product development, with changes along the way to cell line, manufacturing 
process, formulation, and/or the method or route of administration. Many 
programs in fact undergo changes in each of these categories. Because each 
of these changes has the potential to affect one or more properties of a bio-
logic, which may in turn affect the PK, PD, immunogenicity, safety, or effi cacy, 
it has been said for biologics that  “ the process defi nes the product. ”  Therefore 
the preclinical development program must also support all signifi cant changes 
made to the product or its manner of use. 

 For the mAb in this comparison, the initial product is from an early cell 
line that is formulated as a liquid, stored frozen, and administered by IV 
injection. This is suffi cient for initial safety, PK/PD, and pharmacologic 
activity assessments in phase 1 but is not an acceptable product profi le for 
commercialization. To be competitive in the intended clinical indication, the 
product needs to be stored as a lyophilized powder (to increase shelf life and 
concentration), to be   reconstituted and injected SC as needed. The acceptable 
volume for SC injection dictates a much more concentrated formulation. 
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Commercialization also dictates a highly productive cell line is in place prior 
to phase 3.   Each of the signifi cant evolutionary changes to be made during 
development may require some degree of  “ bridging ”  or comparability testing, 
to demonstrate that the most recent version of the product maintains the 
qualities of the previous version (see Chapter  8 ). The challenge to the project 
team will be to decide when it is most effi cient to test the effects of which 
changes. 

 Figure  7.7  illustrates the hypothetical studies and time lines associated with 
preclinical support for a mAb that undergoes changes to the route of admin-
istration (IV to SC) prior to phase 2, formulation (frozen liquid to lyophilized 
powder) midway through phase 2, and cell line (high - producing new clone) 
prior to phase 3. The initial studies included IV single - dose and 1 - month 
repeated - dose studies in monkeys. To support the planned change from IV to 
SC administration for phase 2, one might conduct: a single - dose SC PK/PD 
study for comparison to the single - dose IV results and, if they are acceptable, 
then conduct the 3 - month repeated - dose safety study with SC dosing. These 
studies should demonstrate that the SC route is tolerated and provides com-
parable PK/PD properties to the IV route. Likewise, to support switching from 
frozen liquid to lyophilized material during phase 2, one might conduct a 
single - dose PK/PD comparability study of the frozen and lyophilized materi-
als. Last, one would ideally like to defer evaluating chronic and reproductive 
toxicity testing until after establishment of the fi nal, high - producing cell line 
intended for commercialization and manufacture of the pivotal phase 3 clinical 
trial material. If the material intended to be used in the pivotal 9 - month 
chronic toxicity testing study is derived from a new cell line and has not previ-
ously been tested in monkeys, one might consider fi rst conducting a 1 - month 
repeated - dose study to assess safety and comparability. Although not dis-
cussed here, one might also conduct clinical comparability studies in humans 
to support the change from IV to SC prior to phase 1 and any changes occur-
ring between phases 2 and 3.   

 As was true for the alternative program to support the lack of a relevant 
species, the additional support required for changes to the route of administra-
tion, formulation, and cell line adds time and money to the preclinical program. 
In this case about 12 more months and an additional  $ 2.7   M   are required to 
enable BLA fi ling. 

 From Figure  7.7  it becomes apparent that discussions with regulatory 
authorities should be held at several critical times. While meetings to discuss 
clinical comparability protocols are an accepted practice, it is less common, 
but potentially just as important, to do the same for preclinical programs. The 
fi rst meeting(s) would be to present the proposed changes and to assess the 
acceptability of the planned comparability testing.  13  Subsequent meetings 
might occur soon after completion of the animal comparability/safety testing 

13   In vivo comparability testing may not be required if the in vitro or biochemical characterization 
of the biologic is suffi cient to support comparability of the pre -  and post - change products. 
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(to determine whether comparability was established) and prior to human 
comparability testing. The point to be made is that an understanding of the 
acceptability of the proposed changes and the effect of those changes on the 
product profi le is needed prior to continuing to the next phase of development. 
Without regulatory agreement to the plan, there will be a risk that the method 
of comparability testing will not be acceptable, and therefore not useful. Even 
with an agreement, there remains a risk that comparability will not be dem-
onstrated, in which case a signifi cant portion of the supportive data derived 
from the earlier material will not be appropriate for support of the later mate-
rial. Failure to demonstrate comparability means that some studies may need 
to be repeated with the new material.  

The Challenge of Biologics Preclinical Development   The examples 
above demonstrated that alternative approaches to preclinical development, 
intended to address lack of a relevant species or to support changes to the 
product or its manner of use, are associated with signifi cantly more time 
required for development and often with greater expense. The delays and costs 
are related to the need to dually develop the surrogate and the product, or to 
perform comparability assessments of earlier and later versions of the product. 
In reality, many biologics programs must address issues with both appropriate 
safety testing and support of product changes. In this example, if it was neces-
sary to develop a surrogate mAb and to support changes to the product and 
its use, the total time until BLA fi ling might be as long as 10 years, 10 months, 
and require around  $ 11   M. 

 These  “ nontraditional ”  concerns are generally not encountered with 
drugs. For this reason it is often feasible for a drug program to design, conduct, 
and submit a complete preclinical development program that has a defi ned 
budget and time line and is of relatively certain regulatory acceptability. 
Consultations with regulatory authorities are therefore not as essential for a 
drug (with the exception of dose - setting for carcinogenicity testing). In con-
trast, the challenge with biologics is in designing preclinical development 
programs that address the relevant safety issues but, if nontraditional, 
are acceptable to regulatory authorities. Gaining some assurance of this 
acceptability for a biologic requires more frequent and earlier discussions with 
regulatory authorities.    

7.5 MESSAGES FOR PRECLINICAL DEVELOPMENT PROGRAMS 
FOR BIOLOGICS 

 The fundamental responsibility of preclinical development is to enable clinical 
development by consistently providing the relevant target biology, pharmacol-
ogy, PK/PD, immunogenicity, effi cacy, or safety information, as well the required 
regulatory support, in advance of when it is needed. The goal is for preclinical 
development to never be rate - limiting for clinical development. The hypotheti-



cal comparisons and examples that are presented here serve to illustrate what 
a challenge this can be for some programs. From this exercise, several key 
messages for preclinical development programs for biologics emerge: 

 • Plan strategically.     The entire integrated development program should be 
planned early, to identify when each clinical phase will require the sup-
portive preclinical information. Critical decision points must be identifi ed 
and these decisions made in a timely fashion. A strategy must be planned 
to address potential issues, such as lack of a relevant species or changes 
to the product or manner of use.  

 • Design relevant studies to answer relevant questions.     The preclinical 
development program should consist of relevant studies designed to 
answer relevant concerns about pharmacology, PK/PD, effi cacy, and safety, 
as well as comparability. No study should be conducted if it is not poten-
tially capable of adding useful information to the knowledge of the 
product.  

 • De - risk high - risk plans.     Whenever possible, discussions should be had 
with regulatory authorities to determine the acceptability of the preclini-
cal program or studies for support of clinical development. Conducting 
alternative programs without some assurance as to their potential accept-
ability is a run - at - risk proposition. While gaining preliminary approval of 
the development program will not guarantee that it will eventually be 
acceptable, it will at least determine that it is not unacceptable. Only 
the program results will determine the eventual acceptability of the 
program.  

 • Add value to clinical development.     The greatest value that preclinical 
development can offer is to enlighten or inform upon clinical develop-
ment. This is more than just meeting regulatory requirements without 
becoming rate limiting. It includes, through careful selection of relevant 
species and incorporation of relevant endpoints, the ability to inform upon 
the likely PK/PD, pharmacology, effi cacy and safety results to be seen in 
human clinical trials.     

7.6 SUMMARY

 The objective of this chapter was to compare to the studies, materials, and 
costs associated with hypothetical preclinical development programs intended 
to support the clinical development of a drug and a biologic. To accomplish 
this objective, an integrated development program was planned, from IND 
through NDA or BLA, and the respective preclinical development programs 
to support each fi ling were then designed and compared. This exercise dem-
onstrated that relative to preclinical programs for drugs, there are some impor-
tant differences in preclinical programs for biologics: 

SUMMARY 157
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 •   Biologics often require nontraditional or alternative testing strategies due 
to limited species cross - reactivity (pharmacologic activity).  

 •   Biologics often require additional studies to support changes to the 
product or its manner of use and to demonstrate comparability.  

 •   Biologics often require investment of additional time, effort, and money 
to support a given phase of clinical development.  

 •   Biologics often have greater risks of failing for technical, scientifi c, and/or 
regulatory reasons.  

 •   Biologics often require signifi cantly different timing for key development 
decisions to facilitate clinical development and manage risk.    

 Success for biologics will be achieved by de - risking the integrated develop-
ment program with early, detailed, long - range strategic planning, frequent 
review of progress against plan, and early and frequent interactions with regu-
latory reviewers to assess acceptability of the plan and the results.  
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8.1 INTRODUCTION

 Biopharmaceuticals have traditionally been defi ned by their manufacturing 
processes. Over the course of a product ’ s life cycle a biopharmaceutical manu-
facturer often faces the question of whether to make changes to the manufac-
turing process and when to implement such changes. The need to make a 
change may be driven by a variety of reasons, including contractual obligations, 
manufacturing capacity, improving purity, improving safety, increasing product 
yield, or optimizing the ultimate cost of goods of manufacture. There is 
also regulatory pressure to maintain current good manufacturing practices 
(cGMPs). The FDA has recently focused on maintaining cGMPs in their 
 “ GMPs for the twenty - fi rst century ”  initiative  [1] . Central to this proposal are 
the concepts of quality systems  [2]  and the process analytical technologies 
(PAT) initiative  [3] . The PAT guidance is intended to describe a regulatory 
framework that will ensure the voluntary development and implementation 
of innovative pharmaceutical manufacturing and quality assurance  [4] . The 
framework is intended to assist manufacturers in developing and validating 
new effi cient tools to maintain product quality while controlling the manufac-
turing process. These concepts will need to be considered, among other deci-
sions, when process changes are implemented. Since quality concepts need to 
be considered prior to implementing a process change, the most diffi cult deci-
sion for a product developer is when to implement manufacturing changes. 
Some of the issues to consider will be addressed in this chapter.   

 The initial goal in making a change is the demonstration that the original 
product has not changed in  “ identity, strength, quality, purity, and potency ”  
and that previously developed safety and effi cacy data will apply to the product 
processed using the new method. If any differences are observed, they must 
then be evaluated for their impact on the current product and relevance to 
the previously obtained data. Importantly, even minor changes must be con-
sidered as potentially altering the above - mentioned product attributes. This 
chapter will provide an overview of the key issues and considerations 
for implementing a manufacturing change. The process that a manufacturer 
will go through to determine these characteristics has been referred to as 
 “ comparability. ”   

8.2 DEFINITION OF TERMS 

8.2.1 Comparability

 The concept of comparability was fi rst introduced by the FDA in 1996 in its 
guidance, FDA Guidance Concerning Demonstration of Comparability of 
Human Biological Products, Including Therapeutic Biotechnology - derived 
Products  [5] . The term  comparability  was specifi cally chosen (1) to recognize 
the possible lack of identity after a manufacturing change and (2) to distin-



guish the concept from other specifi c pharmaceutical regulatory terms: equiva-
lence or bioequivalence. A successful demonstration of comparability between 
two biopharmaceutical materials does not mean that the products are identical 
in every way. Minor differences in the product may be identifi ed, but the 
products can still be viewed as comparable. Similarly each batch or lot may 
not be exact but meet the boundaries or specifi cations that have been estab-
lished for the process  [6] . The challenge for developers, manufacturers, and 
regulators is to identify those characteristics that defi ne the identity, strength, 
quality, purity, and potency. Although the term comparability is used in the 
FDA guidance, it is applied primarily to the changes in manufacturing; the 
FDA has also used comparability principles in other ways.  

8.2.2 Equivalence

 Equivalence is meant to be a demonstration of a specifi ed statistical confi -
dence that two compounds can achieve the same characteristics. It often has 
been used to describe the same outcome or endpoint frequency in clinical 
trials. Equivalence is not a comparative evaluation of similarity between dif-
ferent manufacturing methods of the same product or necessarily a compari-
son of extremely similar products. Equivalence also is a diffi cult statistical 
assurance to reach in a clinical trial, and therefore it is an extreme standard 
for comparison of manufacturing processes.  

8.2.3 Generic Drugs and Bioequivalence 

 Bioequivalence is distinct from both equivalence and comparability and it is 
defi ned in the regulations for generic drugs. Generic drugs are approved on 
the basis of identity of strength, dosage form, safety, quality, performance 
characteristics, and route of administration. They must have the same indica-
tion for use and demonstrate bioequivalence. A generic drug is considered 
bioequivalent to an innovator if it exhibits the same rate and extent of absorp-
tion of the active or therapeutic ingredient, although inactive ingredients may 
vary, and becomes available at the site of drug action. Acceptable absorption 
parameters are those between 80% and 125% of those obtained with the 
proprietary agent under the same testing conditions. These mechanisms for 
approval are meant to address products that are identical to drugs, distinct 
from biologics, and have an innovator that has been approved as a drug. 
Generics are regulated under the Food Drug and Cosmetic (FD & C) Act, sec-
tions 505(b)(2) and 505(j). Under section 505(b)(2) of the FD & C Act, the 
FDA may rely on data for approval of a new drug application that is not 
developed by the applicant. Some or all of the clinical information can be 
provided by the literature or by references to a past FDA fi nding of safety and 
effectiveness for approved drugs. Generic drugs in the United States can be 
approved based on a demonstration of bioequivalence of pharmacokinetic 
data. Those products can be substituted (are interchangeable). The conditions 
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which are accepted for bioequivalence are defi ned in the regulation but those 
for comparability are generally negotiated with the FDA and based on the 
best scientifi c information that is available. The decision about comparability 
is determined on a case - by - case basis initially using multiple analytical tests 
to characterize the chemical and physical attributes of the process materials 
together with considerations of the complexity of the product and the scope 
of the manufacturing change.  

8.2.4 Biogenerics

 Biological products that provide for generic medications were not part of the 
Hatch – Waxman amendments to the FD & C Act. In part due to historical pre-
cedence and in part due to scientifi c concerns of the FDA, biologics do not 
have regulatory mechanisms to provide for the approval of  “ generic ”  com-
pounds for a previously approved biological drug. As a result of the large 
degree of interest globally in providing the same advantages to biologic drug 
development as the Hatch – Waxman Act provided to pharmaceuticals, the 
concept of biogenerics is being discussed widely in industry and regulatory 
venues as well as congressional and public settings. 

 European health authorities have developed regulations that allow a form 
of generic biologics for recombinant proteins and monoclonal antibodies. The 
Committee for Medicinal Products for Human Use (CHMP), of the European 
Medicines Agency (EMEA), issued a series of guidelines that address their 
expectations for applications   as Marketing Authorization for Similar Biologi-
cal Medicinal Products  [7] . To support this new approach   CHMP has issued 
additional guidelines: (1) regarding the demonstration of quality, Similar Bio-
logical Medicinal Products Containing   Biotechnology - Derived Proteins as 
Active Substance: Quality Issues  [8] , and (2) for assessment of applications 
containing clinical and nonclinical data, Similar Biological Medicinal Products 
containing Biotechnology - Derived Proteins as Active Substance: Non - clinical 
and Clinical Issues  [9] . The development of so - called biosimilars is dependent 
on the principles of comparability and thus the above - mentioned guidelines 
refer to the EMEA ’ s previously issued Guideline on Comparability of Medici-
nal Products Containing Biotechnology - Derived Proteins as Active Substance: 
Quality Issues  [10]  and also Guideline on Comparability of Medicinal Products 
Containing Biotechnology - Derived Proteins as Active Substance: Non - clinical 
and Clinical Issues  [11] . These guidelines, the concept of biosimilars, and the use 
of comparability principles add to the importance of, and confusion over, the 
term comparability. In the described CHMP comparability guidelines, compa-
rability can be applied to either a manufacturing change by a single manufac-
turer or to the regulatory application of a biologic claiming similarity to a 
previously approved product after patent protection has ended. Thus the prin-
ciple of comparability is central to the development of the so - called biosimilars. 
In fact, the fi rst two biosimilar products, both for human DNA - recombinant 
growth hormone, were approved under these guidelines in 2006  [12] . 



 It is beyond the scope of this chapter to discuss biogenerics and biosimilars, 
also referred to as follow - on biologics (in the United States), subsequent entry 
biologics (in Canada), and multisource biological products. The fate of a regu-
latory mechanism for approval of follow - on   biologics in the United States is 
still undetermined, and the debate will likely continue as biopharmaceuticals 
take on an increasing share of the drug market and thus an increasing impor-
tance to the health care market  [13] .   

8.3 REGULATORY GUIDANCE FOR DETERMINING COMPARABILITY 

8.3.1 The FDA

 The FDA guidance describes the possible evaluations that may be needed to 
demonstrate comparability to the US regulatory authorities. The document is 
broad enough to address changes in manufacturing at premarketing or after 
licensing, although it primarily addresses changes during development after 
some clinical studies have been completed. The comparability exercise may 
include a combination of analytical testing, biological assays (in vitro or in 
vivo), assessment of pharmacokinetics and/or pharmacodynamics and toxicity 
in animals, and clinical testing (clinical pharmacology, safety, or effi cacy). The 
usual progression of complexity is from analytical to animal studies to human 
pharmacokinetics and/or pharmacodynamics to clinical safety and effi cacy 
studies. Analytical testing is regarded as the most precise measure of a mole-
cule ’ s attributes and thus serves as the fi rst tier for comparability determina-
tion. If product differences are observed in analytical testing, then additional 
preclinical studies or a clinical pharmacokinetic or limited pharmacodynamic 
study may be warranted. If differences are observed after additional limited 
clinical testing, or if there is insuffi cient product knowledge of the impact of 
differences on safety, purity, or potency, then data from larger clinical studies 
may be needed. 

 As previously mentioned, product manufacturing changes are made for 
many reasons: to increase product supply through process optimization such 
as to increase yield, to increase manufacturing capacity by scale - up or duplica-
tion and addition of viral reduction methods, or to increase compliance with 
cGMPs. The precise manufacturing process of all drug products must be 
described to regulatory agencies. In the United States, changes in manufactur-
ing must be reported in either an active IND or to the BLA depending on 
stage of product life cycle. (See Section  8.6    for various types of license supple-
ments that can be used to report changes.) 

 The ultimate goal of an investigational product is the demonstration of 
safety and effi cacy and in the case of a licensed product that it has suitably 
provided that demonstration. Thus the primary concern after a manufacturing 
change is if that change will affect the safety or effi cacy (safety, identity, purity, 
or potency) that has been demonstrated previously. The guidance points out 
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that changes that appear minor may have major effects and major changes 
may exert minor effects. For this reason it is important to select those assays 
that can identify the characteristics that contribute to safety and effi cacy.  

8.3.2 The EMEA

 The EMEA has also issued guidance on Comparability, as mentioned above, 
on quality issues  [10]  and for nonclinical and clinical issues  [11] . In these 
guidelines the concept of comparability can be applied to either a manufactur-
ing change by one manufacturer or to the application of a biologic claiming 
similarity to a previously approved product after patent protection has ended. 
This guidance offers more detail than either the ICH document or the FDA 
guidance. A complete section of the EMEA guideline addresses aspects of 
immunogenicity testing. It discusses factors that can contribute to changes in 
immunogenicity: measurement of antibody responses, antibody testing strate-
gies, validation of antibody assays, and timing of sampling. The document 
insists that immunogenicity  “ be considered when a claim of comparability is 
made, especially when repeated administration is proposed. ”   

8.3.3 The ICH

 The International Conference on Harmonization has noted the importance of 
comparability and itself has issued guidance  [14] . The FDA has accepted the 
ICH guidance, and it is a part of the material that offers advice in developing 
comparability data. In many respects it follows the previously published FDA 
guidance; however, with the benefi t of an additional decade of experience with 
biopharmaceutical manufacturing processes and clinical validation, this docu-
ment provides greater details for determining comparability. 

 The ICH published The Comparability of Biotechnological/Biological 
Products Subject to Changes in Their Manufacturing Process  [14]  in 2005. In 
comparison to the initial 1996 FDA guidance, this guidance addresses similar 
concerns with less emphasis on the preclinical and clinical aspects but it is 
similarly intended to address manufacturing changes for a product by a single 
manufacturer. It addresses changes that are made either during product devel-
opment or manufacturing changes that are meant to improve the production 
of a marketed product. One principle, that is common to both documents and 
should be applied in all parts of the comparability exercise is that material 
before and after the manufacturing change should be compared in every ana-
lytical, biological, and stability evaluation as well as in nonclinical and clinical 
methods if deemed necessary. 

 By comparison to the EMEA document, the ICH guideline does not address 
immunogenicity in the same detail. It does suggest that immunochemical 
properties be a component of the characterization and considerations for 
immunogenicity should be a part of the planning of nonclinical and clinical 
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studies, in particular, when considering various aspects of the knowledge of 
the product use.     

8.4 GENERAL PRINCIPLES AND PRACTICES 

 The scope of a comparability program should usually be established in relation 
to the signifi cance of the change that is being evaluated, the stage of develop-
ment, and the clinical indication. Each program should take into consideration 
how the change may affect the fi nished product as well as attempt to answer 
other questions: How much of a  “ difference ”  is acceptable? Is lack of  “ same-
ness ”  an issue for the particular stage of development? Are the pivotal safety 
and effi cacy trials in progress? Do blood concentrations correlate with toxicity 
and/or effi cacy  [15] ? 

 With a marketed product it is more important to provide assurance of 
comparability prior to committing to making the change. Even more than with 
a product in development, it is important to have confi dence that the current 
manufacturing method produces a product on which there is confi dence that 
there can be a reliance on previous data, including in vitro, preclinical, and 
clinical information, for the safety and effi cacy of the current methods. Without 
complete confi dence in the comparability, it will be diffi cult to evaluate trends 
in safety reporting. 

 In carrying out all aspects of the comparability exercise, it is important to 
consider previous knowledge of the product and, in particular, the relationship 
between the characteristics of the product and the effects documented by 
available preclinical and clinical experience. Other important considerations 
include recognizing the contribution of the particular production step that is 
changed, the potential impact of the change, and the ability to measure any 
predicted change. In evaluating the change, knowledge of the key physiologi-
cal characteristics of the active product is central to selecting the proper traits 
to be tested and which manufacturing stages are relevant. In any case, the drug 
substance and drug product should both be included as part of the comparison. 
Also it is important to demonstrate a consistency of manufacturing, which is 
usually done with a limited number of manufacturing batches. The effect on 
stability should be measured and compared with the previous material  [16] . 

 Determining the potency of the fi nal product and comparing the character-
istics of drug substance and drug product are generally expected. However, in 
some cases the most sensitive step in the process to detect changes may be in 
intermediate fractions. In such cases key intermediate materials should be 
compared. 

 The effects that changes will have on the product at critical control points, 
in - process controls, and downstream steps must be considered and evaluated 
whenever possible. Samples from intermediate process steps may provide 
material that can be better evaluated for possible impurities or, in some 
cases, infectious agents. The milieu in which material is applied to purifi cation 
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matrices may affect separation parameters. As such, it is not only the degree 
of purity, specifi c activity, or concentration but also the consistency of the 
material in which it is isolated. The presence or absence of proteolytic enzymes 
or carriers may affect the chemical nature of the product. The FDA has 
recently emphasized process analytical technologies (PAT), and it should be 
recognized that upstream manufacturing changes can have important effects 
on in - process measurements  [3] . A change in the purity profi le, as well as the 
impurity profi le, of one step has the potential to change the effectiveness of a 
subsequent manufacturing step. It is always important to note that the result-
ing material from one manufacturing step is the starting material for the fol-
lowing part of the process. 

 While it is likely that minor changes will result in a comparable product, a 
series of small changes over time can amount to a signifi cant change in the 
product. For this reason manufacturers should evaluate the potential for 
gradual  “ drift ”  of the product or, taken together, there may be an interaction 
that is unforeseen and may be a reason for doing comparability studies. Also 
the changes may have some interactive function that cannot be predicted and 
will prompt the need for comparability studies. 

 It is very important that a side - by - side comparison be performed using the 
product from the previous process with the product from the new process. 
Suffi cient  “ old ”  product and intermediates must therefore be available 
(retained) to allow for the comparability studies. During the initial character-
ization of the product, numerous assays are selected to ensure in - process 
consistency, including essential characteristics of key intermediates. It is 
assumed that these assays describe the important characteristics of the product. 
For this reason most of these assays will be employed in demonstrating 
comparability. 

 Biological assays, in particular potency assays, are meant to demonstrate a 
relationship between the product and the desired biological effect. The corre-
lation between the activity measured by the potency assay and the resulting 
clinical effect is an important criterion in both dosing and the determination 
of effi cacy. International or other accepted reference standards, when avail-
able, should be incorporated in the assay. 

 In theory, comparability is the provision of data so that there is suffi cient 
confi dence in product made by a new manufacturing method that one can rely 
on the data previously developed using the former manufacturing method. 
Although it is not necessarily a stepwise process, in practice comparison data 
are generated fi rst in vitro, then in preclinical studies and fi nally in clinical 
trials. The need for a step up in each case generally is based on the data 
obtained in the current tier. 

8.4.1 Comparability May Not Be Required 

 If the manufacturing change is carried out prior to any preclinical or clinical 
testing, there is little need to compare the products made by the two methods 
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except for development purposes. The primary reason for determining com-
parability is to have a basis for reliance on previous data. The bar for establish-
ing comparability will therefore likely be higher for changes made during or 
after phase 3 clinical studies.  

8.4.2 Manufacturing Changes 

 The types of changes that a manufacturer might face are varied and diverse, 
from minor to major; to list some: transition from in vivo to in vitro production 
for a monoclonal antibody, changes in DNA vector, a new master cell bank, 
use of a different cell substrate (host cell system), changes in raw materials, 
different culture media and culturing   conditions, different serum to serum - free 
tissue culture, changes in a purifi cation step, changes in storage conditions, and 
changes in equipment and facilities including pilot versus full - scale product or 
a new production line. There may also be changes in the purity and impurity 
profi les, deliberate molecular modifi cations to the protein, or changes in the 
fi nal formulation including changes in excipients, container closure, as well as 
a change from liquid to lyophilized product. 

 Some of the manufacturing changes that can alter biochemical structure 
include changes in cell substrate, raw materials, bioreactor conditions and 
purity  [17] . These changes may lead to posttranslational modfi cations in gly-
cosylation, may increase process -  or product - related impurities that might be 
immunopotentiating, or may include degradation products that lead to aggre-
gation. It is for this last reason that the FDA insists on evaluating the monomer 
pattern of the fi nal product. A number of manufacturing changes have been 
shown to lead to aggregation. In one instance, merely the change in the 
container - closure system provided an increase in leached materials which 
induced aggregation  [18] . Because aggregation can induce immunogenicity, 
alter pharmacokinetic (PK) characteristics, and induce hypersensitivity (e.g., 
intravenous immunoglobulin, IGIV), the evaluation of monomer patterns is 
usually a required evaluation in any comparability exercise. 

 There is a close relationship between the comparability of product made in 
different processes and in the applied current good manufacturing practices 
(cGMPs). The FDA has recognized that degree of GMP does not have to be 
as stringent for products in early phases of development  [19,20] . It should also 
be noted that the better a product is characterized, the easier it is to demon-
strate that a new process produces a comparable product.  

8.4.3 Physicochemical Characterization 

 The availability of sensitive analytical tests to adequately characterize a 
product and to measure the predicted possible changes is central to a compa-
rability assessment. Obviously tests should be chosen that will be the most 
likely to detect important changes. ICH Q6B offers advice on physicochemical, 
biological activity, and immunochemical properties, purity (impurity), con-
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taminants and quantity  [21] . The assay standards and statistical assurance of 
assay validity are also addressed as well as the application of testing to in -
 process material, drug substance, and drug product. 

 The importance of determining biological activity should be emphasized. 
The association of this activity with clinical effect is an important component 
of product characterization, in particular, potency and stability testing. Before 
embarking on animal or human trials to evaluate comparability, it is important 
to evaluate the data gathered in the quality testing and determine the need 
for additional studies. If any differences are observed, the nature of those dif-
ferences will determine the need for animal or clinical studies. The association 
of the changes with known safety and therapeutic potential will help to con-
tribute to the decision. In addition the dosing regimen, the therapeutic window, 
and the previous experience with the product will determine the need for in -
 life trials. 

 Often analytical testing and biological characterization are suffi cient to 
provide evidence of comparability. One estimate of frequency of the use of 
clinical data for comparability demonstrations was 1%  [22] . However, more 
recently the FDA has begun to request more clinical PK data for defi ning 
comparability of products in clinical development.  

8.4.4 Preclinical Considerations 

 Changes in three - dimensional structure can ultimately affect pharmacokinetic 
profi le, receptor affi nity, and immunogenicity. Thus comparability programs 
often focus on those measures that can best be used to determine the retention 
of a molecular identity. While in most cases analytical testing and biological 
characterization are suffi cient to provide evidence of comparability, various in 
vitro studies or in vivo animal studies may need to be considered. Animal 
pharmacokinetics may also be needed even in the absence of demonstrated 
differences in analytical testing of the functional assays for the product. This 
is because analytical testing may be insensitive to changes affecting pharma-
cokinetics and in vitro functional tests may not refl ect the time - dependent 
aspects of distribution  [5] . 

 Assay performance criteria for biopharmaceuticals are often highly vari-
able; therefore strict statistical criteria that attempt to rigorously establish 
traditional in vivo bioequivalence may not always be appropriate. In some 
cases an assessment of rate and extent of absorption as indicated by the 
maximum concentration ( Cmax ), time of maximum concentration ( Tmax ) and 
area under the curve ( AUC ) may be needed. In other cases complicating 
factors related to binding proteins, endogenous concentration, and unusual 
concentration - time profi les may need to be considered  [15] . In cases where 
complications may arise from immune response to heterologous proteins, 
cross - over designs are inappropriate. 

 The extent of additional toxicology studies depends on where in the phase 
of clinical development or the life cycle of product the change is made, the 
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previously developed safety profi le and on the magnitude of the manufactur-
ing change  [15] . Additional animal studies or  “ bridging studies ”  may be needed 
where the product has a narrow therapeutic index or where specifi c safety 
concerns are present, such as when the process change raises concerns about 
possible toxic impurities or adventitious agents that cannot be assessed with 
analytical testing. Bridging studies may also be indicated if there is a signifi cant 
change in the fi nal formulation or route of administration.  

8.4.5 Clinical Considerations 

 ICH Q5E is emphatic in stating that both preclinical and clinical data may not 
be necessary if the manufacturer can provide assurance of comparability 
through the previously described analytical program. However, when these 
data are insuffi cient, additional evidence may be required, and this is deter-
mined on a case - by - case basis. Various studies may be recommended based on 
the results of the analytical studies, knowledge of the product, and clinical 
information, in particular, regarding dosing indication, therapeutic index, and 
previous clinical experience. The studies may be PK, pharacodynamics (PD), 
effi cacy, safety, immunogenicity, or phase 4 studies. Like all other parts of 
the program, these studies should be based on a direct comparison  [15] . Simi-
larly the 1996 FDA guidance states that usually the reason for the analytical 
studies is to avoid additional clinical trials. When needed, the additional human 
studies will be to evaluate changes that may affect pharmacodynamics and 
pharmacokinetics  [5] . 

 The EMEA, CHMP, offers more detail in their advice; however, the specifi c 
need for clinical data, like the ICH and FDA guidances, will depend on the 
degree of comparability measured in analytical methods. A wide variety of 
conditions for drug use and the availability of a surrogate marker may affect 
how the clinical comparison is performed. If a surrogate marker is available, 
PK/PD studies may be suffi cient, and the degree of knowledge of the product 
along with the degree of difference will dictate the need for additional clinical 
data. It will be important, especially for marketed products, to follow closely 
the safety profi le of the product using well - designed pharmacovigiliance 
methods to be assured that no additional safety concerns were introduced with 
the change. 

 When manufacturing changes are made prior to approval, comparability 
usually is demonstrated through analytical and sometimes animal studies 
before proceeding to the next phase of development. If late in development 
(e.g., during phase 3), it might be necessary or valuable to demonstrate com-
parability as part of the trial(s). 

 It is important to note that in order to be able to adequately compare 
product made from two different manufacturing schemes, material must be 
available from both. There has been more than one manufacturer who changed 
process without retaining suffi cient material of the former method to do 
adequate comparisons. As discussed above, it should be noted that the fi nal 



product is not always the best or only material to use for comparative studies. 
The concentration and nature of the impurities may be important in manufac-
turing steps further downstream.  

8.4.6 Specifi c Considerations Regarding Immunogenicity 

 How does immunogenicity fi gure into comparability? Changes in manufactur-
ing can undoubtedly give rise to changes in immunogenicity. The known asso-
ciation of particular molecular changes with changes in immunogenicity, such 
as secondary and tertiary conformational changes, may indicate the need for 
some assessment of the potential for an immune reaction to the new material 
if these changes are identifi ed. Other considerations include the nature of the 
product itself, the dose schedule and route, the duration of therapy, and the 
immune status of the intended patient population. Given the nature of biologi-
cal products, it is often diffi cult to determine the immunogenic potential of 
a particular product much less to be able to compare between similar 
products. 

 Immunogenicity concerns are based on a number of potential safety con-
cerns. Adverse reactions can be based on the formation of immune complexes 
that can give rise to renal toxicity, complement activation, and, as recently 
reported, the induction of autologous antibodies that cross - react with the 
patient ’ s own endogenous protein  [23 – 28] . 

 One example of a plasma - derived coagulation factor VIII showed a marked 
increase in inhibitor formation (antibodies to factor VIII that block activity) 
 [29,30] . The question of immunogenicity is one of the most diffi cult questions 
to answer without clinical data. However, relative immunogenicity as mea-
sured by frequency of the development of antibodies or the relative magnitude 
of a reaction can be determined in animals, even though it is understood that 
treating animals with human proteins usually will result in the development 
of an immune reaction. The FDA has accepted one approach to demonstrate 
a lack of neo - antigenicity. This is the adsorption of antibodies against the 
novel material with the previous material. If all antibody activity can be 
adsorbed by the previous version, it suggests a lack of neo - antigenicity. 
The use of transgenic and knockout mice may also provide a means to evalu-
ate neo - antigenicity. All evaluations of immunogenicity are dependent on the 
reliability, sensitivity, and specifi city of the assays used. 

 Other chapters in this volume specifi cally address immunogenicity and 
preclinical models and may also be relevant in the context of comparability 
(Chapters  16  and  20 ). The FDA has allowed changes in production without a 
clinical evaluation of immunogenicity.   

8.5 ADDITIONAL APPLICATIONS OF COMPARABILITY 

 The FDA has applied the concept of comparability in other unique ways in 
order to address specifi c regulatory needs. It has recently discussed the concept 
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of comparability in its draft  “ Guidance for Industry: Minimally Manipulated, 
Unrelated, Allogeneic Placental/Umbilical Cord Blood Intended for Hemato-
poietic Reconstitution in Patients with Hematological Malignancies ”   [31] . 
Generally, comparability is used to demonstrate that there can be reliance that 
a novel process produces a safe and effective product based on data gathered 
from a previous method. (The  “ new product ”  relies on data gathered using the 
 “ old product. ” ) In the umbilical cord blood guidance, the FDA has shown a 
willingness to use current data for licensure (i.e., as a demonstration of safety 
and effi cacy) and to apply comparability principles to ensure safety and effi -
cacy of product made under a previous method. In other words, rather than 
use comparability to make products available from a newer process, the FDA 
suggests using it to make products available from previous, unlicensed methods. 
(Data on the  “ new product ”  is used for confi dence in the  “ old product. ” ) This 
approach is important to ensure the availability of products for transplantation 
to individuals with very limited possibilities for matching donors. Because of 
the rapid changes in the fi eld of umbilical cord blood transplantation, it is 
likely that many tests used today are not the same as those in a past decade 
nor validated in the same ways when these important products were fi rst being 
collected and stored. Although much of the testing may not be identical, the 
cellular products may be the same or at least  “ comparable. ”  With the assurance 
of comparability older products can be considered licensed. 

 In this guidance the FDA offers some direction for the demonstration of 
comparability. They request that the manufacturer provide evidence that the 
methods, facilities, and controls that were used to manufacture previous prod-
ucts conformed to cGMPs and to other applicable regulatory requirements. 
In addition they request the submission of validation summaries, as well as 
product characteristics such as total nucleated cell count, viable CD34 cell 
count, and number of colony - forming units. Stability data and information 
from the scientifi c literature can also be used. Clinical outcomes can be part 
of the comparability demonstration. 

 Upon approval of the application and the comparability data, all products 
could be made available under the license. Some of the concepts addressed 
for umbilical cord hematopoietic stem cells may be important in future com-
parability demonstrations in hematopoietic and other cell therapies.  

8.6 REGULATORY SUBMISSIONS AFTER US
MARKETING APPROVAL 

 For manufacturing changes that are made after marketing approval, the manu-
facturer must submit data demonstrating that the change does not affect the 
product. For licensed biologics, the submission will be as a biologics license 
supplement (BLS) and will fall in one of a few categories  [32] . A prior approval 
supplement describes changes that have a substantial potential to have an 



adverse effect on the identity, strength, quality, purity, or potency of the product. 
The changes should not be implemented until the supplement has been 
reviewed and approval given. In changes that are thought to have a moderate 
impact on the product, a changes being effected in 30 days (CBE30) supple-
ment, or a changes being effected (CBE) is submitted, which enables imple-
mentation within 30 days or immediately, respectively. Data documenting the 
change must be submitted and will be reviewed by the FDA. Other changes 
are reported in an annual report. A decreased time to distribution of product 
after the change in CMC can be facilitated if the manufacturer has the fore-
sight to identify those changes that may be made in the future and/or a series 
of changes that may be implemented. It is also possible to decrease the report-
ing burden. This can be accomplished with the approval of a  “ comparability 
protocol. ”  

 A comparability protocol is a well - defi ned, detailed, written plan for assessing the effect 
of specifi c CMC changes in the identity, strength, quality, purity, and potency of a specifi c 
drug product as these factors relate to the safety and effectiveness of the product. A 
comparability protocol describes the changes that are covered under the protocol and 
specifi es the tests and studies that will be performed, including the analytical procedures 
that will be used, and acceptance criteria that will be achieved to demonstrate that speci-
fi ed CMC changes do not adversely affect the product  [32] . 

 It is important to note that the submission of a comparability protocol is a 
prospective approach. That is, the protocol with tests and acceptance criteria, 
including specifi cations, must be submitted even before the testing has begun. 
It is a protocol alone. It is more important in this effort to select the most 
appropriate analytical methods to be used. There are a number of advantages 
of this approach. Once the protocol is approved by the FDA, as a prior 
approval supplement, it can lower the type of biologics license supplement 
category. For example if the manufacturing change would need to be reported 
as a prior approval supplement, the approval of a comparability protocol could 
reduce that category to a changes being effected in 30 days (CBE30). Similarly 
a CBE30 could be reduced to reporting through an annual report. In addition 
the FDA, having approved a specifi c protocol, is less likely to ask questions 
that might delay fi nal implementation. 

 The FDA has provided two separate guidances for submitting comparabil-
ity protocols. One guidance is provided for therapeutic recombinant DNA -
 derived protein products, naturally derived protein products, plasma derivatives, 
vaccines, allergenics, and therapeutic DNA plasmids. This guidance also applies 
to new drug applications (NDAs), abbreviated new drug applications (ANDAs), 
or supplements to these applications for protein drug products, and peptide 
products that cannot be fully characterized (e.g., complex mixture of small 
peptides)  [33] . Guidance is also available that addresses changes for compa-
rability protocols that would be submitted in NDAs, ANDAs, or supplements 
to these applications, except for applications for protein products  [34] .  
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8.7 CONCLUSION

 The demonstration of comparability has been addressed nationally and inter-
nationally by several published regulatory guidance documents. It should be 
noted that the better a product is characterized, the easier it is to demonstrate 
that a new process produces a comparable product. Importantly, the most 
relevant knowledge base for the physicochemical and biological characteris-
tics of the product rests with the manufacturer. It is this specifi c knowledge 
that is paramount in developing the essential tests to use in the comparability 
exercise. As changes in manufacturing are inevitable, it is critical to retain 
material from certain product batches in order to be able to compare materials 
from the process before and after manufacturing changes, using in - process 
materials at critical control points and at manufacturing steps that will be 
the most sensitive for molecular changes that could offer the most risk. 
A manufacturer considering a process change should evaluate the overall 
process and determine the need and reason for making the change. The change 
should be viewed as part of research and development until there are satisfac-
tory results from the comparability exercise. Once the tests are identifi ed, 
samples collected from both processes, analysis performed and conclusions 
drawn, it will be possible to implement a well - documented manufacturing 
improvement.  
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  9.1 INTRODUCTION

 The goal of biopharmaceutical development is to maximize therapeutic benefi t 
while minimizing the risk of treatment - related toxicity. To mimic putative 
interpatient treatment differences in test article responsiveness, it is important 
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not only to select a relevant species for conducting safety assessment studies 
but also to understand the rank order pharmacologic sensitivity of the relevant 
common laboratory animal species. The ICH S6 guidance defi nes a relevant 
species as  “ one in which the test material is pharmacologically active due to 
the expression of the receptor or an epitope (in the case of monoclonal anti-
bodies). ”  The guidance discourages conduct of studies in nonrelevant species 
because of   concerns about generation of misleading information. Animal 
studies are critical to demonstrate cross - reactivity of the biopharmaceutical 
not only with target tissues but with nontarget tissues as well, which in turn 
facilitates risk assessment in humans. Appropriate selection of a pharmaco-
logically relevant species that is sensitive to administration of the biopharma-
ceutical in question will enable identifi cation of factors that most reproducibly 
affect the therapeutic index. A thorough evidence - based evaluation of the 
species selection criteria must therefore be performed prior to conducting 
toxicity studies.   The feasibility of conducting such studies in two relevant 
species as per current regulatory requirement should also be evaluated. 

 This chapter will discuss various experimental approaches used to select the 
relevant species for conduct of toxicology studies for biopharmaceuticals, as 
well as highlight advances made in scientifi c approaches and technologies to 
facilitate this process. Methods discussed include the traditional immunohisto-
chemistry and tissue cross - reactivity studies, fl ow cytometry, protein sequenc-
ing, and functional in vitro assays, as well as newer approaches such as utilization 
of microarray databases for genomic mRNA expression data and use of tran-
script profi ling studies as an adjunct to functional assays, to understand similar-
ity in pharmacological responsiveness between animals and humans. 

9.1.1 Species Selection: Biologics versus Small Molecule Therapies 

 The rationale and experimental means by which relevant and appropriate 
species are selected for preclinical safety evaluations are different when com-
paring biopharmaceuticals with small molecular, chemically synthesized thera-
peutics. Unlike protein therapeutics that remain in the extracellular space, 
small molecular entities may be widely distributed within the biophase, may 
accumulate intracellularly, and may be associated with  “ off - target ”  toxicities, 
that is, toxicities not associated with or attributable to the targeted receptor 
or biochemical pathway. Moreover these molecules are frequently subject to 
metabolic biotransformation to other chemical entities either through enzy-
matically mediated chemical reactions (phase 1 metabolism) or conjugation 
with other biomolecules (phase 2 metabolism) that may alter the distribution, 
excretion and, importantly, toxicity of the metabolite. Biodistributive and 
metabolic effects on a given small molecule may vary widely among animal 
species, including humans. Therefore the relevance of candidate animal species 
for preclinical safety evaluation of small molecular therapeutics is based pri-
marily on comparisons of the so - called metabolite profi le of a particular chem-
ical drug in a range of the common rodent and nonrodent laboratory animals. 
The question being asked in that instance is, which species most closely resem-



bles humans with regard to the identity, number, and quantity of metabolites 
produced when the chemical therapeutic is added to an ex vivo or in vivo 
system containing the necessary metabolic components ?  In contrast, protein -
 based therapeutics remain in the extracellular space and are not metabolized, 
and generally induce toxicities via their known mechanism of action, so - called 
exaggerated pharmacology. Thus selection of species for preclinical safety 
evaluation of biopharmaceuticals is based on demonstration of the pharma-
cologic effect in that animal species. This can be done in a variety of ways, as 
discussed in detail below. 

 Even if a species is considered relevant based on pharmacological activity 
of the test article, the many limitations of using animals to predict toxicity of 
biopharmaceuticals in humans should be recognized. These limitations include 
variability in the expression pattern of the target, inherent differences in 
protein processing and clearing mechanisms in animals, differences in immune 
system development and phenotypes of immune cells, as well as the potential 
immunogenicity of biopharmaceuticals. By designing appropriate studies and 
experiments to identify the relevant species for conduct of toxicology studies, 
the risk of missing a major safety signal can be mitigated. The approaches and 
examples described in this chapter to illustrate the use of specifi c methodolo-
gies in the selection of a relevant species were selected from a diverse pool of 
experiments performed during the nonclinical development of either immu-
noglobulin fusion protein therapeutics or humanized monoclonal antibody 
therapeutics.    

9.1.2 General Considerations for Relevant Species Selection 

 Numerous experimental approaches can be employed to test the hypothesis 
that a given laboratory animal species is relevant to humans with respect to a 
biopharmaceutical and its known target and mechanism of action. While the 
number of available evaluation methods can be expected to increase with the 
discovery and deployment of new technologies, the current commonly used 
methods comprise a relatively short list that can be rank ordered based on the 
ability of these methods to generate scientifi cally compelling data. Figure  9.1  
depicts a proposed impact - based rank ordering of common methods. Many 
of these methods will be discussed in greater detail in subsequent sections of 
this chapter.   

 In general, it is reasonable to conclude that the data sets considered to be 
most compelling are those derived from relatively intact biological systems 
(whole animal -  or cellular - based systems) while less compelling data could be 
expected to be produced through the analysis of isolated molecules (in vitro 
assays or in silico analyses). Further, even though a particular method may 
provide superior and desired data regarding species relevance, all therapeutics 
may not be amenable for evaluation using a given method. For example, not all 
biopharmaceuticals elicit measurable changes in a qualifi ed pharmacodynamic 
marker, nor can a given biopharmaceutical be expected to have the inherent 
biochemical properties needed to perform as a useful assay reagent. 
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    Figure 9.1     Proposed rank ordering of methods informing species selection for safety 
assessment of biopharmaceuticals. Various methods used for selecting pharmacologi-
cally relevant species for toxicological studies of biopharmaceuticals are presented, 
ordered ( top to bottom ) by the extent to which the data might impact the decision on 
which species to use. In cases where the methods are further discussed in this chapter, 
the relevant fi gure/table numbers are provided. These types of analyses may also be 
used for creating data packages for small molecules, although not typically for species 
selection.  

In vivo pharmacodynamic effect (Figures 9.2–9.4,  Table 9.1): 
Detectable test article exposure results in expected changes in a cellular or molecular 
marker known to be affected by the pharmacologic action of the drug, preferably proximate 
to the therapeutic mechanism.  Pharmacologic sensitivity relative to humans is estimated.

In vivo interaction with known target: 
Radio- or fluorophore-labeled test article is shown to bind to or impact expected target 
tissues / cells in vivo in the test species (whole body imaging).

Ex vivo biologic effect (Figures 9.5, 9.6): 
Primary cells from the test species are shown to be altered by test article exposure in a 
manner known to be effected by the impacted signaling pathway (alteration of qualified 
gene products of affected pathway)

Presence and distribution of receptor in predicted tissues (Table 9.2): 
Complete tissue sets are interrogated by molecular methods (IHC, ISH, northerns) to 
demonstrate the presence of putative biopharmaceutical target or ligand–receptor pairs.  
Tissue distribution patterns are compared between proposed test species and humans.

Ex vivo / in vitro interaction with known target (Figures 9.7, 9.8): 
Labeled test article is shown to bind to or impact expected target tissue/cell ex vivo in 
tissues or cells of the test species (flow cytometry, tissue binding, etc.)

In vitro binding (Figure 9.9): 
Immunoassays or other receptor binding assay formats demonstrate binding of test article 
to test species target.  Quantitative binding data (affinity) is compared to human. 

Transcript profiling (Figure 9.10):
Ex vivo (selected tissues from animals) or in vitro (using primary or transformed cells) 
analysis of mRNA changes effected by test article administration.

In silico analysis (Figure 9.11 , Tables 9.3,  9.4):
Computational analysis of sequence homology of target between species, or
electronic Northern blot examining target expression across tissues.



 As in all other areas of scientifi c inquiry, if one can interpret collected data, 
there is often value added in the collection of relevant data beyond that con-
sidered suffi ciently compelling. It is also within the realm of possibility that 
the described methods for assessing species relevance may provide confl icting 
data. In such an instance, preference would be given to data derived from the 
higher order, intact biopharmaceutical systems. 

 The remainder of this chapter discusses the various methods in the order 
presented in Figure  9.1 . However, this may not necessarily be the order in 
which the experiments are performed, as in silico and in vitro assays for an 
initial examination of species relevance may be easier and less costly to 
perform, and therefore worth completing prior to the more time - consuming 
and expensive in vivo assessments.   

9.2 IN VIVO PHARMACODYNAMIC EFFECTS 

 The strongest line of evidence for selecting a pharmacologically responsive 
species will be the demonstration of similar pharmacodynamic effect across 
species, utilizing molecular markers refl ective of the test article response. In 
cases where there is a known molecular marker of the test article effect in 
humans, illustration of a similar change in that marker in nonclinical species 
under consideration lends confi dence to the selection of that species. This is 
particularly true if the marker is related to the mechanism of action (MOA). 
For novel molecules, markers of effect on the pathway could   serve to demon-
strate the desired effect (or lack thereof) of the novel molecule in species 
under evaluation for relevance. Apart from serving as reporters of the bio-
pharmaceutical ’ s activity to aid in species selection, pharmacodynamic markers 
also may assist in optimizing dose and frequency of administration, and in the 
understanding of the relationship between exposure (pharmacokinetics) and 
effi cacy or safety. 

 One example in which clinical markers of exposure to a specifi c cytokine 
have been well studied is the upregulation of interferon - responsive genes and 
proteins upon administration of interferon -  β  (IFN β ). Clinical studies have 
demonstrated that serum neopterin levels (among others)   are induced three -  
to fi vefold by administration of interferon -  β  preparations, with a peak level 
reached at 24 to 48 hours after treatment  [1,2,3] . A similar upregulation, in 
terms of both fold induction and timing of the induction, has also been observed 
in rhesus macaques (Figure  9.2 ). Neopterin, a catabolic product of guanosine 
triphosphate, is synthesized by macrophages upon stimulation by interferons, 
and is a marker of activation of cellular immunity. Based on the in vivo phar-
macodynamic activity data, the rhesus monkey is considered an appropriate 
pharmacologically responsive species for toxicological evaluation of IFN β .   

 Another molecular marker refl ective of the pharmacological mode of the 
biopharmaceutical ’ s action, and one that translated from rodent models to 
nonhuman primates and humans, was the reduction in the level of circulating 
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    Figure 9.2     Induction of neopterin by administration of interferon -  β  to rhesus 
macaques. Mean neopterin concentration after a single dose administration of inter-
feron -  β  in rhesus monkeys. Concentration over time profi le plotted from animals 
treated IM ( closed circles ) or SC ( open circles ). MU = megaunits (=5   mcg/kg)  
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peripheral blood lymphocytes after administration of an immunoglobulin 
fusion protein. The fusion protein was designed to bind to a cell surface recep-
tor expressed on lymphocytes and co - engage Fc  γ   receptors expressed on 
antigen - presenting cells. The proposed mode of action of the therapeutic was 
the lysis of test article - bound target cells through the mediation of antibody -
 dependent cellular cytotoxicity like reaction by Fc  γ   receptor - expressing cells. 

 In a chronic toxicity study conducted in 36 naive cynomolgus monkeys,   the 
test article was administered weekly via intravenous injection for 12 months. 
The study comprised one control group and two test article - treated groups. 
Peripheral blood from the study animals was subject to fl ow cytometry analysis 
to determine the lymphocyte levels (counts/ μ l) in dosed animals compared to 
baseline. The percent change from pre - dose baseline and range for absolute 
lymphocytes and T cell subsets at week 52 are shown in Table  9.1 . The absolute 
lymphocyte counts as well as counts of T cell subsets including CD2 + , CD3 + , 
CD4 + , and CD8 +  T cells were reduced in a dose - dependent manner following 
the administration of the test article, confi rming test article exposure as well 
as pharmacologic activity.   

 The effect of a single course of weekly test article or placebo treatment was 
then studied in the patient population for a period of 12 weeks. The data on 
circulating lymphocyte levels were aggregated for the treatment group and 
compared to the placebo. Both groups had comparable total lymphocyte 
counts at baseline. There was approximately 39% reduction in total lympho-
cyte counts in the test article treated group over the course of treatment, 
although total lymphocyte count remained above the lower limit of normal 
throughout this time. The placebo group showed a stable profi le over time 
(Figure  9.3 ).   



 TABLE 9.1    Mean reductions (range) in lymphocytes and T cell subsets in 
cynomolgus monkeys 

  Dose Group  
  Total 

Lymphs (%)  
  CD2 +  T 

Cells (%) 
  CD3 +  T 

Cells (%) 
  CD4 +  T 

Cells (%) 
  CD8 +  T 

Cells (%) 

  Saline    +34    +38    +43    +42    +48  
  ( − 6 to +187)    ( − 3 to 

+163)
  ( − 12 to 

+176)
  ( − 15 to 

+175)
  ( − 8 to 

+171)
  Test article 

dose level - 1
− 21     − 27     − 35     − 40     − 28  
  ( − 69 to +35)    ( − 80 to 

+69)
  ( − 82 to 

+66)
  ( − 85 to 

+52)
  ( − 80 to 

+88)
  Test article 

dose level - 2
− 46     − 63     − 75     − 85     − 64  
  ( − 66 to  − 15)    ( − 79 to 

− 41)  
  ( − 94 to 

− 31)  
  ( − 98 to 

− 34)  
  ( − 89 to 

− 27)  

 Figure  9.4  a  and  9.4  b  provides a detailed analysis of the test article ’ s effect 
on the CD4 and CD8 T lymphocyte populations, respectively. The CD4 counts 
showed a 47% reduction from baseline in the treatment group (circles, Figure 
 9.4  a ) and the CD8 counts showed a 53% reduction from baseline in the treat-
ment group (circles, Figure  9.4  b ). The placebo group (squares, Figure  9.4  a  and 
 9.4  b ) showed a stable profi le over time.   

 Overall, the pharmacodynamic effects of the test article exposure were 
qualitatively consistent between the cynomolgus monkeys and humans, con-
fi rming the similarity in the pharmacological activity of the test article.  

Figure 9.3     Mean total lymphocyte count after one course of treatment. Peripheral 
blood was collected from individuals administered test article (circles) or placebo 
(squares) on a weekly basis, and subject to fl ow cytometry analysis to determine mean 
lymphocyte counts. A standard panel of fl uorochrome - conjugated antibodies was used 
to identify the various lymphocyte sub populations. The solid bar indicates the dosing 
interval. 
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  9.3   EX VIVO BIOLOGICAL EFFECT 

 The practice of demonstrating functional activity of the therapeutic in the 
selected species is critical, as binding to the desired target does not always 
translate to functional receptor activation. Since the toxicity observed with 
biopharmaceuticals is most likely due to exaggerated pharmacology, it is nec-
essary to confi rm that the downstream effects observed upon binding of the 
test article to the target proteins are similar between humans and the selected 
species. For example, if the test article stimulates activation of subsets of T 
lymphocytes in humans with a specifi c activation profi le, it is important that 
this function is conserved in the species selected for performing toxicology 

    Figure 9.4     Mean T cell count after one course of treatment. Peripheral blood was 
collected from individuals administered test article ( circles ) or placebo ( squares ) on a 
weekly basis and stained for the presence of CD4 ( a ) or CD8 ( b ) lymphocytes using 
specifi c antibodies conjugated to fl uorochromes. Samples were then analyzed on the 
fl ow cytometer to determine mean relative counts of each subpopulation of cells. The 
solid bar indicates the dosing interval.  
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studies. Similarly a test article such as an immunoglobulin fusion protein may 
mediate antibody - dependent cellular cytotoxicity (ADCC) or complement -
 dependent cytotoxicity (CDC). Such activities can impact the overall toxicol-
ogy assessments as they may be integrally linked to the MOA of the therapeutic. 
For well - characterized targets, information on their function in different 
species may be readily available in the literature. If the target protein is novel, 
however, its function will have to be characterized in pharmacology studies to 
determine the key biochemical drivers for test article activity. 

9.3.1 Fixed Endpoint Assays 

 Endpoint assays such as proliferation or cytotoxicity assays are routinely used 
for functional assessments. For these assessments, primary cells, transformed 
cells, or cells transfected with the target receptor are exposed to range of 
concentrations of the test article. Proliferation or cytoxicity is then measured 
using a variety of methods such as crystal violet vital dye staining, MTT/MTS 
incorporation, or a luminescence readout like ATP lite. In addition, assays that 
analyze phosphorylation of specifi c transcription factors, or release of specifi c 
cytokines and chemokines, are also common. Figure  9.5  illustrates the measure 
of functional consequences of receptor – test article interaction by quantifying 
cytokine release. Cells from the species under evaluation were cultured in 
the presence of serial dilutions of the test article or control reagents, and 
supernatants harvested for determination of cytokine levels by ELISA (i.e., 

Figure 9.5     Inhibition of cytokine release in mouse and human cells. Mouse cells ( a ) 
and human cells ( b ) were stimulated in vitro with an antireceptor antibody and cyto-
kine release was measured in the supernatant (in pg per million cells). Cytokine release 
was quantifi ed in the supernatants of unactivated cells (bar 1), activated cells without 
biopharmaceutical Y (bar 2), and activated cells incubated with biopharmaceutical Y 
at 5 μ g/ml (bar 3) or 10  μ g/ml (bar 4). As a negative control, cells were exposed to an 
irrelevant fusion protein (bar 5).  
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enzyme - linked immunosorbent assay). Human and mouse cells were activated 
by cross - linking the receptor of interest using a specifi c antibody in the pres-
ence or absence of the test article, biopharmaceutical Y. Spontaneous cytokine 
release from unactivated cells was very low (Figure  9.5  a  and  9.5  b , bar 1). In 
the absence of biopharmaceutical Y, stimulation of mouse and human cells 
resulted in the release of an expected cytokine (Figure  9.5  a  and  9.5  b , bar 2). 
In the presence of biopharmaceutical Y, the production of the cytokine was 
strongly inhibited in both human and mouse cells (Figure  9.5  a , bar 3 and 4; 
Figure  9.5  b , bar 4). Release of the cytokine, however, was not inhibited when 
an irrelevant protein was used (Figure  9.5  a , bar 5). Although the amounts of 
cytokine released by the human and mouse cells were substantially different, 
the inhibitory effect of biopharmaceutical Y was similar between the cell types. 
These results indicated that the test article was equally effective in blocking 
cytokine release mediated by target receptor activation in vitro in mouse and 
human cells.    

  9.3.2   Signaling Assays 

 Another approach to studying the similarities and differences in the pharma-
cology of the test article in species of interest involves the characterization of 
the signaling cascade downstream of the protein of interest. Signaling experi-
ments, albeit more challenging, have the advantage of providing more clarity 
on the putative MOA of the test article. Binding of the test article to the target 
receptor may result in activation of kinases or other key transcription factors. 
In the example shown in Figure  9.6 , the ability of biopharmaceutical Y to block 
signaling mediated through the target receptor was studied. Activation of the 

    Figure 9.6     Effect of a fusion protein on ERK phosphorylation in activated mouse 
and human cells. Mouse bone marrow cells ( a ) and human cord blood cells ( b ) were 
activated with antireceptor Ab for 5, 10, and 15 minutes, lysed, and the total proteins 
loaded on a SDS - Page gel. After transfer to a membrane, ERK phosphorylation was 
detected using antibodies specifi c for the phosphorylated (active, P - ERK) form of ERK 
(upper blots). As a control for the amount of ERK in the samples, antibodies specifi c 
for total ERK (activated and nonactivated forms) were used (lower blots). Unstimu-
lated cells untreated (lane 1) and treated with biopharmaceutical Y (lane 2) were used 
as controls. Cells were activated for 5 minutes (lanes 3, 4), 10 minutes (lanes 5, 6), 
or 15 minutes (lanes 7, 8) in the absence (lanes 3, 5, 7) or presence (lanes 4, 6, 8) of 
biopharmaceutical Y.  
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kinase protein ERK by phosphorylation was determined after stimulation of 
mouse and human cells. Presence of phosphorylated ERK and total ERK 
(phosphorylated and unphosphorylated) was detected using specifi c antibod-
ies. As shown below, ERK phosphorylation was low in unstimulated mouse 
and human cells (Figure  9.6  a  and  9.6  b , lane 1). Upon activation with antirecep-
tor antibodies in the absence of biopharmaceutical Y, ERK phosphorylation 
was induced (Figure  9.6  a  and  9.6  b , lanes 3, 5, 7). Pre - incubation of cells with 
the test article decreased activation - mediated phosphorylation of ERK at all 
time points in mouse and human cells (Figure  9.6  a  and  9.6  b , lanes 4, 6, 8 com-
pared to lanes 3, 5, 7 respectively).   

 Collectively, the results from the functional experiments illustrated in 
Figures  9.5  and  9.6  suggested that from a pharmacological perspective, the 
mouse was a relevant species for evaluating the toxicity of the test article.   

9.4 PRESENCE AND DISTRIBUTION OF RECEPTOR IN 
PREDICTED TISSUES 

 In the area of relevant species identifi cation, the objectives of immuno-
histochemistry and tissue - binding studies (often referred to as tissue cross -
 reactivity studies) are to evaluate the relevance of a given species for use in 
toxicity studies with a biopharmaceutical and to identify expected and unex-
pected tissue binding of therapeutics in human and animal tissues. 

 Immunohistochemical methods can be used to evaluate the tissue distribu-
tion of the biopharmaceutical ’ s target(s) or the tissue distribution of other 
relevant molecular components of a targeted biochemical pathway. A com-
parison of the distribution of these molecules between possible test species 
and humans often provides valuable information on the similarities or differ-
ences of tissue expression of molecules targeted by the test article between 
the queried species. The general expectation is to perform tissue cross - 
reactivity studies prior to human exposure to the new therapeutic. The purpose 
of these studies is to demonstrate, to the extent possible, what tissues and cells 
the intact biopharmaceutical binds to. Since monoclonal antibodies and other 
molecules containing an Fc region or additional binding sites may bind to 
more than one target, these experiments report localization of the test article 
to a tissue or cell irrespective of the known or expected binding mechanism. 
For therapeutic antibodies, the FDA recommends a comprehensive tissue 
cross - reactivity evaluation as defi ned in Points to Consider in the Manufacture 
and Testing of Monoclonal Antibody Products for Human Use (Docket No. 
94D - 0259). This document recommends conducting immunohistochemistry 
analysis at two antibody dilutions across triplicate specimens of approximately 
32 frozen human tissue types (collected from three unrelated donors) for the 
therapeutic antibody and its isotype control. An analogous study is conducted 
in parallel in tissues from various animal species (two or three unrelated 
donors) for additional justifi cation of the relevance of the toxicity species. 
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While this has been standard practice for a number of years, product develop-
ers have recently started questioning the relevance and utility of these types 
of studies for predicting human safety. 

 When test articles are chimeric, humanized, or fully human antibodies, three 
different staining methods can be used. These include avidin - biotin complex 
(when the test article is biotinylated), direct labeling of test article with fl uo-
rochromes such as fl uorescein isothiocyanate (FITC) or rhodamine, or pre-
complexing the unlabeled test article with a labeled antihuman IgG. The latter 
method is most often used, as it allows secondary signal amplifi cation by a 
variety of methods and, by precomplexing, avoids nonspecifi c binding of the 
secondary antihuman antibody to human antibodies that are present in the 
evaluated human tissue sections. It is also performed in instances where con-
jugation of biotin or a fl uorochrome onto the test article could alter its affi nity 
for the protein of interest. Even though this additional step often increases 
the backgound staining, the indirect approach has the advantage of amplifying 
the signal, and is therefore valuable when expression of the target protein is 
expected to be relatively low in tissues of interest. 

 For all test articles an isotype control antibody labeled in a similar fashion 
must be included to demonstrate specifi city of staining observed with the test 
article. As with any assay procedure, both positive (containing cell types that 
express the target at high levels) and negative control tissues should be stained 
to assess extent of nonspecifi c binding under standardized immunohistochemi-
cal conditions. In general, the positive control may be a tissue element or cell 
line transfected with or known to express the target antigen, sepharose or 
agarose beads coated with the target antigen, or the target antigen spotted and 
cross - linked onto UV - resin slides. During optimization of the staining proce-
dure the reactions of the test article with the positive control but not the nega-
tive control, as well as the lack of reactivity of the isotype control antibody, 
should be confi rmed, to demonstrate the sensitivity, specifi city, and reproduc-
ibility of the assay. A board - certifi ed anatomical pathologist usually performs 
analysis of the immunolabeled tissues using a scoring system that assesses the 
identity and relative proportion of cells staining within a given immunoposi-
tive tissue, the relative intensity of staining, and the location (cytoplasm vs. cell 
surface) of staining. The slides are evaluated for integrity of the tissue sample 
as well as for specifi city of the staining seen in the tissues based on knowledge 
of expression of the target antigen in question. For the reasons mentioned 
above, a biopharmaceutical known to have acceptable potency and binding 
affi nity to its target may not perform well in a tissue - binding study. There are 
numerous examples of highly potent monoclonal antibodies that have been 
completely negative in tissue - binding studies, due to their poor performance 
as immunohistochemical reagents. 

 An example of results from a tissue cross - reactivity study comparing binding 
of a monoclonal antibody therapeutic to human, cynomolgus monkey, and 
mouse tissues is shown in Table  9.2 . A cell line that did not express the target 
was used as negative control tissue; the same cell line transfected with the 



 TABLE 9.2    Cross - species tissue cross - reactivity study of a monoclonal antibody 

  Tissue    Cell Type    Human  
  Cynomolgus 

Monkey    Mouse  

  Urinary bladder    Urothelium    2 (3 – 4)    3 (3)    NS  
  Ureter    Urothelium    2 (3 – 4)    3 (2 – 4)    NA  
  Tonsil    Mucosal epithelium    3 (2 – 3)    3 (2 – 3)    NA  
  Uterus - cervix    Mucosa    3 (1 – 3)    1 (2)    NA  
  Eye    Corneal epithelium    1 (1)    NS    1 (1) a

  Breast    Glandular epithelium    3 (1 – 3)    3 (1 – 3)    NS  
  Fallopian tube    Tubular epithelium    2 (1 – 2)    1 (3)    NS  
  Kidney    Tubular epithelium – cortex    3 (3)    1 (3) b   3 (1 – 2)  
  Lung    Alveolar epithelium    3 (2 – 3)    2 (3)    NS  
  Pancreas    Ductular epithelium    3 (2)    2 (1 – 2)    2 (1)  
  Prostate    Glandular epithelium    2 (1 – 2)    1 (2)    3 (2) c

  Thyroid    Follicular epithelium    3 (2 – 3)    2 (2)    NS  
  Uterus - endometrium    Endometrial mucosa    2 (2)    NS    3 (1 – 3) d

  Adrenal    Cortical epithelium    3 (1 – 2)    2 (1)    NS  
  Pituitary    Adenohypophysis 

epithelium
  3 (2)    NS    NS  

  Liver    Sinusoidal mesenchymal 
cells

  3 (2 – 4)    3 (2 – 3)    NS  

Note :   Cryosections of normal human, cynomolgus monkey, and mouse tissues listed (in addition 
to others) were obtained and stained with biotinylated test article. Data are shown for the optimal 
antibody concentration; the second concentration used was 5 ×  higher (data not shown). The cell 
types that demonstrated staining are listed, along with the number (out of three) of sections that 
showed staining, with the staining intensity range in parentheses. 1   =   Light staining or occasional 
cells stained — minimal. 2   =   Light - medium staining and/or small numbers of cells/types of cells 
labeled — mild. 3   =   Moderate staining and/or medium numbers of cells/types of cells labeled —
 moderate. 4   =   Dark staining and/or large numbers of cells/types of cells labeled — marked. NS: No 
staining seen. NA: Tissue section not obtained.  
a Lens fi ber stained, not corneal epithelium.  
b Tubular epithelium staining in papilla, not cortex.  
c Tubular epithelium and intertubal stroma showed staining.  
d Smooth muscle cells were also stained.   

target was used as a positive tissue. Tissues were sectioned, frozen, and treated 
with avidin, biotin, and nonspecifi c IgG to block endogenous binding sites. Two 
concentrations of biotinylated test article (or control antibody) were applied 
to the tissue sections, followed by streptavidin HRP and substrate. After drying, 
the slides were read by a pathologist. Adequacy of tissues for staining was 
validated using an anti - CD31 (platelet endothelial cell adhesion molecule) 
antibody as positive control, and an isotype matched irrelevant antibody as a 
negative control. Semiquantitative results are shown in Table  9.2 . Qualitatively, 
the pathologist determined that based on the staining intensity and localiza-
tion of staining, the cynomolgus monkey, and human tissue samples showed a 
high degree of similarity in binding the test article, whereas only a few of the 
murine tissues were stained. Therefore a murine version of the antibody was 
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used for mouse effi cacy and toxicity studies, but the humanized antibody was 
used in the toxicology studies in the cynomolgus monkey.    

9.5 EX VIVO / IN VITRO INTERACTION OF THE 
BIOPHARMACEUTICAL WITH KNOWN TARGET 

 To demonstrate functional pharmacological similarities between humans and 
the animal species under evaluation, biological assay systems are routinely 
utilized. In some instances primary cells expressing the target are utilized in 
these functional experiments. In most cases, however, cell lines containing the 
appropriate signaling machinery are transfected with the related cell - surface 
receptor from the test species. Specifi city of interaction of test article to target 
is demonstrated initially through binding assays and then extended to other 
qualifi ed endpoints such as phosphorylation or nuclear translocation of rele-
vant proteins in the signaling cascade. 

9.5.1 Binding Assays: Flow Cytometry Based Methods 

 Flow cytometry based assays are routinely utilized to measure binding of bio-
therapeutics to various target cells (peripheral blood lymphocytes, bone 
marrow derived cells) from multiple species. This analysis can provide insight 
into the types of cells that the biopharmaceutical can bind, as well as the rela-
tive number of receptors on the cells. In instances where the target acts by 
dimerizing or trimerizing with signaling partners, it is important to determine 
whether the affi nity of binding and the binding partners are similar between 
species. Flow - based methods require appropriate positive and negative con-
trols, as well as an isotype control or irrelevant protein control to rule out 
nonspecifi c binding. Besides primary cells, binding assays can also be per-
formed with cells transfected with proteins of interest or with cultured com-
mercially available cells from various species, provided that the target receptor 
is expressed on the cell types. 

 The fl ow cytometry experiments described below outline a series of experi-
ments conducted with primary cells collected from various species to deter-
mine the ability of a human biopharmaceutical (X) to bind in vitro to the 
target protein in these species. Figure  9.7  illustrates a fl ow cytometry assay 
conducted using murine bone marrow derived cells expressing the murine 
homologue of the biopharmaceutical ’ s target receptor. The ligand for the 
target human receptor was used as a positive control in the assay, as an anti-
body to directly stain the murine homologue was not available. Fluorochrome 
conjugated secondary antibodies specifi c for the test article were used as 
detection agents. As shown in Figure  9.7  a , biopharmaceutical X did not bind 
to the receptor expressed on mouse bone marrow derived cells. The human 
ligand also did not bind to the mouse receptor. Figure  9.7  b  illustrates an inde-
pendent experiment performed using the murine version of biopharmaceuti-



    Figure 9.7     Evaluation of biopharmaceutical X binding to mouse bone marrow derived 
cells. ( a ) Biopharmaceutical X binding to mouse bone marrow - derived cells was evalu-
ated using fl ow cytometry. Mouse cells were incubated with biopharmaceutical X or 
the human ligand. Secondary antibodies that cross - reacted with both biopharmaceuti-
cal X and the natural human ligand were used to detect binding. Cells were stained 
with the secondary antibodies only, to detect non - specifi c binding (control). ( b ) Bone 
marrow derived mouse cells were stained as described above with a murine version of 
biopharmaceutical X and the murine ligand for the receptor. Secondary antibodies that 
cross - reacted with the murine version of biopharmaceutical X and the murine ligand 
were used to detect binding. See color insert.  
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cal X and the natural ligand for the mouse receptor as the positive control. As 
expected, the murine version of biopharmaceutical X and the murine ligand 
bound to mouse cells, thereby confi rming the expression of the target receptor. 
These results indicated that biopharmaceutical X did not cross - react with 
murine receptors and therefore the mouse was not a suitable species for 
conduct of toxicology studies.   

 Receptor - ligand binding assays with biopharmaceutical X were then per-
formed on cynomolgus monkey peripheral blood cells. Cells were incubated 
fi rst with the test article, and then with antibodies specifi c for the target recep-
tor. Binding of biopharmaceutical X did not interfere with binding of the 
antibody, as the two molecules interacted with distinct epitopes on the target 
protein. As shown in Figure  9.8  (left panel), presence of cells in the upper - right 
quadrant in the plot demonstrated that all the cynomolgus cells that stained 
with the antireceptor antibody ( X  - axis) had also bound the human ligand ( Y  -
 axis). Figure  9.8  (right panel) shows the binding pattern of biopharmaceutical 
X to the cynomolgus cells. Presence of a large population of cells in the upper -
 right quadrant indicated that the test article bound to the same subset of cells 
that stained positively with the antireceptor antibody. The test article, however, 
also exhibited nonspecifi c binding to cells that did not show reactivity with the 
ligand or the antireceptor antibody.   

 The in vitro binding data shown in Figures  9.7  and  9.8  supported the selec-
tion of the cynomolgus monkey over mice as a relevant species for conduct of 
toxicology studies for biopharmaceutical X.  
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9.5.2 In vitro Binding Affi nity Determination 

 Besides qualitative determination of binding to the target receptor, more 
specifi c dose – response studies and binding affi nity measurements can be per-
formed to confi rm selection of appropriate species. This determination may be 
necessary for agonist therapeutics for which the affi nity and avidity of binding 
determine the strength of the signal induced. In the example illustrated in 
Figure  9.9 , the affi nity of binding of a humanized monoclonal antibody (MAb) 
therapeutic to cultured fi broblasts from humans and cynomolgus monkeys was 
compared. Various concentrations of the humanized MAb were added to the 
cells. Background binding was determined using an isotype control antibody.   

 The functional affi nities of the humanized antibody for the target protein 
on human and cynomolgous cells were computed to be 0.05 and 0.03   nM, 
respectively. These results indicated that the humanized MAb bound with 
similar affi nity to the target receptor on human and cynomolgus cells.   

9.6 TRANSCRIPT PROFILING 

 Another approach, taking advantage of recent technological developments, is 
to determine the similarity of the pharmacological responsiveness between 
species through the conduct of a transcript - profi ling study. This will typically 
be performed using either primary cells or transformed cell lines, with primary 
cells being preferable due to the greater relevance to the in vivo scenario. Cells 

Figure 9.8     Evaluation of binding of biopharmaceutical X to cynomolgus monkey 
peripheral blood cells. Cynomolgus monkey cells were stained with fl uorochrome -
 labeled biopharmaceutical X or the natural ligand for the human receptor. Expression 
of the target receptor on the cynomolgus cells was detected using antibodies specifi c 
for the target receptor.  



from the likely target organ(s) from different species can be exposed to the 
test article, then mRNA purifi ed from the cells, and gene expression studies 
performed using microarrays. Commercially available microarrays exist for 
many of the species commonly used for toxicological studies, including mice, 
rats, dogs, and rhesus and cynomolgus monkeys. If pharmacological markers 
are already known from prior research, up -  or downregulation of those markers 
can be confi rmed in the additional species being assessed. In addition the 
overall overlap in gene expression response can be compared between species 
(taking into account the overlap between genes assayed on the microarray). 
Ideally the most relevant species would show similarly high up -  or downregu-
lation of prior known pharmacological markers, and of additional biologically 
relevant genes that are signifi cantly changed. Further a high overall gene 
expression response similarity indicating that analogous pathways are affected 
across species is desirable. A gene ontology analysis can be performed for each 
species, where the functions of up -  or downregulated genes are evaluated to 
determine whether, in general, the same biological functions are affected. The 
changed genes can also be classifi ed as belonging to known biological path-
ways, to determine whether there are any pathways that are affected in one 
species and not others. 

 In the preclinical development of biopharmaceuticals, restricted species 
cross - reactivity may limit the species in which toxicology evaluations can be 

    Figure 9.9     Affi nity of binding of a humanized antibody to cultured human and cyno-
molgus fi broblast cells. Cultured human (triangles) and cynomolgus fi broblast (upside -
 down triangles) cells were removed from the fl asks by trypsin and washed with PBS. 
One million cells were incubated with various concentrations of humanized Ab, at 4 ° C 
for 2 hours. The cells were washed, and binding was detected with PE - conjugated goat 
antihuman IgG using a FACSCalibur fl ow cytometer. The binding of another human-
ized Ab of the same isotype as the test article, but with irrelevant specifi city, was used 
as an isotype control (data not shown). The mean fl uorescence intensities (MFI) for 
each sample were plotted against the antibody concentration.  
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performed. In higher order species such as chimpanzees, very limited safety 
data can be derived as organ and tissue collection is not feasible for detailed 
analysis and suffi cient numbers of animals may not be available for chronic 
toxicity testing. In order to support extended clinical dosing, and to provide 
a more comprehensive safety assessment, a surrogate (or homolog) approach 
can be used. A surrogate of the therapeutic that interacts with rodent or 
other nonhuman primate species can be utilized in the conduct of toxicology 
studies, as long as similarity in in vitro and in vivo pharmacology is demon-
strated. In the example described below, a surrogate of a humanized MAb 
therapeutic was evaluated for pharmacological similarity, due to restricted 
species cross - reactivity of the therapeutic. A transcript profi ling experiment, 
besides additional studies, was performed, to demonstrate the similarity in the 
in vitro pharmacological effect of the biopharmaceutical and the surrogate 
antibody. 

 Transcript profi ling was used to determine whether similar transcripts were 
induced or repressed when three cell lines (colon carcinoma cell line, primary 
endothelial cells, and primary fi broblasts) were treated with the MAb (bio-
pharmaceutical Z) or the surrogate antibody. Cells were grown to confl uence, 
and treated with a fi xed dose of cytokine plus vehicle, or cytokine plus bio-
pharmaceutical Z, surrogate antibody, nonspecifi c antibody control, or positive 
control. The cytokine was used in order to amplify the activation response 
through the target receptor. Cells were lysed after two hours of treatment, and 
transcript profi ling was performed using the human HG - U133 Plus 2.0 Affyme-
trix ®  GeneChips ® . 

 Initial analysis confi rmed that the cell lines were responsive to treatment, 
as the positive control caused up -  or downregulation of genes to approxi-
mately the same extent across all three cell lines. Biopharmaceutical Z and 
the surrogate antibody caused specifi c changes (after the effect of the nonspe-
cifi c control was removed) to the same extent in the three cell lines, although 
the effects were not nearly as signifi cant as with the positive control. In addi-
tion biopharmaceutical Z was known to upregulate expression of several 
cytokines; this upregulation was confi rmed in the three cell lines examined, 
and a similar magnitude of upregulation was seen using the surrogate antibody. 
Next genes that were selected as meeting statistical cutoffs in the biopharma-
ceutical Z treated samples, and in the surrogate treated samples, were com-
pared between the two treatments (Figure  9.10 ). These graphs illustrate that 
the overall magnitude of intensity and ratios were highly similar between 
the two treatments. In addition treatment with biopharmaceutical Z (and 
the surrogate antibody, data not shown) showed similar up -  or downregulation 
as treatment with the positive control, although selected transcripts were 
upregulated to a greater degree by the positive control. Finally, gene ontology 
analysis found very similar biological functions affected by biopharmaceutical 
Z and the surrogate antibody, and differences were overwhelmingly due to 
transcripts in one treatment or the other barely failing to meet statistical 
cutoffs.    



    Figure 9.10     Comparison of signal intensities and ratios between treatments. Signal 
intensities ( a, b ) and ratios ( c, d ), comparing transcripts meeting signifi cance cutoffs for 
biopharmaceutical Z with the surrogate antibody ( a, c ) and the positive control ( b, d ). 
Identical intensities or ratios will fall on the 1  :  1 diagonal line. The overall pattern of 
signal intensities and ratios was highly similar between biopharmaceutical Z and the 
surrogate antibody, with marginally higher intensities/ratios following treatment with 
biopharmaceutical Z. The positive control upregulated a set of transcripts to a higher 
degree than biopharmaceutical Z; these fall to the right of the 1:1 diagonal line.  
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  9.7   IN SILICO ANALYSIS 

  9.7.1   Sequence Homology of Target Protein in Various Species 

 Another question to address is the likelihood of the biopharmaceutical can-
didate binding to the target protein in the animal species being examined for 
relevance. A convenient and commonly used approach to investigate this is to 
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determine the sequence homology of the target protein between humans and 
the selected species. When a protein shares a high degree of homology across 
species, the probability of the test article binding to the protein across species 
is high. The implicit assumption when sequences are highly similar across 
species is that there is a shared commonality of function such as similar phar-
macological function. Reciprocally, protein sequences in other species that 
share little or low homology to their human counterpart are less likely to bind 
a biopharmaceutical candidate targeted to the human protein. However, like 
all experimental methods, demonstration of sequence identity or similarity 
between species has limitations, as the relative importance of each amino acid 
in the sequence is not equivalent and is complicated to assess. For example, 
amino acids directly involved in the binding of the test article must be con-
served across species, as well as those involved in the maintenance of the sec-
ondary and tertiary structure of the protein. This method will therefore provide 
a defi nitive answer only for proteins with sequences that are totally homolo-
gous to the human sequence, and only for those proteins that function as 
monomers. In all other cases determination of percent sequence homology 
will facilitate identifi cation of those species that have the highest probability 
of binding the test article. Follow on in vitro binding assays will be needed to 
confi rm these results. Figure  9.11  illustrates the protein sequence homology of 
Fcε RI - alpha chain across a range of species and Table  9.3  summarizes the 
percent sequence homology across species.     

 The homology of the macaque ’ s (cynomolgus and rhesus) protein sequences 
to the human sequence was over 90%. In contrast, dog, rat, and mouse 
sequences shared low homology with the human Fc ε RI - alpha protein. Based 
on these results, the receptor of nonhuman primates would be more likely to 
bind a biopharmaceutical designed to interact with the human Fc ε RI - alpha 
chain. This conclusion, however, would have to be confi rmed in additional in 
vitro binding assays.  

9.7.2 Utilization of Microarray Data 

 In addition to the standard methods for determining the pattern of target 
expression, the availability of genomic mRNA expression data allows for in 
silico experiments. Since the advent of microarray technology in the mid - 1990s 
 [4,5,6] , hundreds of thousands of mRNA samples have been tested on microar-
rays. Data have been generated from normal and diseased tissues of many 
species. Many of the datasets associated with published literature are publicly 
available; in addition private companies provide such data for a fee. The rela-
tive level of expression of genes in the targeted pathway, or of the gene tar-
geted by a monoclonal antibody, can then be assessed across multiple tissue 
types, in diseased tissues, or in disease models. The expression pattern in poten-
tial species for preclinical studies can be compared with the expression pattern 
in human tissues. A metric to select the most relevant species might be diffi cult 
to construct; however, species that are clearly not relevant based on lack of 
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expression of a target or pathway in the appropriate organs can be excluded 
from further consideration. 

 This technology is well established, but caveats to its use remain. One draw-
back to overcome is the lack of data on most species. Currently databases of 
human, mouse, and rat tissues are extensive, but data from additional species 
are sparse. In addition only selected strains of mice and rats have been profi led. 
This might require use of those strains for toxicology studies or confi rmation 
of results in the desired strains through additional transcript profi ling or quan-
titative PCR experiments. Another caveat is that microarray results are not 
quantitative, and cannot be reliably compared in terms of absolute amounts 
across species because of differences in the sequences printed on the microar-
ray, and differences in hybridization kinetics, among others. Also quantitation 
at the RNA level does not always correlate with quantifi cation at the protein 
level. For a truly quantitative comparison, additional experiments would need 
to be performed. Finally, the computational methods for determining the most 
similar patterns of expression require further exploration as there is consider-
able debate on the optimal statistical analysis methods that can be utilized to 
identify meaningful differences in expression patterns. Moreover reliability of 
results generated with this approach are dependent on the purity of the tissue 
sample and quality of the RNA extracted, as well as the probes selected for 
analysis. Contamination with blood or other cell types is sometimes diffi cult 
to avoid and may alter the conclusions. For all the reasons mentioned above, 
information derived from such databases needs to be confi rmed with other 
techniques. 

 For example, the expression of EGF was assessed using the Gene Logic ®  
Ascenta ®  database. The  “ eNorthern ”  (electronic Northern blot, to examine 
mRNA expression across tissue types) function was used to fi nd which tissues 
expressed EGF, and at approximately what level. The data were collected by 
Gene Logic ®  using the Affymetrix ®  GeneChip ®  platform, where oligonucle-
otides spotted on a microarray probe the expression of tens of thousands of 
mRNAs. Two metrics result from these experiments: a present (absent) call 
indicating whether the mRNA was detected in the sample, and a signal mea-
surement suggestive of the number of copies of that mRNA present. The 
results of the assessment of EGF expression are shown in Table  9.4 . EGF was 

 TABLE 9.3    Fc  ε  RI - alpha protein sequence homology across species 

  Species    Fc ε RI - alpha Chain Percent Sequence Homology 

  Mouse    51  
  Rat    49  
  Dog    55  
  Cynomolgus macaque    91  
  Rhesus macaque    92  
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consistently present across 94% of kidney samples and 96% of pancreas in the 
human samples tested, with relatively high signal intensities in both. It was 
also present in 100% of kidney samples across both mice and rats. EGF was 
present in only 33% of pancreas samples from the mouse C57BL6 strain, sug-
gesting a difference from humans and possibly that this strain would be less 
appropriate for use in testing an anti - EGF therapy. The pancreas was not 
assessed in the rats. Another signifi cant difference across species was that EGF 
was expressed in the esophagus in the mouse strains but not in the human 
samples. This may suggest a potential difference in toxicity between the two 
species.     

9.8 CONCLUSIONS

 Biopharmaceuticals pose unique challenges to clinical development, wherein 
exaggerated pharmacology becomes the main driver for toxicities observed. 
This increases the importance of defi ning a pharmacologically relevant species 
for preclinical safety assessment. A variety of experimental approaches and 
technologies are available to assist in the selection of the relevant species for 
conduct of toxicology studies or, as stated previously, to test the proposed null 
hypothesis that a given laboratory animal species is not relevant to humans 
with respect to a biopharmaceutical and its known target and mechanism of 
action. These methods for analysis, however, should be selected prudently 
based on the test article and its pharmacology. An evidence - based approach 
is needed to rule in or rule out species with the understanding that experimen-
tal data from various methods may not always be aligned to rule in the 
species as biologically and pharmacologically relevant. Appropriate design 
of these experiments, with adequate controls, will ultimately aid in proper 
interpretation of the data that will form the basis for the selection of 
the species for conduct of toxicology studies. The diligence paid during the 
species selection exercise will facilitate the minimization of risks and, more 
important, create better awareness of risks, during clinical development of 
biopharmaceuticals.  
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10.1 INTRODUCTION

 With the advent of hybridoma technology where murine myeloma cells could 
be programmed to produce antibody targeted to a specifi c epitope  [1] , a new 
era was ushered in for biomedical research that resulted in a legion of applica-
tions for these novel molecules. The fi rst monoclonal antibody approved for 
human use was OKT3, which was initially used for rescue therapy for acute 
renal graft rejection by suppressing CD3+ T cells  [2] , and later expanded to 
prevent acute graft rejection for multiple organs in early postoperative periods 
 [3 – 5] . Prior to the development of OKT3 murine monoclonal antibody, anti-
thymocyte globulin of equine or lagomorph origin was similarly used to 
accomplish immunosuppression  [6] . Both worked well, but the specifi city of 
the monoclonal antibody proved more potent as an immunosuppressive agent 
than did the more variable polyclonal anti - bodies used previously. The serum 
half - life of OKT3 murine monoclonal antibody was only about 50 hours, so 
activity was short - lived. Part of the reason for the shortened half - life was the 
development of antibodies (human anti - mouse antibody [HAMA]) against 
the foreign OKT3 mouse IgG  [6] . Subsequently, technologies were developed 
to provide antibodies that would not be immunogenic in an effort to prolong 
the circulation time (i.e., duration of treatment) of the molecule, improve 
effi cacy, and reduce unwanted side effects. This was begun by the substitution 
of human Ig molecule sequences in the murine moiety to reduce antigenicity, 
followed by humanization of the Ig by site directed mutagenesis to further 
reduce antigenicity. Finally, fully human antibodies were developed using 
transgenic mice that expressed human immunoglobulins. 

 Because of the wave of technology, the regulatory agencies needed to 
ensure the safety of these novel molecules in some manner that differed from 
traditional drug safety. Hence, the FDA composed a Draft Points to Consider 
in the Manufacture and Testing of Monoclonal Antibody Products for Human 
Use in 1994, which was modifi ed in 1997. The purpose of the Points to Consider 
and the subsequent International Conference on Harmonization Guidelines 
for Preclinical Safety Evaluation of Biotechnology - Derived Pharmaceuticals 
(ICH guidelines, S6) was to establish guidelines for industry to ensure the 
safety of these novel molecules. Nothing was clad in stone when these docu-
ments were put into place, and each molecule was and still is considered 
unique, both in the target of the antibody as well as in the antibody structure 
and biologic characteristics themselves. 

 Among other things, regulatory guidance addresses determination of the 
structural integrity, specifi city (quantifying affi nity, avidity, and immunoreac-
tivity), and potency of the antibody. Once these data are obtained for an anti-
body, a tissue cross - reactivity study on normal human tissues should be 
conducted in order to determine if binding of the molecule to intended and 
unintended targets is observed by immunohistochemistry. 

 Monoclonal antibodies generally bind to an epitope consisting of 5 or 6 
amino acids, and characterization of the complementarity determining region 



(CDR) of the molecule is very important to identify the amino acids recog-
nized. Since there are 20 amino acids, the theoretical probability of the anti-
body having full cross - reactivity with a linear epitope identical to that 
recognized by the CDR region is 1 in 20 6  or 1 in 64,000,000. At fi rst glance 
there appears to be a low probability of cross - reactivity with the proteins in 
human tissues, but considering the large number of proteins throughout the 
cells of the body, there is actually a high probability of a cross - reactivity occur-
ring with any given monoclonal antibody. The number indicated above does 
not include partial binding of an epitope with the CDR, nor conformational 
epitopes, both of which could greatly increase that probability. For example, 
roughly 5% of over 800 murine monoclonal antibodies directed against viral 
antigens from herpes simplex, cytomegalovirus, Epstein – Barr, vaccinia virus, 
myxoviruses, paramyxoviruses, arenaviruses, fl aviviruses, orthoviruses, rhabdo-
viruses, coronaviruses, and human retroviruses cross - reacted with normal 
mouse tissues  [7] . These represent viral antigens, but monoclonal antibodies 
directed against bacterial antigens react similarly. Moreover, almost all mono-
clonal antibodies directed against tumor antigens cross - react with the coun-
terpart antigen found on the normal cell of origin of that tumor. If one accesses 
the human genome database with a BLAST search ( http://www.ncbi.nlm.nih.
gov/BLAST ), and searches for the occurrence of 6 arginines in sequence in a 
protein, approximately 384  “ hits ”  are generated (at least today), indicating that 
this sequence is present in a number of various human proteins. Thus, the 
probability of exposing a cross - reactivity in human tissues with a monoclonal 
antibody is high. 

 What does a tissue cross - reactivity study actually measure and why is it 
useful? Cross - reactivity assays measure what cells or noncellular tissue ele-
ments express the target epitope recognized by the CDR region of the 
monoclonal antibody and the location of that antigen on, within, or around 
various cells. Cross - reactivity assays also recognize off - target (cross - reactive) 
epitopes in tissue. Under optimized conditions cross - reactivity assays should 
not measure Fc binding of the monoclonal antibody, which is hopefully blocked 
by the addition of serum - containing immunoglobulins that bind to the Fc 
receptors in the tissues. Immunohistochemical cross - reactivity assays are useful 
because they provide information regarding target epitope distribution, off -
 target epitope distribution, and in vitro species comparisons (e.g., human versus 
monkey or rodent profi les) that assist in species selection for in vivo (preclini-
cal) safety studies. 

 Let us digress a bit to discuss in general (specifi cs will follow) the tissue 
cross - reactivity study. Human tissues are obtained from autopsy or surgical 
specimens and snap frozen. Cryosections are prepared and fi xed in a manner 
wherein antigens are not lost or altered. The samples are then blocked 
with serum, treated to block endogenous reaction enzymes (peroxidases, alka-
line phosphatases, etc.) and other substances (endogenous biotin) that may 
interfere with interpretation of the reaction, run through a series of approxi-
mately a dozen more wash and reagent steps, desiccated, counterstained, and 
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coverslipped for interpretation. Tissue binding (target or off - target) is then 
evaluated microscopically. The procedures are lengthy and must be highly 
controlled to ensure accuracy of all tissue elements stained. These conditions 
defi nitely are not exactly what a monoclonal antibody would experience fol-
lowing injection into a human. The goal is to ensure the accuracy of the stain-
ing and minimize background. In other words, the goal is to provide an assay 
and not replicate the conditions obtained in vivo. 

 Since most of the monoclonal antibodies currently under development are 
human or humanized, the goal of the assay is to detect the bound monoclonal 
antibody and not the background endogenous immunoglobulins in the tissues. 
This means labeling the antibody or utilizing a secondary antibody that rec-
ognizes only the monoclonal antibody that is labeled (or unlabeled) so that it 
can be differentiated from the endogenous Ig. 

 As a preclinical tool, the tissue cross - reactivity assay is one of the fi rst assays 
that should be performed to provide guidance to the investigator for the 
applicability of the particular monoclonal antibody clone for in vivo use. 
Careful scrutiny at this stage could save years of additional preclinical inves-
tigation of an unwanted cross - reactivity. In addition, the immunohistochemis-
try procedures are of great assistance in fi nding a relevant animal model for 
the in vivo preclinical studies. Thus, the purpose of this chapter is not to detail 
the immunohistochemical methods used in a tissue cross - reactivity study, but 
rather to outline important considerations in the conduct of the tissue cross -
 reactivity study and provide best practices guidelines for interpreting the 
information gained from this assay relative to human safety. In addition, the 
use of this assay along with others can be used to determine a relevant species 
(one that expresses the target or off - target cross - reactive epitopes) for pre-
clinical safety studies.  

10.2 ANTIBODY TYPES AND THEIR EVOLUTION 

 In humans, there are fi ve isotypes of antibodies, IgG, IgA, IgD, IgE, and IgM, 
which are defi ned by the structures of their heavy chains and their abilities to 
form multimers (Figure  10.1 )  [8] . IgG is the most abundant isotype present in 
serum with average serum concentrations ranging from 0.5 to 9   mg/ml depend-
ing on the IgG subtype. This is followed by IgA (3   mg/ml), IgM (1.5   mg/ml), 
IgE (0.05   mg/ml), and IgD (trace). Each antibody isotype has unique functions. 
Critical functions of IgG include opsonization, complement activation, anti-
body - dependent cell - mediated cytotoxicity (ADCC), passive immunity, and 
regulation of B cells. Both IgM and IgD act as antigen receptors on naive B 
cells, and soluble, multimeric forms of IgM are involved in complement activa-
tion. IgA is involved in mucosal and passive neonatal immunity, while IgE is 
involved in immediate hypersensitivity  [8] .   



 Because of their relatively large size and other physicochemical character-
istics, antibodies generally have prolonged serum half - lives compared to 
smaller circulating proteins with averages as follows: IgG — 23 days; IgA — 6 
days; IgM — 5 days; IgD — 3 days; and IgE — 2 days  [8] . Antibody fragments such 
as Fabs and F(ab ′ ) 2  have signifi cantly shorter half - lives that range from minutes 
to hours  [9] . In general, the smaller the antibody fragment, the shorter the 
serum half - life, as the smaller antibody fragments are cleared through the 
kidneys more quickly than larger fragments or whole antibodies (discussed in 
more detail in Chapter  11 ). In addition, the ability of the antibody to reach its 
target antigen is affected by size and affi nity or avidity (discussed in more 
detail in Chapter  11 ). The choice of whole antibody or antibody fragment for 
a therapeutic candidate thus depends on several factors including the location 
of the target antigen, the desired activity of the antibody or fragment, affi n-
ity/avidity of antigen binding, and desired serum concentrations of the thera-
peutic candidate. 

 Most therapeutic antibodies on the market or in development are IgG or 
some fragment or derivative thereof. IgG is divided into four subtypes: IgG1, 
IgG2, IgG3, and IgG4, with IgG1 being the most abundant and IgG4 being 
least abundant in serum (Table  10.1 ). As with the main isotype groups, each 
subtype of IgG has unique properties and functions (Figure  10.2 ). The choice 

    Figure 10.1     Isotypes of human antibodies.  
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of isotype subgroup is dependent upon the desired activities for a given thera-
peutic candidate. There are several ways to generate these antibody - based 
therapeutics. Briefl y, mouse monoclonal antibodies can be generated by stan-
dard methods after immunization of mice (Figure  10.3  a ). When the clone of 
choice has been selected, the variable regions can be cloned using routine 
molecular biology strategies. The resulting variable region fragments can then 
be cloned into an expression vector encoding human antibody light and heavy 
chain regions to generate a mouse/human chimeric antibody (approximately 
30% mouse and 70% human). These chimeric antibodies can be expressed by 
and purifi ed from stably transfected cell lines such as CHO or NSO cells. To 
generate humanized antibodies, the chimeric versions can be mutagenized in 
the variable regions to make the variable framework more similar to human 
antibody sequences, which may be selected from human antibody sequences 
found in antibody databases such as Kabat and others. The resulting human-
ized antibody (approximately 3% mouse and 97% human) can then be 
expressed and purifi ed.       

 There are two main methods for generating fully human antibodies (Figure 
 10.3  b ). In the fi rst, transgenic mice that express fully human IgG can be immu-
nized with target antigen and the resulting antibody of choice can be cloned 
and expressed as described above. In the second, phage display libraries 
expressing fully human antibody Fabs can be screened or  “ panned ”  using the 
antigen of interest and the clone of choice can be cloned into and expressed 

 TABLE 10.1     Biological properties of human  I  g  G  isotypes 

      IgG 1     IgG 2     IgG 3     IgG 4   

   Serum concentration (%)     65    23    8    4  
   Fc binding     +++    +    +++     ±   
   Placental passage     ++     ±     ++    ++  
   ADCC     +++    +    +++     ±   
   CF     +++    ++    ++++     ±   

    Figure 10.2     Isotype subgroups of human IgG molecules.  
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    Figure 10.3     Generation of antibodies and antibody fragments. ( a ) Mouse monoclonal 
antibodies are produced after immunization and production of hybridomas. Chimeric 
antibodies are produced by cloning the variable regions of a mouse antibody onto a 
human antibody framework. Humanized antibodies are produced by site directed 
mutagenesis of chimeric antibodies to make the variable regions of the mouse antibody 
more closely resemble a human antibody. ( b ) Fully human antibodies are produced by 
immunization of transgenic mice that express fully human antibodies or by screening 
human antibody phage display libraries. ( c ) Antibody fragments are produced by 
enzymatic cleavage of human antibodies or screening phage display libraries. Bispecifi c 
or multivalent antibody fragments can be made using standard molecular biology 
techniques.  
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from a human antibody expression vector. Bispecifi c antibodies, which recog-
nize two different antigens, can be generated in a similar way from two differ-
ent  “ parental ”  antibodies (Figure  10.3  c ). 

 Antibody fragments can be generated by papain digestion of full antibodies 
to yield Fab fragments (V H , CH1, V L , C L ) or pepsin to yield F(ab ′ ) 2  fragments 
(Figure  10.3  b ). In these cases the resulting antibody fragment must be purifi ed 
from the byproduct Fc region or fragments. As this extra purifi cation step can 
complicate (and add additional cost) the development of antibody fragments, 

ANTIBODY TYPES AND THEIR EVOLUTION  213



214 TISSUE CROSS-REACTIVITY STUDIES FOR MONOCLONAL ANTIBODIES

it is more common to screen phage display libraries that display antibody Fabs 
or other antigen binding fragments and then to clone the candidate of interest 
into a desired format and expression vector. This way it is easy to produce 
other types of antibody fragments such as Fv ’ s or scFv ’ s or bispecifi c and 
multivalent fragments. 

 Regardless of the type of resulting product (whole antibody or fragment, 
monospecifi c or bispecifi c), tissue cross - reactivity testing should be performed 
prior to toxicity studies to establish patterns of on -  and off - target tissue binding 
and to confi rm the relevance of the selected species for toxicity testing. 
For tissue cross - reactivity testing of any type of antibody - based therapeutic 
candidate, a similar irrelevant negative control antibody or fragment 
should be produced. In the case of whole antibodies, a human IgG of the 
same isotype (IgG1, IgG2, etc.) should be used, and for antibody fragments 
(which do not contain Fc or heavy chain regions) a similar fragment directed 
against an irrelevant epitope or the same non – cross - reactive epitope from a 
different species should be used. Ideally the negative control whole antibody 
would be identical to the test article except for an inactive or different CDR 
region.  

10.3 BIOLOGICAL EFFECTS OF ANTIBODIES 

 As mentioned briefl y above, antibodies have multiple, complex functions. In 
the body, the main effector functions of antibodies include pathogen/toxin 
neutralization, activation of phagocytosis and antibody - dependent cellular 
cytotoxicity (ADCC), and complement activation. Therapeutic approaches 
using antibodies or antibody fragments take advantage of these natural 
activities. 

 Pathogen or toxin neutralization occurs when an antibody CDR region 
binds to a pathogen or toxin and sterically hinders or blocks binding of the 
pathogen or toxin to its respective cellular receptor. As neutralizing activity 
can be mediated by the antibody CDR regions, it can be performed by anti-
bodies of any isotype or even antibody fragments, if one ignores the role that 
the Fc or other non - CDR regions may play in the antibody activity. This neu-
tralizing activity is utilized in passive vaccination and in therapeutic antibodies 
directed against specifi c pathogens or toxins such as Synagis  ®  , which prevents 
respiratory syncytial virus binding to its cellular receptor by binding to and 
blocking RSV F protein (reviewed in  [10] ). In addition, this neutralization 
strategy is commonly used for other therapeutic strategies such as those for 
infl ammatory and cardiovascular disease where the antibody or antibody frag-
ment is used to block binding of an infl ammatory cytokine or pro - thrombotic 
protein to its receptor either by binding to the ligand or its receptor. For 
example, Infl iximab  ®  , a chimeric anti – TNF α  antibody, is used to neutralize 
TNFα  activity in various infl ammatory diseases  [11] . In cardiovascular condi-
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tions, ReoPro  ®  , an anti - IIb/IIIa Fab, blocks the platelet glycoprotein IIb/IIIa 
receptors, thus inhibiting fi brinogen binding, platelet cross - linking and throm-
bus formation  [12] . 

 Antibodies also can mediate phagocytosis and ADCC via their Fc receptor 
binding regions. Antibody bound to target antigen may bind through the Fc 
region of the antibody to Fc receptors expressed on phagocytic cells such as 
macrophages and neutrophils (Fc receptors are discussed in more detail in 
Chapter  11 ). Upon Fc receptor binding, signal transduction pathways are 
activated that result in engulfment and degradation of the bound particle as 
well as release of infl ammatory mediators. Likewise, for ADCC, binding of 
antigen - bound antibody to Fc receptors on effector cells such as NK cells 
results in activation of the cells to release cytokines and cytolytic granules. In 
general, both phagocytic and cytotoxic functions are more effi cient when mul-
tiple antibodies are bound to cell surface antigens resulting in higher avidity 
binding to the Fc receptors on the effector cells. If the desired effect of a 
therapeutic antibody is phagocytic or cytolytic activity, the isotype subgroup 
chosen should be one that binds to Fc receptors expressed on phagocytic or 
cytolytic cells (IgG1 or IgG3). Herceptin  ®   and Rituximab  ®  , therapeutic anti-
bodies directed against ErbB - 2 and CD20, respectively, have been reported 
to produce antitumor effects through Fc - receptor mediated mechanisms 
(reviewed in  [13] ). 

 For complement - dependent cytotoxicity, a complex cascade of protein 
binding and cleavage occurs that culminates in fi nal complement mediated 
effector functions of phagocytosis, recruitment and activation of leukocytes, 
and osmotic lysis. It has been reported that Rituximab  ®   (anti - CD20) utilizes 
a complement - dependent mechanism for tumor cell destruction  [14] . If the 
desired effect of a therapeutic antibody is complement - dependent activity, the 
isotype subgroup chosen should be one that binds to complement proteins 
(IgG1 or IgG3). 

 Besides these classical effector mechanisms, other antibody - based mecha-
nisms of action may be utilized, including targeted delivery of drugs, infl am-
matory mediators, or toxins; induction of apoptosis by modulation of critical 
signaling pathways; and direct linkage of target and effector cells by bispecifi c 
or multivalent antibody fragments.  

10.4 TISSUE CROSS -REACTIVITY PROCEDURES 

 As mentioned earlier, the purpose of this review is not to detail the actual 
methods used for tissue cross - reactivity studies but rather to highlight the 
many important factors that must be taken under consideration during the 
conduct, evaluation, and regulatory review and of the study. Specifi c details 
for tissue collection, generation of control materials, and staining procedures 
themselves are readily available in the literature. 
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10.4.1 The Tissues 

Human Tissues   According to the Points - to - Consider and other regulatory 
documents, tissues from at least three unrelated human donors should be 
evaluated in a tissue cross - reactivity study in order to screen for individual 
variation. In a 3 - donor, 37 - tissue cross - reactivity study, up to 111 different 
donors could theoretically be represented. To the extent possible, both males 
and females should be equally represented. 

 Tissue banks are the most common source of human tissues. While surgical 
biopsy accessions are preferred, they are limited in availability and often 
unavailable for many tissues (e.g., brain and other vital organs). Therefore the 
majority of tissue samples used in cross - reactivity studies are those acquired 
at autopsy. For autopsy accessions all efforts must be made to minimize the 
time interval between death and tissue collection. Information provided with 
specimens generally includes age, gender, and usually race and some clinical 
history and/or cause of death. As suggested in the Points - to - Consider docu-
ment, the tissues used in a standard tissue cross - reactivity study are acquired 
from adults ( > 18 years of age). Pediatric tissues are often very diffi cult to 
obtain and are usually not used in a standard tissue cross - reactivity study 
unless there is a clear pediatric indication for the test article.  

Animal Tissues   The ICH S6 guidelines and the FDA ’ s Points to Consider 
in the Manufacture and Testing of Monoclonal Antibody Products for Human 
Use (US FDA [CBER], 28 February, 1997) state that for biological products, 
preclinical testing must be accomplished in a relevant species. A relevant 
species can be determined by immunohistochemistry, fl ow cytometry, or phar-
macologic procedures. For tissue cross - reactivity (immunohistochemistry) 
studies in animals, at least two donors are recommended, with equal gender 
representation as appropriate. Since animals such as inbred rodent strains 
have relatively limited heterogeneity, staining of more than two donors is not 
considered as important as in humans, nonhuman primates, or other outbred 
strains, where the amount of genetic variability is much more extensive. The 
degree of individual variability in nonhuman primates still is not considered 
to be as great as in humans, but there is a growing trend toward staining three 
donors for animal tissues. 

 Animal tissues are collected at necropsy of humanely euthanized, purpose -
 bred laboratory animals immediately following death. Some nonhuman pri-
mates used for tissue acquisition may be wild caught. The animals used are 
preferably matched as closely as possible to that of the strain or origin of the 
animals to be used for preclinical toxicity testing.  

Considerations in Comparing Cross -Reactivity Results between Humans 
and Animals   Several factors must be taken under consideration when com-
paring tissue cross - reactivity results between humans and animals. First, condi-
tions surrounding acquisition of animal tissues are clearly different from those 
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of human tissues. Thus, the quality of the animal tissues is much easier to 
control because the tissues are taken at necropsy and are frozen within a short 
time following death. For human tissues the relative age of the donors used is 
likely to be greater than that of the animal donors, and therefore normal aging 
changes may not be as prominent in the animal tissues. Further the cause of 
death of animals used as tissue donors is euthanasia, in contrast to humans 
where the cause of death is due to a variety of causes including trauma, myo-
cardial infarction, or stroke (any of which may have overt or subtle systemic 
effects). Combined with the relatively young ages of the animal donors, it can 
be assumed that underlying disease processes such as diabetes, high blood 
pressure, or cardiovascular disease are not present in animal tissues. Finally, 
the physiological processes that occur during natural death of human tissue 
donors might infl uence antigen expression and the resulting observed staining 
pattern of a particular test article. These are considerations that will be 
addressed further in the interpretation of the relevance of the species for the 
tissue cross - reactivity study.  

Tissue Microarrays   Tissue microarrays containing tissue core samples of 
all the required tissue types in the FDA Points - to - Consider document are 
available. While tissue microarrays can be useful for preliminary investigation 
of reactivity of a test article, they have several disadvantages for optimal evalu-
ation of antibody cross - reactivity in tissues. The tissue cores (usually  ≤ 2   mm 
each) represent only a very small sample of the tissue and generally do not 
present a wide panorama of the variety of tissue elements present in a larger 
sample (epithelium, vascular and/or intrinsic smooth muscle, mesothelium, 
etc.). For example, a 2   mm core sample collected from the medulla of the 
kidney might not contain glomeruli or proximal tubular epithelium. In the 
kidney there are indeed multiple types of tubules, all with a variety of antigen 
expression patterns depending on their functional roles and location in the 
kidney. Even for a particular cell type (e.g., epithelium in the internal os versus 
external os of the cervix), there may be heterogeneity in antigen expression 
patterns, and unless expression is widespread or diffuse in distribution, reactiv-
ity is more easily missed than it would be in a larger section of tissue. Finally, 
a key part of the evaluation of tissue cross - reactivity is examining the relation-
ship between the cells of an organ and the stromal tissues. This is enhanced 
by size of the specimen.  

Preparation of Tissues   Tissues are quick - frozen in OCT embedding media, 
and 4 to 6    μ m cryosections are placed on slides and allowed to dry, or stored 
at 4    ° C for a few days or at  − 80    ° C for longer terms prior to fi xation. Prolonged 
retention of tissue sections is usually to be avoided even at − 80    ° C as antigen 
deterioration can occur even under these conditions. Blood smears are pre-
pared fresh and allowed to dry prior to fi xation. Tissue preparation (sectioning, 
drying, fi xation) is governed by the requirements needed to preserve the 
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epitope on the positive control samples in preliminary studies to establish the 
correct conditions for the assay.   

10.4.2 The Controls 

Isotype Control Antibody   The isotype (or negative) control antibody 
should be an antibody of the same isotype subclass as the test material (IgG1, 
IgG2, etc.). The isotype control stained slide controls for staining due to 
binding to Fc receptors or similar non – CDR - mediated events. However, even 
with an isotype - matched control, nonspecifi c staining (non – CDR - mediated) 
can be observed with the test material but not with the negative control. 
Ideally the ideal negative control antibody is identical to the test antibody with 
a different CDR region. This type of control helps normalize or minimize 
variables such as glycosylation differences and allotypic variation of the anti-
body backbone that might contribute to non – CDR - mediated staining.  

Assay Control   The assay control involves omission of the primary antibody 
(test article or negative control antibody) during the staining reaction and 
permits determination of staining by the secondary or tertiary antibodies or 
other components of the reaction process. This control slide may or may not 
be included based on the immunohistochemical method chosen.  

Tissue Staining Control   Along with morphology, a tissue ’ s ability to be 
stained for a common antigen provides evidence that the tissue is stainable 
and thus of suffi cient quality to be used in a tissue cross - reactivity study. In 
the case of human tissues where the time between death and collection of 
tissues may be more prolonged compared to that for animal tissues, this 
control helps verify that proteins within the tissue have maintained their 
integrity. Depending on the lab, various staining control antibodies may be 
used including CD31, transferrin receptor, or  β2  - microglobulin. The objective 
is to choose an antibody that recognizes an epitope that is expressed in all or 
most tissues. This indicates suitability of the tissues used in the cross - reactivity 
study but does not guarantee that the epitope recognized by the test article 
survived tissue collection, storage, and processing.  

Positive and Negative Tissue Controls   In order to control the staining 
run and to determine if the method that has been chosen is adequately 
working, a positive tissue control is used. In addition a negative control 
tissue is used to ensure the specifi city of the test article. A tissue with well - 
documented expression of the target antigen is the ideal positive tissue control 
because it is treated identically to the other tissues of the study. However, often 
a target antigen is not normally expressed by tissues, or on occasion may be 
washed from the tissues during the immunohistochemistry procedures. In these 
cases a neoplastic or other type of diseased tissue is used (e.g., rheumatoid 
arthritis or infl ammatory bowel disease) or another type of positive control 
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must be used as outlined below. A suitable negative tissue control consists of 
a tissue or tissue element that does not express the target antigen. 

 If acceptable positive control tissues are not available, target antigen -
 expressing cell lines may be used. In some cases there may be cell lines that 
normally express the target antigen. If such cell lines are not available, cell 
lines transfected with the target antigen may be used. Target antigen expres-
sion and the ability to detect expression of that antigen by immunohistochem-
istry may be verifi ed through the use of a commercial antibody known to react 
with the target antigen. When using cell lines, an appropriate negative control 
cell line should also be evaluated. This cell line should be as similar to that of 
the positive control cell line as possible and should be grown under similar 
conditions (e.g., suspension versus monolayer, serum versus serum - free). If 
transfected cells are chosen as the positive control cell line, then nontrans-
fected or mock transfected cells should be used as the negative control cell 
line. Often epitope density cannot be established for the cell line, but if avail-
able, high - density and low - density cell lines should be chosen to provide an 
internal sensitivity control for the assay. 

 When neither tissue nor cell lines are available, another alternative is puri-
fi ed target antigen. This type of control might be necessary when the test article 
is directed against a bacterial toxin and there is no cell line available that 
expresses the whole toxin or the targeted subunit. In these cases the negative 
 “ tissue ”  control would consist of a protein that is known to be nonreactive 
with the antibody being tested.   

10.4.3 The Staining Method 

 In 1942 Coons et al. described an immunofl uorescence technique for detecting 
cellular antigens in tissue sections  [15] . This method utilized a fl uorescent label 
bound to the primary antibody to localize the target antigen. In this case the 
fl uorescent label was the detection method. The use of an  “ immunoenzyme ”  
approach to detect binding of the primary antibody was introduced a 
quarter of a century later  [16]  with the introduction of peroxidase - labeled 
antibodies. 

 Immunohistochemical staining can be direct or indirect. Direct immunohis-
tochemical staining methods utilize only a primary antibody, which may be 
conjugated to horseradish peroxidase, biotin, alkaline phosphatase, or other 
chromogens. In the case of biotin - labeled primary antibodies, avidin or strep-
tavidin linked to peroxidase binds to the biotin allowing detection of reactivity 
of the test antibody with the tissue. Indirect immunohistochemical staining 
methods utilize secondary, tertiary, or even quaternary antibodies, any of which 
may be linked either to biotin or enzyme (e.g., peroxidase). 

 The ultimate choice of the method to be used in a tissue cross - reactivity 
study hinges on the fi ne balance between giving the best signal with the least 
amount of background or nonspecifi c staining. Background staining is associ-
ated with the detection methods used and endogenous or exogenous tissue 
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pigments. While little can be done to affect the presence of tissue pigments, 
various blocks can be used to reduce staining associated with the detection 
methods. Detection enzymes such as horseradish peroxidase or alkaline phos-
phatase have counterparts endogenous to various tissues. For example, myelo-
peroxidase is present in mast cell and neutrophil granules. Myeloperoxidase 
utilizes the same substrate that is used during the chromogen development 
phase of the immunohistochemistry staining procedure. Several blocks are 
available that can be applied to the tissues prior to application of the horsera-
dish peroxidase - labeled streptavidin or antibody that will substantially reduce 
the activity of the endogenous peroxidase enzyme. Other blocks are available 
for endogenous biotin present in tissue, thus preventing detection of endoge-
nous biotin. 

 Protein blocks are applied to the tissues prior to application of the primary 
antibody to reduce nonspecifi c staining. Nonspecifi c staining is non – CDR -
 mediated staining. Protein blocks often contain serum, which contain immu-
noglobulins that bind to the Fc receptors in the tissues, blocking Fc attachment 
to those tissue receptors. Other proteins such as casein or BSA may be added 
to block nonspecifi c protein – protein interactions. 

 The following factors should be considered when choosing a staining 
method for a tissue cross - reactivity study: (1) test article forms that are avail-
able, (2) test article affi nity, (3) proposed plasma level for clinical studies, (4) 
epitope stability, and (5) ability to scale up the method to stain a large number 
of tissues. These various issues are addressed below. 

Test Article Forms   For preclinical testing (including tissue cross - reactivity) 
of antibody - based therapeutics, it is best to use the actual therapeutic candi-
date (or the closest derivative) to obtain the most accurate preclinical data 
about that therapeutic candidate. Most monoclonal antibody - based therapeu-
tic candidates are fully human, humanized, or chimeric antibodies or frag-
ments. This poses some challenge to tissue cross - reactivity studies on human 
and nonhuman primate tissues, as standard indirect immunohistochemical 
staining using an antihuman IgG secondary antibody yields excessive back-
ground staining of endogenous human IgG present in the tissue sections. For 
this reason antibodies or antibody fragments can be labeled in various ways 
to facilitate detection of binding to human or animal tissues. Labeling is par-
ticularly useful for facilitating detection of tissue binding of antibody frag-
ments that do not contain an Fc region. However, any time an antibody or 
antibody fragment is labeled, it is critical to ensure that the label itself does 
not interfere with CDR - mediated binding to target epitope. At a minimum, 
characterization of the labeled antibody using techniques such as BiaCore, 
ELISA, and/or fl ow cytometry should be performed to evaluate the labeled 
antibody ’ s ability to bind to target epitope and to determine any effect on 
epitope binding affi nity and/or specifi city. Although there are many different 
ways to label antibodies, one of the most common labels used for antibodies 
in tissue cross - reactivity studies is biotin. 
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 Biotin is a member of the B vitamin family that is normally involved in 
various processes including biosynthesis of fatty acids, metabolism of branched 
amino acids, and gluconeogenesis. It binds with high affi nity to avidin and 
streptavidin ( KD    =   10 − 15    M). This small, bicyclic compound can be easily con-
jugated to macromolecules without disrupting their function. Biotin esters are 
most often used for antibody labeling. These compounds react with primary 
amino groups ( – NH 2)   present on lysines and at the N - terminus of the protein 
to form stable amide bonds. Other types of biotin reagents are available if 
biotinylation of groups other than primary amines is desired. After the labeling 
reaction, excess biotin and any other reaction by - products should be removed 
by column chromatography, dialysis, or desalting columns. Usually antibodies 
are labeled with three to six biotins per molecule, although this number can 
be different depending on how the reaction is set up and on how many avail-
able lysines are present for labeling. Excess biotin molecules can interfere with 
the CDR binding to the antigen. When an antibody or antibody fragment is 
labeled with biotin for cross - reactivity testing, a similarly labeled negative 
control antibody or antibody fragment should also be prepared. 

 Using biotinylated antibodies for immunohistochemical staining takes 
advantage of the high - affi nity binding of biotin to avidin or streptavidin. For 
this reason biotinylated antibodies (either the primary antibody or secondary 
antibody) are easily detected using enzyme - conjugated (horseradish peroxi-
dase or alkaline phosphatase) avidin or streptavidin. This type of procedure is 
useful when staining human or nonhuman primate tissues with chimeric, 
humanized, or human antibodies as it eliminates the need for an antihuman 
IgG secondary antibody. In addition this type of labeling facilitates staining 
with antibody fragments that do not contain an Fc region. Two important 
considerations when using biotinylated reagents for immunohistochemistry 
are use of a similarly labeled negative control antibody and adequate blocking 
of endogenous biotin in the tissue sections. Blocking of endogenous biotin is 
achieved by sequential incubation of the sections with avidin and biotin. In 
addition an assay control in which the primary antibody is omitted from the 
staining reaction should be performed to evaluate the level of endogenous 
biotin (to ensure adequate blocking) and other pigments as well as any non-
specifi c staining by secondary or detection reagents. A word of caution about 
the use of biotin is that its presence on some antibody molecules can result in 
non – CDR - mediated interactions forming between the tissues and the biotin 
resulting in nonspecifi c staining of the tissues. Depending on where the biotin 
molecules attach, biotinylation also can directly alter the test article CDR or 
trigger conformational changes in the test article antibody molecule that 
affects CDR - mediated binding. A concern is that the biotinylated negative 
control antibody may not behave in the same manner as the biotinylated test 
article. 

 As mentioned earlier, there are other ways to label antibodies for use in 
tissue cross - reactivity studies. Detailed discussion of various labels and stain-
ing methods associated with them are beyond the scope of this review. However, 
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whatever the label chosen, careful consideration should be given to its effect 
on the test article and to the specifi cs of the staining method (controls, buffers, 
etc.) that must be used with that type of label. 

 In cases where the test article is derived from the same species as the tissue 
being stained and labeling is not feasible due to interference with the CDR, a 
precomplexing method may be attempted. This method involves precomplex-
ing of the primary antibody and the anti - IgG secondary antibody prior to 
application to the tissue and has been described for both mouse and human 
antibodies  [17 – 19] . Alternatively, if available, anti - idiotypic antibodies (anti-
bodies that are directed specifi cally against the hypervariable region of the 
test article) can be used to detect test article binding to the tissues. Care should 
be taken to ensure that the anti - idiotypic antibodies do not recognize endog-
enous IgG or modulate test article binding directly.  

Test Article Affi nity   Different immunohistochemical staining methods have 
different levels of theoretical amplifi cation (Table  10.2 ). For antibodies with 
relatively low affi nities, it may be desirable or necessary to use a method with 
a high level of amplifi cation, such as a tertiary indirect in order to see reactivity 
with the target antigen. For antibodies with relatively high affi nity for the 
target antigen or for highly expressed   antigens, the level of signal amplifi cation 
may not be as critical for detection of staining.    

Proposed Plasma Level for Clinical Studies   The tissue cross - reactivity 
study is an immunohistochemistry assay, which, because of its nature, does not 
replicate the conditions obtained in vivo. Moreover, one is looking at tissue 
sections where the cells are cleaved and all portions of the tissues and cells 
(membrane, cytoplasm, and nucleus) and surrounding milieu are exposed to 
the same concentration of the antibody, which is different from the intravas-
cular and perivascular concentrations observed in vivo (see below). Since 
buffers, protein types, and electrolytes also differ in vivo compared to the 
immunohistochemistry conditions, one cannot expect to attain high concentra-

 TABLE 10.2    Theoretical amplifi cation and maximum test article concentration for 
various immunohistochemical procedures 

  Test Article Form    Method  
  Theoretical 

Amplifi cation  

  Theoretical Maximum 
Test Article 

Concentration

  Unconjugated    Secondary indirect    ++ to +++    10 – 50    μ g/ml  
  Unconjugated    Precomplex    + to +++    10 – 20    μ g/ml  
  Biotinylated    Direct    + to +++    10 – 300    μ g/ml  
  HRP - conjugated    Direct    + to ++    10 – 300    μ g/ml  
  Other labels    Indirect    ++ to ++++    10 – 100    μ g/ml  
  Anti - Id    Indirect    ++ to +++    10 – 100    μ g/ml  
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tions of the monoclonal antibodies in the in vitro assay compared to in vivo 
because of the background staining associated with high concentrations. It is 
good to attempt these concentrations, but for all practical purposes it is unre-
alistic for many, if not most, test articles. A less sensitive procedure providing 
less background could be chosen, but that would defeat the goal of the tissue 
cross - reactivity study to determine the possible cellular and tissue location of 
the antigen recognized by the antibody. The tissue cross - reactivity study is an 
in vitro experiment utilized to determine the location and density of an antigen. 
That said, an attempt should be made at least in preliminary studies to use the 
proposed clinical concentrations, but if excess background results, the higher 
concentrations would do little to assist in interpretation and should not be 
utilized. The data from the preliminary studies can be used to support the 
concentrations used.  

Epitope Stability   How and whether to fi x tissues to preserve morphology 
and maintain the reactive epitope is always a question. The secondary and 
tertiary structures of an epitope are modifi ed by excessive fi xation and some-
times drying, which can alter staining of the fi xed tissues. Further, since protein 
structure is based on a number of factors, including hydrogen bonding between 
amino acid side chains, factors such as pH and salt will play a role in the protein 
structure and, in turn, in the antigen – antibody reaction if that reaction is 
dependent on a secondary, tertiary, or quaternary structure. While tissue col-
lected and placed into formalin is not a consideration for tissue cross - reactivity 
studies, minor fi xation of cryosections with standard fi xatives aid in maintain-
ing tissue morphology. Further, some antigens are preserved better with such 
minor fi xation. Thus, different fi xatives such as acetone, methanol, neutral 
buffered formalin, or paraformaldehyde may be considered. Each fi xative has 
a different mechanism of action. Acetone is an organic solvent, methanol is 
dehydrating, and aldehydes cross - link amino acids. The effect of these fi xatives 
on target and off - target antigen preservation should be considered during the 
method development.  

Concentration Selection   During method development the primary anti-
body is titrated across a range of concentrations in order to determine both 
an ideal concentration (the lowest test article concentration that produces 
maximum binding to the target antigen) and a higher concentration of anti-
body that allows detection of reactivity that is of relatively lower affi nity. The 
choice of this higher concentration is usually a multiple of the ideal concentra-
tion that approaches the proposed clinical concentration as determined by the 
levels of background staining. These two concentrations are commonly within 
a concentration range of 10 to 20 - fold. If a study is conducted using lower - fold 
difference in high and low staining concentrations (e.g., threefold), appropriate 
justifi cation should be provided. Rarely, three concentrations of antibody may 
be chosen if the range between the ideal concentration and the proposed 
plasma concentration is large ( > 50 to 100 - fold).    
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10.5 INTERPRETATION OF TISSUE CROSS -REACTIVITY FINDINGS 

10.5.1 CDR-Mediated “Specifi c ” Staining 

 To interpret potential cross - reactivity fi ndings correctly, the pathologist must 
consider the nature of the epitope - test article CDR interaction, the type of 
test article and staining method as well as the histologic characteristics of the 
tissue being stained. First, staining of a tissue component could indicate binding 
to the target epitope (e.g., a leukocyte CD marker) mediated by the test article 
CDR, or it could indicate CDR - independent binding (nonspecifi c sticking or 
Fc receptor mediated binding). Just because a test article binds to an unex-
pected tissue component does not mean the binding is nonspecifi c. It could 
mean that the target CD marker is expressed at that site. For example, CD4 
was originally recognized as specifi c for helper T cells but was later found to 
be present on parathyroid epithelium  [20,21]  as well as monocytes and mac-
rophages. Thus, fi nding CD4 on helper T cells was judged an expected, on -
 target, CDR - mediated staining, while fi nding CD4 on parathyroid epithelium 
was initially judged an unexpected, off - target, CDR - mediated staining. In 
contrast, the T10B9 anti - CD3 monoclonal antibody reacts with a monomor-
phic membrane CD3/T cell receptor complex epitope but does not react with 
cytoplasmic CD3 in human T lymphocytes and does not recognize membrane 
CD3/T cell receptor complex or cytoplasmic CD3 in rhesus monkey or cotton -
 top tamarin T lymphocytes  [22] . However, T10B9 also reacts with cytoplasmic 
fi laments in human, rhesus monkey, and cotton - top tamarin epithelial cells 
that do not express CD3/T cell receptor complex.  1   Thus fi nding T10B9 cross -
 reactive, non – CD3/non – T cell receptor complex - epitopes on human and non-
human primate epithelial cells was judged an off - target, CDR - mediated 
staining.  

10.5.2 Non–CDR-Mediated “Nonspecifi c ” Staining 

 Whether expected or unexpected and on -  or off - target, CDR - mediated binding 
is very different from non – CDR - mediated binding. Non – CDR - mediated 
binding can be due to binding of the Fc portion of the test article to Fc recep-
tors on monocyte/macrophages or other cell types (Figure  10.4 ; reviewed in 
Chapter  11 ). Non – CDR - mediated binding can also be due to nonspecifi c 
stickiness, mediated by protein – protein, protein – nucleoprotein interactions, 
carbohydrate – carbohydrate (lectin - like) interactions, or van der Waals inter-
actions. Thus, except for epitope  :  CDR matching, the types of physicochemical 
interactions that contribute to specifi c CDR binding are often similar to the 
types of physicochemical interactions that mediate nonspecifi c (non – CDR -
 mediated) binding. Additionally certain tissues or tissue components appear 
to be stickier than others. For example, vascular and intrinsic smooth muscle 

1    Interestingly this epithelial cytoplasmic fi lament cross - reactivity did not appear to lead to any 
toxic effects in clinical trials  [23,24] , reviewed in  [25] . 



cells are often stickier than endothelial cells and/or perivascular collagen, as 
is mucin in the gastrointestinal tract and cervix. The stickiness of a tissue (and 
the propensity to bind antibody or protein reagents nonspecifi cally) also gen-
erally increases as the time between death and tissue collection increases. 
Additionally, as patients die, their peripheral tissues become poorly perfused 
and increasingly depleted of oxygen (anoxia). Anoxic endothelial cells con-
tract and the spaces between adjacent endothelial cells widen, leading to 
protein leakage into the tissues. These serum proteins might coat (protect) the 
sticky sites on vascular smooth muscle cells. Alternatively, if the test article is 
directed against a serum protein (e.g., complement), the cross - reactivity stain-
ing patterns might appear greater than they really are due to reactivity with 
serum leaked into perivascular or more distal tissues.    

10.5.3 Tissue Adequacy and Staining Adequacy 

 Interpretation of cryosections depends on tissue adequacy and staining ade-
quacy. Tissue adequacy depends on the overall size and quality of each piece 
as well as whether the essential tissue components are adequately represented. 
For example, a piece of human uterus should have surface and glandular 
endometrium with endometrial stromal cells, muscular tunics, and, if possible, 
serosa (mesothelium). To ensure tissue adequacy, individual tissue cryosec-
tions should be used. Slides with multiple tissues (especially those with multi-
ple small pieces — multitissue arrays) generally should not be used.  2   These 

Figure 10.4     Fc γ R1 in human placenta. CD64 staining of Hofbauer cells and perivas-
cular monocyte/macrophages and dendritic cells. No staining of placental trophoblast 
epithelium or endothelium. See color insert.  

2  Once a target or off - target reactivity is identifi ed, a multitissue array might be useful in screening. 
For example, multitissue arrays might be used to identify how many livers are positive for a par-
ticular hepatocyte epitope. 
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small pieces often do not include all representative tissue components. More-
over in many cross - reactivity studies the key test article - stained cells might be 
evident in low numbers or in specialized portions of the tissue. For example, 
a tumor angiogenesis epitope might be present on normal endothelial cells in 
ovary that undergoes angiogenesis as part of postovulation corpus luteum 
formation   during regular menstrual cycling. These test article - stained cells 
might only represent 1% of the endothelial cells of an ovary but are critical 
to identify as potential targets for that test article. 

 Staining adequacy is addressed by staining replicate cryosections from each 
tissue for an antigen known to be expressed on components common to all 
tissues (e.g., CD31,  β2  - microglobulin, transferrin receptor), as discussed previ-
ously. This ensures that the tissue can be stained using immunohistochemical 
methods and thus is a suitable sample for the tissue cross - reactivity study.  

10.5.4 Background Staining 

 Interpretation of cryosections depends on the level and type of background 
staining. Background staining can result from the staining procedure chosen 
for that test article or from endogenous or exogenous tissue pigments. Most 
immunohistochemical procedures used for tissue cross - reactivity are ulti-
mately based on peroxidase cleavage of substrate – chromogen complexes to 
allow deposition of chromogen on tissue. If the staining procedure is avidin –
 biotin complex (ABC) based (e.g., biotinylated primary antibody), the tissue 
cryosections must be treated with specialty blocks to reduce endogenous 
biotin staining. These blocks generally are not required in staining of paraffi n 
tissues unless antigen retrieval procedures are used. Certain tissue compo-
nents (e.g., salivary gland duct epithelium) have higher endogenous biotin, 
which may compromise interpretation of that tissue component. Depending 
on the chromogen used in tissue cross - reactivity procedure, the background 
tissue pigments might have the same color or quality of staining as the chro-
mogen. For example, the brown of diaminobenzidine is similar to the brown 
of melanin seen frequently in skin and eye sections. Other commonly encoun-
tered pigments include endogenous erythrocyte - derived pigments (reddish -
 yellow hemoglobin, yellowish - brown hemosiderin or hematoidin) or exogenous 
pigments (e.g., carbon pigments in macrophages in lungs from smokers or 
donors from polluted environments, india ink used to mark surgically obtained 
specimens).  

10.5.5 Scoring

 Scoring of test article staining in a tissue cross - reactivity study is a judgment 
call best made by a pathologist with broadly based experience in interpretation 
of frozen sections and comprehensive understanding of histology and immu-
nohistochemistry. The actual scoring should include information regarding the 
cell or tissue component type, histologic location and pattern, subcellular loca-
tion, and number or frequency of stained tissue components as well as the 



staining intensity. As a typical cross - reactivity study contains three donors per 
tissue, statistical analysis of the fi ndings is generally not appropriate.  

10.5.6 Types of Tissue Cross -Reactivity Staining Patterns 

 We have reviewed information from 161 typical cross - reactivity studies con-
ducted by PAI - CRL.  3   These studies were selected from more than approxi-
mately 800 studies conducted between 1990 and 2006. The information is 
presented as percentages of total, but it is important to note that the percent-
ages may exceed 100% as not all the studies had identical study design. For 
example, several studies included more than one test article, but the calcula-
tions were based on a per study basis. The specifi c data are proprietary, and 
only generalities are presented in the summary tables. The types and forms of 
the test articles and their epitopes are listed in Table  10.3 , and the frequency 
of unexpected cross - reactivity is listed in Table  10.4 .     

 The types and frequencies of cross - reactivity fi ndings are listed by general 
category in Table  10.5 . The most frequent unexpected cross - reactivities were 
recognized in neural, epithelial, or contractile fi lament components. Narrow -

 TABLE 10.3    Test articles examined in 161  PAI  -  CRL  tissue cross - reactivity studies 

  Types of test article    33% Human IgG1, 16% humanized IgG1 
  7% Human IgG2,  ≤ 1% human IgG3, 6% human IgG4 
  2% Human Fab  
  10% Chimeric, 10% mouse IgG1, 2% mouse IgG2a  
  6% Fusion molecules or conjugates 

  Forms of test article    47% Unconjugated 
  15% Biotinylated 
  34% Fluoresceinated 
  1% HRP - conjugated  
≤ 1% Other  

  Epitopes    29% CD markers 
  25% Cytokine/chemokine receptors 
  7% Integrins  
  7% Infectious or toxic agents 
  9% Other  
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 TABLE 10.4    Frequency of unexpected cross - reactivity in 161  PAI  -  CRL  tissue 
cross - reactivity studies 

  % Unexpected cross - reactivity    None (69%)  
  Broad spectrum (6%)  a 

  Narrow spectrum (21%)  b 

a Multiple elements in multiple tissues.  
b One to two elements in a few tissues, or one element in multiple tissues.   

3  Charles River Pathology Assoicates. 
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 TABLE 10.5    Types and frequencies of unexpected tissue cross - reactivity fi ndings in 
161  PAI  -  CRL  studies 

  Unexpected 
Cross - Reactivity

  Broad 
Narrow - Spectrum?    % of Total Studies    

  Neural tissue 
components

  Broad    4%  
  Narrow    8%

Axons, nerve endings — 2%
Neuropil — 3%
Schwann cells — 2%
Glial cells — 1%  

  Endocrine tissue 
components

  Broad    2%  
  Narrow    4%

Pituitary epithelium — 2%
Parathyroid epithelium — 2%

  Gonadal tissue 
components

  Broad    1%  
  Narrow    4%

Seminiferous tubule cells — 2%
Gonadal fi broblasts — 1%
Oocytes — 1%  

  Kidney tissue 
components

  Broad    Not observed  
  Narrow    Glomerular tuft cells — 1%

  Mucosal 
epithelium

  Broad    4%  
  Narrow    8%

Stratifi ed squamous epithelium — 5%
Basal lamina — 1%
Transitional cell epithelium (urinary) — 1%
Fallopian tube epithelium — 1%

  Gland or duct 
epithelium

  Broad    2%  
  Narrow    7%

Apocrine gland epithelium — 4%
Salivary duct or acinar epithelium — 2%
Sebaceous duct epithelium — 1%
Pancreatic duct or acinar epithelium — 1%

  Cytoplasmic 
(contractile)
fi laments  

  Broad    7%  
  Narrow    2%

Myoepithelium — 1%
Cardiac myocytes — 1%
Skeletal myocytes — 1%
Myofi broblasts — 1%  

  Endothelium    Broad    1%  
  Narrow    1%  

  Other    Broad and/or 
narrow

  Adipose (fat) cells — 1%
Mesothelium — 1%
Nuclei — 1%
Dendritic cells — 1%



    Figure 10.5     ( a ) Unexpected broad - spectrum cross - reactivity with epithelium, endo-
thelium and selected vascular smooth myocytes. No staining of interstitial (stromal) 
cells, collagen, or nuclei. ( b ) No staining in replicate sections stained by negative control 
antibody at similar staining concentration. See color insert.  

a b

    Figure 10.6     ( a ) Unexpected narrow - spectrum cross - reactivity with contractile fi la-
ments in vascular smooth myocytes. No staining of interstitial (stromal) cells, collagen, 
nuclei, or adjacent peripheral nerve. ( b ) No staining in replicate sections stained by 
negative control antibody at similar staining concentration. See color insert.  

a b

 spectrum cross - reactivity (1 – 3 elements in a few tissues or 1 element in multi-
ple tissues) was recognized more frequently than broad - spectrum cross - reactivity, 
except for contractile fi laments in which broad - spectrum (multiple elements 
in multiple tissues) staining was recognized more often.   

 Examples of broad - spectrum and narrow - spectrum cross - reactivities are 
illustrated in Figures  10.5  and  10.6 . Examples of unexpected staining of neural 
tissue elements are illustrated in Figures  10.7  and  10.8 . Figure  10.8  also 
illustrates the very important point that large tissue sections are necessary 
for adequate evaluation of potential cross - reactivity. This particular cross -
 reactivity was seen in glial cells, primarily in dorsal but not ventral white 
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    Figure 10.7     ( a ) Unexpected narrow - spectrum cross - reactivity with axons in human 
brain. No staining of neural tissue components. ( b ) No staining in replicate sections 
stained by negative control antibody at similar staining concentration. See color insert.  

a b

    Figure 10.8     ( a ) Unexpected narrow - spectrum cross - reactivity with glial cells in dorsal 
tracts of human spinal cord. Clustering of glial cells might indicate a very small glial 
scar. No staining of neural tissue components. ( b ) Greatly reduced cross - reactivity with 
glial cells in ventral tracts of human spinal cord. See color insert.  

ba

matter tracts in the spinal cord. This difference (and potentially this cross -
 reactivity) would not have been recognized had smaller or incomplete tissue 
pieces been used. Figure  10.9  illustrates cross - reactivity with contractile fi la-
ments (cross - striations and intercalated discs) in heart muscle cells.            

  10.5.7   Context 

 Interpretation of test article staining should always be done in context of the 
published literature, knowledge of histology and physiologic processes, and 
common sense. We have previously seen staining of variably sized cytoplasmic 
inclusions in liver Kupffer cells when staining with antibodies directed against 
leukocyte markers. The staining did not represent true cross - reactivity with 



Kupffer cell components but rather represented reactivity with leukocyte frag-
ments that had been phagocytized by the Kupffer cells. Similar staining might 
be expected at other sites of leukocyte fragment clearance such as monocyte/
macrophages lining the cords of Billroth in spleen or subcapsular or medullary 
sinusoids in lymph node. Likewise, in staining human tissues for the presence 
of an integrin highly expressed on platelets, distinct particles in Kupffer cells 
that resembled platelets also stained. The initial thought was that Kupffer cells 
themselves were staining. To unravel this, a commercial antibody against gly-
coprotein 1b, an antigen expressed only on platelets, was purchased and applied 
to the tissues. The stained antigens were thus identifi ed as platelets within the 
Kupffer cells, indicating that either platelets were phagocytized by the Kupffer 
cells before death or phagocytosis of platelets occurred as a postmortem event 
during the interval between death and autopsy.  

10.5.8 Signifi cance of Tissue Cross -Reactivity Findings 

 As discussed above, the FDA and other international regulatory authorities 
strongly recommend tissue cross - reactivity studies as part of any monoclonal 
antibody test article approval/registration package. Additionally, tissue cross -
 reactivity studies provide an immunohistochemical window through which to 
examine patterns of CDR - mediated and non – CDR - mediated staining. This 
window can reveal potential effi cacy or toxicity targets as well as novel infor-
mation regarding potential sites of expression of target epitope or related 
but off - target cross - reactive epitopes. However, the presence of tissue cross -
 reactivity does not equate to toxicity. Likewise, the absence of tissue cross -
 reactivity does not necessarily ensure safe administration of monoclonal 
antibody test articles. Rather, tissue cross - reactivity just reveals potential sites 
to monitor for test article binding. When the actual monoclonal antibody 

Figure 10.9     Unexpected cross - reactivity with contractile fi laments (cross - striations, 
intercalated discs) in cardiac myocytes. No staining of sarcolemmal cells, interstitial 
cells or endothelium. See color insert.  
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drug is administered to humans or animals, it becomes incorporated into the 
circulating immunoglobulin pool and is distributed, cleared, and/or salvaged 
by physiologic (and in heterologous species, immunologic) processes (Chapter 
 11 ). Whether monoclonal antibody test articles will bind to these or other 
(FcR, nonspecifi c, or non – CDR - mediated) sites will depend on the route of 
test article administration, extent of tissue distribution following administra-
tion, test article binding affi nity, and the nature of, and potential access to, the 
cross - reactive subcellular sites and/or extracellular components. 

 The potential hierarchy of cross - reactivity fi ndings according to site of test 
article staining is presented in Table  10.6 . Test article cross - reactivity with 
membrane targets generally has been considered to be of greatest potential 
biological relevance or toxicity because access to this compartment is theoreti-
cally greater. Membrane binding to high - density epitopes also has been con-
sidered more likely to trigger events such as complement fi xation and cell 
destruction, alterations in cell signaling, orADCC than antibody binding to 
other cellular locations (see above).   

 The information in Table  10.6    is in fact oversimplifi ed. Access to target and 
potential off - target epitopes is fi rst and foremost affected by antibody distri-
bution. The physiologic distribution of monoclonal antibody test articles 
(Chapter  11 ) suggests that the drug will be presented sequentially to intravas-
cular components (blood cells, plasma components), endothelium, vessel wall, 
perivascular interstitial fl uid and extracellular fi brils, cell membrane, cell cyto-
plasm (if receptor - mediated or nonspecifi c uptake occurs), nuclei (if nuclear 
uptake occurs). Additionally some of the administered antibody will be cleared, 
compartmentalized intracellularly, and/or salvaged by physiologic processes 
conducted by endothelium, monocytes/macrophages, and epithelium. Last, 
normal cell turnover might provide nuclear, membrane, or cytoplasmic frag-
ments that could be present as possible binding targets in blood or tissue.  

  10.5.9 Animal Tissue Cross -Reactivity Testing 

 Animal tissue cross - reactivity studies can provide information regarding 
whether the animal species under consideration might provide relevant models 
for safety/toxicity testing. Cross - reactivity is one of a number of methods for 
determining a relevant species; others include fl ow cytometry and assessing 
expected pharmacologic events to a monoclonal antibody. However, the animal 
tissue cross - reactivity staining patterns alone are not suffi cient to ensure or 
deny the relevance of toxicity testing in that species. The example cited earlier 
in this chapter of the differences in T10B9 staining of membrane CD3/TCR 
complex molecules on human T lymphocytes and cytoplasmic fi laments in 
human and primate epithelial cells is useful  [22] . While toxicity testing in the 
primate might not reveal anything about the potential for toxicity following 
T10B9 binding to T lymphocyte membranes, it might reveal information 
regarding access and/or toxicity to subcellular epithelial compartments. Finally, 
the appropriate use of a relevant species to identify any adverse events or to 



make a fi nal determination as to whether antibody binding actually occurs 
in vivo is important. Many of the cross - reacting antigens are cytoplasmic, 
and appropriately designed toxicity studies can help unravel their biological 
signifi cance. Reviewing the animal tissues subsequent to injection of the 
monoclonal antibody into them for changes related to the antigens, and also 
demonstration of the injected monoclonal antibody binding to suspect tissues 
in vivo, can add a great measure to the safety of the product.   

10.6 BIOLOGICAL RELEVANCE OF HUMAN TISSUE 
CROSS-REACTIVITY STUDIES 

 Several types of hypersensitivity reactions can occur in the host receiving mono-
clonal antibody therapy, and the tissue cross - reactivity study might be predic-
tive of some of these hypersensitivity reactions. Theoretically, adverse reactions 
result in tissue destruction because of the activation of complement or release 

 TABLE 10.6    Potential for toxicity for cross - reactivity by cytologic or histologic 
location

  Cytologic 
Location    Homologue(s)  

  Example(s) of 
Homologues

  Potential for Toxicity 
for Unexpected 
Cross - Reactivity

  Membrane    CD markers, 
receptors

  CD3 in medullary 
thymocytes 

  Probably highest 
regulatory concern 

  Cytoplasm    Cytokines, 
chemokines, rare 
CD markers 

  CD3 in cortical 
thymoctyes

  Probably limited in 
vivo access  

  Cytoplasmic 
fi laments  

  Cytoskeleton, 
functional internal 
borders

  Intermediate or 
contractile
fi laments  

  Probably limited in 
vivo access  

  Cytoplasmic 
granules

  Organized subcellular 
sites (e.g., 
endosomes, 
lysosomes, 
ER/Golgi)

  Pituitary hormones    Probably limited in 
vivo access  

  Nucleus    Nucleus, nucleolus    Steroid hormone 
receptors

  Immune - mediated 
disease?

  Soluble    Serum, interstitial 
fl uid, urine, CSF, 
other body fl uids  

  Cytokines, 
chemokines, 
complement
factors, shed tumor 
antigens

  Little to unknown 

  Extracellular 
structures

  Basal lamina, 
basement
membrane, 
interstitial fi bers  

  Laminin, elastin, 
collagen, 
intercellular
substance

  Unknown? Immune -
 mediated disease? 
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of perforin and/or other infl ammatory mediators by   effector cells (K cells, 
neutrophils, macrophages) bound to the antibody by Fc receptors  [26] . One 
example of a possible type II hypersensitivity reaction is described in Sections 
 10.6.2 . In practice, type II hypersensitivity reactions are more likely elicited by 
anti - idiotypic responses to monoclonal antibody infusion than to the infusion 
itself. However, the anti - CD20 monoclonal antibody rituximab has been linked 
to cytokine release. This adverse reaction is speculated to be mediated by cross -
 linking of the antibody to target cell receptors, Fc engagement, and complement 
activation  [27] . Other reactions, such as type I (IgE mediated hypersensitivity), 
types III (immune complex) and IV (cell mediated hypersensitivity), might also 
play a role in host disease. For example, administration of infl iximab has been 
associated with type I, II, and III hypersensitivity reactions due to development 
of anti - idiotype antibodies  [28] . Local injection site reactions to monoclonal 
antitumor necrosis factor -  α  antibodies (e.g., adalimumab) are reported to 
elicit type IV hypersensitivity reactions  [29] . There are other considerations 
that assist in this evaluation of the biological relevance of human tissue cross -
 reactivity studies, such as the valence of the antibody, the subclass affecting 
Fc binding and cytokine release from effector cells, concentration and distribu-
tion of the antibody molecule in the tissues, and location of the stained cross -
 reacting antigen to determine its accessibility by the antibody. 

 In the tissue cross - reactivity studies, the antibody has equal access to all 
tissues and all cell components (membrane, cytosol, nucleus) of the tissues on 
the section. This is not true in vivo where access to the tissues is governed by 
passive diffusion of the antibody to the tissue. Moreover, unless uptake by 
tissues is   receptor - mediated, cell membranes preclude entrance of an antibody 
into the cells. In addition there are blood – brain, blood – nerve, blood – eye, and 
blood – testis barriers characterized by specialized endothelium that reduce 
movement of immunoglobulin into these protected spaces. Thus, some tissues 
have relatively little access by antibodies compared to others. Likewise, anti-
gens within cells have little chance of access to the antibody compared to cell 
membrane or transmembrane antigens. 

 Antibodies injected intravenously are more accessible to tissues associated 
with the vasculature (endothelium, blood leukocytes, platelets, and erythro-
cytes) compared with deeper, more complex tissues that are poorly perfused. 
Thus, the location of the cells in the body relative to vascular perfusion and 
diffusion of antibodies are important aspects of interpretation of the cross -
 reactivity studies. For example, ReoPro  ®   (abciximab, c7E3 Fab) is an antibody 
Fab directed against glycoprotein IIb/IIIa on the platelet surface. This receptor 
is responsible for interacting with fi brinogen and von Willebrand factor that 
result in platelet aggregation and thrombosis. Blockage of these receptors 
prevents platelet aggregation and thrombosis  [30] . 

10.6.1 Valence

 ReoPro  ®   a Fab monovalent, and this precludes cross - linking of platelets that 
would occur if the antibody were bivalent. The half - life of ReoPro  ®  is approxi-



mately 10 minutes with a secondary half - life of 30 minutes in humans, in part 
because of the size of the molecule but, more important, because of the intra-
vascular location of the platelets as well as the high affi nity of the antibody 
for the platelet receptor. In clinical trials ReoPro  ®   has proved to be an effec-
tive agent in preventing platelet aggregation and thrombosis. Additionally, a 
portion of the gpIIb/IIIa molecule is a β3  - integrin receptor (e.g., vitronectin 
receptor,  ανβ3 ) expressed by different cell types, including neovascular endo-
thelium and smooth muscle. The binding of ReoPro  ®   to neovascular endothe-
lium reportedly reduces attachment of the endothelial cells to the basal lamina, 
which is an important aspect of its usefulness as a therapeutic for coronary 
angioplasty  [30 – 31] . A bivalent antibody produced against the same antigen 
in mice resulted in platelet loss  [32] .  

10.6.2 ADCC

 ADCC is a reaction that can occur with IgG1 and IgG3 antibodies where the 
antibody binds to the antigen in question and killer cells (K cells and CD8+ 
K cells, NK - cells) then bind to the Fc portion of the antibody by the FcγRIII
or other receptors on the effector cells  [26] . 

 An IgG1 chimeric (mouse/human) antibody was developed against an 
antigen expressed on a large number of human colon carcinomas  [33]  and a 
cross - reactivity study was performed. The antibody bound to endothelial cells 
of the gray matter of the cerebrum (Figure  10.10 ). The same reactivity occurred 
in the cynomolgus monkey, and a toxicity study was conducted in this relevant 
species. In order to eliminate the possibility of cell repair and resolution of 
any lesions that might develop with this antibody, a small number of the 

Figure 10.10     Staining of endothelium of human cerebral gray matter with chimeric 
antibody to a colon carcinoma antigen. The same endothelial staining pattern occurred 
in cynomolgus monkey cerebral gray matter. ABC Immunoperoxidase. See color 
insert.  
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animals were sacrifi ced 72 hours following IV injection of the antibody. The 
pathology report was negative for any effects and a phase 1 trial was initiated. 
Of the six persons injected with the antibody, three developed dizziness and 
short - term memory loss, which subsided upon withdrawal of the drug. Addi-
tional review of the monkey brain tissues revealed the presence of mononu-
clear cells along the endothelial surface of small blood vessels in the cerebral 
cortical gray matter (Figure  10.11  a  and  10.11  b ). The cell infi ltrates were not 
further characterized by staining for CD16 or any of the CD markers. The 
reaction nevertheless was consistent with ADCC, indicating the value of an 
appropriate model and careful interpretation of both the pathology and the 
cross - reactivity study.      

  10.6.3   Immune Complex Disease 

 In order to induce immune complex disease following immunization with a 
foreign protein (bovine gamma globulin), one generally needs to inject high 
levels of the foreign protein to produce the disease  [32] . For symptoms and 
lesions of immune complex disease to occur, many immune complexes are 
needed. This usually means that the amount of protein injected must exceed 
the levels of antibodies produced in order to attain a level of antigen excess. 
For a nonhuman primate immunized against bovine gamma globulin, approxi-
mately 4.9   mg/kg is necessary to produce antibody equivalence for develop-
ment of chronic immune complex disease  [32 – 34] . For immune complex 
disease to occur, two conditions must be met: (1) the protein must be recog-
nized by the host as foreign and (2) the levels of foreign protein must be high 
enough to exceed the level of antibody generated against them. The majority 
of monoclonal antibodies are human or humanized and therefore less likely 
than rodent antibodies to elicit anti - antibody responses, unless these are anti -

    Figure 10.11     Vessels in the cerebral gray matter of control ( a ) and dosed ( b )  
cynomolgus monkey 72 hours following IV injection of an antibody directed against 
colon carcinoma. Note the leukocytes adherent to the endothelium characteristic of 
ADCC. See color insert.  

a b



 idiotypic responses directed against the therapeutic antibody CDR. Moreover 
therapeutic levels of most monoclonal antibodies are much lower, resulting in 
a dose of less than 100    μ g/ml of plasma or approximately 3   mg/kg body weight. 
Effective monoclonal antibody concentrations usually are much less than 
100    μ g/ml, on the order of 1 to 20    μ g/ml. 

 The story is different for an antigen targeted by the monoclonal antibody 
(site - directed immune complex disease). Immune complex disease can result 
by reactivity of the host against the bound antibody. Again, little reactivity is 
observed against the monoclonal antibody having host specifi c characteristics 
(human, humanized, and in most cases, chimeric antibodies), but this differs 
with a xenogenic immunoglobulin. In a number of studies we have assessed 
where the toxicity model was other than the homologous antibody host species, 
site - directed immune complex disease has been observed. Generally, serum 
complement levels are reduced during the toxicity portion of the study, and 
there is the deposition of host Ig and C3 at the sites of antibody localization 
accompanied by infi ltrates of various infl ammatory cells. 

 Sometimes, development of immune disease that targets the antigen is a 
welcomed event. Some anti - tumor monoclonal antibodies (e.g., monoclonal 
antibody 17 - 1A directed against the colon carcinoma antigen) are expected to 
elicit an anti - idiotypic host response. The anti - idiotypic antibody structure 
mimics the tumor antigen and can act as a vaccine resulting in an anti - anti -
 idiotypic response against the antigen  [38 – 40] . Response can be either anti-
body mediated or T cell mediated.   

10.7 CONCLUSIONS

 Tissue cross - reactivity studies, although burdensome, provide a rational in 
vitro assay to determine the range and intensity of distribution of potential 
epitopes reactive with a monoclonal antibody test article prior to its adminis-
tration to humans. In addition, cross - reactivity studies   provide a useful tool to 
identify animal species for safety assessment. The cross - reactivity profi les of 
different species can be compared to the profi les obtained in human tissues. 
The predictive value of the assay lies in incorporating the characteristics of 
the monoclonal antibody (isotype, subtype, and other molecular modifi ca-
tions) with the biological activity of the molecule itself, and the potential in 
vivo distribution of it.  
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11.1 INTRODUCTION

 Following administration, monoclonal antibodies become part of the endoge-
nous IgG pool for distribution, transport and clearance unless these physio-
logic processes are altered by antibody CDR – epitope interactions or host 
anti - mononclonal antibody immune responses. This review focuses on physi-
ologic (endogenous) IgG biodistribution, clearance and transport processes. 
Most of the information on these processes was derived from human clinical 
or laboratory studies. When available, information on exogenously adminis-
tered monoclonal antibody test articles (data obtained from experimental 
studies in mice, monkeys or other species or clinical studies in humans) is 
included. The information is assumed to apply generally to humans and non-
human primates (particularly cynomolgus monkeys), unless otherwise noted. 
Monoclonal antibody pharmacokinetics and pharmacodynamics were reviewed 
by Lobo and colleagues  [1] . 

 This review is intended to provide helpful information regarding potential 
monoclonal antibody IgG test article (non – CDR - mediated) binding to 
specifi c tissues, cell types or other tissue elements, and subcellular locations 
following exogenous intravenous administration in animal model test systems. 
Particulars specifi c to other routes of administration were reviewed by Lobo 
et al.  [1] . 

 Concerning plasma IgG characteristics in humans,   endogenous human IgG 
(150   kd) has a plasma half - life greater than 21 days in humans  [2] . The plasma 
level ranges from 8 to 16   mg/ml in healthy volunteers. Eighty percent of the 
total Ig in plasma is IgG with 65% of total IgG being IgG1 (Figure  11.1 )  [2] . 
With these levels of total IgG, administration of a therapeutic antibody, even 
at relatively high doses, is not expected to change the total level of plasma IgG 
or specifi cally IgG1 signifi cantly. Therefore, it is safe to assume that exoge-
nously administered antibodies will be distributed, transported, and cleared 
through normal physiologic processes  [1] .   

 Similar to that of endogenous IgG, the plasma half - life for human IgG1, 
IgG2, and IgG4 therapeutic antibodies can be up to three to four weeks in 
humans. This long plasma half - life has been ascribed to the protection from 
catabolism conferred by the neonatal Fc receptor (FcRn) as part of its role 
in regulating IgG homeostasis  [3 – 5]  (see below). In beta - 2 - microglobulin - 



defi cient mice, marked reductions in plasma IgG half - life (beta - phase  [4] ) are 
concomitant with reduced FcRn expression. On the other hand, the plasma 
half - life of human IgG3 is shorter due to a single amino acid difference 
(arginine substitution for histidine at position 435) in the FcRn binding domain 
 [6]  (see discussions of FcRn and isotype below) that results in less FcRn 
binding. 

 Fab (50   kd) and scFv (27   kd) antibody fragments have shorter plasma half -
 lives (0.5 to 21 hours) because of more rapid glomerular fi ltration and clear-
ance  [7] . Plasma clearance, particularly of the xenogenic (usually mouse) 
portions of humanized and/or chimeric monoclonal antibodies, might be accel-
erated by development of anti - mouse (or other species), anti - isotypic, anti -
 idiotypic, or anti - allotypic antibodies that foster immune complex formation 
or reticuloendothelial clearance via several different FcR forms or elicit aller-
gic or anaphylactic responses  [7,8] .  

  11.2   BIODISTRIBUTION OF ENDOGENOUS  I  g  G  

 Among the benefi ts of intravascular administration of antibody - based thera-
pies are the rapid intravascular biodistribution and high - level bioavailability. 
Several factors infl uence the biodistribution of immunoglobulins within the 

    Figure 11.1     Antibody isotypes present in humans.  
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vascular and tissue compartments. Intravascular fl uid biodistribution of endog-
enous (or exogenous) IgG to any human tissue depends on the cardiac output 
(liver 28%, kidney 23%, brain 14%, skin 9%, skeletal muscle 16%, heart 
muscle 5%, rest of body 6%  [9] ) and vascularity of that tissue.  1   Within each 
tissue, IgG biodistribution is affected by the locations of capillary beds and 
postcapillary venules. Tissue compartment IgG levels are increased by pro-
cesses promoting egress from vessels into tissue (convection, transcellular 
transport, receptor - mediated transport, and diffusion) and decreased when 
IgG is removed by catabolism or lymphatic drainage (convection, diffusion of 
fl uid - phase antibodies, and migration of IgG or immune complexes associated 
with mononuclear or dendritic cells  [1] ). Further details of pharmacokinetic 
characteristics of exogenously administered monoclonal antibodies including 
CDR - mediated, epitope interaction - dependent infl uences on biodistribution 
and epitope - independent, plasma concentration - dependent clearance mecha-
nisms were reviewed by Lobo et al.  [1] . 

11.2.1 Egress from Intravascular Fluid Compartment into Interstitial 
Fluid Compartment 

 In liver, lung, kidney glomeruli, and spleen, the high vascularity and high 
cardiac output (fi rst - pass effect) increases the potential for high uptake of 
antibody by that tissue. In less vascularized tissues (e.g., lymph node, remain-
der of kidney  2  ), higher plasma concentrations are needed to generate higher 
concentration gradients to facilitate diffusion to more distant targets  [13,14] . 
The rate of diffusion into interstitium is regulated by plasma concentration, 
plasma – interstitium concentration gradient, and outward diffusion into lym-
phatics, and this has been estimated as 5% to 10% of the rate of diffusion in 
aqueous solutions  [1,15,16] . 

 To reach the perivascular interstitium, immunoglobulins and other mole-
cules must breach the endothelial cell barrier. Simionescu and Anthohe  [17]  
note that an adult human contains more than 10 13  endothelial cells which cover 
7000 square meters and mass approximately 1   kg.  3   Egress to interstitium is 
affected by type of endothelium (continuous, fenestrated, or sinusoidal), endo-
thelial uptake and transport processes (receptor - dependent or receptor - 
independent uptake, endocytosis and transcytosis  4  ), paracellular (between or 

1    Cardiac output to rhesus monkey tissues was described by Forsyth et al.  [10] . 
2  The capillaries of the nonglomerular renal cortex (e.g., peritubular capillaries) represent a second 
capillary bed that derives from ramifi cations of the efferent glomerular arteriole. The vascular 
sequence is renal artery — arcuate arteries/arcuate arterioles — cortical arterioles — afferent 
(glomerular) arteriole — glomerular capillaries — efferent (glomerular) arteriole — peritubular 
capillaries  [11,12] . 
3    Pries and Kuebler  [18]  indicated a total surface area of 350 square meters and a mass of 100   g. 
 4  Simionescu et al.  [19]  defi ned transcytosis as the polarized transport of plasma proteins across 
cells via caveolae or endosomal transport vesicles to the subjacent tissue or bidirectionally across 
other polarized cells such as epithelial cells. 



alongside cells) transport, and tissue - specifi c barriers to macromolecule 
transport (e.g., blood – brain, blood – eye, or blood – nerve barriers; see below). 
Leakage of plasma proteins is greater from postcapillary venules than from 
capillaries as interendothelial pores are generally larger (50 – 60 angstroms 
compared with   18 – 20 angstroms  [20] ). 

 In addition molecules have been identifi ed on continuous endothelium that 
facilitate binding of albumin to endothelium, increase capillary permeability, 
and theoretically can increase paracellular transport or transcytosis of albumin -
 bound molecules. An example of this is the gp60 albumin - binding glycoprotein 
molecule identifi ed on continuous endothelium in multiple tissues (heart, lung, 
skeletal muscle, adipose, peritoneum, and intestinal smooth muscle) but absent 
from continuous endothelium in cerebral cortex, and sinusoidal or fenestrated 
endothelium in liver, adrenal, pancreas, and intestinal lamina propria  [21,22] . 

 Antibody fragments (either administered directly or generated by catabo-
lism in the test species) distribute differently than whole IgG molecules. 
Monoclonal antibody fragments diffuse into interstitial fl uid compartments 
faster and/or more completely than whole monoclonal IgG molecules in tissues 
with fenestrated or continuous vascular endothelium. However, antibody frag-
ments and whole IgG molecules have comparable rates of diffusion in tissues 
with sinusoidal vascular endothelium (e.g., liver and spleen) in tumor - bearing 
mice  [23] . The faster transfer across fenestrated or continuous capillary endo-
thelium has been ascribed to the lower molecular weight (and increased capac-
ity for diffusion) of the antibody fragments  [23] . Antibody size - independent 
processes also limit IgG transfer from vessels to interstitium and include inter-
stitial fl uid/matrix pressure and cellular macromolecular exclusion  [15] . Once 
within a tissue, exposure of potential target tissue elements to exogenously 
administered monoclonal antibodies can be affected by distance from blood 
vessels. Highly sticky monoclonal antibodies might associate with the fi rst 
targets they encounter and will not distribute well to more distant targets. This 
might also rapidly decrease apparent plasma concentration and reduce con-
centration gradient across interstitium or parenchyma, further reducing distri-
bution to more distant tissue elements. 

 Leukocyte - associated IgG egress from plasma is potentially mediated by 
binding of endogenous IgG or exogenously administered monoclonal antibod-
ies to Fc γ RI or Fc γ RIII on circulating neutrophils and monocytes  [2]  or Fc γ RIIa 
on platelets  [24,25] . Human peripheral blood monocytes also bear MHC class 
I - related FcRn that can transport IgG from plasma to tissue fl uids, dendritic 
cells, or intestinal macrophages  [26] . 

 Transendothelial IgG transport may be mediated by binding of endogenous 
IgG or exogenously administered monoclonal antibodies to Fc γ RIIa,b on 
endothelium (e.g., Fc γ RIIa on skin microvessels  [27] ); Fc γ RIIb on placenta 
villous (fetal) endothelium  [28,29] ; or FcRn on placental syncytiotrophoblasts 
and fetal endothelium  [28] . Transcellular transport is further described below 
under FcRn - mediated transport, Fc γ RIIa - mediated transport, and specialized 
skin microvessel transport mechanisms. 
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 Interendothelial (paracellular sieving) IgG transport is generally not effi -
cient across continuous endothelium during homeostasis, but it can show 
increased effi ciency in normally fenestrated, incomplete (kidney glomerulus) 
or sinusoidal endothelium (liver, spleen) or in infl amed vessels. Interendothe-
lial paracellular sieving is generally restricted to the transport of water, ions, 
and other small molecules that can traverse the 6   nm gap found in about 30% 
of postcapillary venules  [19] . Interepithelial paracellular IgG sieving may also 
occur. Paracellular sieving can increase early in infl ammation when adjacent 
endothelial cells or epithelial cells retract and increase the paracellular space 
available  [30] . 

 Last, monoclonal antibodies or antibody fragments with specifi city for 
endothelial transport systems (e.g., endosomal pathways) have been proposed 
as targeting devices to enhance therapeutic drug delivery or overcome tissue 
barriers  [31] .  

11.2.2 Tissue-specifi c Barriers to  IgG Transport/Uptake 

 In health, the blood – brain barrier is formed by tightly joined, nonfenestrated 
capillary endothelium with contributions by supporting perivascular astrocytic 
end - feet  [32 – 34]  and generally is thought to limit brain entry of endogenous 
IgG (or exogenously administered monoclonal antibody IgG test article) from 
plasma. However, endogenous IgG and other large hydrophilic molecules 
(including amyloid -  β1 - 40/42 ) can undergo brain – blood effl ux  [35] . This effl ux is 
thought to be regulated by the adenosine triphosphate (ATP) - binding cassette 
transporter P - glycoprotein (P - gp) located within endothelial caveolae along 
with membrane and transport - related moieties cholesterol, caveolin - 1, and 
caveolin - 2  [36] . Additionally brain capillary endothelium expresses transferrin 
receptors; specifi c anti - transferrin receptor antibody - linked liposomes can be 
transferred into capillary endothelium but apparently do not enter brain 
parenchyma  [37] . Whether the blood – brain movement of endogenous IgG or 
exogenously administered monoclonal antibodies is affected by Fc γ RI - positive 
perivascular cells (macrophages, microglia) is not completely understood 
 [38 – 44] . 

 The blood – brain barrier can be overcome in certain circumstances. 
For example, in rats, uptake of mouse anti -  Cryptococcus neoformans  mono-
clonal antibodies into brain or cerebrospinal fl uid is very limited after intra-
venous administration, but good uptake occurs after intrathecal administration 
 [45] . Additionally, the blood – brain barrier can be overcome when molecules 
that are highly expressed by brain capillary endothelial cell membranes (e.g., 
transferrin) are targeted by specifi c antibodies as reported by Pardridge et al. 
 [46]  using a monoclonal anti - transferrin antibody in rats. In that study, the 
anti - transferrin antibody was cleared biexponentially, fi rst by rapid, saturat-
able, transient hepatic extraction and later by slow continuous brain endothe-
lial removal compared to the monoexponential clearance of isotype - matched 



negative control antibody by the liver  [46] .  5   Further non – CDR - mediated 
binding can theoretically occur to FcRn or other receptors on brain endothe-
lium. In rats, confocal microscopy experiments demonstrated FcRn expressed 
by Glut1 transporter - coexpressing capillary endothelium at the blood – brain 
barrier as well as by choroid plexus epithelium  [47] . 

 The blood – brain barrier generally protects the retina of the eye, but the 
barrier is interrupted at the prelaminar optic nerve head  [48] . The aqueous 
humor of the eye is accessible to plasma macromolecules and contains albumin, 
with lesser amounts of transferrin, IgA, and IgG  [49] . Although avascular, the 
cornea receives nutrients via percolation from the limbal vasculature (i.e., 
scleral venous plexus and associated arterioles). Repeated intravenous infu-
sion of rabbit polyclonal anti - HSA IgG into nonimmunized rabbits indicated 
slowly increasing centripetal diffusion into rabbit cornea (approximately 1% 
per day), with corneal anti - HSA IgG reaching the avascular central portions 
of the cornea and equilibrating at approximately 70% of serum anti - HSA IgG 
at approximately 70 days; diffusion and equilibration were independent of 
electrostatic charge  [50] . Last, while the blood – brain barrier can protect the 
brain parenchyma, it cannot protect the meningeal tissue. Intravascular poly-
clonal immunoglobulin therapy has been associated with a single case of 
aseptic meningitis, but the pathogenesis was not detailed  [51] . 

 Peripheral nerves and spinal nerve roots (including endoneurium) are not 
protected by the blood – brain barrier but are afforded some protection by a 
blood – nerve barrier consisting of continuous endothelium with tight junctions 
and surrounding pericytes  [52] . Experiments using Ig - coated erythrocytes have 
suggested that Schwann cells have Fc γ RIII (and perhaps low - affi nity Fc γ RII) 
but not Fc γ RI, both of which readily bind IgG1 and IgG3 but bind only small 
amounts of IgG4 and fail to bind IgG2  [53,54] . 

 Other blood – tissue barriers (e.g., blood – thymus, blood – testis) are less well 
defi ned  [55,56] . An air – blood barrier also has been described that affects the 
systemic uptake of aerosolized molecules  [57] . Therapeutants that target gly-
coprotein adhesion molecules on endothelium might surmount the blood –
 brain or other tissue barriers  [58] .  

11.2.3 IgG within the Interstitial Fluid Compartment 

 Once egress from plasma is accomplished, IgG is the most abundant immu-
noglobulin in tissue and is particularly prominent in the interstitial fl uid com-
partment  [2] . In healthy adult human volunteers, dermal interstitial fl uid 
endogenous IgG levels were demonstrated to be 30% of plasma IgG levels 
 [59] . In mice, IgG transport from capillary beds into interstitium is most fre-
quent in skin and muscle with equivalent or less transport in adipose tissue 
and liver and much less transport in other tissues  [60 – 62]  consistent with the 

5    Minor amounts were cleared by kidney, but virtually no clearance was achieved in heart or lung 
 [46] . 
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major sites of IgG catabolism originally reported by Waldmann and Strober 
 [63] . Information regarding potential differences in catabolism between 
monkeys, humans, and rodents has been reported  [62,64] .   

11.3 IMMUNOGLOBULIN CLEARANCE 

 Clearance of endogenous and exogenous immunoglobulin takes place via a 
number of mechanisms. Among these are phagocytosis by mononuclear pha-
gocytic cells (reticuloendothelial clearance), lymphatic clearance, and other 
tissue - specifi c and/or specialized mechanisms (discussed in more detail 
below). 

11.3.1 Lymphatic Clearance 

 Drainage of interstitial fl uid IgG into lymphatics depends on the concentration 
gradient and occurs passively via convection  [1] . The leg lymph fl uid of humans 
contains less than 25% of the amount of IgG found in plasma  [65] . Other 
specialized lymphatic channels drain peritoneal, pleural, or pericardial cavities. 
Lymphatic drainage enters lymph nodes via the subcapsular sinus, and the 
lymph fl uid IgG is available for reticuloendothelial clearance of IgG (subcap-
sular sinus, perivascular or parenchymal macrophages, perivascular or paren-
chymal dendritic cells, sinusoidal endothelium) as detailed next.  

11.3.2 Mononuclear Phagocyte System and Endothelial Cell 
Clearance of IgG–Fcγ Receptors 

 Mononuclear phagocytes (macrophages, Kupffer cells, spleen or lymph node) 
and sinusoidal or other specialized endothelium remove IgG from plasma, 
most frequently as IgG - containing immune complexes, IgG aggregates, or 
IgG bound to cell - associated epitopes  [66 – 69] . The initial binding event often 
occurs between the Fc portion of the IgG molecule and specifi c Fc receptors 
(Fcγ R) on reticuloendothelial cells (Figure  11.2 ).   

Fc Receptors 

Fcγ RI   High - affi nity Fc γ RI (CD64) are found constitutively on monocytes, 
macrophages, dendritic cells, mast cells, platelets, and microglia and mediate 
internalization of antigen – antibody complexes into antigen - presenting cells 
for processing, antigen presentation and/or clearance  [2,38,42,67,68,70] . In 
addition binding of antibody to Fc γ R through the Fc receptor binding domain 
of IgG heavy chains can elicit several cell - mediated effector functions. In 
monocyte - macrophages, Fc γ RI binding can trigger phagocytosis, antibody -
 dependent, cell - mediated cytotoxicity or other functions, including respiratory 
burst and cytokine/chemokine release.  γ  - interferon and  β  - interferon have 



opposing actions on monocyte - macrophage Fc  γ  RI and function in vivo  [71] . 
Immune complexes (e.g., monoclonal antibody –  Cryptococcus  neoformans) 
engage human and murine microglial Fc  γ  RI (and Fc  γ  RIII) to initiate microglial 
activation and chemokine release  [42] . In vitro, Fc  γ  RI are induced on human 
glomerular mesangial cells following treatment with IL - 10 or  γ  - interferon but 
not IL - 3, transforming growth factor - beta1 and granulocyte - macrophage 
colony - stimulating factor  [72] .  

   F  c    γ    RII      Low - affi nity Fc  γ  RII (CD32) exists as two isoforms: Fc  γ  RIIa (CD32a) 
and Fc  γ  RIIb (CD32b) on B lymphocytes, monocytes, macrophages, dendritic 
cells, and mast cells. Fc  γ  RII (CD32) is also evident on endothelium with Fc  γ  RIIb 
(CD32b) described on placental chorionic villous endothelium where FcRI 
(CD64) and Fc  γ  RIIa (CD32a) are absent and where CD32b likely functions 
to transport IgG and/or scavenge immune complexes  [29,67,68] . CD32a co -
 localizes with, and is negatively regulated by, CD31 (PECAM - 1) in platelet 
plasma membranes  [25] . Fc  γ  RIIa (CD32a) also has been implicated in clear-
ance of antibody - coated erythrocytes in vivo as treatment of Fc  γ  RIIa - 
transgenic mice with antihuman CD32a monoclonal antibody. MDE - 8 
downregulates   Fc  γ  RIIa (and partially downregulates Fc  γ  RI) and MDE - 8 pre-
vents immune - mediated hemolytic anemia  [73] . Notably, Fc  γ  RIIa - mediated 
phagocytosis of anti - RhD antibody - coated erythrocytes is favored by human 
IgG3  [74] . 

 Fc  γ  RIIa (CD32a) also has been demonstrated on natural killer cells  [75] , 
primary human brain microglial cells  [42] , and on small vessel endothelium in 
the papillary (superfi cial and periadnexal) dermis of the skin which do not 
express CD64 (Fc  γ  RI) or CD16 (Fc  γ  RIII) and in which Fc  γ  RIIa engagement 
triggers Ca infl uxes and endosomal uptake of IgG  [27] . Furthermore, although 
isolated human vein endothelial cells are normally negative for Fc  γ  RIIa 

    Figure 11.2     Fc receptors and the cell types upon which they are expressed.  
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(CD32a), they can express the molecules following activation by proteolytic 
enzymes (e.g., thrombin) or cytokines (e.g., tumor necrosis factor,  γ  - interferon 
 [76] ). Coggleshall has also proposed a role for Fc γ RIIb (CD32b) and associ-
ated phosphatases in the regulation of inhibitory responses of myeloid (par-
ticularly neutrophil and macrophage lineage) cells  [77] . Binding of IgG1 and 
IgG2b but not IgM or IgG2a to the surface of monocyte precursors (e.g., HL60 
cells) might infl uence monocyte differentiation at the expense of neutrophil 
differentiation  [78] .  

Fcγ RIII   Fc γ RIII (CD16) is observed on human monocytes, macrophages, 
Kupffer   cells, dendritic cells, and microglia, and its presence likely is important 
in the clearance of circulating immune complexes  [42] . Two isoforms have 
been identifi ed: transmembrane Fc γ RIIIa (natural killer cells, macrophages, 
subset of T cells) and glycosylphosphatidylinositol - anchored Fc γ RIIIb (neu-
trophils, eosinophils  [69,79] ). In mice, the receptors for CD32, CD16, and 
CD14 are often closely associated on the membranes of monocyte cell lines 
 [80] . Notably, CD16 and CD32 are closely associated in immature B lympho-
cytes, whereas mature B lymphocyes lose CD16 and only express CD32  [81] . 

 Reticuloendothelial clearance of exogenously administered monoclonal 
IgG antibodies assumes binding to FcR on the reticuloendothelial (mononu-
clear phagocyte system) cells. High - dose intravenous IgGs might add them-
selves to circulating immune complexes to foster clearance of the complexes 
via macrophage Fc γ RIII receptors  [82] . The rate of reticuloendothelial clear-
ance of anti - RLD antibody - erythrocyte immune complexes in healthy human 
controls has been estimated by experimental half - life calculations ( t1/2    =   100    ±
 7.5   min  [83] ). 

 In monkeys, human(ized) test article administration can elicit primate anti-
human antibodies (PAHA). PAHA binding to the human(ized) IgG test 
articles leads to formation of circulating immune complexes and subsequent 
clearance by reticuloendothelial cells or trapping by dendritic cells (e.g., fol-
licular dendritic cells in spleen, lymph node, or mucosal - associated lymphoid 
tissues  [67,68] ). Alternatively, the test article might bind to its epitope (or a 
cross - reactive epitope) on circulating cells or intravascular protein, generating 
soluble or cell - associated immune complexes for reticuloendothelial clearance 
(e.g., depletion of CD45 - positive leukocytes in monkeys following administra-
tion of monoclonal antihuman CD45  [13] ).   

Molecular Determinants of Binding of Human, Mouse, and Rabbit IgG
Isotype/Subclass to FcR   Plasma levels, biodistribution, and clearance of 
endogenous IgG and exogenously administered IgG are affected by species, 
isotype, and subclass. FcR binding is conferred by the hinge region of the 
heavy chain   (C H 2) of human IgG. Amino acids at both ends of the hinge region 
determine affi nity of isotype - specifi c hierarchical binding of monomeric human 
and mouse IgGs to high - affi nity human Fc γ RI with preference for HuIgG1, 
HuIgG3, and MsIgG2a    >    HuIgG4    >>    HuIgG2  [84 – 88] . MsIgG1 and MsIgG2b 
do not bind human Fc γ RI  [85] . Each HuIgG and MsIgG2a molecule has two 



binding sites for Fc γ RI with one within each heavy chain C H 2 domain. In 
HuIgG3, a unique fi rst exon and replacement of a long fl exible spacer for the 
more rigid spacer encoded by repetitive exons 2 – 4 in HuIgG1 confer segmen-
tal fl exibility but reduce Fc γ RI binding  [89] . In HuIgG4, which retains a rela-
tively rigid hinge, critical changes in the hinge - link region that decrease Fc γ RI 
binding likely include leucine to phenylalanine at position 234 and serine to 
proline at position 331  [86] . In HuIgG2, the reduced affi nity is mediated by 
changes in leucine (positions 234, 235), glycine (position 237  ), and threonine 
(position 337  [87,88] ). Proteolysis shows the binding of rabbit IgGs to human 
Fcγ RI to be mediated by rabbit IgG C H 3 domain with little role for the C H 2 
domain (but molecular analysis was not done)  [85] . Binding of human IgGs 
to Fc γ RIII is also determined by the C H 2 domain  [90] . 

 Differences in Fc receptor  γ  - chain transmembrane domains (particularly 
polar or charged residues among the C - terminal 11 amino acids) infl uence cell 
membrane receptor expression and function  [91] . The charged residues might 
protect Fc γ RI and Fc γ RIIIa receptors during membrane - associated receptor 
recycling in proteasomes associated with the endoplasmic reticulum or other 
intracellular structures  [91] . 

 FcRn binding is affected by amino acid changes in the C H 2 and C H 3 domains 
of IgG molecules, including the arginine substitution for histidine at position 
435 characteristic of HuIgG3 but not HuIgG1 or HuIgG2  [6] . Determinants 
of MsIgG1 FcRn binding include C H 2 : C H 3 residues isoleucine 253, histidine 
310, glutamine 311, histidine 433, and asparagine 434  [4] . While determinants 
of HuIgG1 FcRn binding include isoleucine 253, histidine 310, and histidine 
435, histidine 433 is not involved  [92] . Fc γ RI stoichiometry allows binding of 
two IgGs (one per C H 2 domain); FcRn stoichiometry allows binding of only 
one IgG. Once FcRn binds to the C H 2 : C H 3 interface of the fi rst IgG molecule, 
binding of the second IgG is prohibited as has been demonstrated for mouse 
antibodies  [4,93,94] .  

Fcγ  R Polymorphisms   FcR polymorphisms are correlated with susceptibil-
ity to some infectious and immune - mediated diseases, and they also might 
infl uence monoclonal antibody transport, clearance, function, and benefi cial 
(antitumor) or adverse (cytokine - eliciting) responses  [95 – 99] . In rats, genetic 
infl uences such as allotype have been shown to affect the function of fi bro-
blast - expressed Fc γ RIIa  [100] . In humans, eight genes on the long arm of 
chromosome 1 code for Fc γ RI, Fc γ RII, and Fc γ RIII genes. Genetic polymor-
phisms in Fc γ RIIa and Fc γ RIIIa appear to infl uence IgG binding to FcR, and 
they might infl uence therapeutic responses. For example, the clinical response 
of human patients to the humanized anti - CD20 monoclonal antibody ritux-
imab correlates with natural killer cell Fc γ RIIIa polymorphisms and poten-
tially with rituximab - armed NK antibody - dependent, cell - mediated cytotoxic 
responses  [97,98] . Patients homozygous for valine at position 158 of the 
FCGR3A gene have better clinical responses than patients homozygous 
for phenylalanine at position 158 or heterozygotes  [98] . Interestingly genetic 
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polymorphisms in human monocyte Fc γ RIIa affect in vitro T cell proliferation 
induced by chimeric mouse - human IgG2 anti - CD3 monoclonal antibodies 
 [95] , and they might also infl uence cytokine release following monoclonal 
antibody administration.   

11.3.3 Effect of IgG Structure on Plasma IgG Clearance and 
Tissue Catabolism 

 The rate of IgG clearance is proportional to the plasma IgG concentration, 
with faster clearance rates for higher plasma IgG concentrations  [1,3] . Isotype, 
subclass, and amino acid changes in FcR - binding regions affect clearance 
 [93,101]  as does overall carbohydrate structure and composition  [102 – 104] . 
Although less than 3% of endogenous IgG consists of carbohydrate, the car-
bohydrate structure and composition infl uences rapid liver clearance and/or 
catabolism but does not affect the slower IgG catabolism typical of skin and 
muscle  [104] . Some of these effects are thought to be mediated by hepatic 
removal of IgG with galactosyl moieties by hepatocyte asialoglycoprotein 
receptors  [102,104] . Hepatic and/or splenic removal of mannose - containing 
IgGs is mediated by mannose receptors on hepatic Kupffer cells and hepatic 
and/or splenic sinusoidal endothelium, macrophages, and/or dendritic cells 
 [105 – 107] . Other tissues with the potential for IgG catabolism and relatively 
rapid IgG loss across mucosal surfaces include kidney and lung  [104] . The 
effect of IgG isotype and subclass on FcR - mediated transport and the effect 
of carbohydrate moieties on IgG binding to Fc receptors (FcR) on brain 
microglia and other cells are discussed further below. 

 The carbohydrate content of IgG might affect IgG binding to FcR as degly-
cosylated IgG antibodies bind brain microglial FcR with reduced affi nity  [44] , 
although an earlier study was unable to demonstrate differences between 
intact and aglycosylated antibody with regard to FcR binding and signal trans-
port  [108] . Certainly different methods of production result in different glyco-
sylation patterns (e.g., mammalian cell lines — CHO, NSO, etc. — yeast, 
transgenic animals), but it remains unclear what effect differences in glycosyl-
ation patterns (i.e., what carbohydrate moieties are present, degree of glyco-
sylation, and order of carbohydrate moieties) have on antibody binding.   

11.4 SPECIALIZED TISSUE -SPECIFIC, IgG TRANSPORT OR 
CLEARANCE MECHANISMS 

 Once an antibody has egressed into the interstitial space, its movement is 
somewhat more complicated than simple diffusion around the interstitial 
space (until it binds to epitope) or fl ow into lymphatics for mononuclear 
phagocytic clearance. There are a number of mechanisms by which antibodies 
(that are not bound via CDR to target or a cross - reactive epitope) are trans-
ported across and to a variety of cell types. Below are discussed several spe-
cialized and/or tissue - specifi c mechanisms of IgG transport and/or clearance. 
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11.4.1 FcRn

 Endogenous IgG is present in luminal secretions of human and monkey gas-
trointestinal, oral, respiratory, and urogenital mucosal epithelium (e.g., intes-
tine, pharynx, lung, kidney, uterus), which is normally very resistant to passive 
diffusion of macromolecules as part of innate barrier function. These mucosal 
epithelia have developed specialized mechanisms, including transport organ-
elles (vesicles, endosomes, etc.), that mediate transcytosis of macromolecules, 
including immunoglobulins  [109,110] . The most important route probably is 
MHC class I related Fc receptor (FcRn) mediated IgG transport across and 
within multiple epithelia, including human (adult and neonatal) small intestine 
 [26,111 – 115] . FcRn consists of a 3 - domain  α  - subunit noncovalently bound to 
β2  - microglobulin  [26,110,113] . IgG salvage, sorting and/or recycling occurs 
when cystosolic endosomes take up IgG at the plasma membrane. Polarized 
bidirectional transport has been described for human intestinal epithelium 
with FcRn and its associated endosomes localized in the apical cytoplasm in 
a punctate pattern (just below the apical membrane or zonula occludens tight 
junctions) with the apical pathway of transcytosis more effi cient than the 
basolateral pathway  [109] . Similarly FcRn is located apically in human (and 
mouse) placental syncytiotrophoblasts, where it mediates IgG uptake from the 
maternal circulation  [28] , and in human renal proximal tubule cells, where it 
mediates IgG salvage from the urinary fi ltrate  [116] . The pH dependence of 
FcRn binding  [26,109,117]  is attributed to FcRn presence/function within 
acidic recycling and/or sorting endosomes  [118 – 120] , some of which become 
multivesicular bodies or are degraded in lysosomes and others of which release 
IgG to the environment either by dispersal into the plasma membrane or by 
sustained release from endosomes as they approach the plasma membrane 
from the peripheral cytoplasm  [119,120] . Binding to the FcRn within the acidic 
endosomes presumably protects the sorted IgG from catabolism, allowing 
release of the salvaged IgG to plasma, interstitium, dendritic, and/or target 
cells at neutral pH. The process of FcRn - mediated transcytosis or transcellular 
transport thus consists of three phases: endocytosis, intracellular transport, and 
exocytosis, all of which might be pertinent to therapeutic monoclonal antibody 
development and administration  [8] . 

 The Fc portion (Fc γ ) of IgG is essential for FcRn - mediated transcytosis. 
Monoclonal antibodies have been designed with Fc γ  modifi cations that affect 
the affi nity or pH of binding to FcRn and that can reduce FcRn - mediated 
salvage, and hasten clearance of other (endogenous or exogenously adminis-
tered) IgG antibodies  [121] . Such antibodies might be developed as therapeu-
tic candidates to avert autoantibody - mediated damage. 

 FcRn was originally known as the Brambell receptor, based on multiple 
studies conducted by F. W. Brambell involving maternal transmission of anti-
bodies across placenta and neonatal intestine in rabbits  [3,5,122,123] . Trans-
port was saturatable with increases in plasma IgG leading to reductions in 
plasma half - life ( t1/2 ) according   to the formula
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where  a    =   +0.34,  b    =   2.5, and  C    =   total IgG concentration (mg/ml). 
 In adult mice, FcRn is expressed on endothelium in many tissues as well as 

on hepatocytes, where it serves a protective, anticatabolic, function by com-
partmentalizing, salvaging, and recycling IgG, but it does not mediate biliary 
clearance  [4,62,124] . In mice, FcRn is preferentially expressed in cytoplasmic 
vesicles in small vessel endothelium (e.g., small arterioles, venules, and capil-
laries, liver sinusoids) skin, muscle, and liver, but it is not expressed by larger 
vessel endothelium (e.g., liver central veins or portal vessels in liver  [62] ) 
consistent with primary sites of IgG transport and catabolism in rodents  [64] . 
FcRn is expressed on human placental endothelium  [125]  and also assumed 
to be expressed on widespread endothelium in adult humans but only second-
ary and not primary sources were reviewed herein  [1,126] . FcRn is also 
expressed by monocytes, macrophages (including about one - fourth of intesti-
nal macrophages), and dendritic cells; binds immune complexes; and is postu-
lated to function in the acidic pH that characterizes infl ammation or the tumor 
interstitium  [26,127] . FcRn is preferentially expressed intracellularly by the 
majority of peripheral blood monocytes, with lower levels associated with the 
cell membrane  [26] . The heavy chain of FcRn in humans is noncovalently 
associated with membrane molecules such as MHC class I molecule  β  2  - 
microglobulin expressed on endothelium, epithelium, leukocytes, placental 
syncytiotrophoblasts, dendritic cells, and macrophages as well as CD68 
(macrosialin) and Nel - Macro on intestinal macrophages  [26,110,128] . 

 FcRn - mediated protection for endogenous IgG and exogenously adminis-
tered human monoclonal antibodies is plasma concentration - dependent and 
epitope - independent, as has been reviewed recently  [1] . However, Junghans 
et al  .  [129]  suggest that human FcRn (in its Brambell receptor protective role) 
may differentially transport and catabolize antigen – antibody complexes 
formed between immune endogenous IgG and exogenously administered 
human and chimeric monoclonal antibodies via differential catabolism of 
antigen – antibody complexes. 

 FcRn binding is not affected by carbohydrate residues on IgG  [130] . Last, 
at the time of this review there is no information regarding FcRn expression 
on surface lining cells (e.g., mesothelial cells, meningeal cells, or synoviocytes) 
available in the literature. Passive (nontranscytotic) mesothelial cell transport 
of IgG is discussed further below.  

  11.4.2    p  I  g  R  on Epithelium and Other Cell Types 

 The polymeric IgA receptor/secretory component (pIgA - R/SC, also desig-
nated pIgR) mediated transport represents another, less common and less 
utilized, form of specialized endosomal epithelial transcytosis. pIgR are found 
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primarily on mucosal epithelium, including biliary epithelium, and hepatocytes 
in humans and rodents    [131] . Immunofl uorescence has demonstrated the 
secretory component (SC) on human intestinal and respiratory goblet cells, 
other mucosal epithelia (gall bladder, renal tubules), and gland and/or duct 
epithelia (pancreas, sweat glands  [132,133] ). In rodents, hepatocytes produce 
a secretory component, allowing dimeric IgA to attach to hepatocyte sinusoi-
dal membrane pIgR and be translocated via cytoplasmic vesicles to the biliary 
canalicular membrane for excretion into bile  [134,135] . 

 Unlike FcRn - mediated transcytosis of IgG, pIgR is unidirectional and 
transports dimeric IgA (approximately 3   g per day in an adult human) more 
frequently than pentameric IgM. IgG transport occurs when monomeric IgG 
is complexed with polymeric IgA  [136] . Information is not available as to 
whether pentameric IgM or IgM fragments can complex with monomeric IgG 
and facilitate transport IgG - IgM complex transport via pIgR. However, fol-
lowing monoclonal IgG antibody administration, heterologous (or less often 
homologous) IgM antimonoclonal IgG antibody responses can be detected. 
Thus, while pIgR - mediated transport of monoclonal IgG antibodies is likely 
to be infrequent in the homologous species (e.g., human antibodies in humans), 
it appears to occur more often as immune complexes in heterologous species 
used for effi cacy or toxicity testing. The presence of pIgR on hepatocytes as 
well as mucosal surfaces might foster rapid liver clearance of exogenously 
administered IgG antibodies if antihuman IgM antibodies were present prior 
to, or as a result of, monoclonal IgG antibody administration in the heterolo-
gous species. Alternatively, both homologous and heterologous immuno-
globulins can be taken up by hepatocyte asialoglycoprotein receptors (discussed 
with liver) and enter lysosomes for degradation  [135] . 

 Unlike FcRn - mediated transcytosis, the initial pIgR - Ig binding occurs at 
the cell surface rather than within endosomes, and usually leads to receptor 
degradation or loss to the apical environment rather than recycling  [61,109] . 
Internalization occurs via a nocodozole - sensitive, microtubule - associated 
process  [137,138] . 

 pIgR is thought to be most prevalent in embryogenesis with less utilization 
in perinatal or adult human tissues. Immunoglobulins, secretory component, 
and the associated J chain are described in multiple embryonic tissues, includ-
ing gastrointestinal, respiratory and urogenital tracts, gonads, endocrine tissues, 
mesothelial - lined surfaces, and functional blood – tissue barriers. As gestation 
progresses, the tissues remodel, and the distances between many mucosal and 
glandular epithelium increase while the distribution and function of pIgR/SC -
 mediated transport decrease  [139] . pIgR is absent from adult human glomeru-
lar mesangial cells  [140]  but has been demonstrated on cultured human 
endometrial cells  [141] . In adult mice, pIgR mediates Ig transport, principally 
of IgA and IgM, from the basolateral surface to the apical surface and lumen 
of intestine and bile canaliculi and ducts where it contributes to mucosal 
defense  [142] . High concentrations of IgA and IgG are found in human and 
rat bile  [143,144]  and have been attributed to Ig transport by pIgR and FcRn, 
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respectively  [142,145] , although nonspecifi c macromolecular transport (para-
cellular sieving  [145] ) might contribute when the liver is infl amed and IgG is 
produced locally. 

 Most of the mechanistic work on pIgR has focused on IgA transport 
rather than IgG transport. In polarized epithelial cells, receptors that mediate 
transcytosis (e.g., pIgR) are separated from other basolateral receptors (e.g., 
transferrin receptor) following delivery to recycling endosomes, although 
nearly 65% are re - transported rapidly to the basolateral surface via early 
endosomes  [146] . About 35% of transferrin – transferrin receptor complexes 
and dimeric IgA – pIgR complexes enter into submembranous early endo-
somes and later co - localize into perinuclear recycling endosomes for a slower 
separatory phase  [146] . The net transport of IgA is affected by four overlap-
ping processes: surface clearance, endocytosis, basolateral recycling, and tran-
scytosis  [146] . 

 pIgRs also are involved in disease pathogenesis. Pneumococci directly inter-
act with pIgR to gain access to, or traverse, human respiratory epithelial cells 
 [147,148] . Binding of Epstein – Barr virus (EBV) to EBV - specifi c IgA triggers 
internalization of the EBV – IgA complex by nasal epithelial cells and might 
initiate persistent nasal infection  [149,150]  cytomegalovirus (CMV) to CMV -
 specifi c IgA triggers internalization of the CMV – IgA complex.  

11.4.3 Kidney

 The glomerular capillary endothelial bed receives 23% of the cardiac output 
and serves as the primary blood fi lter. The glomerular capillary endothelium 
is fenestrated with discontinuous tight junctions and/or gap junctions (Kuhn 
et al., 1975) and glomerular endothelial cells express low affi nity FcR distinct 
from Fc γ RI, Fc γ RII, and Fc γ RIII  [151]  now recognized as FcRn (reviewed in 
Lobo et al.  [1] ).   This engenders direct contact between the underlying or 
intervening mesangial cells and the intravascular fl uid within the glomerular 
capillary lumens, particularly at the glomerular angles  [11,12,152,153] , and 
both endothelium and mesangial cells probably participate in Ig recycling. The 
gap junctions of the mesangial cells  [152]  might facilitate this transport. Fur-
thermore IgG molecules or their fragments can cross via the large pores in 
the glomerular basement membrane in healthy individuals  [154] . Therefore 
the passage of exogenously administered monoclonal IgG test articles across 
the glomerular capillary endothelium into the mesangium might be expected, 
independent of antibody CDR specifi city. Fab and scFv fragments have shorter 
plasma half - lives (0.5 to 21 hours) due to quicker glomerular fi ltration and 
clearance  [7] . 

 The mesangium also participates in removal of Ig (IgM, IgA    >    IgG) or 
immune complexes from blood via FcR (including Fc γ RI and Fc γ RIIIa on 
activated mesangium  [72,155] ) in humans and likely mediates nonspecifi c 
transport of macromolecules including Ig, possibly via integrin - mediated asso-
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ciation with FcR - positive migrating leukocytes  [153,156 – 158] . Glomerular 
epithelial cells (which also are in contact with mesangial cells as well as with 
the urinary fi ltrate in the urinary space) might complete the cycle of IgG 
transport and recycling by neonatal Fc receptor (FcRn) - mediated transcytosis 
 [116]  (see FcRn above). Alternatively, subepithelial deposition of immune 
complexes might occur subsequent to removal of immune complexes by attach-
ment to FcRn on glomerular visceral epithelial cells (podocytes  [116] ). Last, 
exogenously administered monoclonal antibodies have been shown to delay 
the renal clearance of soluble epitopes from plasma (e.g., anti - Tac delays clear-
ance of shed Tac [IL - 2 receptor - alpha {IL - 2R α }] in mice  [159] ). Differential 
renal catabolism of the Tac – anti - Tac immune complex and the uncomplexed 
anti - Tac monoclonal antibody might be infl uenced by FcRn - mediated sorting/
recycling in intracellular vesicles  [129,159]  (see FcRn below). There apparently 
is no contribution by pIgR or the asialoglycoprotein receptor as these struc-
tures are absent from adult human glomerular mesangial cells  [140] . 

 Renal proximal tubular epithelium (e.g., convoluted tubules) reclaim 
protein, including immunoglobulin, from the urinary fi ltrate via sorting/recy-
cling mechanisms in intracellular vesicles. The apical (lumen - facing) surface of 
these cells features a specialized brush border which expresses FcRn closely 
associated with β2  - microglobulin  [110,116] . Studies with cultured human renal 
proximal tubular epithelial cells have demonstrated bidirectional IgG trans-
port and salvage by fully functional FcRn  [110]  as discussed further in the next 
section.  

11.4.4 Breast (Mammary Gland) 

 Breast epithelium is responsible for the physiologic secretion of IgG into milk 
and, to a lesser extent, into nonlactating breast secretions. Although the bio-
distribution of exogenously administered monoclonal antibodies into breast 
milk or nonlactating breast secretion is not well understood, bovine IgG (and/
or fragments thereof) is found in breast milk after dietary exposure  [160] . This 
indicates the potential for transport of exogenously administered monoclonal 
antibodies (and/or antibody fragments) into breast milk or nonlactating breast 
secretion by physiologic mechanisms. FcRn have also been demonstrated on 
neoplastic human breast epithelial cells in tumors and lymph node metastases 
as well as morphologically normal adjacent epithelium but not tumor or adja-
cent endothelium  [161] .  

11.4.5 Ovary

 IgG is found in ovarian (intra)follicular fl uid or corpus lutea secondary to 
ovarian (ovulation) hemorrhage or macrophage - mediated transport. Macro-
phages have been localized to ovarian stroma, to thecal layers of ovarian fol-
licles, and within early, mid - , late, and regressing corpora lutea  [162] .  
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11.4.6 Placenta and Uterus 

 Different FcRs have different roles to play in maternal IgG transport across 
placental barriers in humans. Fc γ RI, Fc γ RIIa, Fc γ RIIb, and Fc γ RIII are expressed 
at the surface of Hofbauer cells (placental macrophages), Fc γ RIIb and FcRn 
are expressed by chorionic (fetal) endothelium, and Fc γ RIII and FcRn are 
expressed by trophoblasts (fetal chorionic epithelium  [28,29] ). FcRn expres-
sion by syncytiotrophoblasts likely mediates a signifi cant portion of maternal 
IgG transport in humans and IgG;  β2  - microglobulin, and FcRn co - localize in 
plasma membrane granules or vesicles  [28,29,128,163,164] . IgA and IgM do 
not cross placental barriers and are absent from fetal circulation. In contrast, 
fetal accumulation of maternal IgG (particularly IgG1) begins by human ges-
tation week 16. Steady transplacental IgG increases lead to equivalent levels 
of maternally derived IgG1 in maternal and fetal circulation by gestation week 
26, and greater IgG1 levels in fetal compared to maternal circulation at deliv-
ery. IgG3 and IgG4 levels are usually equivalent in maternal and fetal circula-
tion at term while IgG2 levels remain greater in maternal circulation compared 
to fetal circulation  [28,165] . The preference for IgG1 transport has also been 
shown using in vitro models of placental transport  [166,167]  and is refl ected 
in the preference of high - affi nity Fc γ RI for HuIgG1, HuIgG3    >    HuIgG4    >>
 HuIgG2  [84 – 88] . The volume of IgG transported is consistent with in vitro 
calculations of placental binding site capacity (10 15  sites/mg) and affi nity 
(106    M) using paired fetal side - oriented and maternal side - oriented placental 
membrane vesicles  [168] . Last, the discovery of FcRn by Brambell was based 
on rabbit studies in which whole IgG and Fc fragments easily crossed from 
mother to fetus, whereas F(ab ′ )2 fragments failed to cross  [3,5,122,123] . 

 Functional pIgR has been described on a human endometrial cell line  [141] , 
but its role in maternal – fetal IgG transport or transcytosis in the nonpregnant 
uterus has not been described. 

 Immunoglobulin profi les of human cervical mucus indicate approximately 
twice as much IgG (30   mg/dl)   as IgA (15   mg/dl) overall; however, there are 
both biphasic and menstrual cycle infl uences on Ig levels  [169] . Different from 
blood plasma, the IgA2 subclass predominates in female genital tract secre-
tions with lesser amounts of IgGA1  [170] .  

11.4.7 Seminal Fluid 

 IgG is more concentrated in seminal fl uid than IgA, and only low levels of 
IgM are evident. As in blood plasma, more IgA1 than IgA2 is evident in 
seminal fl uid.  

11.4.8 Lung

 Normal pulmonary (bronchoalveolar) lavage fl uid contains IgG at lower con-
centrations (approximately 1%) than plasma. IgA is selectively concentrated 
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relative to plasma proteins in bronchoalveolar lavage fl uid, as is indicative of 
epithelial transcytosis rather than just leakage from vessels  [171] . 

 By immunoelectron microscopy, endogenous IgG has been localized to 
epithelial membranes, tubular myelin, and granular material within alveoli 
 [172,173] . The major barrier to bidirectional air  :  blood exchange is composed 
of type I and type II alveolar epithelial cells (distal airways) that form zonulae 
occludens (tight junctions). Paracellular (between cells) diffusion of macro-
molecules is considered very slight and probably insignifi cant in healthy (unin-
fl amed) lung regardless of direction (uptake or egress). Endothelium and 
interstitium contribute little to the blood – air – blood barrier. Alveolar protein 
(including IgG) transport is reduced by increasing molecular size and may be 
affected by protein catabolism (apical surface peptidases on alveolar lining 
epithelium  [173] ). 

 The rate of protein clearance has been estimated as 10% of the rate of fl uid 
clearance from alveoli  [173] . IgG clearance is probably mediated by FcRn 
transcytosis in distal type I alveolar epithelium and more proximal bronchial 
epithelium. Type I alveolar epithelium and bronchial epithelium contain the 
necessary subcellular structures for FcRn - mediated transcytosis: vesicles, 
membrane invaginations, caveolae, and clathrin - coated pits  [173,174] . FcRn 
mRNA is expressed in lung although the cell types and locations have not yet 
been determined  [112] . Moreover, primary alveolar epithelial monolayer cell 
cultures express functional FcRn  [173] . pIgA – R/SC transcytosis is thought to 
contribute little to distal (alveolar) airway IgG transport but might mediate 
more proximal (bronchial or bronchiolar) IgA transport  [173] . Uptake of an 
aerosolized IgG Fc - erythropoietin fusion molecule and subsequent erythro-
poietin - induced reticulocytosis has been demonstrated in human and nonhu-
man primates  [175] .  

11.4.9 Skin

 Fc γ RIIa (CD32a) is expressed in small - vessel endothelium in the papillary 
(superfi cial and periadnexal) dermis  [27] . Binding of IgG or immune com-
plexes to isolated human dermal microvessel endothelial cells initiates rapid 
receptor cross - linking, intracellular Ca fl uxes, and endosomal internalization 
of the IgG – Fc γ RIIa complexes  [27] . FcRn is expressed principally in basal 
and suprabasal human keratinocytes in normal epidermis  [176]  and is also 
expressed in mouse skin  [62] . In healthy adult human volunteers, dermal inter-
stitial fl uid endogenous IgG levels were demonstrated to be 30% of plasma 
IgG levels  [59] .  

11.4.10 Liver

 FcRn protein is expressed by rat hepatocytes, particularly at the canalicular 
surface  [145]  and might facilitate serum - to - bile IgG transport or prevent 
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catabolism by hepatocytes  [124,145] . The liver also has other specialized mech-
anisms for clearance and/or transport of glycoproteins and immunoglobu-
lins – secretory component and the asialoglycoprotein receptor (ASGP - R). In 
the rat, asialoglycoproteins are taken up by liver hepatocytes for lysosomal 
degradation via the asialoglycoprotein receptor, while IgA, which is the pre-
domiant immunoglobulin involved in immunological protection at mucous 
membrane surfaces, is cleared from plasma and transported through hepato-
cytes and into the bile via secretory component  [135,177,178] . In humans, there 
is less hepatic transport of IgA because secretory component is expressed by 
biliary epithelium and there is more local synthesis of IgA within hepatobiliary 
tissues  [177,178] . Humans are therefore unable to clear IgA – antigen com-
plexes via the hepatic transport pathway, and this might contribute to develop-
ment of IgA – mediated immune complex diseases  [178] . For example, alcoholic 
liver disease is associated with deposition of IgA along the liver sinusoids in 
the majority of alcoholics  [178] . Although there is considered to be minimal 
uptake of asialoglycoproteins by secretory component or IgA by ASGP - R, 
there is some evidence that heterologous immunoglobulin, specifi cally human 
IgA administered to rats, can bind to both receptors  [135] . Many therapeutic 
glycoproteins including antibodies may further contain terminal GlcNAc and/
or Gal residues, which facilitate rapid clearance as a result of binding to 
mannose receptor and/or ASGP - R in the liver  [179] . As described above, the 
liver is involved in the fi rst - pass effect because of to its high vascularity and 
high cardiac output, so, it is probable that ASGP - R and/or secretory compo-
nent plays a role in therapeutic (or exogenous) antibody transport or 
clearance.  

11.4.11 Salivary Gland 

 Saliva contains IgA (0.6 – 49.2   mg/dL), IgG (0.03 – 4.86   mg/dl), small amounts of 
IgM (0.04 – 2.6   mg/dl), and secretory component  [180] . pIgR expression has 
been described for human parotid salivary gland and is responsible for epi-
thelial cell transport of IgA and secretory component into saliva  [180,181] . 
The overwhelming majority (92 – 99%) of transported IgA is synthesized 
locally, while approximately half of transported IgG derives from serum with 
consistent accumulations in salivary interstitium  [182] . IgA transport into 
saliva is increased by chewing  [181] . The means of IgG transport into saliva 
has not been described; however, several authors have proposed local IgG 
production and nonspecifi c (transudative or paracellular sieving) of mucosal 
or serum IgG leaked from infl amed vessels into saliva or other oral fl uids in 
reponse to viral or bacterial infections  [180,183 – 185] . IgA, IgM, and IgG trans-
port into saliva is reduced by some types of stimulation  [180] . Increases 
in salivary IgG and IgM are also seen in patients with immunoglobulin - 
producing plasmacytomas or paraproteinemias  [180,186] . 

 The timing of IgG appearance in saliva (and nasal secretions) is delayed 
compared to its appearance in serum. Following subcutaneous administration 
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of tetanus toxoid, peak anti - toxin IgG serum levels preceded peak anti - toxin 
IgG salivary and nasal secretion levels by two weeks. The levels of interstitial 
anti - toxin IgG were not measured  [187] .  

11.4.12 Colon

 In normal healthy volunteers, immunoglobulins are secreted into the colon 
lumen at the following rates: IgG (48   mg/day), polymeric IgA (220   mg/day), 
monomeric IgA (12   mg/day), and IgM (24   mg/day). For comparison, values for 
nonimmunoglobulin proteins were also calculated (e.g., albumin at 150   mg/
day) by Prigent - Delecourt and colleagues  [188] .  

11.4.13 Thyroid

 Zimmer and colleagues  [189,190]  have reported that IgG is transported via 
epithelial transcytosis from the pericapillary basolateral aspect to the apical 
membrane of the follicular epithelium. Within the thyroid follicular epithe-
lium, IgG has been localized to endoplasmic reticulum and Golgi by way of 
immunogold electron microscopy. IgGs also have been localized to the thyroid 
follicular lumen and at the apical membrane of the thyroid follicular epithelial 
cells  [189,190] . Moreover normal thyroid follicular epithelium expresses FcRn 
while Graves ’ s disease thyroid follicular epithelium expresses Fc γ RIIb as well 
as FcRn  [191] . These molecules are thought to mediate IgG transport from 
the pericapillary basolateral aspect of the follicular cells to the apical mem-
brane, although direct basal to apical movement has not been clearly demon-
strated  [191] . IgG transport is accelerated in the immune - mediated thyroid 
disease (e.g., Graves ’ s disease), particularly in more susceptible females. The 
gender - dependence of susceptibility may be affected by androgen - mediated 
inhibition of Fc γ RIIb epithelial expression and transcytosis  [191] . These asso-
ciations might be particularly important in light of the localization of HLA -
 restricted class I and class II molecules and processed thyroglobulin to the 
same subcellular sites. This might facilitate   antigen presentation or antigen – 
antibody complex formation leading to thyroid follicular epithelial cell damage 
 [191] . In humans, pIgA - R/SC is also expressed by fetal thyroid, but it has not 
been described in adult thyroid  [139]  and has not been accorded a role in 
immune - mediated thyroid disease. 

 Thyroid clearance of exogenously administered monoclonal antibodies is 
reported to be affected by the concentration and injection volume of the 
administered drug. Following intraperitoneal administration of irrelevant 
CDR - containing mouse IgG2a monoclonal antibody to rats, thyroid uptake of 
radiolabeled mouse IgG2a monoclonal antibody has been demonstrated for 
higher doses and more concentrated solutions while lower doses or less con-
centrated solutions remain within blood vessels and do not penetrate the 
thyroid parenchyma  [192] .  
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11.4.14 Cytosolic Transport in Epithelium, Mesothelium, 
and Other Tissues 

 In epithelium, cytosolic or non – receptor - mediated transport is ineffi cient and 
often leads to lysosomal degradation of the macromolecule  [109] . However, 
macromolecules, including IgG, are readily transported across the mesothelial 
surface of the peritoneum. The mesothelial lining cells are fl at cells with pino-
cytotic vesicles but no caveolae comparable to endothelial cells  [193] . Gap 
junctions separate interdigitated peritoneal mesothelial cells. IgG transport is 
known to be bi - directional and passive in rats  [194 – 198]  and also occurs in 
chronic peritoneal dialysis in humans  [199] . 

 There was no information regarding FcRn expression on mesothelial cells, 
meningeal cells, or synoviocytes available in the literature.  

11.4.15 Erythrocyte CR1 ( CD35) Clearance of IgG-Containing
Immune Complexes 

 In primates, additional mechanisms exist for clearance of immune complexes. 
Erythrocyte CR1 (CD35) bind immune complexes via C3b and C4b ligand 
sites. Once bound to erythrocyte CR1, the immune complexes are transported 
to the liver where they are cleared by liver macrophages (Kupffer cells). 
Mouse antibody (MsIgG1 - , MsIgG2a - , MsIgG2b - , and MsIgA - ) containing 
immune complexes bind rapidly to erythrocyte CR1 and peak magnitude 
binding is high. MsIgG3 -  and MsIgM - containing immune complexes bind 
slowly to erythrocyte CR1, and the peak magnitude binding is low. Release 
rates are rapid for MsIgG2a -  and MsIgG2b - containing immune complexes, 
intermediate for MsIgG1 - containing immune complexes, relatively slow for 
MsIgA -  and MsIgM - containing immune complexes, and very slow for MsIgG3 -
 containing immune complexes  [200] . Similarly, Kavai and colleagues  [201]  
demonstrated reduced incorporation of C3b - iC3b into IgM - containing immune 
complexes compared to IgG - containing immume complexes. In general, high -
 affi nity mouse antibodies activate complement better than, but bind to eryth-
rocyte CR1 less well than, low - affi nity mouse antibodies  [202] .   

11.5 CONCLUSION

 The movement of IgG through tissue is more complex than its circulation 
through the vasculature, its binding (or not binding) to target or off - target 
epitope, and its clearance. As described above, antibodies can move out of the 
vasculature and be carried through various cell types through interactions with 
a number of different molecules that are expressed in many different tissue 
types. As such, many tissue and/or cellular compartments are available to 
therapeutic antibodies — vascular, interstitial, cell membrane, and cytoplasmic. 
During the course of therapeutic antibody development, tissue cross - reactivity 
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testing is required (see Chapter  10 ). In many cases the test article (therapeutic 
candidate) stains only expected tissue elements (cell types and subcellular 
locations). However, some test articles display tissue cross - reactivity with 
unexpected cell types and/or subcellular locations. Although tissue cross - 
reactivity results are not necessarily considered to be predictive of toxicity, 
they do yield information as to potential tissue sites that warrant closer scru-
tiny and/or additional evaluation during preclinical toxicity studies or early 
phase clinical trials. As a follow - up to tissue cross - reactivity testing, tissues 
submitted for histopathological evaluation during the toxicity studies can be 
stained using specialized techniques for detection of the test article (therapeu-
tic candidate) to take a snapshot of its biodistribution at any given time point 
during the toxicity study. We have conducted approximately 20 of these studies 
in cynomolgus monkeys, rhesus monkeys, and marmosets. However, because 
of the proprietary nature of the work, specifi c details cannot be provided. In 
general, the test article (therapeutic candidate) was localized either at sites of 
expected or tissue cross - reactive staining as predicted by the tissue cross - 
reactivity study or at sites consistent with physiological IgG biodistribution, 
transport, and clearance. For most studies of this kind, the test article (thera-
peutic candidate) was localized at a variable subset of sites consistent with 
both the tissue cross - reactivity study results and the normal physiologic pro-
cesses described above. Similar distribution patterns were recognized for exo-
genously administered antibody fragments in mice  [62] . Specifi cally, F(ab ′ ) 2
fragments prepared from preimmune serum were cleared by renal fi ltration, 
whereas F(ab ′ ) 2  fragments prepared from anti - FcRn serum tended to localize 
in skin and muscle (and to a lesser extent, adipose tissue and liver) consistent 
with the distribution of FcRn  [62] . These types of studies highlight the com-
plexity of biodistribution, transport, and clearance of exogenous IgG. How 
these factors affect potential toxic effects of any therapeutic antibody is still 
unclear for many marketed antibody - based therapeutics and therapeutic can-
didates. However, greater understanding of IgG biodistribution, transport, and 
clearance will facilitate more effi cient development of safer, more effective 
antibody - based therapeutics.  
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12.1 INTRODUCTION

 A relevant animal species is one in which the biopharmaceutical product, as 
a function of orthologous receptors or antigens, causes a similar biological 
response and mediates similar effector pathways to that occurring in humans 
 [1] . The appropriate selection and use of a relevant animal species in preclini-
cal toxicity testing is dependent on pharmacokinetic (PK) and pharmacody-
namic (PD) measures, and these measures are fundamental for the extrapolation 
of the preclinical toxicity data to the clinical situation. PD properties, starting 
with receptors, form the scientifi c basis for the selection of an animal species 
for preclinical safety assessment of a biopharmaceutical. Translating the PD 
fi ndings from laboratory animals to humans is often accomplished through an 
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understanding and extrapolation of PK relationships between these models 
and the clinical setting. In particular, PD responsiveness typically yields evi-
dence of the intensity and dynamic range of a response, whereas PK parame-
ters serve as the means to convert the PD relationships gained from the 
preclinical models, such as those relating to plasma levels, dose, and dosing 
regimens, into the practical issues involved in a clinical study (e.g., selection 
of an initial dose, dose escalation scheme, and patient monitoring scheme). 

 Although the selection of a relevant species is clearly recognized as a defi n-
ing principle for the safety assessment of biopharmaceuticals, this concept is 
not generally instrumental in the safety assessment of drugs that are typically 
of signifi cantly lower molecular weight. 1  However, a limited application of this 
concept may be applied to drugs of smaller molecular weight. In this approach 
animal models for use in preclinical toxicity evaluations  [2]  and carcinogenic-
ity studies  [3,4]  are selected for toxicity assessment that possess clinically 
meaningful   metabolites due to similarities in the pathways for cytochrome 450 
enzymes (P 450 ). In general, evaluating the data for a drug given to animals that 
produces metabolites that are common to humans allows for a more accurate 
interpretation of the toxicity profi le and a more representative risk – benefi t 
assessment. As biopharmaceuticals do not undergo metabolism by P 450 , this 
concept is not applicable to large molecular weight products. Nevertheless, a 
common perspective between biopharmaceuticals and drugs is the need to 
establish a predictive preclinical model for the evaluation of human safety and 
identifi cation of clinically relevant outcomes.  

12.2 PHARMACODYNAMIC PROPERTIES 

 For most biopharmaceuticals, exaggerated pharmacological responses are a 
major contributor to the profi le of adverse clinical events. Thus, the use of a 
relevant animal species to determine the toxicity profi le of a biopharmaceuti-
cal is essential to the process of assessing overall safety. In some cases, the 
frequency of potential adverse events is relatively common and readily pre-
dictable from the pharmacodynamics of a product. For example, tissue plas-
minogen activator (tPA) has a restricted pharmacological activity, which is the 
ability to lyse clots and induce fi brinolysis. These effects apply across a number 
of species, albeit with different relative potency, and they subsequently lead 
to an expected increased incidence of bleeding. In other instances, the exact 
nature of predicting a specifi c adverse event from the PD properties of a 
product is signifi cantly less reliable. Such is the case for biopharmaceuticals 
that inhibit TNF function. Although a general immune suppression may be 
anticipated with these products, the immune suppression unexpectedly leads 

1   Drugs are defi ned as products made by synthetic chemical processes and have lower molecular 
weights than biopharmaceutical products, which are made by cells and have molecular weights 
often greater than 1000 daltons.  



PHARMACODYNAMIC PROPERTIES 279

to an increased incidence of tuberculosis in humans. Thus, the utility of the 
toxicology fi ndings in animals depends on the selection of an appropriate 
animal model, with an understanding of its limitations, the frequency of the 
adverse occurrence, and the degree of impact on safety, and all these are 
dependent on the ability to extrapolate preclinical fi ndings in a comprehensive 
manner. Although many important clinically adverse events may often be 
linked to information related to exaggerated pharmacological responses and 
are logical extrapolations from the preclinical safety data, not all important 
adverse events lend themselves to be assessed in preclinical models. For 
example, traztuzumab, which is used to treat breast cancer, causes a cardiomy-
opathy that resembles the effects of anthracyclines. This adverse event is not 
linked to its pharmacological actions mediated by its binding to the HER2 
receptor, its only known site of action. 

 Without a proper understanding of the PK and PD responsiveness of an 
animal model elected for preclinical safety evaluation, it is diffi cult to distin-
guish between true positive or negative fi ndings and outcomes. In the early 
1990s with FIAU (fi aluridine) and more recently with TGN 1412, an agonist 
monoclonal antibody (mAb) acting on CD28, preclinical studies yielded a false 
sense of anticipated clinical safety, due to a lack of corresponding PD respon-
siveness between animal models used for preclinical safety assessment and 
subjects of the clinical investigations. For FIAU, an antiviral nucleoside, com-
monly used animal models such as the mice or dogs failed to demonstrate the 
liver toxicity that was later observed in patients with viral hepatitis  [5] . Rats 
did reveal some evidence of potential liver toxicity but at doses approximately 
2000 - fold greater than those demonstrated to be toxic to patients. Although 
unusual as an animal model, the woodchuck was later identifi ed as a relevant 
model of human hepatitis B infections that was similarly responsive in terms 
of liver toxicity and sensitivity to doses of FIAU  [6] . Similarly, TGN 1412 was 
investigated in nonhuman primates that were relatively unresponsive in terms 
of symptoms exhibited and thus yielded a false sense of understanding in terms 
of potential toxicities to humans  [7] . The simple realization that the animal 
models used were not pharmacodynamically responsive should have led to a 
more conservative approach to the design of the clinical study with respect to 
the number of patients put at risk in a given cohort, clinical monitoring, dose 
escalation scheme and duration of treatment. 

12.2.1 Species Specifi city 

 Sometimes PD properties are common across species, thus allowing for perti-
nent toxicity data to be collected from a variety of species. An example of this 
is granulocyte colony stimulating factor (G - CSF), a cytokine produced by 
various cells including monocytes, fi broblasts, and endothelial cells that 
regulates the production of neutrophils within the bone marrow, infl uences 
neutrophil proliferation and differentiation, and contributes to increased 
phagocytic function, respiratory burst, and antibody - dependent killing. Keller 
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et al.  [8]  reported that recombinant, human G - CSF administered to mice, rats, 
hamsters, dogs, and nonhuman primates produced the expected neutrophil 
effects at doses ≥ 1    μ g/kg/day in all of the species. In other instances the PD 
properties restrict the applicability of animal species commonly used for safety 
testing. For example, in contrast to G - CSF, recombinant human granulocyte -
 macrophage colony stimulating factor (rhGM - CSF) exerts strong effects in 
nonhuman primates (including cynomolgus and rhesus monkeys) but is phar-
macologically inactive in rodents. In the rhesus monkey, rhGM - CSF increased 
the proliferation and differentiation of myeloid precursors, resulting in a 20 -
 fold increase in mature granulocytes counts in blood and in an activation of 
granulocytes and monocytes. At high doses it caused infl ammation of the 
serosal surfaces of the heart and liver and at the site of injection  [9] . Moreover 
secondary to a signifi cant increase in granulocyte count, cardiovascular adverse 
events such as thrombosis also occurred. These effects are similar to that 
observed in humans. Given the PD agreement in responsiveness to humans, it 
was found that the rhesus monkey, rather than rodents, was predictive of clini-
cal outcomes. 

 Yet a potentially more complicated problem is one of properly interpreting 
and extrapolating the effects of some biopharmaceuticals across closely related 
animal species that are pharmacologically responsive, in order to determine 
the species most clinically predictive. This problem is exemplifi ed by interleu-
kin - 2 (IL - 2), a cytokine used clinically to treat metastatic, renal cell carcinoma. 
IL - 2 is produced by activated T cells and mediates a variety of effects, such 
as stimulation of lymphocyte activation and proliferation, enhancement of 
lymphocyte - directed cytotoxicity, and induction of interferon -  γ  secretion. It is 
pharmacologically active in rodents, rabbits, sheep, and humans  [10] . Similar 
PD effects to those in humans are observed in mice, but in rats a related, but 
different, set of consequences occurs, even though the same underlying caus-
ative mechanisms exist. Moreover, the relative potency of human, recombinant 
IL - 2 is approximately 20 - fold less in mice and 70 - fold less in rats when com-
pared to humans. These differences are also refl ected in the relevancy of the 
toxicity profi les of the two rodent species to that observed in humans. For 
example, the most prominent clinical toxicity of IL - 2 results from an increased 
vascular permeability, producing extravasation of fl uid and subsequent pulmo-
nary edema and pleural effusions. Ultimately, a condition collectively referred 
to as vascular or capillary leak syndrome, characterized by the loss of fl uid and 
proteins out of the circulating blood volume and into surrounding tissues, is 
produced. This set of conditions leads to extremely low blood pressure, multi-
ple organ failure, and shock. In the setting of oncology, the clinical use of IL - 2 
is characterized by weight gain due to retained fl uid, pulmonary edema, pleural 
effusion, and ascites. Other clinically signifi cant side effects include fever, 
nausea, eosinophilia, and thrombocytopenia. In rats given an intraperitoneal 
injection of IL - 2, pleural effusion was inconsistently observed and minor in 
intensity. In addition, while lung weights were increased due to cellular infi ltra-
tion, primarily eosinophilic in nature, frank evidence of pulmonary edema was 
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not observed. Intravenous administration of IL - 2 to rats also failed to yield 
similar effects as that in humans, perhaps due to a decreased systemic persis-
tence. In contrast, mice given IL - 2 presented with similar toxicities as humans, 
severe pulmonary edema and pleural effusion and lymphocytic cell infi ltration 
 [11,12,13] . 

 Some biopharmaceuticals exhibit a high degree of species selectivity that 
may restrict their biological activity to nonhuman primates (e.g., cynomolgus 
and rhesus monkeys) for preclinical safety. Hart et al.  [14]  reported the use of 
an in vitro IL - 4 - dependent, T cell proliferation assay to identify relevant 
species for testing the toxicity of an anti - IL - 4 mAb (a humanized version of 
the murine parent mAb 3B9). The fi ndings of the assay revealed that the 
antihuman IL - 4 antibody inhibited the T cell response to recombinant cyno-
molgus monkey IL - 4, an orthologous molecule with an amino acid sequence 
identity of 93% to the clinical version. No reactivity was found with mouse, 
rat, cow, goat, or horse IL - 4. 

 Among the most highly selective cytokine biopharmaceuticals are the inter-
ferons. Interferons are members of a large family of related proteins that may 
be divided into two categories: type I and type II interferons. Type I interferons 
(i.e.,  α  -  and  β  - interferon) possess antiviral and anti - proliferative properties, 
whereas type II interferons (i.e.,  γ  - interferon) have immunostimulatory activ-
ity. Several animal species were examined for their responsiveness to interfer-
ons, and with the exception of nonhuman primates, all tested animal species 
were found to be unresponsive  [15] . 

 Increasingly, the selectivity and specifi city of biopharmaceuticals for human 
receptors often limit the range of responsive animal models (as described 
above for interferons and IL - 4 mAb) or require the creation and use of dif-
ferent strategies. Alternate approaches to the problem of obtaining useful 
information include the use of homologous (also referred to as analogous or 
surrogate) proteins for the biopharmaceutical, the creation of transformed 
animal models such as transgenic animals, and the use of models of disease. 
Preclinical studies based on these alternative approaches should display a 
parallel and hopefully correct relative PD relationship in order to yield predic-
tive information. 

 In rare instances the number of pharmacologically responsive preclinical 
species is very narrow, and only a single species such as the chimpanzee may 
be available to appropriately assess preclinical PD and PK endpoints. Since 
toxicology testing cannot be performed in chimpanzees due to their protective 
status, alternative methods are usually considered for standard safety assess-
ments. An example of this is described by Clarke et al.  [16]  for efalizumab, a 
humanized mAb directed against the α  - chain component of lymphocyte func-
tion associated antigen1 (LFA - 1), also known as CD11a, that binds only to 
chimpanzee and human forms of the molecule. Efalizumab is used clinically 
for the treatment of psoriasis, and the PD basis for treating psoriasis is the 
antagonization of T lymphocyte infi ltration into psoriatic lesions by blocking 
the T cell surface molecule LFA - 1, thereby preventing interaction with the 
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endothelial cell surface protein ICAM - 1. To provide an adequate safety assess-
ment, muM17, a chimeric rat anti - mouse CD11a mAb, was created and evalu-
ated. This analogous molecule bound with similar specifi city and affi nity as 
efalizumab to the human CD11a and was found to have similar pharmacologi-
cal activities in mice as efalizumab in humans. In order to bridge the preclinical 
safety information obtained from muM17 to the human setting, a PK/PD 
model was developed in mice  [17] . This model was useful in selecting a clini-
cally relevant dose based on the PD rather than the PK profi le because of 
differing capacities of the CD11a binding between mice and humans and its 
infl uence on pharmacokinetics. 

 In some cases animal models of disease that mimic the anticipated clinical 
situation are needed to provide a set of relevant safety data, since the patho-
physiological background is essential in providing the appropriate receptor or 
effecter mechanism. For example, erythropoietin, a glycoprotein with a molec-
ular weight of 30   kDa, stimulates division and differentiation of committed 
erythroid progenitor cells and is not species restricted in terms of its primary 
biological activity. It induces the release of reticulocytes from the bone marrow 
into the bloodstream where they mature into erythrocytes and increase hema-
tocrit. Too rapid a response to this growth factor will increase the viscosity of 
blood, thereby increasing vascular resistance and likelihood of a stroke. Eryth-
ropoietin did not demonstrate any cardiovascular toxicities in the general 
toxicity studies or in the extensive cardiovascular safety pharmacology studies 
performed in healthy animals  [18] , perhaps due to inherent compensating 
mechanisms. In contrast to a lack of fi ndings in normal animals, a difference 
in cardiovascular regulatory response was observed in either spontaneously 
hypertensive rats or in isolated tissues obtained from these animals  [19,20] . 
When erythropoietin was used in patients with chronic renal failure, hyperten-
sion was observed as a major clinical toxicity.  

12.2.2 Binding Properties 

 Binding properties of a biopharmaceutical are important determinants in 
establishing the relevance of a species for safety assessment. An empirical 
assessment of binding is often necessary to establish the extent and location 
of binding across species. For example, in vitro studies of adalimumab, a fully 
human recombinant mAb directed against human TNF α , have revealed it 
to be a potent inhibitor of TNF α  - related actions for humans, cynomolgus 
monkeys, and dogs, whereas no binding to the rat TNF α  and only weak inhibi-
tion of the murine TNF α  were observed  [21] . Another example is humanized 
mAb alemtuzumab. This antibody recognizes CD52 and cross - reacts with epi-
topes from cynomolgus monkeys, rhesus monkeys, and baboons. However, in 
rhesus monkey and baboons as well as some individual cynomolgus monkeys, 
CD52 expression is found on erythrocytes, in contrast to humans in which it 
is absent  [22] . Moreover, the binding affi nity of alemtuzumab to cynomolgus 
CD52 is approximately 16 - fold less than that to the human epitope. Hence, 



the binding to erythrocytes in these preclinical models could yield a false posi-
tive signal of hemolytic anemia, relative to humans. 

 The role of the various subcomponents of a receptor or epitope may con-
tribute to the overall complexity of biopharmaceutical binding, pharmacoki-
netics, and pharmacological responsiveness and, in fact, is often an unknown 
factor in PK and PD differences between species. For example, the IL - 2 recep-
tor is a trimeric receptor composed of α ,  β , and  γ  chains, and the assembly of 
different groupings of these subcomponents determines the pharmacological 
relationship to pharmacokinetics. The trimeric complex binds IL - 2 with very 
high affi nity (Kd   =   10   − 11    M), when compared to IL - 2 ’ s affi nity for the IL - 2R βγ
complex (Kd   =   10   − 9    M) or IL - 2R α  subunit (Kd   =   10   − 8    M). Moreover, the IL -
 2R α  chain is not involved with intracellular signaling, whereas the IL - 2R β  and 
IL - 2R γ  subunits are critically important for pharmacological activity. Thus the 
therapeutic activity of IL - 2 is actually more complex than just cytokine recep-
tor binding. It also requires the recruitment of antigen - activated T cells and 
CD56 bright NK cells, an event dependent on the expression of all three recep-
tors subunits as a trimeric complex with high affi nity. In contrast, the IL - 2 -
 induced toxicity is associated with the lower affi nity complexes, in particular, 
the binding of IL - 2 to the IL - 2R βγ  complexes located on CD56 dim NK cells. 
Hence the relative affi nity dictates the range of IL - 2 - dependent effects, as 
picomolar concentrations are associated with the therapeutic aspects of the 
pharmacological activity of IL - 2 and nanomolar levels with toxicity  [23,24] . 

 In rare cases intra - species variation may be important when assessing 
overall clinical predictability. Similar to the differences in P 450s  that may be 
observed within humans and animals, the binding properties may vary within 
a species (even within a relevant species), which may confound the overall 
interpretation of the toxicology study. A good example of this is provided by 
Klingbeil and Hsu  [25] . The authors describe the safety testing of Hu1D10, a 
humanized mAb directed against the posttranslational form of HLA - DR 
expressed on normal B cells as well as B cell leukemias and lymphomas. 
Klingbeil and Hsu reported that Hu1D10 administration to some monkeys 
resulted in severe acute adverse effects (e.g., respiratory suppression, increased 
heart rate, and urticaria) that in some cases required life - sustaining interven-
tion, while no such adverse effects were observed in other Hu1D10 - treated 
monkeys or the control monkeys. The extreme differences in effect were 
associated with the variation of HLA - DR expression, in that those animals 
that were antigen - positive exhibited   toxicities while those that were antigen -
 negative did not.   

12.3 PHARMACOKINETICS

 Pharmacokinetic studies are often used to establish the extent of exposure to 
a biopharmaceutical in a preclinical study. This information not only validates 
dosing but also provides a means of extrapolating exposure across species. It 
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therefore can be used as the basis for selecting an initial, safe starting dose for 
clinical use, determining therapeutic targets based on plasma levels associated 
with pharmacological effects, and providing an upper limit to clinical dosing 
based on PK exposure. 

 In general, extrapolation of PK data across species is dependent on 
the molecular weight of the biopharmaceutical, the involvement of receptor -
 mediated uptake, and the disposition and the route of administration  [26] . A 
clinical dose may be extrapolated from preclinical data on either a body weight 
or surface area basis  [27] . The appropriate method of extrapolations depends 
on the underlying factors governing disposition. Surface area based extrapola-
tions assume a proportionate fi rst - order dependent process, which may have 
active components such as receptor - mediated uptake mechanisms or more 
passive ones such as glomerular fi ltration. Generally, larger molecular weight 
biopharmaceuticals of greater than 70   kDa will scale by body weight, and 
lower molecular weight products will more often be applicable to scaling based 
on body surface area conversion. It is not uncommon for the saturation of 
various active processes to result in a nonlinearity in PK between plasma levels 
and dose, thus complicating extrapolation and interpretation when a wide 
range of doses are studied. This range of doses often includes and extends 
beyond a range with clinical utility. Thus, it is important to consider doses that 
are clinically relevant to ensure that clearance across species is highly predic-
tive, whether it is a function of body weight or surface area. 

12.3.1 Disposition

 The PK of biopharmaceuticals are governed by factors such as absorption, 
distribution, catabolism, and excretion (similar principles to drugs) as well as 
other factors such as binding proteins and antibodies directed against the 
biopharmaceutical. Unlike drugs that readily diffuse, biopharmaceuticals, due 
to their molecular weight and shape, do not diffuse but are initially confi ned 
to the circulating vasculature; however, with time they distribute to the extra-
vascular space by various factors, including bulk fl ow and convection. Catabo-
lism of biopharmaceuticals is achieved by the same proteolytic processes that 
break down endogenous proteins, occurs in many sites in vivo, and usually 
involves receptor - mediated endocytosis followed by proteolysis in lysosomes. 
In addition to the intracellular mechanisms, catabolism may also occur at 
extravascular sites, such as the mediation of degradation by local proteolytic 
activity after subcutaneous injection, a process that infl uences overall bioavail-
ability  [28,29] . The route of absorption from these extravascular sites is infl u-
enced by molecular size and is partitioned between direct absorption into the 
blood stream and lymphatic system. Similarly, the mechanisms of elimination 
of a biopharmaceutical from blood are also dictated by molecular size. For 
instance, biopharmaceuticals of greater than 70   kDa do not undergo renal 
glomerular fi ltration and degradation; instead, the liver plays a predominant 
role in their catabolism and PK behavior. In contrast, the smaller the biophar-



maceutical the more likely the kidney, not the liver, will play a major role in 
elimination. Those biopharmaceuticals that undergo renal fi ltration are often 
readsorbed and/or degraded by various renal structures, including the brush 
border and tubules. While these disposition mechanisms are similar across 
species, it is important to understand that the certain aspects will vary across 
species due to physical differences. For example, upon administration of a 
biopharmaceutical into a tissue site, the ratio of the volume injected to the 
total volume of the organ may vary across species and result in different pro-
portions of anatomical structures and cellular populations being exposed. 
Thus, it is important to understand what mechanisms are expected to infl uence 
absorption, distribution, catabolism, and excretion in humans to help elucidate 
the relevancy of the species with regard to extrapolation of PK endpoints .

 Besides the infl uence of physical anatomical features such as the glomerular 
fi ltration, the PK behavior of biopharmaceuticals may be signifi cantly affected 
by receptor - mediated processes and other uptake processes that outweigh 
more passive aspects of disposition. An example is the glycosylation patterns 
of a biopharmaceutical. The terminal glycoforms such as sialic acid and 
mannose residues play a signifi cant role in regulating catabolism and infl uence 
several PK parameters, including systemic exposure, as measured by AUC and 
half - life. Glycosylation profi les may vary across species, which may result in 
different product clearance rates due to the disparate rates of uptake by, for 
example, the asialoglycoprotein or mannose/GlcNAc receptor - mediated path-
ways  [30] . It is therefore important to consider these PK - related mechanisms 
when selecting a relevant species for preclinical testing. 

 In contrast to PD, in which the validity of the study for the assessment of 
safety often depends on specifi c receptors or antigens, the validity of PK 
studies are not as highly dependent on the presence of specifi c receptors or 
other mechanisms that are clinically homologous. For example, the disposition 
of tPA is strongly dependent on blood fl ow patterns to various organs, such as 
the liver, as well as on the presence of various receptors involved in uptake. 
It has a molecular weight of 65   kDa and is composed of a serine protease 
domain at the carboxyl terminal end joined to other domains typical of plasma 
proteases. Also contained in tPA is a fi bronectin - type fi nger region, a growth 
factor domain and two kringle domains. About 8% of the total molecular mass 
consists of glycoforms, which play a signifi cant role in the in vivo disposition. 
Included in the glycoforms is a high mannose type moiety. tPA circulates as 
both an unbound moiety and a complex consisting of plasminogen inhibitor 
(PAI - 1) and other protease inhibitors such as plasminogen inhibitors 1 and 2, 
C1 - esterase inhibitor,  α 2 - macroglobulin and  α  -  antiplasmin  [31 – 34] . The PK 
of tPA have been studied in several different species, including mice, rats, 
rabbits, dogs, and monkeys  [35 – 40] . A generally applicable and consistent 
linear PK pattern has emerged from these studies across varies species that is 
a good approximation of that found clinically. After infusion of tPA, plasma 
levels decrease in a rapid initial pattern that is characterized by a half - life 
of 1 to 3 minutes ( α  - phase). The initial phase is dominant with respect to 
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exposure and includes approximately 70% of the total AUC. A second phase 
of disposition follows with a half - life of 10 to 40 minutes ( β  - phase) and fi nally 
a third phase with a half - life of 1 to 2 hours ( γ  - phase). The degree of compart-
mentalization is dependent on the quantitative ability and reliability of the 
assay used to measure tPA. The fi nal phase of disposition only accounts for 
approximately 7% to 10% of the total AUC. Total plasma clearance of tPA 
closely approximates hepatic plasma fl ow in all species and ranges from 16 to 
23   ml/min/kg; the initial volume of distribution corresponds to plasma volume 
of 46 to 91   ml/kg. A highly signifi cant correlation was observed between tPA 
clearance and body weight in animal species and humans, and this provides 
the basis for predicting human PKs from animal data  [41] . 

 In the liver, tPA is taken up in various cellular populations and illustrates 
the varied nature of the distribution of a biopharmaceutical within an organ. 
A saturable, receptor - mediated endocytosis of tPA fundamentally occurs fol-
lowed by lysosomal degradation when tPA is taken up by parenchymal, endo-
thelial, and Kupffer cells in the liver  [42] . In the rat, endothelial cells, as 
compared to parenchymal cells, accounted for a 20 - fold higher amount of 
radioactive activity on a per milligram of protein basis  [43,44] . Also Kupffer 
cells exhibited a 4 - fold higher level of uptake, as compared to parenchymal 
cells. When the cellular mass of cells comprising the liver was considered, 
endothelial cells accounted for 55%, parenchymal cells 40%, and Kupffer cells 
6% of the total uptake of tPA in the liver. The hepatic receptor - mediated 
uptake by these cells is regulated by two distinct systems. A receptor on endo-
thelial cells that recognizes high - mannose glycoform is responsible for approx-
imately one - half of the total  [45] . Additionally a receptor that recognizes 
protein structure rather than glycoforms seems to be operant and attributes 
to the remaining disposition of the biopharmaceutical  [46 – 48] . 

 Other pathways exist for the interactions of biopharmaceuticals with recep-
tors on cell surfaces, including receptor binding and shedding of the resulting 
complex into the circulation and receptor binding that is neither shed nor 
internalized but stable on the cell surface. Monoclonal antibodies undergo a 
recycling process via the FcRn receptor  [49] , as well as nonspecifi c uptake and 
the Fc γ  receptor ’ s binding. These mechanisms are generally found in various 
species, but their specifi city and relative activity may vary and may need to be 
considered when selecting an appropriate animal model.  

12.3.2 Immunogenicity

 A major factor in extrapolating pharmacokinetics across species is the devel-
opment of antiproduct antibodies, which, if this occurs, may confound inter-
pretation of the PK data. Thus, the clinical relevance of PK and PD information 
based on preclinical data can only be understood to the extent that the nature, 
magnitude, and timing within the course of dosing is relative to the develop-
ment of antiproduct antibodies. Furthermore, characteristics (e.g., precision, 
accuracy, and specifi city) of the assays necessary   to quantitate and characterize 



the antiproduct antibodies and the time of collecting samples in the preclinical 
study are important. Due to the potential assay interference from the presence 
of high blood concentrations of the biopharmaceutical, suffi cient time must 
elapse between the last administration of dose and the collection of plasma 
samples to obtain accurate data. Conversely, with too much time   allowed to 
pass after the last dose of the biopharmaceutic, the immune response may be 
undetectable. Nevertheless, a comparison of early and late levels at compara-
ble points of time after dosing of the biopharmaceutic may provide a robust 
signal of immunogenicity. In preclinical studies, immunogenicity will vary 
among species and additionally among the strains of animals that may be 
used in safety studies, as the immune response to the biopharmaceutical may 
differ as the expression of major histocompatibility complexes varies among 
strains. 

 Although immunogenicity may arise in the course of exposure of biophar-
maceuticals, preclinical PK studies may be successfully conducted by monitor-
ing the development of antiproduct antibodies when this factor is considered 
in the analysis of the data. For example, preclinical studies conducted using 
lenercept provided useful PK information for extrapolation to humans  [50] . 
Lenercept is a fusion protein that combines the extracellular domain of two 
human p55 tumor necrosis factor receptors with the hinge and constant domain 
C2 and C3 sequences of the human immunoglobulin G1 heavy chain. The 
biopharmaceutical has a molecular weight of 120   kDa and possesses eight 
potential sites of glycosylation. Lenercept was investigated for its potential 
application to various clinical conditions including rheumatoid arthritis. In the 
manuscript by Richter et al., the pharmacokinetics of lenercept were studied 
in RoRo rats, Himalayan rabbits,   beagle dogs, and cynomolgus monkeys  [50] . 
Several doses of lenercept was administered intravenous by bolus or short 
infusion; rats were given 0.2 or 5   mg/kg, rabbits 5   mg/kg, monkeys 4.0 or 5.0   mg/
kg, and dogs 0.11 and 0.14   mg/kg. Groups sizes were relatively small and 
ranged from eight to two subjects per species, and blood samples were ana-
lyzed for lenercept levels with an ELISA. Neutralizing antibodies to the bio-
pharmaceutical were also measured during the course of the investigation. 
Various PK endpoints were collected from the different species studied and 
examined for their fi t in an allometric scaling procedure. Sample collection 
times for PK assessment extended into the period that the development of 
antiproduct antibodies were observed. The minimal sampling time was 192 
hours for rats and a maximum of 437 hours for dogs after injection. A triphasic 
PK profi le was observed, in monkeys, dogs, and rabbits, but not rats, given a 
dose of 5   mg/kg intravenously. Following an initial, rapid decrease in levels, a 
second, slower disposition phase occurred, followed by a third phase of rapidly 
decreasing levels between days 6 to 10. The third phase refl ected an immune 
response directed toward lenercept that showed intra - subject variability. When 
the effect of antibodies to lenercept in the third phase are subtracted from the 
data set, the plasma levels were found to be superimposable and linear to dose 
across species, thus allowing for the allometric scaling of the PK parameters 
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to the clinical situation. In fact, predicted human clearance and the volume of 
distribution at steady state based on the preclinical data were found to be in 
agreement with the clinical studies performed  [51] . More likely the clearance 
of lenercept is a result of the uptake mediated by glycosylation and Fc binding 
and is not refl ective of glomerular fi ltration as the molecular size exceeds 
70   kDa.     

12.4 CONCLUSION

 Biopharmaceuticals represent a broad but discrete class of large molecular 
weight therapeutic entities that are characterized by their specifi c pharmaco-
logical activities and distinctive pharmacokinetics. The selection of an appro-
priate animal model is dependent on a combination of PD and PK factors. As 
described in this chapter, it is essential to understand the relationship of the 
basic pharmacology of a biopharmaceutical (signaling, receptor presence, 
binding properties, etc.) and the associated PK properties to that expected in 
humans, in order to select animal species that will have the most predictive 
value in safety assessments.  
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13.1 INTRODUCTION

 The objective of the ICH S6 guidance for Preclinical Safety Evaluation of 
Biotechnology Derived Pharmaceuticals (biopharmaceuticals)  [1]  is a preclini-
cal safety evaluation program that is based on relevant (animal) models. ICH 
S6 requires safety testing in a species in which the biopharmaceutical is 
pharmacologically active. In the absence of a relevant species, the use of trans-
genic animals expressing the human receptor or the use of homologous pro-
teins should be considered. Animal models for human diseases may also be 
used. Although these models are mostly used to evaluate pharmacological 
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features of the product, they may be of value in evaluating the safety of 
biopharmaceuticals: 

 •   To improve prediction of the toxicity or therapeutic index.  
 •   To support the mechanistic interpretation of safety studies (as an alterna-

tive or a complement to toxicity studies in normal animals).  
 •   To evaluate the undesirable disease progression.  
 •   To predict a different kinetic behavior of the compound in healthy and 

diseased animals.    

 The FDA Critical Path Opportunities Report  [2]  recognizes that there is a 
need for  “ better animal disease or tissue injury models that could provide 
more accurate predictions of the toxicity of drugs, devices, and biological 
products that are used in ill or injured patients. Use of such models could also 
enhance our understanding of the potential toxic effects of compounds associ-
ated with many types of medical devices. ”  It is important to note that the regu-
latory authorities will always require solid scientifi c justifi cation for the use of 
these animal models for disease to support safety.  

13.2 ANIMAL MODELS FOR DISEASE 

 Disease models include spontaneous models, induced models (e.g., treated with 
a compound, a microorganism or surgically), gene knockout(s), and transgenic 
animals (Table  13.1 ). Most such models are based on the effect of a certain 
stimulus that induces a pathological condition. Examples include the strepto-
zotocin - mediated destruction of beta cells leading to type 1 diabetes  [3] , surgi-
cal dissection of the cruciate ligament resulting in osteoarthritis  [4] , or type II   
collagen - specifi c activation of the immune system, leading to arthritis  [5] . A 
 “ stimulus leading to pathology ”  is essentially present in the spontaneous 
models.  “ Spontaneous pathologies ”  are often the result of the anatomical and/
or metabolic makeup of a genetically distinct animal strain. For instance, aber-
rant hip architecture results in hip osteoarthritis in the German Shepherd dog 
 [6] . Selective breeding resulted in the obese Zucker rat (fa/fa)  [7,8] . This strain 
is considered a spontaneous model for obesity and type 2 diabetes because of 
its hyperglycemia, hyperinsulinemia, insulin - resistance, hypertriglyceridemia, 
and hypercholesterolemia. Alternatively, elimination of a gene may result in a 
loss of homeostasis, leading to disease. A particularly well - known general 
example is the loss of p53 tumor suppressor gene function in the majority of 
human cancers. In mice, the elimination of Apo lipoprotein E or low - density 
lipoprotein receptor (ApoE knockout and LDL receptor knockout) results in 
hyperlipidemic hypercholesterolemia and atherosclerosis  [9,10,11] .   

 Anti - sense oligonucleotides and, more recently, siRNA present exciting 
opportunities to eliminate specifi c genes or gene transcripts. There is wide-
spread appreciation of siRNA not only for target validation and as a potential 
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 TABLE 13.1    Categories of animal models for disease, illustrated with some 
examples 

  Category    Example    Reference  

  Spontaneous models 
Mostly resulting from 

genetic, metabolic, 
developmental, or 
anatomical features 
of specifi c species 
and/or animal strains

  Spontaneous osteoarthritis: Dunkin Hartley 
guinea pigs, Shepherd dog 

   [36]  
  [6]   

  Diabetes/obesitas: zucker rat     [7,8]   
  Diabetes model in the cat     [37]   

  Induced models: 
Surgically

  Porcine wound healing models     [38]   
  Stenosis in the pig     [39]   
  Osteoarthritis: Cruciate ligament transection 

in dogs  
   [4]   

  Occlusion (e.g., to induce renal failure)     [33]   
  Fractures (various species)     [40]   

  Induced models: 
Chemically

  Chemically induced tumors: Mammary 
tumors, DMBA - rat model  

   [41]   

  Urinary bladder tumors ( N  - butyl - N - (4 -
 hydroxybutyl)nitrosamine - induced rat 
model)

   [42]   

  Diabetes: Streptozotocin, alloxan     [3]   
  Chemically induced liver failure     [34]   
  Parkinson ’ s disease models (MPTP)     [43]   

  Induced models: 
Immunological

  Arthritis: Collagen - induced arthritis     [5]   
  Experimental autoimmune 
 Encephalomyelitis (preclinical model for 

multiple sclerosis) 

   [44]   

  Infl ammatory bowel disease/Crohn ’ s disease     [45]   
  Adoptive transfer of antibodies to the self -

 antigen, or immune cells to naive animals 
   [46,47]   

  Infection models 
(bacterial, viral, 
fungal, protozoan, 
parasitic, etc.)  

Listeria monocytogenes  in mice     [29]   
  Pneumococcal infection model     [48]   
  HIV - infection models     [49]   
  Fungal infection models     [50]   

  Xenograft models    Tumor xenografts, various models     [51,52]   
  Psoriasis xenografts on nude mice     [15]   

  Transgenic models: 
Knockout, and 
knock - in

  Hyperlipidemia/hypercholesterolemia: ApoE 
knockout, LDL receptor knockout, ApoE -
 variant transgenes 

   [9,10]   

  Diabetes/obesitas: Ob/ob mouse, db/db 
mouse

   [7,53]   
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novel therapeutic approach but also as a tool for disease models, combining 
time -  and tissue - controlled knockout with high transcript specifi city. 

 There has been explosive growth in the number of disease models in recent 
decades, especially in the fi eld of the knockouts and transgenic rodents. A 
description of the most frequently used models alone would take a separate 
volume, and even that would be outdated within no time. Information on the 
selection of models and background data can easily be found on the Internet. 
The US National Center for Research Resources (NCRR) provides overviews 
and links  [12] . In addition the main providers of laboratory animals have very 
useful information on their Web sites. Readers looking for overviews on animal 
models per disease may fi nd useful information in the  Drug Discovery Today: 
Disease Models  review journal ( http://www.drugdiscoverytoday.com ). 

 In our opinion there are a few important general considerations regarding 
the use of animal models for disease in this respect: 

 •   A transgenic mouse is not automatically a model for disease. Most dis-
eases are multifactorial. Aberrations and pathological imbalances are not 
limited to one mechanism, especially in the advanced stages of disease 
when more mechanisms are offset. In view of the complexity of biological 
systems it is increasingly recognized that the balanced modulation of 
multiple targets provides a better therapeutic effect, and a more favorable 
side - effect profi le than the modulation of a single target.  

 •   A disease model should be properly characterized by its phenotype, and 
enough background data should be available. This also applies for the 
more than 100,000 knockout mice that will become available over the next 
few years from large governmental programs (Canada, China, European 
Union, United States). In addition suffi cient historical or reference data on 
the effects of chemical and biological compounds should be available.  

 •   The model should ideally be available for comparison and be accessible 
to more than one party. For commercial models, options for noncommer-
cial institutions to perform fundamental or mechanistic studies are 
recommended.     

13.3 HUMANIZED MODELS FOR TRANSLATIONAL RESEARCH 

 Novel approaches for the design and development of in vivo models to predict 
drug safety in patients will become more and more relevant. In order to opti-
mize prediction for the human situation, the models should be clearly defi ned, 
controllable, and as  “ humanized ”  as possible, for instance, using strategies 
based on novel technologies like siRNA - mediated gene knock - down and on   
systems enabling the tight and reliable control of human (trans) gene expres-
sion in a time -  and tissue - specifi c manner. The so - called translational research 
to predict human safety (and effi cacy) requires continual information exchange 



between in vitro studies (animal and human cells) and animal studies (Figure 
 13.1  a ). New approaches for the design and development of safety assessment 
using human in vitro systems are becoming increasingly important for both 
biopharmaceutials and pharmaceuticals. Such tests are likely to comprise 
human stem - cell cultures, or co - cultures, combined with animal disease models. 
In addition to humanized translational test models, biomarkers and imaging 
are key to enhancing the predictability of drug research and development 
(Figure  13.1  b ). Ideally biomarkers are identical in animals and humans and 
measurable in vivo and in vitro.     

 In general, humanized models that aim for improved predictability for the 
human situation require the insertion of human features in animal - derived test 
models. Basically, this can be achieved at the gene, cell or even tissue level 
(Table  13.2 ). Insertion of human genes within in vitro test systems is relatively 
simple with the technology presently at hand. In vivo gene transfer is more 
complicated. Nowadays transgenic disease animals are considered essential 
to predict drug effi cacy in humans. The ideal transgenic animals are those in 
which multiple genes can be overexpressed (or silenced) one by one, control-
lable per tissue/organ, and more important, controllable over time (on/off). 
This way local manipulation of human gene expression can be useful; overex-
pression can be achieved with locally administered or delivered vectors, and 
siRNA technology is full of promise as a suppressor of gene activity.   

 Human cells, tissues, or organs implanted or transplanted in animals present 
a relatively strong and valuable tool, provided that immune rejection of the 
human material can be avoided. Immune - defi cient animals like mice may well 
be used to develop organ - like structures (teratomas) from transplanted stem 
cells  [13]  or with   combinations of human cells or human tissue (e.g., synovio-
cytes and cartilage  [14] , and activated mononuclear cells and transplanted 
skin  [15] ).

    Figure 13.1     ( a ) Translational research strategies to predict human safety and effi cacy 
based on in vitro studies (in animal and human cells) and animal studies. ( b ) Use of 
biomarkers and imaging techniques to increase the predictability of drug R & D.  
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 TABLE 13.2     Types and examples of translational, humanized test models 

          Example    Reference  

  Transfer of human gene  

  In vitro    Cell transfection          
  In vivo local    Local delivery gene 

delivery by 
electroporation or 
a locally 
administered 
vector  

  Interleukin - 10 knockout 
and overexpression on 
neointima formation in 
hypercholesterolemic 
(ApoE * 3 - Leiden) mice  

   [54]   

  In vivo systemic    Knock - in transgenic 
animal, preferably 
with time -  and 
tissue - specifi c 
control of gene 
expression  

  hCETP combined with 
hApoE * 3 - Leiden  

   [10]   

  Transfer of human cell/humanized cell  

  In vitro    Cocultures of human 
and animal cells  

  Synovial fi broblast and 
articular cartilage  

   [14]   

  In vivo    Stem cell    Cancer growth in a human 
tissue microenvironment  

   [13]   

  Immune competent 
cells  

  SCID mice transplanted 
with articular cartilage 
and synoviocytes  

   [14]   

  Transfer of human tissue  

  In vivo    Tissue engineering          
      Tissue/organ 

tranplantation  
  Transplantation of tissue 

on immune - defi cient 
mice: (e.g., [normal] skin 
from psoriasis patient in 
combination with 
administration of 
activated immune cells)  

   [15]   

   CASE EXAMPLE: TRANSGENIC HUMANIZED MOUSE MODELS 
FOR HYPERLIPIDEMIA     

 Cardiovascular disease models demonstrate aspects/features of humanized 
disease models. For hyperlipidemia - based atherosclerosis, there is a lack of 
a spontaneous in vivo mouse model because mice are resistant to (diet -
 induced) hyperlipidemia. Therefore a number of transgenic mice have been 
developed to better understand the pathogenesis in humans and obtain 
mouse models predictive of the human disease. Overexpression of ApoB, 
ApoE - variants, and knockout of ApoE, the LDL   receptor or LPL (lipopro-



tein lipase), have enabled hyperlipidemic transgenic mice models to be 
developed. The spontaneous hypercholesterolemic ApoE knockout and the 
LDL receptor knockout are widely used as atherosclerosis models  [9] . 

 Given the multifactorial origin of atherosclerosis, combinations of knock -
 in and knockout transgenics have been produced. For instance, combining 
the ApoE * 3Leiden transgenic, having a diet - controllable cholesterol profi le, 
with the human CETP gene (cholesterol ester transfer protein) resulted in 
a transgenic model with human - like LDL as well as HDL profi les that are 
responsive to treatment with statins and fi brates (as in the human situation). 
 [10]  Figure  13.2    

 The humanized mouse model is used for safety assessment of drugs that 
affect lipid profi les as a side effect (and thereby possibly infl uence the risk 
of atherosclerosis and, subsequently, myocardial infarction). A typical 
example is the disturbed lipid profi le and increased risk of myocardial 
infarction experienced by AIDS patients following the long - term use of 
HIV - 1 - protease inhibitors  [16,17] .     

    Figure 13.2     Effect of inserting a human CETP gene on cholesterol lipoproteins in 
E3L mice fed a Western - type diet containing 0.25% cholesterol. The E3L.hCETP 
mouse has shown to respond to statins, fi brates, and the new CETP inhibitor torce-
trapib in a similar way as humans do, as manifested by decreased apoB - containing 
lipoproteins and increased HDL levels.  
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13.4 FROM PHARMACOLOGY TO TOXICOLOGY —WHAT
IS PREDICTABLE? 

  “ Exaggerated pharmacology ”  often poses an important biopharmaceutical 
safety issue. Most adverse effects of biopharmaceuticals are a direct conse-
quence of their primary pharmacological action. Off - target effects, apart from 
hypersensitivity developing during repeated dosing, are rare. For many bio-
pharmaceuticals the immune system is the intended target of the therapy, and 
the immunotoxicity observed is often exaggerated pharmacology. Biopharma-
ceuticals that are highly selective in their molecular target are likely to exert 
mechanism - based side effects if the target is expressed in/on other nontarget 
cell types. However, although biopharmaceuticals are generally very selective 
for their primary target, their effects can sometimes be highly pleiotropic. A 
recent well - known example is calamity with TGN1412, which produced a 
sudden and rapid release of pro - infl ammatory cytokines in healthy volunteers, 
with severe consequences  [18] . Therefore the safety assessment of a biophar-
maceutical is critically dependent on an in - depth understanding of the phar-
macology and physiology in order to anticipate the risks associated with the 
potentially intense effects on the target system and interaction with other 
biological systems. Another important difference between biopharmaceuticals 
and low molecular weight compounds is the dose – response relationship. Bio-
pharmaceutical products may exhibit unusual dose – response curves that are 
nonlinear (saturation of target receptors at low dose), bell - shaped, and very 
steep with an apparent  “ on/off switch ”   [19,20] . Taken together, this supports 
the idea of combining pharmacology and safety studies in the case of biophar-
maceuticals. If needed, exaggerated pharmacological effects can also be studied 
using the animal homologues of the human target. However, as also stated in 
the S6 guidance  [1] , the production process, range of impurities/contaminants, 
pharmacokinetics, and exact pharmacological mechanism(s) may differ 
between the homologous form and the product intended for clinical use.  

13.5 WHY TEST SAFETY IN DISEASE MODELS? 

 It is well known that the response to a drug can differ between diseased and 
nondiseased individuals. For example, the expression of both pro -  and 
anti - infl ammatory mediators changes in many diseases and conditions such as 
rheumatic diseases, myocardial infarction, angina, aging, and obesity  [21] . This 
may have an impact on toxicity and pharmacokinetics, and in particular, when 
the drug interacts with these mediators. In addition the pharmacokinetics of 
a drug can be affected by disease in general, a topic that is discussed later in 
this chapter. 

 Certain classes of drugs exhibit side effects that are characteristic of their 
group of compounds. In some cases, side effects are inherent to the pharma-



cological effect (exaggerated pharmacology, mechanism - based side effect). 
In other cases, side effects can differ among drugs belonging to a particular 
therapeutic class. For example, both infl iximab (anti - TNF α  monoclonal anti-
body) and etanercept (TNF α  receptor p75Fc fusion protein) share an increased 
likelihood of opportunistic infections. However, there are indications that 
tuberculosis and some other granulomatous infections occur more frequently 
among patients treated with infl iximab than among those treated with etan-
ercept  [22] . 

 Based on specifi c disease knowledge, optimization of drug selection involves 
their common side effect (e.g., dyslipidemia, lipodystrophy of HIV protease 
inhibitors,  [17] ). In our laboratory we frequently use transgenic mice carrying 
the human apolipoprotein E3 - Leiden variant gene ( [11] , see also the  case 
example ). These mice exhibit hyperlipoproteinemia and human - like lipopro-
tein profi les and develop atherosclerosis with all the characteristics of human 
pathology. In addition to investigating the effects of lipid - lowering drugs or 
diets, we are increasingly seeing requests to study indirect or side effects. Pub-
lished examples are the side effect of dexamethasone as an inhibitor of venous 
graft thickening  [23]  and the impairment of plasma lipid profi les by Ritonavir 
 [17] . In addition the model has proved its value for investigating the diabeto-
genic properties of certain drugs. 

 Despite the obvious demand for animal disease models in evaluating the 
safety of drugs  [1,2] , it is diffi cult to fi nd examples for recently approved bio-
pharmaceuticals or compounds under development. In the European Public 
Assessment Reports (EPARs)  [24]  very few registrations describe the use of 
animal disease models specifi cally for evaluating the safety of biopharmaceu-
ticals. One illustrative example from the EPAR database is bevacizumab  . It is 
a monoclonal antibody that binds to the human vascular endothelial growth 
factor (VEGF) to reduce the vascularization of tumors, thereby inhibiting 
tumor growth. Inasmuch as (VEGF - mediated) vascularization is essential to 
healing wounds, the concern was raised that the anti - VEGF activity of beva-
cizumab might delay the wound healing process in tumor patients undergoing 
biopsy procedures or surgery. A linear incision model (to mimic surgical inci-
sion) and a circular wound model (to mimic an ulcerative lesion) were used 
in rabbits to demonstrate that bevacizumab causes a reversible, dose - related 
delay in wound healing. Another group of growth factor therapeutics EGFR 
(epidermal growth factor receptor) inhibitors is used to treat colorectal and 
non – small - cell lung cancer. On limited occasions unique and dramatic derma-
tological side effects (skin rash) occurred because of   the inhibition of EGFR -
 signaling pathways in the skin  [25] . These two examples illustrate the 
mechanism - based side effects of the growth modulation factor or their 
receptors. 

 With the broadening of the therapeutic applications of biopharmaceuticals, 
new safety issues can be anticipated in the future. Since the late nineties, ritux-
imab (anti - CD20 monoclonal antibody) has been used to treat non – Hodgkin ’ s 
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lymphoma. Recently studies on rituximab for the treatment of autoimmune 
diseases (renal disease and transplantation) have been initiated  [26] . Yet 
another example are the studies performed with recombinant factor VIIa in 
animal models for trauma to show that rFVIIa was not associated with the 
systemic activation of coagulation or the microthrombosis of end organs 
 [27] .  

13.6 DISEASE MODELS TO EVALUATE UNDESIRABLE 
DISEASE PROGRESSION 

 Immunosuppression is regarded as a potentially serious adverse effect of 
certain classes of biopharmaceuticals and may result in increased infection 
rates  [22,28]  or increased rates in primary or secondary malignancies. The 
ability to target and neutralize macrophage - derived infl ammatory cytokines 
and pathways has proved to be one of the most important advances in the 
treatment of rheumatoid arthritis, Crohn ’ s disease, and several other systemic 
infl ammatory diseases. However, data that have emerged following the 
approval of infl iximab, etanercept, and adalimumab show an increased likeli-
hood of opportunistic infections caused by intracellular organisms including 
tuberculosis ( Mycobacterium tuberculosis ),  Listeria monocytogenes, Mycobac-
terium avium intracellulare , and some fungal species  [22] . There are indications 
that tuberculosis and some other granulomatous infections are likely to occur 
more frequently among patients treated with infl iximab (monoclonal antibod-
ies) than among those treated with etanercept (soluble TNF receptors)  
[22] . Animal models of tuberculosis have demonstrated the importance of 
TNFα  in controlling and containing intracellular pathogens. An attractive 
mouse model to study the effects on host resistance to intracellular 
bacteria and potential differences between compounds is the L. monocyto-
genes  model in mice  [29] . In our laboratory this model has proved its value in 
studying the side effects of anti - TNF compounds as manifest by a difference 
in the L. monocytogenes  clearance from the spleen. In addition to infections, 
an increase of malignancies is regarded as a potential side effect of 
biopharmaceuticals that interact with cytokine functioning. There is indeed 
some evidence of a dose - dependent increased risk of malignancies, in particu-
lar non – Hodgkin ’ s lymphoma, in patients with rheumatoid arthritis treated 
with anti - TNF antibody therapy  [30] . Associations with solid tumors seem to 
be less clear. Published reports on the effect of biopharmaceuticals on the 
relative tumor incidence in animal models could not be found. This is probably 
due to slow development of tumors and the development of antibodies 
in animals during treatment. In case of etanercept, mice and rats developed 
neutralizing antibodies within two to three weeks following initiation of 
twice - weekly administration. Therefore the CHMP (EMEA) concluded that 
there are probably no meaningful animal studies that can further evaluate the 
theoretical risk of increased malignancies resulting from chronic TNF inactiva-



tion. Instead, the company will conduct long - term surveillance for tumors in 
humans  [24] .  

13.7 DISEASE MODELS TO EVALUATE ABNORMAL KINETIC 
BEHAVIOR OF THE COMPOUND 

 There are many examples of the abnormal kinetic behavior of drugs during 
disease. Obviously these effects are dependent on the nature of the compound 
and the pathophysiological condition. For example, generalized infl ammation 
affects many physiological processes, including organ and peripheral blood 
fl ow, protein binding, and enzyme activity.   Most data published so far are for 
low molecular compounds where the main focus has been on biotransforma-
tion and drug transporters  , which is generally not relevant for biopharmaceu-
ticals. During infl ammation the expression of both pro -  and anti - infl ammatory 
mediators are changed. This can have pharmacokinetic consequences. Clear-
ance of highly bound and effi ciently eliminated drugs may be reduced in the 
presence of infl ammation, resulting in increased circulating drug concentra-
tions  [21] . 

 Sepsis, septic shock, and other critical conditions can have profound effects 
on the kinetics of compounds  [31,32] . Drug absorption following intramuscu-
lar, subcutaneous, transdermal, and oral administration may decline due to a 
reduced perfusion of muscles, skin, and splanchnic organs. Compromised tissue 
perfusion may also affect drug distribution, resulting in a reduced distribution 
volume. On the other hand, the increase in capillary permeability and inter-
stitial edema during sepsis and septic shock may enhance drug distribution. 
Changes in plasma protein binding, body water, tissue mass, and pH may also 
affect drug distribution. The kidneys are an important excretion pathway for 
many drugs. Renal failure, which often accompanies sepsis and septic shock, 
will result in the accumulation of both the parent drug and its metabolites. 
Studies with animal models for renal failure  [33] , hepatic failure  [34] , or sepsis 
may be indicated especially for those compounds that are intended for use in 
critically ill patients and/or those in intensive care settings. 

 Other diseases and conditions that can have an effect on the kinetics include 
cardiac failure, diabetes, and (severe) obesity  [35] . Dermal disease and lesions 
can affect the absorption (unintended) of a compound through the skin. There-
fore it may be useful to at least include safety endpoints when testing drugs 
for psoriasis and dermatitis in animal models.  

13.8 IMMUNOGENICITY ISSUES 

 The immunogenicity issue is discussed in detail elsewhere in this book (see 
Chapter  20 ). However, in relation to the topics addressed above, the following 
issues are of specifi c interest here: 
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 •   It is important to know whether the pharmacokinetic behavior of the 
compound is affected by an immune response.  

 •   The disease severity or progression should not be directly related to 
immunogenic properties of the compound in the test species. Immunoge-
nicity may cause an effect similar to that observed with adjuvants. In 
preclinical animals models for rheumatoid arthritis, multiple sclerosis, and 
infl ammatory bowel disease, activation of the immune system with adju-
vant is applied to evoke an autoimmune response (e.g., against type II 
collagen in collagen - induced arthritis, or against myelin - peptides in 
experimental autoimmune encephalomyelitis as a model for multiple 
sclerosis).  

 •   Vice versa, the disease may affect the immunogenicity of biopharmaceu-
ticals. For instance, the activated immune system in diseases like 
rheumatoid arthritis, multiple sclerosis, and infl ammatory bowel disease 
is likely to produce a faster and/or stronger response to biopharmaceuti-
cals. Inasmuch as this applies to patients, the same issue may have rele-
vance for safety testing; that is, application of a relevant infl ammatory 
disease model may give greater insight and better predictability than 
healthy animals do.     

13.9 CONCLUDING REMARKS 

 The application of animal disease models fi ts in well with the rational, science -
 based, case - by - case approach for preclinical safety evaluation of biopharma-
ceuticals  [20] . Drug - related (class effects), disease - related, and therapeutic 
mechanism - based toxicity require the integration of safety and effi cacy 
research, including kinetics and (if relevant) metabolism. The use of animal 
models of disease to assess in vivo activity together with safety is expected 
to provide a better understanding of the therapeutic index, and therefore 
improved clinical - dose selection. This is especially relevant for biopharmaceu-
ticals inasmuch as their side effects often involve exaggerated pharmacology. 
Compared to new chemical entities, safety evaluation and pharmacology 
are less distinct from each other in the case of biopharmaceuticals. So far 
there are a limited number of examples of approved biopharmaceuticals 
that have been assessed for safety in animal models of disease. However, we 
expect a rapid increase in these fi gures when suitable models become available 
in greater numbers. It appears that many developers are including animal 
models of disease, if available, in current programs to answer specifi c 
questions. 

 Continued development and better application of humanized in vitro 
models (stem cells, cell lines, or ex vivo tissue, including transgenesis) and in 
vivo models (transgenesis and transplantation) that closely mimic the human 
situation should ultimately improve the predictive value of preclinical studies 
to human safety.  
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14.1 INTRODUCTION

 Safety pharmacology studies were given regulatory defi nition in the 2001 ICH 
S7A guidance  [1] . They were differentiated from primary and secondary phar-
macodynamic studies used for exploration of structure – activity relationships 
and lead selection and validation, which generally are not directly supportive 
of safety of the proposed human uses and dose ranges. Safety pharmacology 
is defi ned as  “ those studies that investigate the potential undesirable pharma-
codynamic effects of a substance  .  .  .  in relation to exposure in the therapeutic 
range and above. ”  The emphasis for small molecule drugs is on (1) identifi ca-
tion of unsuspected  “ off - target ”  activities independent of the primary phar-
macodynamic effect, (2) further investigation of adverse effects suspected 
from either clinical or preclinical studies, or (3) detailed investigation of 
adverse effects that are commonly associated with the specifi c therapeutic 
class of the drug candidate (i.e., potassium ion channel cardiac effects 
with neuroleptics). The safety evaluation of new biopharmaceuticals is 
often made more diffi cult by the higher percentage of novel drug targets, 
compared to small molecules, especially for monoclonal antibodies and soluble 
receptors. Target specifi city is usually very high. For these products, safety 
pharmacology tends to be a more focused investigation of highly specifi c 
drug – target interactions, and an in - depth characterization of pharmacody-
namic effects.  

14.2 SAFETY PHARMACOLOGY REGULATORY REQUIREMENTS 
FOR SMALL MOLECULES AND BIOPHARMACEUTICALS 

14.2.1 The “Core Battery ” Approach for Small -Molecule
Safety Pharmacology 

 The ICH S7A guidance recommends that the safety pharmacology studies be 
designed with specifi c consideration of the pharmacologic activities of the test 
article. It recognizes, however, that in early development, suffi cient informa-
tion may not be available to design such studies. In this case a more general 
approach to safety pharmacology is recommended, referred to as the  “ core 
battery. ”  

 The core safety pharmacology is designed to detect organ - based toxicities, 
with the emphasis on cardiovascular, central nervous  , and respiratory systems, 
where even transient dysfunction secondary to drug exposure can be life -
 threatening. Other organ systems, such as the gastrointestinal, renal, or hema-
topoetic symptoms can be transiently impaired by adverse pharmacodynamic 
effects without causing irreversible harm. 

 A core battery is normally hierarchical in structure. Screening tests are 
suggested in section  2.7  of the guidance for CNS, cardiovascular, and respira-
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tory systems. Examples are given of possible follow - up studies providing more 
detailed analysis of pharmacologic effects. For example, blood pressure, heart 
rate, and ECG, ideally by telemetry in an unrestrained animal, can provide 
initial cardiovascular safety assessment. If abnormalities are detected, then full 
analysis via cardiac catheterization might be performed to study cardiac 
output, ventricular contractility, vascular resistance, and interactions with 
endogenous mediators such as vagolytic or vagotonic agents, catecholamines, 
and so forth. In vitro testing such as the hERG screen for potential effects on 
the potassium channel cardiac repolarization can also be performed as safety 
pharmacology, if not performed as screens during the lead selection process. 
Typical CNS core batteries might be the Irwin behavioral battery in mice or 
rats, which can be expanded to include locomotor activity, rotatating rod tests 
of coordination, analgesia screens, PTZ seizure threshold, and/or more exten-
sive characterization of dose – response curves if indicated. 

 The core safety pharmacology battery can also be performed with a 
small molecule ’ s major metabolite, particularly if that metabolite is unique to 
human metabolism and the toxicology species did not have signifi cant exposure 
to it. 

 All these studies should be performed in compliance with good laboratory 
practice (GLP)   where feasible. The screening battery is frequently performed 
with full GLP. More complex or specialized studies should be well - designed, 
properly controlled, and carefully documented  “ when not in compliance. ”  
When safety pharmacology endpoints are incorporated into toxicology 
studies, not an uncommon situation, they should be conducted under 
GLP. 

 Certain information from commonly used lead selection screens may also 
suggest specifi c safety pharmacology screens for small molecules, such as the 
results of standardized receptor binding screens, cross - species plasma binding 
profi les, in vitro metabolism profi les, and in vitro studies on cell phenotype or 
function. It should be pointed out that standard single -  and repeat - dose toxi-
cology protocols and the usual in - life observations, clinical laboratory param-
eters, and histopathology are relatively insensitive means for detection of 
nonfatal abnormalities in the organ function of central nervous, respiratory, 
and cardiovascular systems, and in particular the immune system. Nonetheless, 
in general experience it is relatively uncommon for the routine safety phar-
macology battery to disclose dose - limiting toxicities that can alter the design 
of human trials if these were not observed in primary and secondary pharma-
cology studies or in GLP toxicology studies. Additionally diseased patient 
populations may have increased sensitivity to pharmacodynamic effects of the 
test article (i.e., cancer patients or tumor - bearing test animals to circulatory 
effects of TNF - alpha and other cytokines, potentiation of hematotoxicity, 
nephrotoxicity, cardiotoxicity by other concurrent cancer therapies, safety in 
renal -  or hepatic - impaired populations) not refl ected in standard safety 
pharmacology.  
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14.2.2 Safety Pharmacology for Biopharmaceuticals 

 For biotechnology - derived pharmaceuticals, including proteins, polypeptides, 
virally   vectored vaccines, or gene - therapy therapeutics, and oligonucleotides, 
safety pharmacology tends to be a more focused investigation of highly specifi c 
drug – target interactions. Interspecies variation in metabolism and metabolites, 
clearance, and protein - binding becomes less of an issue, but the frequent 
species specifi city of both the target interaction (i.e., monoclonal antibodies, 
certain growth factors, and cytokines) and postreceptor signaling and effects, 
particularly for immunomodulators, makes selection of appropriate in vivo 
models more diffi cult. 

 Recognizing these issues, the S7A guidance states,  “ For biotechnology -
 derived products that achieve highly specifi c receptor targeting it is often suf-
fi cient to evaluate the safety pharmacology endpoints as part of toxicology 
and/or pharmacodynamic studies; therefore the safety pharmacology studies 
can be reduced or eliminated for these products. ”  But because of the challenge 
that many biopharmaceuticals present, some quite species - specifi c in their 
binding interactions, for predictive toxicology and safety pharmacology, 
in 1997 the ICH published a consensus guidance for such preclinical safety 
evaluations. This S6 guidance,  “ Preclinical Safety Evaluation of Biotechnol-
ogy - Derived Pharmaceuticals ”   [2] , together with the ICH S8 guidance  “ Immu-
notoxicity Studies for Human Pharmaceuticals ”   [3]  provides some further 
information relevant to safety pharmacology for biopharmaceuticals, many of 
which have immunomodulatory activities. 

 The safety evaluation of new biopharmaceuticals is made more diffi cult by 
the rising percentage of novel drug targets, compared to small molecules, 
especially for monoclonal antibodies. Often the function and even the distribu-
tion of these novel targets is incompletely characterized or understood. Thus 
the thorough delineation of pharmacologic effects and dose - limiting human 
toxicities can require an extremely thoughtful, individualized, and product -
 specifi c research program. 

 For biopharmaceuticals such as growth factors and cytokines with agonistic 
properties, transgenic knock - in mice which overexpress the murine homo-
logue of the candidate molecule can provide useful information, particularly 
regarding chronic drug exposures and potential developmental effects of the 
candidate. Alternately, mice can be dosed with an active murine homologue 
of recombinant DNA origin, if the human protein lacks full activity in this test 
species. In the case of such surrogates for monoclonal antibody products with 
restricted species cross - reactivity, the model should be carefully validated by 
in vitro studies of mouse target binding affi nities and pharmacodynamic activ-
ity, as described by Clarke et al.  [4] . For soluble receptors and monoclonal 
antibody therapeutics designed to interfere with signaling via a specifi c recep-
tor or ligand, siRNA can be used to silence the therapeutic target, both in vitro 
and in preclinical models, allowing investigation of the pharmacologic conse-
quences in both healthy animals and models of disease  [5] . 
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 Alternatively, a knockout transgenic mouse strain can be similarly utilized 
to understand the safety issues involved in target inhibition or neutralization. 
For example, the phenotype of CXCR5 and integrin beta 6 knockout mice 
helped characterize the pharmacodynamic and pathologic consequences of 
human monoclonal antibodies blocking both these receptors. CXCR5 null 
mice had defects in delayed - hypersensitivity responses but resistance to a 
common preclinical infl ammatory bowel disease model. Integrin beta 6 null 
mice demonstrated chronic infl ammation in the lung and skin but resistance 
to bleomycin - induced pulmonary fi brosis  [6 – 8] . Various humanized transgenic 
mouse strains also can be used to investigate toxicity and pharmacodynamic 
responses of specifi c biopharmaceuticals interacting specifi cally with human 
immune - cell targets  [9] . In preclinical disease models all of these strategies 
may be part of early target validation work, but such models also have great 
utility at a later point when utilized with a greater emphasis on safety phar-
macology endpoints. As Green and Black state in their useful review of safety 
assessment for immunomodulatory biopharmaceuticals  [10] ,  “ In this fi eld of 
development, preclinical models often need to refl ect recent technology inno-
vations; therefore, these models are not always  ‘ validated ’  in the conventional 
sense. Experience to date suggests that improved methods and approaches are 
needed as these agents are developed for use in lower or moderate risk patient 
populations. ”  

 In evaluating the suitability of animal test species for safety pharmacology, 
it is essential to confi rm that the binding affi nity of the product and its target 
is similar in the tissues of the test species and in human tissues. Similarly the 
distribution of the target of monoclonal antibody therapies should compare 
in tissue cross - reactivity studies in both human tissues and those from the test 
species. Primary cell cultures or cell lines derived from mammalian cells can 
be used to examine the effects of the biopharmaceutical on cell phenotype, 
signaling pathways, cytokine secretion, and proliferation, and these may 
provide useful information on the relevance or lack of sensitivity of a proposed 
in vivo safety species. The S6 guidance specifi cally states,  “ toxicity studies in 
nonrelevant species may be misleading and are discouraged. ”  Examples of the 
validation of pharmacodynamic activity of the biopharmaceutic in toxicology 
and safety species are provided in publications by Hart et al. that review the 
preclinical studies for monoclonal antihuman IL - 4 and IL - 5 antibodies 
 [11,12] . 

 The species - specifi city of activity for some biopharmaceuticals has immedi-
ate implications when one considers the dependence of the standard  “ core ”  
and  “ extended ”  safety pharmacology batteries on rodent models, or in some 
cases dogs and minipigs, or when absolutely required, nonhuman primates  [13] . 
For biopharmaceuticals with highly species - specifi c drug – target interactions, 
opportunities for traditional safety pharmacology screens can be highly con-
strained, and if primate studies are required, both expensive and time - consum-
ing. Thus safety pharmacology studies for pharmaceuticals tend to be limited 
to those clearly required to further evaluate fi ndings in standard toxicology 
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studies or else clearly required by considerations such as mechanism of action 
or drug class. 

 The pharmacokinetic evaluation of biopharmaceuticals is generally simpli-
fi ed by the usual metabolism of products to small peptides and to amino acids, 
and thus classical biotransformation and metabolism studies are rarely neces-
sary. Routine studies to assess mass balance are not useful. However, both 
single -  and multiple - dose toxicokinetic data are essential in safety pharmacol-
ogy asessments, and these can be complicated by two factors: (1) biphasic 
clearance with a saturable, initial, receptor - dependent clearance phase, which 
may cause nonlinearity in dose – exposure relationships and doseresponses  [14]  
and (2) antibody production against an antigenic biopharmaceutical that can 
alter clearance or activity in more chronic repeat - dose safety studies in the 
preclinical model. 

 In general, both dose – exposure and exposure – response relationships tend 
to be less linear and predictable for many biopharmaceuticals than is seen with 
most small molecule drugs. This can involve saturable receptor - binding, upreg-
ulation of soluble receptors that alter clearance, stimulation of biologic cas-
cades by agonists at immune cell receptors, and temporal disassociation of 
pharmacologic effects from plasma levels due to persistence and activity in 
nonplasma compartments or the delayed induction of secondary mediator 
release. All such factors make the prediction of both estimates of exposure 
and adverse effect profi les in humans generally less reliable than that based 
on allometric scaling from toxicokinetic studies of small molecules, and argue 
for conservative human starting doses and cautious dose escalation in the 
initial clinical studies of novel biopharmaceuticals. 

 The induction of antibody formation against biopharmaceuticals in animal 
test species is not highly predictive for the potential of antibody formation in 
humans. Humans may also develop antibodies to human or humanized pro-
teins that may not necessarily abrogate a therapeutic response. However, in 
repeat - dose safety animal studies with a biopharmaceutical, it is imperative 
that the sponsor (developer) establish that any antibody response detected 
does not neutralize the biopharmceutical or signifi cantly alter its clearance or 
the animal ’ s exposure. Product sponsors should modify the interpretation of 
safety results to account for any such attenuation of exposure. In general, 
biopharmaceuticals given by an intravenous route can be expected to be less 
antigenic than those administered subcutaneously.   

14.3 TESTING FOR QT LIABILITY AND TORSADOGENIC POTENTIAL 
OF NEW DRUGS 

14.3.1 Background and History 

 Relationships between the whimsically named human ether - a - go - go related 
gene (hERG), drug - induced QT interval prolongation, and the torsades de 



pointes (TdP) arrhythmia are now a serious and constant theme in drug safety 
evaluation. hERG encodes the inward rectifying potassium channel (i(Kr))  . 
Mutations in fi ve cardiac potassium rectifi er channel genes, including KCNQ1, 
HERG, SCN5A, KCNE1, and KCNE2, constitute the principal cause of inher-
ited long - QT syndrome (LQTS). Typically each family carries its own private 
mutation, and the disease manifests with varying phenotype and incomplete 
penetrance, even within particular families. Individuals with a high - penatrance 
channel gene mutation have a prolonged QT interval on their electrocardio-
gram and have a propensity toward serious arrhythmias, including the often 
fatal TdP. 

 In the 1990s a pattern of sudden death and occurrence of TdP was noticed 
in patients taking a variety of commonly prescribed drugs, most notably 
terfenadine, astimazole, and cisipride. This was usually associated with a pro-
longed QT interval on the electrocardiogram. Further investigation found 
that these drugs could cause QT prolongation and subsequent arrhythmia, 
usually at elevated blood levels or in susceptible individuals. Virtually all drugs 
known to cause TdP block the rapidly activating component of the delayed 
rectifi er potassium current (I(Kr))  . Arrhythmias are more likely to occur if 
drug - induced QTc   prolongation coexists with other risk factors, such as indi-
vidual susceptibility, presence of congenital long - QT syndromes, heart failure, 
bradycardia, electrolyte imbalance, drug overdose of a QTc prolonging drug, 
female sex, restraint, old age, hepatic or renal impairment, or slow metabolizer 
status. 

 In particular, the interaction of ketoconazole, which inhibits CYP3A4 
metabolism of terfenadine and cisipride, was found to be associated with 
higher risk of TdP. These discoveries led to withdrawal certain drugs from the 
market and black - box labeling of risk of QT prolongation and torsades for 
others. As a class effect, most class Ia and III antiarrhythmic drugs prolong 
QT, but unlike antihistamines or antirefl ux therapies, these are used to treat 
serious cardiac disease and titrated to effect with careful patient and ECG 
observation. Therefore these drugs have remained on the market. Other non-
cardiac drugs are now marketed with label warnings regarding QT liability. 
These include chloroquin, clarithromycin, domperidone, droperidol, erythro-
mycin, haloperidol, methadone, pentamidine, and thioridazine. Patients with 
known long - QT syndrome are cautioned to avoid using them. 

 Nevertheless, the FDA considered a risk of fatal cardiac arrhythmias, 
in even a minuscule percentage of patients, to be a toxicity that needed to 
be exhaustively evaluated prior to marketing authorization of a new small 
molecule drug. In 2005 the agency published Guidance E14,  “ Clinical Evalua-
tion of QT/QTc Interval Prolongation and Proarrythmic Potential for Non -
 antiarrhythmic Drugs. ”  This guidance outlined the  “ defi nitive QT study ”  as a 
mandatory clinical evaluation for new drugs, as well as other practices for 
analysis of arrhythmagenic potential in phase 3 study data. The guidance 
established as a drug toxicity the drug effect on the QT interval as a surrogate 
for risk of TdP.  
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14.3.2 Preclinical Evaluation for QT Liability 

 In 2005 the FDA published Guidance S7B,  “ Nonclinical Evaluation of the 
Potential for Delayed Ventricular Repolarization by Human Pharmaceuticals, ”  
considered an extension of the S7A safety pharmacology guidance. The S7B 
guidance states,  “ the objectives of studies are to: (1) identify the potential of a 
test substance and its metabolites to delay ventricular repolarization, and (2) 
relate the extent of delayed ventricular repolarization to the concentrations of 
a test substance and its metabolites. The study results can be used to elucidate 
the mechanism of action and, when considered with other information, estimate 
risk for delayed ventricular repolarization and QT interval prolongation in 
humans. ”  

 The testing should   include in vitro assays that evaluate drug effects on 
current through a native or expressed potassium rectifi er channel protein, 
such as that encoded by hERG or measurement of ion currents in drug -
 exposed isolated animal or human myocytes or cultured cell lines. It should   
also include in vivo electrophysiologic studies of drug effects on the relation-
ship between QT and RR intervals, using dog, monkey, swine, ferret, or rabbit. 
Use of mice or rats is not recommended, since the primary ion currents 
controlling repolarization are different than in humans. The guidance suggests 
that the in vivo assay can be integrated into the cardiovascular safety phar-
macology study. The fact that high - sensitivity in vitro QT assays have relatively 
low specifi city has led to the development of additional models for electro-
physiologic studies, such as the arterially perfused rabbit ventricular wedge 
preparation  [15,16] . 

 In vitro studies need to be well - designed, with known QT - prolonging or 
TdP - associated   drugs used as positive controls, and careful characterization 
of the test item dose – response. A drug ’ s IC50 for hERG inhibition or for 
other measures of the effect on cardiac repolarization is usually compared 
to the effective therapeutic plasma concentration of the unbound drug 
(ETPC(unbound)). If the IC50/ETPC ratio is greater than 50 to 100, this 
generally predicts a lack QT liability of the drug when dosed in patients, 
and negative results in a defi nitive QT interval clinical study. However, 
lower values can be poorly predictive. For example, drugs withdrawn from 
the market due to TdP or drugs with a measurable incidence of TdP in 
humans have hERG IC50/ETPC ratios ranging from 0.1 to 31. For the 
majority of drugs with no reports of TdP in humans, the ratio is greater than 
30  [17] .  

14.3.3 Clinical Evaluation of QT Liability —When Is It Applicable 
to Biopharmaceuticals? 

 The E14 guidance on clinical evaluation of the QT/QTc interval prolongation 
states:  “ an adequate premarketing investigation of the safety of a new phar-



maceutical agent should include rigorous characterization of its effects on the 
QT/QTc interval. ”  This evaluation should be performed at both the steady -
 state therapeutic exposure, and at three -  to fourfold higher exposures, to 
model inadvertent overdose or impaired drug clearance. Sometimes prelimi-
nary clinical studies are required to establish the maximum tolerated 
steady - state exposure to be used in the defi nitive QT study. Studies must be 
double - blinded and placebo - controlled, and incorporate a positive control, 
such as moxifl oxin, to establish the sensitivity of the trial to detect a 10   ms 
average effect on QTc. (QT interval corrected for heart rate). Study designs 
can involve a multiperiod crossover or parallel groups. When possible 
these studies are done in healthy volunteers. Careful attention must be given 
to replicate sets of ECGs to minimize inherent variability and QT hysteresis 
in QTc measurements, to provide an adequate ECG baseline to correct for 
circadian and meal effects, and to obtain adequate sampling of blood levels to 
document relationships of ECG changes with drug exposure. Usually a com-
mercial  “ core ECG lab ”  is utilized to conduct the ECG analysis. All ECG 
tracings and the measurements made to determine the QT interval must be 
archived in a format suitable for submission to the FDA, using a digital fi le 
format. 

 Typically these studies cost from  $ 1.5 to  $ 3 million to conduct. Based on 
the perceived probability of a signifi cant QT interval effect (based on preclini-
cal studies, class effects, and ECG data from phase 1 studies) a decision must 
be made whether to conduct the defi nitive QT study prior to proceeding with 
a proof - of - concept study in patients, or whether to delay this study until the 
proof of concept (POC)   has been demonstrated. Of note, for many biophar-
maceutical products it would not be possible nor ethical to dose to steady state 
in healthy volunteers, to dose at two to four times anticipated therapeutic 
exposures, or to use a crossover design with reasonable washout periods. Thus 
a QT study performed with a biopharmaceutical may need to vary from the 
usual design and the E14 guidance, and may present great challenges for 
subject or patient recruitment. 

 Historically, therapy with biopharmaceuticals have not been felt to associ-
ated with risk of TdP. It was felt that the specifi city of receptor interactions 
common to cytokines, growth factors, and monoclonal antibodies made high -
 affi nity off - target interactions with ion channel proteins extremely unlikely. A 
theoretical exception to this might be certain neuropeptides, some of which are 
known to modulate certain neuronal ion channels. To this author ’ s knowledge, 
no biologic therapy has been associated with TdP with the exception of 
vasopressin  [18] , where the arrhythmia was secondary to vasopressin - induced 
bradycardia. A search of the National Library of Medicine bibliographic 
database crossing either the term  “ torsades ”  or  “ arrhythmia ”  with   the terms 
 “ interleukin, ”   “ monoclonal antibody, ”   “ TNF - alpha, ”   “ erythropoietin, ”   “ colony -
 stimulating factor, ”  or  “ cytokine therapy ”  revealed only one report, which 
described the association of interleukin - 11 therapy for thrombocytopenia in 
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elderly patients with atrial fi brillation. However, in vitro electrophysiologic 
studies showed no direct cardiac membrane effects of therapeutic concentra-
tions of IL - 11  [19] . 

 This is not to say that cardiotoxicity is not seen with biopharmaceuticals. 
Cardiomyopathy is now a well - recognized complication of trastuzumab and 
and has been reported with bevacizumab treatment, in particular in combina-
tion with other cytotoxic cancer therapies  [20] . Myocarditis and pericarditis 
are a well - documented complications of vaccinia immunization  [21] , and could 
also complicate use of a pox - virus vector for other therapeutics. In 1995 Genet-
ics Institute suspended phase 2 cancer trials of Interleukin - 12 for serious tox-
icities including cardiac arrhythmia. However, such toxicities are best detected 
by incorporation of biomarkers for myocardial damage such as troponin - T 
into preclinical and early clinical studies, and continual ECG monitoring for 
arrhythmia in preclinical and early clinical studies,  not  by in vitro explorations 
of electrophysiology. 

 With the transfer of most biopharmaceutical INDs from CBER to CDER 
in 2003, there has been an increased tendency to apply the small - molecule 
paradigm for evaluation of QT liability to biopharmaceutical product candi-
dates, and to request information on hERG assays or plans for defi nitive clini-
cal QT studies. This does not seem reasonable based on the postmarketing 
safety data for biopharmaceuticals, nor on scientifi c grounds as discussed 
above. If these investigations become routinely required, they will only add 
signifi cant time and costs to the process of biopharmaceutical product evalu-
ation and have little ultimate impact on patient safety. 

 While the E14 guidance does not exempt biopharmaceuticals from the 
requirement for  “ rigorous characterization ”  of QT effects, in the past 
both scientifi c and practical considerations limited its application to these 
therapies. While there are no reports of TdP secondary to a biopharmaceutical, 
and currently a leading cardiac core lab provider knew of no defi nitive 
QT studies submitted for biologic products, it is clear that such a study will 
be required for at least one new biopharmaceutical, an erythropoietin. 
Regarding regulatory strategy, sponsors of new biopharmaceuticals must 
either inquire early (at a pre - IND meeting) if a defi nitive QT study will be 
required for marketing approval, and risk a positive answer in the absence 
of clear FDA policy, or wait until an end - of - phase - 2 meeting, and plan 
such studies, if needed, in parallel with pivotal phase 3 trials. Given the 
extremely low probability of biopharmaceutical product development being 
limited by QT interval effects, this second strategy would appear more reason-
able. While in the past the various CDER divisions frequently handled QTc 
questions with consults to the Cardiorenal Division, now the Interdiscplinary 
Review Team (IRT), provides this expertise for the primary review divisions, 
upon request.   



14.4 ADDING PREDICTIVE SAFETY BIOMARKERS INTO 
STANDARD TOXICOLOGY PROTOCOLS FOR 
BIOPHARMACEUTICALS

 The usual GLP 30 -  or 60 - day repeat - dose toxicology study with a recovery 
group offers an opportunity to perform a more systematic investigation of 
the more subtle pharmacodynamic or toxicologic effects of biopharmaceuti-
cals than those endpoints usually incorporated into such protocols. Some 
of these demand tissue samples, but many involve noninvasive biomarkers 
that can be carried forward into early phase human studies. These might 
include CNS assessments, infl ammation and immune activation or suppres-
sion, cell proliferation or apoptosis in tissue samples, and end - organ 
toxicities. 

14.4.1 CNS Assessments 

 An Irwin test at one or several study time points, for rodent studies, or a 24 
hour period of actigraphy in a cage designed to measure spontaneous locomo-
tor activity. In early clinical studies, clinical actigraphy with wrist - worn record-
ing devices can detect not only hypo -  or hyperactivity but changes in sleep 
latency, sleep fragmentation, and daytime sleep, often sensitive indicators of 
CNS side effects ( www.ambulatory - monitoring.com/references.html   ).  

14.4.2 Infl ammation and Immune Activation or Suppression 

 While cytokine release may be localized both in tissue distribution and in 
time, secondary measurements can refl ect cytokine release or resulting 
immune cell activation at time points with other scheduled safety labs. One 
of the most useful, with a long history of clinical use, is C - reactive protein 
(CRP), for which EIA kits are available for species including rodents, 
rabbits, and dogs. CRP is a serum acute - phase reactant, and levels can increase 
by over 2 logs driven mainly by release of IL - 1, IL - 6, and TNF - alpha. The peak 
increase usually lags cytokine release by 24 to 48 hours and can remain above 
baseline for several days to a week once the acute phase response is 
stimulated. 

 Neopterin is a metabolite of guanosine triphosphate that is produced and 
secreted by mainly by monocyte/macrophage/dendritic   cells. Secretion is 
greatly upregulated when these cells are activated by cytokines, principally   
gamma - interferon, and serum blood levels are elevated with infections due to 
virus or intracellular pathogens, organ rejection, and other conditions associ-
ated with activation of mononuclear phagocytes. EIA methods to measure 
neopterin are readily available. The analyte is conserved across humans and 
all common toxicology species. Both CRP and neopterin can be more sensitive 
than clinical signs of immune activation (fever, weight loss, hypoactivity) in 
both NHP models and human studies. If CRP or neopterin prove to be dose -
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 dependent biomarkers for an on - target pharmacodynamic effect, they can 
easily be incorporated as analytes into early - phase human trials. An example 
of the use of these markers in a FIH healthy volunteer single - dose safety and 
PK study is given in Table  14.1 .   

 These biomarkers are most useful when they can be carried forward into 
phase 1 studies of novel products, where, particularly in healthy volunteer 
studies, a lack of therapeutic endpoints or surrogates (e.g., as viral load in 
HVB patients), makes pharmacodynamic information diffi cult to obtain. The 
fi rst - in - human study results given in Table  14.1  demonstrate the utility of 
two biomarkers, CRP and neopterin, when carried forward into a fi rst - in -
 human study of a novel toll - like receptor ligand in healthy volunteers. 
These biomarkers, while nonspecifi c, were a more sensitive indicator of 
biologic activity than other classical endpoints such as adverse events or 
routine safety laboratory monitoring. When biomarkers are incorporated into 
preclinical studies, as dose - ranging pharmacology studies, GLP toxicology 
studies, or  “ phase 0 ”  preclinical studies, they can often provide robust informa-
tion in the early phase of clinical development at little additional cost. CRP 
can be measured with commercially available kits in virtually any toxicology 
species.   

 Surface activation markers on circulating monocytes and T lymphocytes are 
also sensitive markers of immune activation secondary to either biopharma-
ceuticals or pathologic disease states. For lymphocytes, CD69, CD25, HLADR, 
and transferin receptor represent early - , late - , and proliferative - stage markers 
of activation. Lymphocyte CD69 can be upregulated as early as 4 to 8 hours 
after ex vivo stimulation of peripheral blood. Monocyte early activation also 
results in increased CD69 expression, as well as increased expression of CD14 
receptors, CD11b, and HLADR, depending on the timing and stimulus. Human 
fl ow cytometry reagents can be used for blood samples from nonhuman pri-
mates, and reagents are also available for mouse and, to some extent, for other 
toxicology species. When immune cells are direct targets of immunostimula-
tory biopharmaceuticals, these activation markers have great utility (along 
with measurements of cytokine release) for in vitro studies to compare dose –
 response relationships between human cells and cells from toxicology species. 
When immune cells are targets of intentionally or potentially immunosuppres-
sive therapeutics, these markers can also be used after stimulation and 
activation of cells to examine the dose – response   relationships involved in 
inhibition of activation responses. An excellent example is the in vitro stimula-
tion of monocytes with bacterial lipopolysacharide, using supernatant TNF -
 alpha accumulation as an endpoint. For development of anti - infl ammatory 
PDE4 inhibitors, a lipid - A antagonist, and a p38 MAP kinase inhibitor, among 
others, this system was used not only for in vitro dose – response information 
but carried forward into phase 1 healthy volunteer studies as a pharmacody-
namic marker (using ex vivo LPS stimulation of whole blood with TNF mea-
surements). This allowed PK/PD correlations in the fi rst - in - human trials 
 [22 – 24] .  



 TABLE 14.1    A fi rst - in - human single - dose, dose - escalation study of biologic X, a 
putative TLR ligand and immune - response modifi er in healthy volunteers 

  Subject Number/
Sex (Ranked by 
Cmax )  

Cmax , 
(ng/ml)

  Adverse Events, 
1 – 5 Days Post 

Dose

  Elevated CRP 
Post Dose 

(ULN 3   mg/L) a

  Elevated 
Neopterin

(ULN 10   nM/L) a

  103/M    750    Back pain, mild          
  107/F    756              
  106/M    1,253              
  116/M    1,344        17.0/16.3    16/9.8  
  104/F    1,657              
  103/M    1,659              
  105/M    1,677              
  110/M    1,783              
  111/M    1,976              
  108/F    2,008              
  114/M    2,359              
  125/F    2,667    Fever (38.0), mild 

nausea, Mild 
myalgia

  9.2/8.4    28.2/21.4  

  120/M    2,704              
  117/M    2,794              
  124/M    2,951        3.8/2.8      
  119/M    3,872        26.2/24.8    10.9/5.8  
  126/F    4,689    Mild somnolence, 

headache, 
anorexia

        

  127/M    5,318              
  128/M    5,413        4.9/2.6    11.6/7.6  
  130/M    6,537        19.7/19.5    47.2/43.3  
  132/M    6,771              
  133/F    8,992    Fever 37.8, chills, 

fatigue, chest 
discomfort, 
myalgia

  12.0/11.6    17.4/11.9  

  135/F    9,107    Fever, myalgia    4.2/3.8    19.4/12.8  
  134/F    9,444              
  115/M    15,108    Fever (38.8)    ×

 12   h, myalgia, 
chills

  34.0/33.5    28.9/21.9  

Note :   Dose cohorts of placebo (not shown) and 20, 50, 100, and 200 units of biopharmaceutical 
X, a putative TLR ligand and immunomodulator, dosed in healthy volunteers. Elevations of C -
 reactive protein and neopterin 48 hrs after dosing correlate with exposure and with dose emergent 
AEs. These nonspecifi c biomarkers appear more sensitive than symptoms or fever to detect bio-
logic activity or reactogenicity.  
a Value/change from baseline.   
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14.4.3 Cell Proliferation or Apoptosis in Tissue Samples 

 If segments of tissues harvested for routine histology from toxicology studies 
are snap frozen, a variety of informative endpoints can be examined in specifi c 
tissues. After pulsing of animals with the nucleotide analogue bromodeoxyuri-
dine (BrdU), proliferative indexes   can be calculated with fl uorescent anti -
 BrdU antibodies, or by using antibodies to proliferating cell nuclear antigen 
(PCNA) - cyclin. Indexes of apoptotic cells can be calculated either by TUNNEL 
assay, UTP - nick translation, or fl uorescent Annexin V binding to detect 
exposed phosphotidyl serine on cell membranes. Newer reagents such as fl uo-
rine - containing annexin analogues will allow in vivo imaging of apoptosis by 
micro PET techniques  [25 – 27] .  

14.4.4 End-organ Toxicities 

 Serum creatinine and BUN, the most common indicators of renal function 
used in both clinical and preclinical safety laboratory panels, are relatively 
insensitive markers of injury, particularly for the renal tubules. Urinary mea-
surements of alanine aminopeptidase and N  - acetyl - beta -  d  - glucosaminidase 
and kidney injury molecule - 1 (KIM - 1) can provide much more sensitivity 
when nephrotoxicity is a potential safety concern  [28,29] . These are also suit-
able for safety monitoring in early - phase human trials if preclinical studies 
validate such use to monitor product nephrotoxicity. 

 In a similar manner, troponin - T can greatly increase the sensitivity of safety 
labs to detect subclinical cardiac myotoxicity. Rat, dog, and pig troponin - T can 
all be determined using the automated Roche clinical diagnostic system for 
human Troponin - T  [30] . This would have been of obvious relevance to the 
safety pharmacology of Herceptin ® , where the association with cardiomyopa-
thy was only established after widespread clinical use. 

 Likewise gene expression analysis utilizing DNA microarrays has estab-
lished the new fi eld of toxicogenomics, providing preclinical research with new 
predictive tools for organ toxicicity, including hepatotoxicity  [31] . Of note, 
infl ammation and immune activation has been shown to greatly potentiate 
the hepatotoxicity of certain small molecules which demonstrated sporadic 
hepato toxicity in the postmarketing period, such as ranitidine. This may have 
impli cations for potential hepatotoxic interactions between small molecules 
and certain immunomodulatory biopharmaceuticals  [32] .   

14.5 AN INTEGRATED APPROACH TO PRECLINICAL AND CLINICAL 
IMMUNOTOXICITY ASSESSMENTS 

 Immune system receptors and soluble signal proteins represent targets of a 
large group of biopharmaceuticals.  This means that immunotoxicity, defi ned as 
the unintended suppression or enhancement of immune function, is an impor-



tant area of safety pharmacology for many biopharmaceuticals.  It is compli-
cated by the fact, which will be discussed below, that for a variety of reasons 
nonprimate species are not always suitable for safety pharmacology, and even 
nonhuman primates such as macaque monkeys and chimpanzees may have 
signifi cant differences in their immune physiology and pharmacologic responses 
compared to humans. 

14.5.1 Regulatory Guidances 

 The ICH S8 document, approved in 2005, provides general guidance on immu-
notoxicity studies for human pharmaceuticals, although the emphasis is on 
evaluation of small molecules for immunosuppressive effects. ICH S8 suggests 
that standard toxicity studies (STS) be reviewed for any evidence of immuno-
toxicity. Of special note would be fi ndings from hematology, albumin/globulin 
ratios from clinical chemistry, weights of thymus and spleen, and histology of 
lymphoid organs (which may include Peyers patch, BALT, and bone marrow, 
when appropriate). The standard study design recommended for immunotox-
icity assessments is a 28 - day exposure in rodents, with a high dose that  “ should 
be above the NOAEL but below a level inducing changes secondary to stress 
(mediated by increased corticosteroid release). ”     Careful attention should be 
paid to the histopathology methods, as reviewed by the European Society of 
Toxicological Pathology in a 2005 publication  [33] . 

 The selection of immunotoxicity study endpoints should be based on any 
cause for concern raised by a  “ weight of evidence ”  review of various factors: 
for example, fi ndings from STS, pharmacological properties of the drug, 
intended patient population, structural similarities to known immunomodula-
tors, drug disposition, and/or clinical information. This S8 guideline allows for 
more fl exible approaches; there is no given set of rules. Goals of more detailed 
immunotoxicology studies should be to characterize a relationship between 
exposure and altered immune endpoints and to suffi ciently characterize the 
immunotoxicity profi le to allow monitoring and management of such risks in 
human trials. 

 Additional possible preclinical immunotoxicity endpoints mentioned in the 
S8 guidance are as follows: 

 •   The T cell dependent antibody response to immunization with SRBC or 
KLH.  

 •   Immunophenotyping either by immunohistochemistry in lymphoid tissues 
or fl ow cytometry in blood samples to enumerate changes in specifi c leu-
kocyte populations.  

 •   NK cell activity assays.  
 •   Host resistance studies, usually using murine challenge with pathogens 

such as infl uenza virus, CMV,  Listeria ,   streptococcus, or tumor host resis-
tance models with subcutaneous   (sc). injection of tumor cell lines.  
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 •   In vitro or ex vivo macrophage/neutrophil functional assays including 
ADCC, phagocytosis, oxidative burst, and chemotaxis.  

 •   Assays to measure cell - mediated immunity, with either in vivo sensitiza-
tion and intradermal challenge (delayed - type hypersensitivity) or in vitro 
measurements of T cell responses to antigens or mitogens.    

 It should be noted that these recommended studies are all designed to detect 
suppression of normal immune responses, not inappropriate activation or 
dysregulation occurring in any compartment of the immune system. This rep-
resents one of the serious limitations of the S8 guidance. The suggested test 
systems also give little consideration to the diffi culty of selecting a relevant 
test species for biopharmaceuticals that may be highly specifi c for a primate 
or human target. 

 The S8 guidance suggests that more comprehensive immunotoxicity studies 
(beyond the STS) should be completed  “ before the exposure of a large popu-
lation of patients, ”  which is usually phase 3. However, this suggestion is often 
not applicable to biopharmaceuticals. For many biopharmaceuticals the initial 
clinical development decision is whether a single - dose safety and pharmaco-
kinetic study can be safely accomplished in healthy volunteers. Data are 
needed to guide dose selection and protocol design for these studies, or to 
determine whether the risk profi le of the product requires fi rst - in - human PK 
studies to be conducted in patients, who potentially can realize some current 
or future benefi t. Such initial clinical pharmacology patient studies are fre-
quently diffi cult to recruit, given that single - dose or short - term exposure to 
drug is not expected to result in near - term therapeutic benefi t, only in safety 
and pharmacokinetic data that may enable future effi cacy studies. Patients 
prefer participation in phase 2 or 3 trials offering more immediate potential 
benefi t and provision of longer term medical care for their illness. Addition-
ally initial PK and safety trials in patients may provide a less sensitive and 
accurate safety signal, complicated by variable comorbidities of concurrent 
illness and the frequent simultaneous treatment of disease with other 
therapeutics. 

 For these reasons, determining the nature, predictability, and reversibility 
of immune system effects become a critical factor in weighing the risk – benefi t 
ration of an phase 1 trial in healthy volunteers, as well as the determining a 
safe starting dose, safe maximum dose, and methods for monitoring potential 
immunotoxicity in these subjects. Over the past decade single - dose PK and 
safety trials of biopharmaceuticals in healthy volunteers have often preceded 
initial patient studies, even for products with known immunomodulatory 
effects at the anticipated therapeutic chronic dose exposure. 

 While dozens of such healthy volunteer studies have been safely conducted, 
the catastrophic syndrome of T cell activation and depletion, cytokine release, 
and multi - organ failure seen in the 2006 Tegenero 1412 phase I study  [34]  
reminded clinical investigators, sponsors, and regulatory agencies of the very 



real risks to healthy volunteers posed by inadequately and incompletely char-
acterized biopharmaceuticals. Thus for many biopharmaceuticals, the preclini-
cal investigations of potential immunotoxicity will occur prior to the fi rst 
human trial, to inform the decision of whether the risk profi le is suitable for 
a healthy volunteer trial. This is also becoming the case for many small - 
molecule noncytotoxic therapies for cancer. While traditional cytotoxic and 
potentially mutagenic cancer therapies were fi rst studied clinically in cancer 
patients with progressive disease who were refractory to standard therapies, 
and doses then escalated to the maximum tolerated (and highly toxic) dose, it 
is now not uncommon for the PK, tolerability, and safety of a noncytotoxic 
cancer drug to fi rst be investigated in healthy volunteers. This was the case for 
the oral kinase inhibitors gefi tinib and erlotinib, where healthy volunteers 
were also used to characterize drug – drug interactions and it is becoming more 
common with biopharmaceuticals as well  [35 – 37] . In such cases, just as with 
biopharmaceuticals, careful preclinical investigation of potential immunotox-
icity is required.  

14.5.2 New Techniques for Evaluating Immunosuppressive Activity 

 The assessment of immunosuppressive drug effects by ex vivo measurement 
of stimulated lymphocyte function in peripheral blood is becoming more 
informative. Ex vivo assays have   been used to characterize the in vitro and 
in vivo interactions of immunosuppressive drugs such as cyclosporine, tacro-
limus, mycophenolate mofetil, and FK778. These assays can be utilized to 
characterize pharmacodynamics in preclinical species, including the rat, 
carried forward into clinical pharmacology studies, and even utilized, in some 
cases, for therapeutic drug monitoring in patients. While often applied to 
small - molecule immunomodulators, some of these techniques are also appli-
cable to biopharmaceuticals, preclinically and in phase 1 trials, especially for 
studying their interactions with approved small - molecule immunomodula-
tors  [38 – 40] . 

 New techniques such as the Cylex photoluminescent detection of CD3 
lymphocyte activation by mitogen or antigen, approved by the FDA for moni-
toring immunosuppression in transplant patients, are convenient, species non-
specifi c, and well suited for repeated measurements in preclinical and clinical 
studies of biopharmaceuticals  [41] . This assay utilizes whole blood.   

14.6 NOVEL PHARMACODYNAMIC MEASURES USING FLOW 
CYTOMETRY AND BLOOD MONONUCLEAR CELLS AS A 
SURROGATE FOR TISSUE RESPONSES 

 Over the past several years new techniques have vastly expanded the potential 
of fl ow cytometry to provide pharmacodynamic endpoints for a variety of 
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pharmacotherapies, in a manner noninvasive enough to be carried forward 
from preclinical exposure – response studies into early - phase clinical pharma-
cology studies. 

 Intracellular signaling can now be visualized in peripheral blood lympho-
cytes with phosphospecifi c antibodies to MEK, ERK, p38 MAPK, STAT, JNK/
SAPK, and other signal transducers. This allows pharmacodynamic monitoring 
of signal transduction agonists or inhibitors (especially when coupled with ex 
vivo T cell activation by phorbal esters or other agents, which can be per-
formed in whole blood)  [42 – 46] . 

 Another interesting example is the ability of fl ow cytometric techniques to 
monitor histone acetylation levels of peripheral blood cells, and provide phar-
macodynamic analysis of histone deacetylase inhibitors being utilized in oncol-
ogy patient trials  [47,48] . 

 Currently fl ow - cytometric methods are also under development to examine 
effects of various inhibitors of PARP (poly(ADP - ribose)polymerase) that are 
in preclinical development or clinical trials and use native or stimulated PARP 
activity in peripheral blood mononuclear cells.  

14.7 LOW PREDICTIVE VALUE OF CERTAIN TOXICITY STUDIES IN 
NONHUMAN PRIMATES 

 For biopharmaceuticals that are agonists at activation receptors on human 
immune cells (e.g., anti - CD3 or anti - CD4) or antagonists at inhibitory 
receptors, even safety studies in nonhuman primates may not accurately 
predict a product ’ s pharmacodynamic effects and the exposure – response 
relationship in humans. For example, no clinical evidence of autoimmunity 
was seen in cynomolgus monkey studies of CTLA - 4 blockade  [49] . However, 
autoimmune phenomena, including colitis, dermatitis, vitiligo, panhypopituita-
rism, and thyroiditis, were among dose - limiting toxicities in trials of this 
product in melanoma patients  [50] . In general, trials of various OKT3 or 
anti - CD3 antibodies in nonhuman primates have also underestimated the 
immune activation and cytokine - release syndromes seen in fi rst - in - human 
trials. 

 The July 2006 report of the Joint ABPI/BIA Early Stage Clinical Trial 
Taskforce  [51]  provides useful guidance on assessing the adequacy of preclini-
cal safety characterization and the safety of proposed human starting doses 
for novel biopharmaceuticals. The report states:

  Since toxicity usually arises from exaggerated pharmacological effects, some-
times combined with a narrow therapeutic range and/or a steep dose – response 
relationship from the NOAEL to toxicity, the pharmacologically active dose is 
often a more sensitive indicator of potential toxicity for biotechnology - derived 
pharmaceuticals (compared to the preclinical NOAEL adjusted by a safety 



margin).   The safety assessment should take due account of the dose – , concentra-
tion –  and time – response relationships, receptor occupancy, relative potency in 
animals versus humans and, unless otherwise justifi ed, the starting dose in the 
fi rst - in - human study should be below the MABEL as predicted from all available 
preclinical data (i.e., in vitro data in humans and animals and in vivo data in 
animals).   

 The MABEL is the  “ minimum anticipated biologically effective level. ”  In the 
case of the Tegenero monoclonal anti - CD28  “ superagonist ”  antibody, in vitro 
incubation of the product with human T cells caused release of large amounts 
of TNF - alpha, gamma - interferon, and IL - 2. Parallel in vitro studies with cyno-
molgus monkey T cells were not performed. These studies would likely have 
demonstrated a different pharmacodynamic profi le in the safety species. In 
vivo studies in cynomolgus monkeys showed very limited release of cytokines 
after TGN1412 dosing  [52] . This was used to justify a healthy volunteer FIH 
trial dose using 1/10 the NOAEL (5   mg/kg) as a maximum dose, and 1/500 of 
the claimed NOAEL as the starting dose (0.1   mg/kg) Despite this large safety 
margin versus the monkey NOAEL, life - threatening toxicities due to cytokine -
 release syndrome and profound T cell depletion were seen in the fi rst human 
cohort that was dosed  [53] . 

 The ABPI/BIA taskforce recommendation of basing the fi rst human 
dose on the MABEL, rather than solely on the NOAEL in a toxicology 
species, would have led to a lower and less hazardous human starting dose. 
These recommendations should guide design of future preclinical safety pro-
grams and future FIH clinical protocols, particularly for products with novel 
targets and mechanisms and pharmacodynamics and with restricted species 
specifi city. 

 In a preclinical study of the immunosuppressive drug FK778, suppression 
of lymphocyte proliferation was studied with whole blood from four cynomol-
gus monkeys and four healthy human volunteers. This study showed the IC50 
for FK778 to be lower in human than in monkey blood  [54] . These and similar 
data were used to design the FIH trials, and this example provided guidance   
for extrapolations from in vivo preclinical safety studies. 

 With regards to glycosylated protein biopharmaceuticals, including mono-
clonal antibodies, it may be important to consider another distinction between 
protein therapeutics made in human and nonhuman mammalian cells, and 
between the human and nonhuman primate immune systems. One signifi cant 
difference between humans and the Macaque monkeys typically used in safety 
studies, and between plasma - derived human immunoglobulins and recombi-
nant antibodies produced in nonhuman mammalian cell lines, is the pattern 
of sialic acid usage. Most mammalian glycoproteins, including antibodies, 
display two major sialic acids,  N  - acetylneuraminic acid (Neu5Ac) and  N  - gly-
colylneuraminic acid (Neu5Gc). However, humans lack Neu5Gc on glycopro-
teins, because of a mutation in CMP - Neu5Ac hydroxylase, which occurred 
after evolutionary divergence from great apes  [55] . Indeed this difference 
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accounts for the resistance of monkeys and chimpanzees to human malarial 
infections  [56] . 

 SIGLEC family receptors, which recognize these sialic acids, serve to down-
regulate macrophage activation induced via FcR interactions, as well as 
TCR - mediated lymphocyte activation, by signaling through intracellular 
tyrosine - based inhibitory motifs (ITIMs). Antibodies produced in CHO 
cells may have sialic acid residues that are not recognized effi ciently by 
human SIGLECs, and thus may be poor ligands for these important inhibitory 
regulatory receptors  [57] . The pattern of glycosylation and sialic acid 
usage, particularly in the Fc region, strongly affect the effector functions 
of antibodies  [58] . For example, nonfucosylated MAbs produced in mutated 
CHO cells are far more potent inducers of ADDC in human cell systems 
than their homologues, which are highly fucosylated in normal CHO cells 
 [59] . 

 Additionally a recent article by Nguyyen et al. reports that human T cells 
give a much stronger proliferative response than chimpanzee T cells when 
activated via the TCR, although responses are similar after stimulation by the 
mitogen, PHA. This is correlated with the evolutionary loss in humans of the 
inhibitory Siglec - 5 receptor on lymphocytes. Transfection of human T cells 
with chimpanzee Siglec - 5 eliminated this increased responsiveness to TCR 
activation  [60] . These data should help refute those that argue that more pre-
dictive preclinical safety studies of human biopharmaceuticals might, in the 
future, be performed using chimpanzees instead of monkeys. Indeed in terms 
of sialic acid and SIGLEC receptor usage, new world Aotus monkeys (unlike 
the chimpanzee) may more closely model human pharmacologic responses to 
immunomodulators  [61] . 

 However, nonhuman primates do overcome one signifi cant limitation of 
nonprimate safety species, which is the lack of gamma - delta T cell populations. 
Part of the innate immune surveillance system, gamma - delta T cells are critical 
for clearance of intracellular bacterial pathogens, and they respond to low 
molecular weight nonpeptidic phospho - antigens in an MHC - unrestricted 
fashion. These cells express CD28, and other co - stimulatory receptors and can 
rapidly produce large amounts of TNF - alpha and gamma - interferon when 
activated. They are well represented in the T cell repertoire of nonhuman pri-
mates, and they appear to respond similarly to phosphoantigens  [62] . Never-
theless, it is unknown whether differential expression of inhibitory SIGLEC 
receptors in monkeys compared to humans may alter gamma - delta T cell 
reactivity to potential biopharmaceuticals, which could target or stimulate 
these cells.  

14.8 SUMMARY

 The burden is on the clinical investigator, the biopharmaceutical sponsor, and 
the regulatory reviewer to be certain that the risk of exaggerated pharmaco-



dynamic effects, off - target toxicities, and other harmful outcomes in fi rst - in -
 human trials are reduced to the maximum extent possible, especially for 
healthy volunteer studies, which are now increasingly common for biophar-
maceuticals. Novel therapeutics   require a careful comparison of the pharma-
codynamic effects in human cells and tissues and those of the safety model 
species, thoughtful and individualized design of safety pharmacology and 
immunotoxicity studies, and careful attention to selection of a safe starting 
dose and to pharmacodynamic monitoring in clinical protocols. Clinical inves-
tigators and institutional review boards should examine data carefully with 
this mandate in mind, and not rely exclusively on conclusions of the regulatory 
review process for fi rst - in - human trials  .  
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Clinical Trials, edited by Joy A. Cavagnaro
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Genetic Toxicology Testing of 
Biopharmaceuticals

DAVID JACOBSON-KRAM, PhD, DABT, and HANAN GHANTOUS, PhD, DABT

     The potential for carcinogenic risk should be considered for all new pharma-
ceuticals especially those drugs that are intended for chronic use. In general, 
results from carcinogenicity testing are only available at the time of submission 
of a new drug application (NDA) or a biological license application (BLA). 
As a result hundreds or even thousands of individuals may be exposed during 
the drug development process without an understanding of potential for car-
cinogenicity. Phase 1 studies for new drugs are often performed in healthy 
volunteers for whom there is no obvious benefi t. So risks for this population, 
in particular, should be exceedingly low. 

 Because carcinogenicity results are not available during the course of clini-
cal trials, the FDA relies on the results of genotoxicity studies as a surrogate 
for potential cancer risk. The standard battery of assays recommended for 
small molecules as described in the ICH S2B guidance (A Standard Battery 
for Genotoxicity Testing of Pharmaceuticals)  [1]  was, however, not designed 
to include assessments of biopharmaceuticals. This is because in the absence 
of specifi c transport mechanisms, it was considered unlikely that large peptides 
and protein molecules would enter the cell and interact with cellular DNA or 
other chromosomal material to pose genotoxic risk. It is possible that large 
molecules enter a cell in a nonspecifi c manner, for example, through endocy-
tosis. In fact externally applied restriction endonucleases have been shown to 
induce chromosomal aberrations in cultured cells  [2,3] . 

 In general, genotoxicity standard assays (e.g., bacterial reverse mutation 
assay [Ames test], in vitro chromosomal aberration assay, mouse lymphoma 
gene mutation assay, and rodent micronucleus assay) may not be suitable 
assays because the test cells do not contain the appropriate receptors to trans-
port the product (i.e., not a relevant species) or because the biopharmaceutical 
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has an indirect mechanism that is not expressed in isolated in vitro systems. 
False positives have also been observed in the standard Ames test because of 
the presence of growth - promoting constituents in the test sample such as his-
tidine or its precursors. In addition the genetic toxicity assays often rely on 
cytotoxicity to ensure assay validity, an effect diffi cult to reach with most bio-
pharmaceuticals. Conducting these assays with large quantities of protein can 
sometimes confound the interpretation of the results. 

 General testing for genotoxic impurities may also not be appropriate, since 
the impurities and contaminants that may be contained in a biopharmaceutical 
product include residual host cell proteins and nucleic material, fermentation 
components, manufacturing process components such as column leachables 
and detergents, bacteria and viral particles, they do not include organic chemi-
cals typically found in small - molecule manufacturing. However, genotoxicity 
testing of protein -  or immunoconjugates (products containing organic chemi-
cal linkers) might be appropriate, particularly when a residual organic linker 
is found in the product because of the instability of the conjugate during 
storage or upon dilution in serum. 

 If genotoxicity appears to be a potential issue with a biologic product, it is 
uncertain whether the standard ICH battery would be adequate to assess this 
potential hazard. In a publication by Gocke et al. in 1999  [4] , genotoxicity data 
for biologics were obtained from several sponsors. In summary, 4 of 78 biologic 
compounds assessed for genotoxicity (using a total of 177 assays) demon-
strated genotoxic effects. These four were proteins: One was an antibody frag-
ment conjugated to an organic chemical linker, and the positive effect was 
concluded to be produced by the linker. The second protein was positive in 
the mouse lymphoma test but not in the Ames test and the micronucleus test. 
However, no information was provided describing the compound, so no con-
clusion can be drawn. The third compound was a natural lipase, and the chro-
mosomal aberrations observed with this product are most likely a result of the 
endonucleases released upon destruction of lysosomal membranes. This sug-
gests that the protein was able to enter the cell in a nonspecifi c fashion. The 
fourth protein, glucagon, showed very weak and inconsistent positive signals 
with both endogenous and recombinant glucagon, and the effect is most likely 
attributed to its physiological activity. 

 In addition, and as discussed in the Draft guidance for biopharmaceuticals 
 [5] , a positive result in a genotoxicity assay of a biopharmaceutical may 
actually be the result of an exaggerated pharmacological response and not 
a direct DNA modifi cation by the product, as is the case for lipase, 
glucagon, erythropoietin, and DNAse. DNAse was predictably positive in an in 
vitro clastogenicity assay only following electroporation. Recombinant and 
native erythropoietin increase the frequency of micronucleated polychromatic 
erythrocytes in bone marrow of mice but produce negative results in the bacte-
rial reverse mutation tests and do not induce chromosomal aberrations in 
vitro in Chinese hamster ovary (CHO) cells or human peripheral blood 
lymphocytes . The induction of micronuclei was shown to be due to the acceler-
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ated proliferation and differentiation of erythrocytes and promotion of early 
release of polychromatic erythrocytes  [6,7,8] , an exaggerated effect of its mech-
anism of action. Therefore, in cases where it is deemed necessary to assess the 
ability of the biopharmaceutical to modify genetic material, careful attention 
should be given to the study design and to the interpretation of the results. 

 Twenty - seven out of 44 FDA - approved biopharmaceuticals have been 
tested in a battery of genotoxicity assays. Eighty - fi ve different assays per-
formed yielded negative results. The most commonly performed assays were 
the Ames test, the chromosomal aberration assay in human lymphocytes, the 
mouse lymphoma gene mutation assay, and the mammalian in vivo erythrocyte 
micronucleus test. Examples of the range of biopharmaceutical products tested 
include, dornase alfa (deoxyribonuclease I - DNAse), trastuzumab (mAb to 
human epidermal growth factor receptor 2), alteplase (tissue plasminogen 
activator), infl iximab (mAb to the human tumor necrosis factor  α ). 

 In determining whether genotoxicity testing is appropriate and necessary, 
a variety of factors should be considered (see Figure  15.1   [5] ): 

 •   The properties of the biopharmaceutical.  
 •   Whether the product is produced by fermentation or chemically 

synthesized.  
 •   Presence of residual organic chemicals or small molecules used in modi-

fi cation of a protein or inclusion of transporter sequences that localize the 
biopharmaceutical to the nucleus during manufacturing.  

 •   The stability of the product should be considered, whether the product is 
a protein -  or immunoconjugate.  

 •   The presence of a  “ free ”  organic linker in the product.  
 •   The pharmacology and mechanism of action of the product.  
 •   If the product alters DNA or RNA integrity, such as DNAses and ribo-

zymes, the feasibility of the product and by - products interacting with 
nuclear material in intact cells under normal physiological conditions 
(i.e., in the absence of cell permeability enhancing agents and techniques) 
should be taken into consideration before performing standard genotox-
icity tests.      

 The standard battery of genotoxicity tests or selected tests might be appropri-
ate to determine the toxicity of conjugates or organic/chemical linkers in the 
molecule (e.g., Mylotarg). In these cases careful attention should be given to 
the study design of tests used to assess the potential for gene mutation, chro-
mosome aberrations, and/or DNA damage. 

 Biopharmaceuticals may be nongenotoxic but have tumorigenic potential. 
For example, cytokines and growth factors may directly lead to cell prolifera-
tion as a function of drug receptor activation or may secondarily modulate 
growth as a result of production and activation of a complex cascade of cyto-
kines and moieties (e.g., nitrous oxide). While the concerns for these types of 
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products in promoting tumor growth are valid, they cannot be addressed with 
genotoxicity assays. Appropriate in vitro and in vivo assays should, however, 
be considered (e.g., assessing the ability of the growth factor to stimulate 
tumor growth or alter the sensitivity of tumor cells to chemotherapy using in 
vitro and/or in vivo tumor xenograft models).  
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16.1 INTRODUCTION

 For general toxicity testing of biopharmaceuticals, the fi rst step is identifying 
a  “ relevant ”  species (see Chapters  9  and  12 ). The choice of relevant species 
will determine the strategy for testing the general toxicity of the molecule. If 
the molecule is pharmacologically active in both rodent and nonrodent species, 
then the toxicology studies should be conducted in two species  [1] . Often bio-
pharmaceuticals are more restricted in their species cross - reactivity, and may 
only be pharmacologically active in nonhuman primates. In this case general 
toxicity testing in one species is suffi cient, but the challenge is to conduct 
specialty studies in this relevant species   such as reproductive toxicity, 
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immunotoxicity, or safety pharmacology. If the biopharmaceutical is only 
active in chimpanzees, then alternate strategies for assessing safety need to be 
considered. The strategies could include use of a surrogate molecule (i.e., the 
homologous protein in the animal species, or a monoclonal antibody that 
cross - reacts with the animal receptor/ligand) or use of a transgenic or knock-
out mouse. These various options will be discussed in this chapter. 

16.1.1 Molecule Is Pharmacologically Active in Rodents 
and Nonrodents 

 If the biopharmaceutical is pharmacologically active in rodents and nonro-
dents, a more standard toxicology program can be used. In general, repeat -
 dose studies in both rodents and nonrodents are conducted to support 
fi rst - in - human (FIH) trials, along with an assessment of safety pharmacology. 
The duration of repeat - dose studies is similar to those studies supporting the 
development of small - molecule pharmaceuticals and should follow the ICH 
M3 guidance  [2] . In addition, if the biopharmaceutical is a monoclonal anti-
body, then an in vitro tissue cross - reactivity study is conducted with a panel 
of human tissues as well as tissues from the species used in the toxicology 
studies (discussed in Chapter  10 ). Ideally the route and frequency of adminis-
tration should mimic the clinical regimen as closely as possible. Cardiovascular 
safety pharmacology can be assessed in a stand - alone study in nonrodents, or 
these endpoints can be incorporated into the repeat - dose study. Respiratory 
and CNS activity can be assessed in separate studies in rats or incorporated 
into the repeat - dose study. Between the FIH study and the biological license 
application (BLA), additional toxicology studies will include subchronic and 
chronic studies (the duration of these studies are outlined in the ICH M3 and 
S6 guidances). Typically a duration of six months is acceptable for the chronic 
study  [3] . In addition reproductive toxicology studies are conducted in rats 
(fertility, embryo - fetal development, peri/postnatal development) and rabbits 
(embryo - fetal development). For certain indications (i.e., oncology) reproduc-
tive testing in one species is generally suffi cient. 

 Immunogenicity is an important issue to consider for biopharmaceuticals 
as it can limit toxicity testing. An immune response to the biopharmaceutical 
is expected because the test agents   are human proteins administered to animals, 
and the response can limit the duration of the toxicity studies. Antibodies to 
a test agent can neutralize its activity and thus reduce exposure. In addition 
antidrug antibodies can potentially cause toxicity such as deposition of immune 
complexes in the kidney. This issue is discussed further in Chapter  10 . 

 Mainly because of species specifi city and immunogenicity, carcinogenicity 
studies are generally not appropriate for biopharmaceuticals. However, in 
cases of immune suppressants or growth factors where there is cause for 
concern, assessment of carcinogenicity/tumorigenicity has been expected. If 
the biopharmaceutical is pharmacologically active in rodents, a carcinogenicity 
study can be conducted if needed, and if immunogenicity does not prevent 
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exposure. In species - specifi c immune suppressants, the nonchronic toxicity 
study has been extended to 9 and 12 months to address this concern  [3] . 

 Immunotoxicity testing as outlined in the ICH S8 document  [4]  is not 
intended to cover biopharmaceuticals. However, many of the same assays can 
be used to assess immunologic effects of biopharmaceuticals  [5,6] . These assays 
can help assess immunopharmacology as well as potential immunotoxicity as 
discussed later in this chapter.  

16.1.2 Molecule Is Pharmacologically Active in Nonrodents Only 

 A typical toxicology program for a biopharmaceutical may be limited to 
repeat - dose studies in nonhuman primates (NHP) only (if that is the only 
species in which the drug is pharmacologically active), a safety pharmacology 
study, reproductive toxicology studies, and a tissue cross - reactivity study (for 
monoclonal antibodies only). Local tolerance of the test article can be evalu-
ated in the repeat - dose toxicology study (histopathological evaluation of the 
injection site) or can be assessed in a stand - alone rabbit local tolerance test. 
Although the biopharmaceutical may not cross - react with the rabbit target, this 
test allows for the evaluation of the irritant potential of the clinical candidate. 

 The NHP has played an important role in the development of biopharma-
ceuticals by facilitating the general safety assessment and evaluation of these 
products in specialty disease areas. For example, aging primates are used to 
study geriatric diseases and osteoporosis, and for many ocular indications 
including macular degeneration, and retinopathy, or for testing retinal implants. 
Nonhuman primate models are also being developed to better understand the 
effects of drugs on the reproductive system and the immune system in order 
to better mimic effects that may be seen in humans. Several books have 
been published describing the various models in NHP and their use in drug 
development  [7,8] . 

 Nonhuman primate toxicity tests of biopharmaceuticals most often use 
macaques — primarily cynomolgus monkeys ( Macaca fasicularis ), although 
rhesus monkeys ( Macaca mulatta ) are also sometimes used. A large historical 
database exists for both rhesus and cynomolgus monkeys, and many contract 
research organizations (CROs) have experience with both strains. Some advan-
tages of Macaques are that blood volume is not as limited as in rodents and 
many of the blood/serum - based markers of toxicity in NHP can then be used 
in clinical trials, allowing for direct comparison of the toxic effects of the drug 
in the preclinical studies with the effects seen in human patients. 

 Marmosets ( Callithrix jacchus ) may also be used and their small size (350 –
 500   g) is both an advantage and a disadvantage. The advantages can include 
the small amount of test material needed and the relatively small amount 
of space required for suitable housing. The main disadvantage of small size is 
the low volume of blood that may be obtained. Also many biological thera-
peutics cross - react with cynomolgus or rhesus targets but not marmoset. Fewer 
CROs have experience with the marmoset and the historical database is more 
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limited. However, certain CROs do have experience with toxicity testing in 
marmosets  [9] . 

 The age and size of the monkey are important considerations in the toxicity 
testing of biopharmaceuticals. Generally, animals should not be smaller than 
2   kg as this limits the blood volume available for sampling. Younger animals 
are also less able to handle the stress of the various procedures on the study 
and may be more susceptible to GI effects (i.e., diarrhea), leading to confound-
ing toxicities unrelated to the test article. In addition smaller animals are likely 
sexually immature and may respond to the drug differently than an adult 
animal. Evaluating effects on reproductive organs in the general toxicity 
studies is also problematic in these immature animals due to extensive vari-
ability or a lack of/exaggerated response. The appropriate age of the animals 
may further depend on the biological activity of the compound, and the age 
of the expected patient population. Most CROs have historical data ranges 
for clinical pathology parameters from animals of various age ranges as well 
as from various sources. Maintaining the same strain and source of animals 
throughout the drug development program, and not switching because of 
animal availability, is very important. Animals from different sources can vary 
signifi cantly in hematology or immunophenotyping parameters, which can 
make interpretation across studies diffi cult. 

 Neonatal or juvenile monkey studies are diffi cult to conduct, but these 
studies may be necessary depending on the intended patient population. If a 
juvenile monkey study is to be conducted to support use of the therapeutic in 
pediatric patients, the appropriate age in the cynomolgus monkey, that closely 
matches the intended patient population, must be carefully considered. Unfor-
tunately, the appropriate age may vary depending on the target organ of the 
therapeutic, and target organs of potential toxicity. For example, the age of a 
monkey that is appropriate to mimic neurologic developmental parameters in 
humans may be different than that to mimic immunologic or reproductive 
developmental parameters  [10] . Neonatal studies can only be conducted by 
CROs that have breeding capabilities on site, as it is diffi cult to ship animals 
less than six months of age because of the stress of shipping, yet few CROs 
have a large enough population of young animals the same age to use for a 
toxicology study. For the development of new therapies for geriatric diseases 
(prostate disease, ocular pathology, osteoporosis, diabetes, Alzheimer ’ s disease, 
etc.) it is important to understand how age - related disease and pathology 
develop. The cynomolgus monkey has been used for this type of testing and 
some CROs have special groups of older animals (generally 13 years of 
age and older). Ovarectomized cynomolgus monkeys are the most well - 
established model for osteoporosis  [11] , and ocular toxicity testing is also 
well - established in NHP  [12 – 15] . 

 The viral status of the monkeys is also important to test, especially prior 
to longer term studies ( ≥ 3 months duration). Many biological therapeutics 
are immune modulators, and latent viral infections can manifest in the 
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chronic studies and confound the interpretation. Choosing B - virus negative 
animals is most important when an immunomodulatory compound is being 
tested. 

 Cardiovascular and CNS effects are often evaluated as part of the general 
toxicity program. ECGs can be measured in the repeated - dose toxicology 
studies although these are usually conducted in anesthetized animals. Stand -
 alone safety pharmacology studies (mainly cardiovascular/respiratory safety 
pharmacology studies) can be conducted in alert, telemetered animals. These 
are typically nonterminal single - dose studies, however, and additional data 
from anesthetized animals in repeated - dose studies can be valuable to look at 
potential multiple - dose effects. CNS safety pharmacology studies have not 
been validated in the NHP, but a small number of observations can be added 
to the cardiovascular/respiratory study. In addition, if the biopharmaceutical 
is a monoclonal antibody, an in vitro tissue cross - reactivity study is conducted 
with a panel of human and NHP tissues to address nonspecifi c binding of the 
monoclonal antibody. 

 Because the pharmacological action of biopharmaceuticals may occur at 
very low doses, a no observable effect level (NOEL) may not be seen in the 
repeated - dose toxicology studies. Testing the biological therapeutic at doses 
lower than the clinical range to try to achieve a NOEL does not add value to 
the clinical program. The no observable adverse effect level (NOAEL) is typi-
cally used in the safety studies. It can be diffi cult to determine what fi ndings 
in the toxicology study are due to exaggerated pharmacology and when these 
fi ndings become adverse and represent toxicity. Several considerations can be 
used to determine if these effects should be considered adverse, including a 
combined analysis of the biological and statistical effects, the presence of a 
dose – response relationship, whether the fi ndings are seen in both sexes, 
whether the fi ndings are outside the historical control range, and if related 
histopathological correlates exist. In addition, the clinical indication, the moni-
torability and reversibility of the effect, and the risk – benefi t analysis for the 
patient population need to be considered. An adverse effect may be consid-
ered to be a change that may impair performance and generally have a detri-
mental effect on growth, development or life span, so it should be an effect 
that would be unacceptable if it occurred in a human clinical trial  [16] . In 
addition, because the pharmacological activity of biopharmaceuticals may be 
very different in the disease state for which the test agent is being developed 
than in the healthy animals employed in the toxicology studies, adverse fi nd-
ings or exaggerated pharmacological effects may not be seen in the toxicology 
studies. If little to no toxicity is seen, it may not be possible to defi ne a 
maximum tolerated dose (MTD). In such cases the use of a maximum feasible 
dose (MFD) or the use of reasonable multiples over the clinical doses has been 
suffi cient to demonstrate safety. What constitutes  “ reasonable multiples ”  will 
depend on the clinical indication (life threatening vs. non – life threatening), 
the patient population (consideration of special populations i.e., children, 
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elderly, women of child - bearing potential), chronic versus acute treatment, 
concomitant medications, alternative therapies, and so forth.  

16.1.3 Molecule Is Pharmacologically Active in Humans and 
Chimpanzees Only 

 In certain cases the human protein has been so species - specifi c that it will only 
cross - react with human and chimpanzees ( Pan troglodytes ). Although safety 
studies can be conducted in chimpanzees, many limitations exist (no histopa-
thology can be conducted, only small animal numbers can be used, limited 
CROs can conduct the studies and/or countries may have restrictions in use, 
limited historical control data exist, etc.) such that these studies are not gener-
ally conducted. In cases where the chimpanzee is the only relevant nonhuman 
species, alternative strategies could include testing a surrogate molecule (the 
rodent protein in rodents, a monoclonal antibody that cross reacts with 
the cynomolgus epitope, etc.) or using transgenic or knockout mice that 
overexpress or have a deletion of the targeted protein. 

Surrogate Molecules  One alternative to using nonhuman primates (or if 
the biopharmaceutical does not cross - react with nonhuman primates) is to use 
a surrogate (homologous, analogous) molecule. This would be the homologous 
protein (i.e., the murine protein for use in mice) or, for a monoclonal antibody 
therapeutic, an antibody that cross - reacts with the rodent or cynomolgus 
monkey target. This allows for the safety testing of the pharmacologic activity 
of the test agent, but it does not allow for testing of the clinical candidate itself. 
The surrogate molecule, however, should resemble the clinical candidate as 
much as possible with regards to the production process, range of impurities/
contaminants, pharmacokinetics, binding affi nity, and pharmacological mecha-
nism. Making and characterizing a second molecule along with the clinical 
candidate results in the use of a great deal of additional resources. Additional 
assays must be developed to detect the product and antibodies that might form 
to the product. However, these efforts can allow for a greater understanding 
of the potential toxicities of the therapeutic candidate. Some toxicology pro-
grams have utilized this approach, for example, to assess reproductive and 
developmental toxicities with a murine surrogate of interferon - gamma  [17]  
and with a monoclonal antibody surrogate  [18,19] .  

Transgenic/Knockout Animals  Knockout and transgenic mice are rapidly 
gaining acceptance as routine tools for mechanistic research, and they offer 
considerable promise for generating specifi c models of toxicological impor-
tance. Gene - targeted or  “ knockout ”  animals have been created using molecu-
lar and cellular genetic engineering techniques to specifi cally lack an 
endogenous gene  [20] . Knockout mice have been used to assess drug specifi c-



ity, to investigate mechanisms of toxicity, and to screen for mutagenic and 
carcinogenic activities of therapeutic candidates. Similarly the impact of novel 
therapeutic candidates can be estimated in knockout mice; generation of 
viable and fertile animals with null mutations for a potential target protein 
implies that pharmacological inhibition of the molecule in vivo will elicit no 
major adverse effects. Furthermore the apparent lack of an in vivo phenotype 
could be used in conjunction with substantial evidence of in vitro effi cacy to 
support the selection of a likely NOAEL for use in preclinical pharmacology 
and toxicology studies. Knockout and transgenic mice, however, are often 
structurally normal even if functional abnormalities are apparent, while many 
engineered mice appear to lack both structural and functional defects. Subtle 
phenotypes (functional and/or structural changes resulting from the genetic 
engineering event) sometimes may be unmasked using pharmacological chal-
lenges or other physiological stressors  [21,22] . 

 Particular emphasis in future pharmacology and toxicology studies will 
likely be directed toward conditional knockout mice (to evaluate the impact 
of chemically mediated   inhibition of a particular gene product at the relevant 
stage of life) and  “ humanized ”  knock - in animals (in which the endogenous 
mouse gene is replaced with the homologous human gene to examine its role 
in disease or drug metabolism). Humanized mice are of particular importance 
as these animals can be employed to evaluate the effi cacy and toxicity of 
human proteins that are not pharmacologically active in normal rodents or 
that induce a neutralizing antibody response that limits long - term exposure. 
One particular criticism is that humanized mice manufacture one or a few 
human proteins of interest, but other proteins that interact with the human 
molecule are still of mouse origin. The physiological effect of human – mouse 
protein interactions may differ slightly — or substantially — from that of the 
normal human – human protein association. With the increasing number of 
species - specifi c biopharmaceuticals in development, it becomes even more 
important to demonstrate that the knockout mice are a viable alternative to 
testing in NHP and are relevant to the fi ndings seen in humans.    

16.2 IMMUNOTOXICITY TESTING 

 Immunotoxicity testing guidelines exist for small molecules where the toxicol-
ogy is largely unpredictable and rodent species are typically used  [4] . Despite 
the lack of a specifi c guidance on immunotoxicity evaluation until now, most 
biopharmaceuticals have assessed the immunotoxic potential of the biophar-
maceutical as a part of general single -  and/or repeat - dose toxicity studies 
 [5,23] . 

 The ICH guidance on immunotoxicity testing suggests a weight - of - evidence 
decision making approach. The general principles that apply to this guideline 
are as follows: 
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  1.    All new human pharmaceuticals should be evaluated for the potential 
to produce immunotoxicity.  

  2.    Methods include standard toxicity studies and additional immunotoxic-
ity studies conducted as appropriate. Whether additional immunotoxicity 
studies are appropriate should be determined by a weight of evidence 
review.    

 Data from standard toxicity tests could indicate an adverse effect on the 
immune system, including changes in hematology, alterations in immune organ 
weights or histology, changes in serum globulins, increased incidence of infec-
tions, or increased occurrence of tumors. If the weight of evidence suggests 
that additional testing is needed, then it is suggested that an immune function 
study be conducted, such as the T - dependent antibody response (TDAR) and 
immunophenotyping of leukocyte populations. For small molecule drugs, these 
studies are generally conducted in rodents in a 28 - day study. 

 Although the ICH S8 guidance does not specifi cally apply to biopharma-
ceuticals, the same principals for understanding immunotoxicity can be applied. 
Additionally, for human biopharmaceuticals, the immune system is often the 
intended target of the therapy and the immunotoxicity observed may be exag-
gerated pharmacology. In this case NHP are generally used and the immune 
tests have been selected based on the known immunomodulatory properties 
of the drug. These assays have also been used as pharmacodynamic markers 
of drug activity or effi cacy for the immune modulators. It is important to dis-
tinguish among   immunopharmacology, where the immune system is the target 
organ of the therapeutic effect; immunotoxicity, where nontarget immune 
effects such as autoimmunity or immunosuppression may be observed; and 
immunogenicity, which represents an immune response to the drug. 

   Specialized immunotoxicity tests typically are not routinely conducted 
unless an effect on the immune system was seen in the general toxicity studies, 
or there is a known pharmacologic effect of the test agent on the immune 
system. Additional immunotoxicity testing are conducted if there is cause for 
concern. The current regulatory guidelines recommend that immunopathology 
be used as the initial screen to detect immunotoxicity, since standard hematol-
ogy and histopathology are often suffi cient to detect immune system altera-
tions. Immunopathology can include total and differential white blood cell 
counts, and evaluation of the histopathology of lymphoid organs such as the 
thymus, spleen, lymph nodes, gut - associated lymphoid tissue (GALT), and the 
bone marrow. In addition more detailed measurements of any change in size 
and cellularity of immune cells, germinal center development, cortex – medulla 
ratio of the thymus, and immunohistochemistry of the lymphoid organs may 
be included. Again, these parameters are examined as part of general toxicity 
studies for biopharmaceuticals. 

 Several important factors should be considered when including immuno-
toxicity testing into GLP (good laboratory practice) toxicology studies, espe-
cially if they are conducted in nonhuman primates. These include (1) whether 



the assays have been validated, (2) whether to use the main study animals or 
a satellite group, and (3) the timing of these tests within the context of the 
GLP toxicology study. The advantages of using the  “ main ”  study animals 
instead of  “ satellite ”  animals for immunotoxicity testing are reduced animal 
use and correlation of any immunotoxicity fi ndings with other toxicities seen 
in those same animals. The disadvantage of using main study animals is that 
the additional manipulations for immune testing (e.g., injection of an antigen 
for determining antibody response) may infl uence the toxicity or immunoge-
nicity of the therapeutic agent. It is very important to include several baseline 
measurements because of the variability seen between animals, and even in 
the same animal over time. Because of the small number of NHP per group, 
it is important to reduce the variability in the assays as much as possible with 
regard to antigen source, technique, and so forth. 

 Flow cytometry is often included in a GLP toxicology study of immuno-
modulators to evaluate changes in lymphocyte subsets, including T cells (CD4 + , 
CD8+ ), B cells (CD20 + ), NK cells (CD16 + ), and monocytes (CD14 + ). These 
assays are typically conducted using peripheral blood, which allows for repeated 
sampling over time within the same animal. However, immunophenotyping 
can also be conducted on tissues to determine if there are effects on lympho-
cyte traffi cking, although time points are limited to study termination unless 
serial biopsies can be performed (i.e., on lymph nodes). Serial biopsies may 
be diffi cult because they cannot be performed by all laboratories, and potential 
infections or other effects on the animals can affect data interpretation. Flow 
cytometry has also been used for more functional endpoints of immune com-
petence, including lymphocyte activation, cytokine release, phagocytosis, apop-
tosis, oxidative burst, and natural killer (NK) cell activity. Any of these 
endpoints   can be added if the mechanism of action of the drug suggests 
involvement of a particular function or type of immune cells. 

 In NHP the assay most commonly used to assess immune competence is 
the T cell dependent antibody response (TDAR). The ability to mount an 
antigen - specifi c antibody response requires a fully functioning immune system 
of T cells, B cells, antigen - presenting cells, cytokine production, and so forth. 
Animals are generally immunized with keyhole limpet hemocyanin (KLH) or 
tetanus toxoid (TT), and circulating antigen - specifi c antibody levels are mea-
sured by enzyme - linked immunosorbent assay (ELISA) or other methods. 
Immunization with KLH or TT should occur prior to drug treatment to assess 
the effects on the secondary antibody response (i.e., fi rst immunization sc on 
day - 7 and second immunization 14 days later), and the other antigen can be 
injected after two weeks of treatment to determine the effect on the primary 
immune response 7 to 10 days later. This immunization regimen allows for the 
assessment of both the primary and the secondary T cell dependent antibody 
response within the 28 - day GLP toxicology study. For studies of longer dura-
tion, a booster immunization can be given at a later time point to assess the 
effect on the memory response, or to see if an altered response returns to 
normal during the recovery period. 
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 Other immune parameters can be measured in the NHP such as cytokine 
measurements and delayed type hypersensitivity measurements, although 
these are less well characterized. Many human ELISA kits for cytokines can 
be used to measure cytokine levels in the NHP, but it is very important to 
determine if the reagents in these kits do truly cross - react with NHP cytokines. 
Whereas many of the human reagents do cross - react, exceptions exist, and the 
reagents   need to be tested prior to use on a toxicology study. 

 Although immunomodulation can be assessed in the NHP, the assays are 
less well characterized than those used in the rodent. One issue is the lack of 
consistent protocols, and the timing of incorporating these assays into standard 
GLP toxicology studies varies. More historical control data are needed, and 
many assays have not been tested with an immunomodulatory control to 
confi rm the level of sensitivity of the assay for detecting a mild/moderate 
immune modulator (both immunoenhancing and immunosuppressive activ-
ity). Currently there is an ILSI/HESI initiative to pool these types of data from 
numerous companies to improve our understanding of these assays in the 
NHP. Greater variability is inherent to NHP than in - bred rodents, and the 
animal number per group is generally much smaller than in rodent studies. It 
is therefore critical to fi nd ways of reducing the variability in the assay to allow 
for more meaningful data interpretation. Strategies to improve study designs 
can include decreasing the inter - animal variability (using animals from the 
same source and of similar ages, decreasing stress during the study, increasing 
the number of baseline samples, etc.) and decreasing assay variability (stan-
dardizing the antigen source, assay technique, timing, etc.). 

 We are now at the stage at which assays of immunomodulation can be 
conducted in nonhuman primates, but unfortunately, we lack suffi cient knowl-
edge on the data generated across all the various developmental programs on 
biopharmaceuticals to date regarding which assays are the most useful in 
predicting immunomodulatory effects in humans. Assay methods thus need to 
be standardized so that we can truly compare the data to make that determina-
tion. Comparing data from the NHP with the immunotoxicity data in rodents 
would be useful to evaluate whether the NHP is more predictive of the human 
response. Additionally regulatory agencies should continue to treat the immu-
notoxicity testing of biological therapeutics on a case - by - case basis. However, 
immune testing in NHP for biopharmaceuticals goes beyond the estimation 
of immunotoxicity. Immune testing can be very valuable for understanding the 
pharmacology of an immune modulator and can help establish pharmacody-
namic markers that can then be used in clinical trials. Combining all of the 
available data in NHP will allow for an improvement in the models and a 
better understanding of the value of these data. In addition differences have 
been seen in immune parameters (especially immunophenotyping) between 
cynomolgus monkeys from different geographical locations. It is therefore 
very important to keep the same source of animals for toxicology studies 
throughout the drug development program. 



 Recent adverse events reported with immunomodulatory monoclonal anti-
bodies, such as Tysabri and TGN1412, highlight the need to improve the pre-
dictivity of immune effects in humans. During the clinical testing of a novel 
superagonist anti - CD28 monoclonal antibody, TGN1412, six healthy male vol-
unteers suffered from a systemic infl ammatory response characterized as a 
 “ cytokine storm ”  and became critically ill  [24] , a response that had not been 
predicted from the preclinical studies in NHP  [25] . Despite the use of a battery 
of murine, NHP studies, and even ex vivo human cell assays  [26] , the immu-
nological models used in TGN1412 preclinical testing were of insuffi cient 
predictive power to anticipate the serious adverse events in humans  [27] . 
Cytokine release syndrome (CRS) has been seen with other monoclonal anti-
bodies such as OKT3, a murine anti - CD3 monoclonal antibody  [28] . A human-
ized anti - CD3 antibody, HuM291, with a modifi ed Fc 28 domain was tested to 
see if the CRS could be eliminated  [29] . Both antibodies were tested in chim-
panzees, and there was no clinical evidence of CRS, although substantial 
cytokine secretion was detected. Clinical testing of HuM291 also showed that 
humans still experienced mild to moderate CRS. This suggests that even chim-
panzees may not be the best model for assessing the clinical effects of cytokine 
release (or the side effects associated with anti - CD3 therapy in humans may 
not necessarily result directly from cytokine secretion)  [30] . Evidence in vitro 
has also implicated CD16 and LFA - 1 on NK cells in CRS  [31] . 

 Natalizumab (Tysabri), an anti -  α 4 integrin monoclonal antibody approved 
for the treatment of multiple sclerosis, was recently withdrawn from the market 
temporarily due to cases of progressive multifocal leukoencephalopathy, a 
demyelinating disease of the central nervous system associated with immuno-
suppression  [32] . These cases highlight our incomplete understanding of the 
immune system and the translation of preclinical results to humans. 

 What could be done to better assess immunomodulatory effects in NHP that 
will be predictive of the outcome in humans? One important consideration 
comes back to the  “ relevance ”  of the animal species. Not only should the binding 
affi nity and functionality at the target be considered, but the relative potency 
as well can be a critical factor.   Understanding the dose - concentration – response 
relationships for receptor occupancy, receptor modulation and functionality, 
and target expression and distribution in comparison to normal human subjects 
and in disease state can help us to better assess risk to patients.  

16.3 CONCLUSIONS

 Toxicity testing of biopharmaceuticals is highly dependent on species specifi c-
ity. Every program could be different in the type of studies that are needed to 
support safety assessment (i.e., case - by - case approach). If the biopharmaceuti-
cal cross - reacts with the rodent target, then general toxicity tests can be con-
ducted in two species similar to what is done with pharmaceuticals. If the 
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molecule is only pharmacologically active in nonrodents (usually nonhuman 
primates), than a more focused or targeted toxicology program (one species) 
is conducted. If the molecule is not active in nonhuman primates, then alterna-
tive strategies for conducting safety studies such as testing with surrogate 
(homologous animal protein) molecules, or using transgenic/knockout mice, 
need to be considered. These strategies have certain caveats that can be used 
to better understand the potential toxicities of the therapeutic candidate. 
Although immunotoxicity testing guidelines are not established for biophar-
maceuticals, many of the same assays and methods have been used routinely 
to understand potential effects on the immune system (whether unintended 
or pharmacologic activity). Further work is needed to understand potential 
immune effects of biopharmaceuticals, especially in nonhuman primates, to 
improve our predictivity of safety in humans.  
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17.1 INTRODUCTION AND BACKGROUND 

 The importance of evaluating the effects of pharmaceutical agents on the 
development of the embryo and fetus has been appreciated for at least 40 
years following the thalidomide tragedy of 1957 to 1961. Since that time repro-
ductive toxicity testing strategies have been developed for the evaluation of 
the reproductive and developmental toxicity of chemicals and medical prod-
ucts  [1] . In 1966 the US Food and Drug Administration (FDA) published 
guidelines for Reproduction Studies for Safety Evaluation of Drugs for Human 
Use. The testing strategies were subsequently refi ned, and in 1994 the expert 
working group of the International Conference of Harmonization (ICH) of 
technical requirements for registration of pharmaceuticals for human use 
issued a fi nal guideline for industry Detection of Toxicity to Reproduction 
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for Medicinal Products — ICH S5A  [2] . According to the ICH S5A guidance 
document, for most medicinal products a three - study design consisting of fer-
tility and early embryonic development (preferred species rat), embryofetal 
development (preferred species rat and rabbit), and prenatal and postnatal 
development (preferred species rat) is considered to be adequate. The S5A 
guidance also states that other strategies or combinations of studies and study 
designs might be as valid or more valid as the three - study design depending 
on the circumstances. In addition S5A guidance   states  “ if it can be shown by 
means of kinetics, pharmacological, and toxicological data that the species 
selected is a relevant model for the human, a single species can be suffi cient. 
There is little value in using a second species if it does not show the same 
similarities to humans. ”  

 For issues unique to the nonclinical safety testing of therapeutic biological 
products the ICH S6 guidance, Preclinical Safety Evaluation of Biotechnology - 
Derived Pharmaceuticals, was developed and fi nalized in 1997  [3] . The S6 
guidance describes reproductive toxicity testing briefl y and states that the 
specifi c study design and dosing schedule may be modifi ed based on issues 
related to species specifi city, immunogenicity, biological activity, and/or a long 
elimination half - life. Importantly, one of the main principles of S6 is use of 
relevant species for toxicity assessments. S6 also states that there may be 
extensive public information available regarding potential reproductive and/
or developmental effects of a particular class of compounds (e.g., interferons) 
where the only relevant species is the nonhuman primate. In such cases mecha-
nistic studies indicating that similar effects are likely to be caused by a new 
but related molecule may obviate the need for formal reproductive/develop-
mental toxicity studies. Both S5A and S6 guidances emphasize the need for 
fl exibility in reproductive toxicity testing strategies. 

 For FDA product labeling, a pregnancy category is designated for each 
pharmaceutical based on the risk to the fetus. The categories are A, B, C, D, 
and X with A having proved safety in humans and X having proved adverse 
effects in humans (Table  17.1 ). Thalidomide and isotretinoin are category X 
drugs. Most pharmaceuticals fall into either category C or B. In the absence 
of well - controlled studies in humans, a pharmaceutical will be designated cat-
egory C if animal studies have shown an adverse effect or if no animal studies 
have been conducted. Since the human risk is unknown for category C desig-
nated drugs, they should be used during pregnancy only when needed and if 
the potential benefi t to the patient justifi es the potential risk to the fetus. In 
general, for a category B designation, animal studies would need to reveal no 
evidence of harm to the fetus.   

 In the following sections the testing strategies that have been applied in 
support of the approved biopharmaceuticals are reviewed and discussed in 
terms of the relevance to the evaluations of human safety and the lessons that 
have been leaned for future reproductive developmental toxicity testing. All 
information provided in the following narrative, unless otherwise referenced, 
have been extracted from the FDA summary basis of approval information 
 www.fda.gov , the European Medicines Agency (EMEA) centrally authorized 
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product reviews (EPARs)  www.emea.europa.eu , and the  Physicians Desk 
Reference  (PDR).  

17.2 TESTING OF SMALL MOLECULAR WEIGHT DRUGS VERSUS 
LARGE MOLECULAR WEIGHT BIOPHARMACEUTICALS 

 In general, the reproductive and developmental testing strategies have not 
differed greatly for small molecular weight drugs and large molecular weight 
biopharmaceuticals. Small molecular weight drugs are generally not species 
specifi c and can therefore be tested using standard well - validated study designs 
in rodents and rabbits for which extensive databases are now available. Some 
biopharmaceuticals are also not species specifi c and can therefore be tested 
using the same testing strategies as those used for small molecules, with minor 
modifi cations to the study designs based on the route of administration and 
dosing regimen based on a longer half - life of the biopharmaceutical. The 
non – species - specifi c biopharmaceutics include recombinant forms of human 
insulin and human growth factor, erythropoietin and erythropoetin analogues, 
granulocyte colony stimulating factor, and various enzymes. 

 Although similar testing strategies can be applied to small molecular weight 
drugs and large molecular weight biopharmaceuticals, there are some notable 
differences between small molecules and large molecular weight biopharma-
ceuticals that need to be taken into consideration. Small molecular weight 
drugs can freely diffuse across membranes. The degree of diffusion across 

 TABLE 17.1  FDA pregnancy category designations for product labeling 

  Category    Description  

  A    Adequate, well - controlled studies in pregnant women have not shown 
an increased risk of fetal abnormalities 

  B    Animal studies have revealed no evidence of harm to fetus; however, 
there are no adequate and well - controlled studies in pregnant women 

 or  
Animal studies have shown an adverse effect, but adequate and well -

 controlled studies in pregnant women have failed to demonstrate a 
risk to fetus.  

  C    Animal studies have shown an adverse effect, and there are no 
adequate, well - controlled studies in pregnant women 

 or  
No animal studies have been conducted, and there are no adequate, 

well - controlled studies in pregnant women 
  D    Studies, adequate, well - controlled, or observational, in pregnant women 

have demonstrated a risk to fetus. However, benefi ts of therapy may 
outweigh the potential risk 

  X    Studies, adequate, well - controlled, or observational, in animals or 
pregnant women have demonstrated positive evidence of fetal 
abnormalities; the use of the product is contraindicated in women 
who are or may become pregnant 
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membranes depends on the physical properties of the molecule  [4,5] . There-
fore small molecular weight drugs can cross the placenta and produce direct 
exposure of the embryo/fetus to the drug. They can be secreted in the milk 
and be absorbed across the neonatal gut and can diffuse across the blood –
 testis barrier and have direct effects on spermatazoa. Therefore, because of 
their small size and their ability to diffuse across membranes, small molecules 
have the potential to affect many stages of reproduction and development. 

 Large molecular weight proteins and peptides, on the other hand, because 
of their large size, do not readily diffuse across membranes, and therefore any 
potential effects are more likely to be secondary effects of maternal or paren-
tal toxicity rather than direct effects on the fetus or the spermatozoa. For 
example, administrations of insulin, insulin analogues, or glucagon - like peptide 
1 to pregnant animals, at doses that exceed the clinical dose, produce maternal 
hypoglycemia. Since the intended use of these hormones is to normalize blood 
glucose, the effects seen in the toxicology animals can be considered to be 
exaggerated pharmacological effects. Sustained maternal hypoglycemia leads 
to fetal malnutrition resulting in pre -  and postimplantation losses and skeletal 
and visceral abnormalities  [6,7] . The effects seen on the fetuses with the insulin 
analogues do not differ from that of regular human insulin when administered 
at suprapharmacological doses and do not differ from that of oral blood -
 glucose lowering drugs  [8] . Similarly the erythropoeitic agents, at supraphar-
macological doses, produce increases in maternal hematocrit and an increase 
in blood viscosity leading to impaired blood fl ow and oxygen delivery to 
various tissues in the developing fetus. As a consequence fetal growth retarda-
tion and decreased ossifi cation are seen. 

 Therefore for large molecular weight biopharmaceuticals that have 
restricted biodistribution and have biological effects that are indistinguishable 
from that of the endogenous hormone, the effects on the fetus can be predicted 
by an understanding of the biology in the adult. The adverse effects on the 
fetus are not seen when maternal blood parameters are maintained within 
normal ranges. Because of the secondary effects seen on the fetus at supra-
pharmacological doses all the pharmacologically active molecules carry a 
pregnancy category of C except for insulin lispro, which failed to show mater-
nal or fetal toxicity in rat and rabbit developmental studies and was designated 
as category B. It is, however, unlikely that insulin lispro is less toxic than the 
other insulin analogues since its pharmacological effects in animals are similar 
to that of normal human insulin. Therefore, for biopharmaceuticals that have 
poor penetration across biological membranes and have a well - defi ned biology 
in the adult animal, a single relevant species assessment of embryofetal 
development may be adequate. Some of the newer biotechnology derived 
therapeutics have been approved with reproductive/developmental toxicity 
assessments in a single species, rats (e.g., agalsidase beta and laronidase). No 
reproductive toxicity studies were performed for the platelet - derived growth 
factor (PDGF) whose intended route of administration is topical and showed 
limited systemic absorption. 



 The toxicity of small molecular weight drugs, however, cannot necessarily 
be predicted based solely on an understanding of the biology of the parent 
molecule in the maternal animals. Many small molecular weight drugs are 
susceptible to metabolic degradation, which may result in the formation of 
metabolites with different toxicity, biology, and distribution from that of the 
parent molecule. Since metabolic processes can differ across species, a two -
 species assessment of embryofetal development may be appropriate for most 
small - molecule   drugs. For protein therapeutics, however, the expected conse-
quence of metabolism is the degradation to small peptides and individual 
amino acids. Therefore for protein molecules that consist of only naturally 
occurring amino acids, the generation of toxic metabolites is unlikely and a 
single species assessment may be appropriate.  

17.3 REPRODUCTIVE TESTING OF BIOPHARMACEUTICALS THAT 
SHOW LIMITED SPECIES CROSS -REACTIVITY

 Some human specifi c proteins do not cross - react with rats and rabbits, and 
therefore alternate species need to be considered for the reproductive toxicity 
testing of these agents. The type I interferons are examples of this class of 
proteins. The type I interferons show a high degree of species specifi city such 
that the macaque, and in some cases only the rhesus macaque, is a suitable 
biologically responsive species for toxicology testing. In addition the type I 
interferons are highly immunogenic in macaques. After about two weeks of 
dosing the dams develop neutralizing antibodies toward the human interferon 
that reduces maternal exposure and eliminates the pharmacological response. 
Therefore the design of the embryofetal development studies for these mole-
cules has, in some cases, involved modifi cation of study designs so that critical 
periods in development could be evaluated. The embryofetal development 
studies for these molecules showed an increased incidence of abortions. The 
abortions occurred early during gestation and were associated with decreased 
serum progesterone  [9,10] . Since all the type I interferons have similar phar-
macology, they all produced a similar early abortifacient effect. Treatment with 
the interferons was not associated with a tertatogenic effect in macaques or 
in patients with multiple sclerosis  [11] . 

 Because the type I interferons produced no adverse effects on embryofetal 
development and the early abortifacient effect could be predicted based on a 
measurement of female endocrine changes, the need to conduct additional 
macaque embryofetal development studies for type I interferons in nonhuman 
primates was considered unnecessary. Therefore, for the second - generation 
pegylated versions of the alpha interferons, only hormonal analysis was con-
ducted in macaques. This is the only known example of where mechanistic 
studies have been accepted in place of developmental studies in accordance 
with ICH S6 guidance.  
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17.4 REPRODUCTIVE TOXICITY TESTING OF 
MONOCLONAL ANTIBODIES 

 The monoclonal antibodies represent a unique class of protein molecules with 
regard to developmental toxicity testing. Although antibodies are very large 
molecular weight proteins ( ∼ 150   kDa), they are known to cross the placenta 
from mother to fetus  [12] . The transfer of antibodies from mother to fetus 
occurs predominantly in the second and third trimesters in humans and in 
nonhuman primates and involves a specifi c transport mechanism. Because 
fetal exposure to therapeutic antibodies is likely if women are treated with 
therapeutic antibodies during pregnancy, the precaution sections of the product 
labels for each of the approved antibody products carries wording to this 
effect. The transport mechanism requires binding of the constant portion (Fc) 
of the antibody to a receptor (FcRn) on the placenta. Binding of antibodies 
to FcRn on endothelial cells is also involved in the antibody salvage pathway 
that results in serum persistence of antibodies  [13,14] . Therefore all proteins 
that contain an intact Fc and can bind to FcRn will be transported across the 
placenta. This includes monoclonal antibodies and engineered proteins that 
contain the Fc antibody fragment in order to increase serum persistence of 
proteins, peptides, or drugs. Fab antibody fragments, such as abciximab, are not 
transported across the human placenta  [15] . 

 The approaches taken in the evaluation of the reproductive toxicity testing 
for monoclonal antibodies has varied greatly depending on the species cross -
 reactivity and immunogenicity of the antibody. The testing strategies employed 
and the results from these studies are summarized in Table  17.2 .   

 For two of the approved monoclonal antibodies, infl iximab and efalizumab, 
cross - reactivity was seen only to human and chimpanzee antigens. The 
chimpanzee is a protected species and therefore not appropriate for evaluating 
developmental toxicity. Since these monoclonal antibodies were being 
developed for non – life - threatening diseases, Crohn ’ s disease, rheumatoid 
arthritis, and psoriasis, and included women of childbearing potential, an 
alternate strategy needed to be developed. In both cases surrogate monoclonal 
antibodies were developed that bound to the murine version of the 
antigen.   With these surrogate antibodies all stages of reproduction, including 
embryofetal development, could be evaluated in the mouse  [16,17] . 
However, the use of a surrogate (homologous) monoclonal antibody 
does not test the product intended for clinical use, and therefore these 
types of studies evaluate the potential risks associated with inhibition of a 
particular pathway rather than risks associated with administration of the 
clinical product. One alternative approach that has been employed is to 
develop a transgenic mouse that expresses the human antigen, thereby allow-
ing the testing of the clinical product  [18] . The disadvantages of this approach 
are that the biology in the transgenic mouse may not be the same as that in 
humans and the mice will likely develop an immune response to the human 
protein. 



 For most of the other monoclonal antibodies, species cross - reactivity has 
been limited to nonhuman primates. For these molecules the need to conduct 
reproductive and developmental studies has to be carefully considered on a 
case - by - case basis. S5A states that nonhuman primates are best used when the 
objective of the study is to characterize a relatively certain reproductive toxi-
cant, rather than detect a hazard. The nonhuman primate reproductive toxicity 
studies are not powered to detect infrequent events. 

 For the antibodies intended to treat immune mediate diseases — 
adalimumab, natalizumab, and omilizumab — a macaque embryofetal develop-
ment study was conducted.   In these studies pregnant macaques were treated 
for a period including the period of organogenesis (gestation days 20 – 50, fi rst 
trimester), and fetuses were examined at the end of the second trimester 
(gestation day - 100). For the approved monoclonal antibodies only natali-
zumab and bevacizumab have shown cross - reactivity to species other than 
nonhuman primates. For natalizumab, a two - species embryofetal development 
assessment was conducted (macaque and guinea pig), whereas for bevaci-
zumab, which was intended to treat cancer, only a single relevant species 
assessment was conducted (rabbit). 

 Fusion proteins that consist of recombinant forms of human proteins fused 
to the Fc portion of human IgG tend to be less species specifi c than monoclo-
nal antibodies. Etanercept and abatacept showed cross - reactivity to rodents 
and rabbits, and therefore a full reproductive and developmental toxicity 
package could be obtained in rodents and rabbits for these agents. For alefa-
cept species cross - reactivity was limited to the macaque. 

 For some monoclonal antibodies the epitope may only be present in the 
intended disease population. For example, the epitope may only be unregu-
lated during disease, or the monoclonal antibody may target epitopes found 
only on viruses or bacteria. In such cases a single relevant species may be 
selected to assess off - target toxicity based on nonspecifi c binding to normal 
tissues. In these cases, however, unless there is nonspecifi c binding to reproduc-
tive organs, the nonhuman primate would not be a relevant species for assess-
ing reproductive toxicity. 

 Reviews of the results from the reproductive toxicity testing for the approved 
monoclonal antibody biopharmaceuticals have shown very few incidences of 
harm to fetuses. The only notable effects that have been observed are hema-
tologic changes in macaque fetuses exposed to natalizumab, skeletal abnor-
malities in rabbit fetuses exposed to bevacizumab, and immunological defi cits 
in mice exposed to the efalizumab murine surrogate. In each of these examples 
the effects seen in the fetuses were predicable based on effects seen in the 
adult animals. 

 Natalizumab is a monoclonal antibody against the human  α 4 integrins 
(α 4 β 1 and  α 4 β 7). The  α 4 integrins are expressed on leukocytes and hemato-
poeitic progenitor cells and mediate homing and adhesive functions. In disease 
states natalizumab prevents the migration of leucocytes into infl amed tissues 
and thereby suppresses infl ammation  [19] . In adult cynomolgus macaques the 
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 TABLE 17.2     Summary of reproductive toxicity testing at time of approval for 
monoclonal antibodies and Fc - containing fusion proteins 

  Product 
(Approval Date)  

  Mechanism of 
Action    Indication  

  Reproductive/
Developmental 

Toxicity Test 
Species  

  Zenapax daclizumab 
(1997)  

  Anti - CD25 (IL -
 2R) 
(mAb - IgG1)  

  Acute organ 
rejection  

  Not done  

  Simulect basiliximab 
(1998)  

  Anti - CD25 (IL -
 2R) 
(mAb - IgG1)  

  Acute organ 
rejection  

  Cynomolgus, 
macaque 
(EFD)  

  Remicade infl iximab 
(1998)  

  Anti - TNF 
(mAb - IgG1)  

  Crohn ’ s disease, 
Rheumatoid 
arthritis  

  Mouse — murine 
homologue 
(F, EFD, PPD)  

  Humira adalimumab 
(2002)  

  Anti - TNF 
(mAb - IgG1)  

  Rheumatoid 
arthritis  

  Cynomolgus 
monkey (EFD)  

  Raptiva efalizumab 
(2003)  

  Anti - CD11a (T 
cells) 
(mAb - IgG1)  

  Psoriasis    Mouse — murine 
homologue 
(F, EFD, PPD)  

  Tysabri natalizumab 
(2004)  

  Anti -  α 4 integrin 
(mAb - IgG4)  

  Multiple sclerosis    Cynomolgus 
monkey (EFD), 
Guinea pig 
(F, EFD, PPD)  

  Xolair omalizumab 
(2003)  

  Anti - IgE 
(mAb - IgG1)  

  Asthma    Cynomolgus 
monkey 
(F, EFD)  

  Rituxan rituximab 
(1997)  

  Anti - CD20 (B 
cells) 
(mAb - IgG1)  

  Refractory non -
 Hodgkin ’ s 
lymphoma  

  Not done  

  Herceptin 
trastuzumab (1998)  

  Anti - HER2 
(mAb - IgG1)  

  Metastatic breast 
cancer  

  Cynomolgus 
monkey 
(F, EFD)  



  Effects in Adult 
Animals in 

Chronic Toxicity 
Studies  

  Doses Tested 
in EFD Study 
(NOAEL or 
highest dose 

tested)  

  Effects on 
Fertility, 

Pregnancy and 
Development    Clinical Dose  

  Pregnancy 
Category  

  Information not 
available  

  Not done    Unknown    1   mg/kg    C  

   Macaque  None    5   mg/kg 
(GD20 - 50)  

  No harm to the 
fetus  

  20   mg 
( ∼ 0.3   mg/kg)  

  B  

   Mouse  None    40   mg/kg 
(GD6 - 18)  

   ↓  Male fertility? 
No harm to 
the fetus  

  3 – 5   mg/kg    B  

   Macaque   ↓  
thymus weight, 
 ↓  spelnic 
follicular 
centers  

  100   mg/kg 
(GD20 - 97)  

  No harm to fetus    40   mg 
( ∼ 0.6   mg/kg)  

  B  

   Mouse   ↓  humoral 
immune 
response, 
 ↑  WBC, 
 ↓  cellularity 
lymph nodes  

  30   mg/kg    No harm to the 
fetus,  
↓  humoral 
immune 
response, 
 ↓  cellularity 
lymph nodes  

  0.7   mg/kg    C  

   Macaque   ↑  WBC, 
 ↑  reticulocytes, 
 ↑  spleen weight  

  30   mg/kg 
(GD20 - 70)  

   ↓  Female 
fertility, mild 
anemia 
 ↑  spleen 
weight,  ↓  liver 
and thymus 
weight, no 
teratogenicity  

  300   mg 
( ∼ 4.3   mg/kg)  

  C  

   Macaque  None    75   mg/kg 
(GD20 - 50)  

  No harm to the 
fetus  

  150 – 375   mg 
( ∼ 2 – 5   mg/kg)  

  B  

   ↓  B cells    N/A    Unknown    375   mg/m 2  
( ∼ 10   mg/kg)  

  C  

  None    50   mg/kg 
(GD20 - 50)  

  No harm to the 
fetus  

  2   mg/kg    B  

REPRODUCTIVE TOXICITY TESTING OF MONOCLONAL ANTIBODIES  365



366  REPRODUCTIVE TOXICITY TESTING FOR BIOPHARMACEUTICALS

  Product 
(Approval Date)  

  Mechanism of 
Action    Indication  

  Reproductive/
Developmental 

Toxicity Test 
Species  

  Campath 
alemtuzumab 
(2001)  

  Anti - CD52 (T and 
B cells) 
(mAb - IgG1)  

  Chronic 
lymphocytic 
leukemia  

  Not done  

  Erbitux cetuximab 
(2004)  

  Anti - EGF 
(mAb - IgG1)  

  Metastatic 
colorectal 
carcinoma  

  Not done  

  Avastin bevacizumab 
(2004)  

  Anti - VEGF 
(mAb - IgG1)  

  Metastatic 
colorectal cancer  

  Cynomolgus 
monkey (F) 
and rabbit 
(EFD)  

  Enbrel etanercept 
(1998)  

  TNFR:Fc IgG1 
Anti - TNF  

  Rheumatoid 
arthritis, JRA, 
PsA  

  Rat (F, EFD, 
PPD) and 
rabbit (EFD)  

  Amevive alefacept 
(2003)  

  LFA3:Fc 
IgG1Anti - CD2 
(T cells)  

  Psoriasis    Cynomolgus 
monkey (EFD, 
PPD)  

  Orencia abatacept 
(2006)  

  CTLA4:Fc 
IgG1(T - cells)  

  Rheumatoid 
arthritis  

  Mouse (EFD), rat 
(F, EFD, PPD), 
rabbit (EFD)  

  Reopro abciximab 
(1997)  

  Anti - GPIIb/IIIa 
Fab platelet 
inhibitor  

  Cardiac ischemic 
complications
 — PTCA  

  Not done  

     Source :   All information included in this table and the accompanying text have been extracted 
from the US FDA summary basis of approval information  www.fda.gov , the European Medicines 
Agency (EMEA) centrally authorized product reviews (EPARs)  www.emea.europa.eu  and the 
Physicians Desk Reference (PDR).   

   Note :   F   =   fertility, EFD   =   embryofetal development, and PPD   =   pre and postnatal development.   

TABLE 17.2 Continued

only notable toxicological fi ndings following natalizumab treatment were 
increased circulating leukocytes, increased reticulocytes, and increased spleen 
weights. These effects are most likely due to the primary pharmacological 
effect of natalizumab of decreased adhesion of leukocytes and hematopoetic 
progenitors. Treatment of pregnant macaques with natalizumab resulted in 
fetal effects consisting of mild anemia, reduced platelet counts, increased 



spleen weight, and reduced liver and thymus weight — associated with increased 
splenic extramedullary hematopoesis,   thymic atrophy, and decreased hepatic 
hematopoiesis. These fi ndings are generally consistent with the known phar-
macological effects of natalizumab of decreased adhesion of hematopoetic 
progenitors and leukocytes and were completely reversible upon clearance of 
drug from the blood. 

  Effects in Adult 
Animals in 

Chronic Toxicity 
Studies  

  Doses Tested 
in EFD Study 
(NOAEL or 
highest dose 

tested)  

  Effects on 
Fertility, 

Pregnancy and 
Development    Clinical Dose  

  Pregnancy 
Category  

  Information not 
available  

  N/A    Unknown    3 - 30   mg ( ∼ 0.04 – 
0.4   mg/kg)  

  C  

   Macaque  Skin/
epidermal 
toxicity  

  N/A    Unknown    400   mg/m 2  
( ∼ 10   mg/kg)  

  C  

   Macaque  
 ↓  Menstrual 
cycles, physeal 
dysplasia in 
adolescent 
males,  ↓  body 
weight gain  

   ≤ 10   mg/kg 
(GD6 - 18)  

  Impaired fertility 
 ↓  fetal body 
weight skeletal 
alterations  

  5   mg/kg    C  

  None (15   mg/kg)    40   mg/kg 
(GD6 - 18)  

  No harm to fetus    50   mg 
( ∼ 0.7   mg/kg)  

  B  

   ↓  T cells    5   mg/kg 
(GD20 - birth)  

  No harm to the 
fetus  

  7.5 or 15   mg 
(0.1 – 0.2   mg/kg)  

  B  

   ↓  Serum IgG,  ↓  T 
and B cells 
activation 
 ↓ spelnic B cells  

  200   mg/kg 
(GD6 - 18)  

  No harm to the 
fetus,  ↑  T -
 dependent Ab 
response, 
thyroid 
infl ammation  

  10   mg/kg    C  

      Not done    Not transported 
across human 
placenta in 
vitro  

  0.25   mg/kg    C  
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 Bevacizumab is a monoclonal antibody against human vascular endothelial 
growth factor (VEGF). By inhibiting VEGF, bevacizumab inhibits tumor 
angiogenesis and thereby inhibits tumor growth. Toxicology studies conducted 
in young adult cynomolgus macaques showed bevacizumab treatment - related 
physeal dysplasia in immature animals with open growth plates and in mature 
females with reduced endometrial proliferation, an absence of corpora lutea, 
lower uterine weights, and decreased menstrual cycles  [20] .   In the six - month 
chronic toxicity study, decreased body weight gains were observed that were 
most likely due to decreased growth resulting from reduced angiogenesis in 
the bone growth plates. These effects are due to inhibition of VEGF that is 
required for normal physiological angiogenesis in the bone growth plates and 
in the ovaries. Bevacizumab showed cross - reactivity to cynomolgus macaque 
VEGF and to a lesser extent to rabbit VEGF. Because bevacizumab bound to 
rabbit VEGF, the rabbit was selected as an appropriate species for evaluating 
the developmental effects of bevacizumab. The lower sensitivity of the rabbit 
to bevacizumab was compensated for by increasing the dose levels and dose 
frequency relative to human dosing. Decreased fetal and maternal body 
weights were seen with an increase in the number of fetal resorptions and an 
increased incidence of specifi c gross and skeletal fetal alterations. These effects 
seen in the rabbit fetuses could be predicted based on the known biology of 
VEGF and the observations in the young adult animals. 

 Efalizumab is an antibody against the CD11a subunit of LFA - 1 (lympho-
cyte function - associated antigen - 1, a leukocyte cell surface protein); it inhibits 
the binding of LFA - 1 to ICAM - 1, 2, and 3 (intercellular adhesion molecules 
1, 2, and 3). Efalizumab prevents the binding of LFA - 1 on activated T lympho-
cytes to ICAM - 1 on endothelial cells. Efl aizamab thereby inhibits immune -
 mediated processes involved in psoriasis. As mentioned previously, efalizumab 
does not bind to LFA - 1 in any animal species suitable for conducting repro-
ductive toxicity testing. Therefore the chronic toxicity studies and the repro-
ductive toxicity studies were conducted with a murine surrogate of the human 
antibody referred to as muM17  [17] . In adult mice muM17 treatment - related 
effects consisted of increased circulating leukocytes, increased spleen weight, 
and decreased cellularity of the lymph nodes. These effects are most likely due 
to altered traffi cking of white cells secondary to reduced adhesion. MuM17 -
 treated adult animals showed a reduced primary antibody response to neoan-
tigen challenge. In the developmental studies decreased antibody response 
was observed in the pups that was reversible by 25 weeks of age. Therefore 
the effects seen in the pups are consistent with the effects seen in the adults, 
and these effects are predictable based on the known biology of CD11a 
inhibition. 

 The other monoclonal antibodies shown in Table  17.2  produced either no 
toxicity or minimal biological effects in adult animals and no harmful effects 
to the fetus. One interesting observation is that even for those molecules that 
did show an effect in the fetuses, the effects that were observed were minor 
compared to effects that might be predicted based on observations in geneti-
cally defi cient mice. Mice genetically altered to lack the  α 4 integrin are not 



viable. These knockout animals show cardiac and placental defects that are 
embryolethal  [21] . Cardiac defects and embryo lethality is also seen in rats 
treated with certain small molecules inhibitors of α 4 integrins  [22] . However, 
the developmental studies conducted in macaques showed no cardiac toxicity, 
and fetuses and neonates were essentially normal except for the reversible 
hematologic changes. Mice genetically altered to lack VEGF are not viable 
because VEGF is essential to embryonic vasculogenesis  [23] . However, in 
the rabbits treated with bevacizamab during pregnancy, most of the fetuses 
did survive and showed predominantly skeletal alterations. Mice genetically 
altered to lack tumor necrosis factor are viable but show disorganized lym-
phoid architecture and a reduced humoral immune response  [24] . However, 
developmental studies conducted with two anti - TNF α  antibodies and one 
TNFα  receptor - IgG Fc fusion protein, infl iximab surrogate (cV1q), adalim-
umab, and etanercept have failed to show any detrimental effect on the fetal 
or neonatal immune system. 

 One reason why monoclonal antibodies produce fewer developmental toxi-
cological effects than would be predicted from the genetically defi cient rodents 
and fewer effects than seen with certain small molecular weight drugs may be 
that embryonic exposure to monoclonal antibodies during the critical period 
of organogenesis is minimal in primates. In humans and nonhuman primates 
the transfer of antibodies increases throughout the second and third trimesters 
 [25 – 27] . By the time of the cesarean sections in the nonhuman primate 
embryofetal development studies (gestation day - 100, end of the second tri-
mester), monoclonal antibody concentrations in the fetuses have reached only 
a fraction of the maternal levels ( ∼ 25%). By the time of birth in macaques 
(gestation day - 165), antibody levels in the neonates are similar to that of the 
mothers  [28] . Therefore detection of monoclonal antibody in fetal blood at 
gestation day - 100 does not imply that the embryo was exposed to the antibody 
during the period of organogenesis (GD 20 – 50). It is likely that only the dams 
were signifi cantly exposed to the monoclonal antibody during the period of 
organogenesis. Therefore for monoclonal antibodies there is a very low likeli-
hood of teratogenic effects occurring due to direct embryonic exposure during 
organogenesis. However, if the monoclonal antibody has a biological or toxi-
cological effect on development, it is more likely to have an effect on growth 
and maturation during the fetal period where antibody exposure is high than 
on organogenesis where exposure is low. 

 Because the period of organogenesis for rodents and rabbit (50% and 38%, 
respectively) occupies a greater proportion of the total gestational period than 
in nonhuman primates (15%) or humans (13%), the likelihood of placental 
transfer occurring during organogenesis is higher in rodents and rabbits than 
in nonhuman primates or humans. Therefore, if rodents or a rabbits are selected 
as the toxicology species for developmental studies, they may overestimate the 
risk for humans. This has been demonstrated for a lymphotoxin  β  - receptor 
IgG1 - Fc fusion protein that showed a lack of lymph node development in the 
F1 generation when administered to pregnant mice  [29]  but normal lymph 
node development when administered to pregnant macaques  [30] . Therefore 
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study design and choice of species are critically important for monoclonal 
antibodies. 

 Historically for the monoclonal antibodies intended to treat life - 
threatening diseases, such as oncology and organ rejection, reproductive toxic-
ity studies have not routinely been conducted for all molecules prior to 
registration. The absence of this information resulted in the products being 
designated as pregnancy category C — namely the risk to the fetus is unknown. 
However, more recently approved oncology products have included embryofe-
tal development toxicity studies either in cynomolgus macaques (trastuzumab) 
or in the rabbit (bevacizumab). With trastuzumab, which was developed to 
treat metastatic breast cancer and therefore included women of child - bearing 
potential, no adverse developmental effects were seen, allowing the product 
to carry a pregnancy category B. With bevacizumab the skeletal and 
visceral malformations that were seen resulted in the product remaining as a 
category C. 

 Cetuximab was approved in 2004 for the treatment of metastatic colorectal 
cancer. At the time of registration no developmental toxicology studies were 
conducted, consistent with that of many of the other oncology agents, and 
the product was designated as pregnancy category C. However, a macaque 
embryofetal development study was requested as a postmarketing commit-
ment. Cetuximab is an antibody against epidermal growth factor receptor 
(EGFR). In adult macaques cetuximab produces skin toxicity due to the 
primary pharmacological action of EGF inhibition. Mice genetically altered 
to lack EGFR survive for up to eight days after birth and suffer from impaired 
epithelial development in several organs, including skin, lung, and gastrointes-
tinal tract  [31] . Therefore, based on the observations seen with the other 
monoclonal antibodies in macaques, it would be expected that the effects on 
the macaque fetus would be less than that seen in the genetically defi cient 
animals and more consistent with that seen in the adult animals. Because epi-
dermal toxicity can be expected in the fetuses, the product will likely retain 
its pregnancy category C designation.   

 One notable exception to this overall generalization for antibody therapeu-
tics, that maternal biology predicts fetal biology (toxicity), is alefacept. Alefa-
cept treatment produces profound depletions of T cells in adult animals due 
to its primary mechanism of action. However, in fetuses from macaques treated 
with alefacept during organogenesis and throughout pregnancy, no adverse 
effects on the immune system were seen even though fetal exposure was 
demonstrated. Therefore alefacept carries a pregnancy category of B.  

17.5 REPRODUCTIVE TOXICITY TESTING OF NONTRADITIONAL 
BIOPHARMACEUTICALS

 Most of the case studies described above are for recombinant forms of endog-
enous human proteins and human antibodies developed by traditional recom-
binant DNA technology. Newer technologies now have the ability to engineer 



molecules with specifi c desired properties that may deviate from naturally 
occurring sequences. For these agents the principles outlined in the S6 guid-
ance document may not always apply. In addition conjugation of proteins with 
drugs in order to improve the targeting of the drug to certain sites in the body 
or to improve the serum half - life may result in molecules that have properties 
of both large molecular weight biopharmaceuticals and small molecular weight 
drugs. One example is that of toxin - conjugated antibodies where the antibody 
molecules functions to target a cytotoxic agent to a tumor cell. The scope of 
the toxicity testing for these agents may depend on the novelty of the toxin in 
addition to the species cross - reactivity of the antibody. Conjugation of biologi-
cally inert molecules such as polyethylene glycol, in order to increase serum 
half - life of the biotherapeutic or to reduce immunogenicty, has shown no 
adverse impact on the toxicity profi le relative to the unconjugated versions. 
For the polyethyene glycol modifi ed version of biopharmaceuticals a reduced 
reproductive and developmental toxicology package may be appropriate if the 
biological effects of the therapeutic can be shown not to be altered by the 
conjugation. 

 Oligonucleotides are a class of biopharmaceuticals that do not fall under 
the traditional biotechnology - derived pharmaceuticals as described in ICH S6 
guidance. However, many of the principles of ICH S6 do apply to the oligo-
nucelotides because consideration of species specifi city does apply. While 
reproductive toxicology studies were performed with the clinical material for 
the approved oligonucleotide pegaptanib, many classes of oligonucleotides are 
specifi c for binding to human mRNA sequences and therefore are inactive in 
rodents. In these instances the generation of surrogate oligonucleotides toward 
the relevant rodent mRNA is the only meaningful way to establish the safety 
of these molecules  [32] .  

17.6 DISCUSSION

 Review of the reproductive/developmental toxicity studies that have been 
conducted in support of the approved biopharmaceuticals have shown that 
historically a fl exible case - by - case approach has been applied. For biopharma-
ceuticals that cross - react only with nonhuman primates a limited reproductive 
toxicity testing strategy has been employed based on the patient population, 
the indication, and the proposed clinical use. The studies that have been per-
formed have been suffi cient to inform the patient populations of potential risk 
to the fetus. 

 Based on the very limited database of approved biopharmaceuticals, a few 
generalizations can be made. For pharmacologically active proteins that 
produce exaggerated pharmacology in the mothers, the toxicological effects 
seen in the fetuses are secondary effects of maternal toxicity rather than direct 
teratogenic effects. Large molecular weight protein cross the placenta very 
poorly, and therefore fetal exposure is minimal. For these agents the aim in 
the clinic is to maintain physiological parameters within normal limits and 
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thereby avoid harm to the fetus. Because the fetal effects are secondary to 
exaggerated pharmacology in the mothers, the fetal effects can be predicted 
based on an understanding of the pharmacology in the adult animals. There-
fore for molecules of a similar pharmacological class an argument could be 
made that mechanistic studies in adult animals could obviate the need to 
conduct formal developmental studies, as suggested by the S6 guidance docu-
ment. In this way the number of animal studies need for the evaluation of 
developmental toxicity could be reduced. This approach is particularly impor-
tant when the only relevant species is the nonhuman primate. However, the 
approach has been successfully applied only to the type I interferons. 

 The second generalization that can be made is that for monoclonal 
antibodies that produce biological effects in adult animals, similar biological 
effects are likely to occur in the F1 generation if the fetuses are exposed to 
the monoclonal antibody during the second and third trimesters and/or post-
natally. Therefore, since a biological effect in the fetus is considered adverse, 
the product will most likely be labeled as category C. Monoclonal antibodies 
are unlikely to produce direct teratogenic effect in primates since exposure 
during the embryonic period is limited. Therefore, for these agents the need 
to conduct embryofetal development studies, especially when the only rele-
vant species is the nonhuman primate, needs to be carefully considered. 

 It should be emphasized that the generalization made above are based on 
a very limited database of mostly traditional recombinant human proteins and 
monoclonal antibodies. However, these generalizations may not apply to 
second - generation molecules that contain components other than naturally 
occurring amino acids. Also the generalization that large molecular weight 
molecules, other than antibodies, do not cross the placenta may not be appli-
cable to all molecules and may depend on the dose that is administered rela-
tive to clinical doses. If high enough doses are administered to pregnant 
animals, suffi cient penetration may occur to produce a toxicological effect in 
the fetuses even if the fetal exposure relative to the maternal exposure is very 
low. Pegaptanib, an oligonucleotide - polyethylene glycol conjugate VEGF 
inhibitor with a molecular weight of 50   kDa was shown at high doses to cross 
the placenta in mice in suffi cient amounts to produce developmental defects 
in the fetus similar to those seen in rabbits with bevacizumab. However, pos-
sibly because the developmental effects occurred only at exposure levels that 
were vastly in excess of clinical exposures, the developmental effects are not 
described in the product label, which carries a pregnancy category of B. Smaller 
molecular weight oligonucleotides, when tested at lower doses, were shown 
not to cross the placenta in signifi cant amounts in mice  [32] . 

 For biopharmaceuticals for oncology indications primate reproductive tox-
icity studies have not historically been conducted. The absence of a negative 
developmental toxicity study results in the product carrying a pregnancy cate-
gory C designation that indicates the risk to the fetus as unknown, and there-
fore the use of the drug during pregnancy should be avoided unless the benefi t 
to the patient outweights the risk to the fetus. For oncology indications the 



biopharmaceutical is frequently administered in combination with known tera-
togenic chemotherapeutic agents, for example, irinotecan, 5 - fl uorouracil or 
paclitaxel (pregnancy category D). Therefore a potential risk to the fetus exists 
for most   drug – biopharmaceutical combinations. More recently, however, there 
has been a progression toward a requirement, or an expectation, that embrofe-
tal development studies will be conducted for all biopharmaceuticals regard-
less of the indication or the species cross - reactivity. It is important to justify the 
use of animals in such cases for characterizing human risk. 

 For biopharmaceuticals that require developmental toxicity testing the 
design of the developmental studies should be adapted according to the type 
of molecule under investigation. The standard developmental protocols that 
have been developed for the evaluation of small molecular weight drugs may 
not be appropriate for all biopharmaceuticals. This is particularly important 
when the only relevant species is the nonhuman primate. If a primate devel-
opmental study is conducted, the design of the study should be based on good 
scientifi c judgment, as emphasized in the regulatory guidances, and not on a 
perceived regulatory requirement. The standard macaque embryofetal devel-
opment study design has been adapted from the rodent and rabbit study 
designs in which pregnant animals are treated during the period of organo-
genesis and fetal examinations are conducted at a time when adequate ana-
tomical evaluations can be conducted  [33,34,10] . However, the macaque study 
design may need to be modifi ed depending on the nature of the molecule 
being tested and the known biology of the molecule. 

 One important point about embryofetal development studies that needs to 
be emphasized is that traditionally an embryofetal development study exam-
ines only gross anatomical effects in the fetuses following exposure of the 
mothers to the drug during organogenesis. Histopathological examination of 
fetal tissues is not routinely conducted. Therefore for biopharmaceuticals that 
produce exposure during the fetal period, such as the antibodies, and therefore 
may have effects on the maturation of the immune system, for example, these 
effects would not be detected in a standard embryofetal development study 
unless additional immunological endpoints are incorporated. For rodent 
studies, functional and immunological endpoints are incorporated into the 
pre -  and postnatal development studies. However, when the only relevant 
species is the nonhuman primate and only a single developmental study is 
planned, the study design should be modifi ed to include additional clinically 
relevant endpoints and to cover the periods of greatest maternal and fetal 
exposure. These considerations, however, are no different than those for 
evaluating general toxicity where immune endpoints are routinely included 
in single -  and/or repeat - dose toxicity studies to characterize toxicity (see 
Chapter  16 ). 

 The macaque embryofetal development study design has been shown to be 
appropriate for detecting the teratogenic effects of the small molecular weight 
drugs thalidomide and isotretinoin  [35,36] . For large molecular weight 
biopharmaceuticals that do not cross the placenta the standard macaque 
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embryofetal study design will only be able to detect maternal effects that may 
be just as readily detectable in nonpregnant females. Even for monoclonal 
antibodies that are known to cross the placenta, the design of the standard 
embryofetal development study may not be optimal for fully evaluating risk 
to the F1 generation. Although antibodies are transferred across the placental 
from mother to fetus, the transport is not consistent throughout pregnancy. In 
humans and nonhuman primates very little antibody exposure occurs during 
the fi rst trimester. Antibodies are transported from mother to fetus during the 
latter part of pregnancy mostly during the third trimester  [12] . It is unlikely 
that the embryo will be signifi cantly exposed to an antibody during the dosing 
period if the dosing is restricted only to the fi rst trimester. Therefore utilizing 
the  “ standard ”  study design for monoclonal antibodies examines maternal 
effects and at most the effect of minimal fetal exposure during a limited 
portion of the second trimester. 

 Although a three - segment approach to reproductive toxicity testing is rou-
tinely conducted for small molecular weight drugs and biopharmaceuticals 
that cross - react with rodents, the need to conduct a three - segment evaluation 
in primates for primate - specifi c biopharmaceuticals needs to be carefully con-
sidered. For nonhuman primates a single - study   design that involves examina-
tion of neonates from dams dosed throughout pregnancy and lactation may 
be a more appropriate study design than conducting separate embryofetal 
development and postnatal development studies. A combined study could 
reduce the number of nonhumans primates and provide more meaningful 
information. It is not clear what additional information is gained from termi-
nating macaque pregnancies midgestation. Important points for consideration 
for primate reproductive toxicity testing are the ethical consideration of using 
primates versus rodents and the duration of the nonhuman primate studies. 
An embryofetal development study in macaques can take approximately one 
year to complete, and a combined embryofetal development and postnatal 
development study can take up to two years to complete. Therefore, if these 
studies are considered to be essential for evaluating human risk, the timing of 
the studies relative to clinical testing may need to be adjusted to ensure timely 
access of therapeutics to patients with debilitating diseases. 

 Another question that needs to be considered is whether fertility studies 
conducted in nonhuman primates provide suffi cient useful safety information 
for the patients to justify the use of the animals? The one aspect of the nonhu-
man primate fertility studies that cannot accurately be assessed is fertility. 
Nonhuman primates have a naturally low fertility rate  [37]  and high spontane-
ous abortion rate  [38]  such that the number of animals that would be required 
to demonstrate a meaningful effect on fertility would be too large to be practi-
cal or ethical. Therefore the  “ fertility ”  studies in nonhuman primates focus on 
evaluation of hormone levels and semen analysis. This limited information 
provides minimal safety information over and above the standard toxicology 
endpoints, and therefore the value of conducting these studies should be care-
fully considered. 



 In conclusion, as defi ned in the ICH S6 guidance, the reproductive/devel-
opmental toxicity testing for biopharmaceuticals needs to be justifi ed on a 
case - by - case basis. No single testing strategy can be applicable to all types of 
molecules. The reproductive/toxicity testing strategy should be based on good 
science and a thorough understanding of the molecular class and the pharma-
cological and toxicological properties of the molecule.  
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18.1 INTRODUCTION

 Assessment of developmental and reproductive toxicity (DART) is commonly 
done in rodents (mice and rats) and in rabbits (mainly developmental toxicity). 
These evaluations use standardized experimental designs described in detail 
in the respective ICH guidelines (Table  18.1 ). The entire spectrum of DART 
testing comprises three segments: 

 •   Fertility and early embryonic development (segment 4.1.1)  
 •   Prenatal and postnatal development (segment 4.1.2)  
 •   Embryofetal development (segment 4.1.3)      
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 TABLE 18.1    Guidances for the conduct of developmental and reproductive toxicity 
studies and their effective dates 

  Guidance    Date  

  Detection of toxicity to reproduction for medicinal products 
(ICH S5A)  

  March 1994  

  Reproductive toxicology: male fertility studies (ICH S5B)    November 2000 
  Nonclinical studies for the safety evaluation of pharmaceutical 

excipients
  May 2005  

  Safety testing of drug metabolites    June 2005  
  Considerations for developmental toxicity studies for preventive 

and therapeutic vaccines for infectious disease indications 
  February 2006 

  Nonclinical safety evaluation of pediatric drug products    February 2006 
  Nonclinical safety evaluation of drug and biological combinations    March 2006  
  Immunotoxicity studies for human pharmaceuticals (ICH S8)    May 2006  

   Beyond these three detailed developmental studies, a number of FDA guide-
lines can have a bearing on the need for the conduct of DART studies (Table 
 18.1 ). 

 Rodents and rabbits represent the standard DART species for small mole-
cules and also for testing of biopharmaceuticals to   which standardized designs 
can be applied. However, the development of biopharmaceuticals frequently 
necessitates the use of nonhuman primate models (NHP). A major reason for 
the requirement for NHP is species - specifi c cross - reactivity. Many therapeutic 
antibodies are highly specifi c and may not even recognize rodent, rabbit, or 
dog tissues. According to a recent survey  “ for the majority of MAbs (mono-
clonal antibodies) on the market cynomolgus monkeys have been used as the 
toxicology species and viewed by the regulators as the most relevant species ”  
(National Centre for the Replacement, Refi nement and Reduction of Animals 
in Research 2006,  http://www.nc3rs.org.uk ). Confi ned cross - reactivity might 
also render the marmoset as the relevant species. Another reason for using 
NHP is immunogenicity of the test item. Unlike for small molecules, large 
molecules bear the danger of eliciting an immune response and antibody for-
mation. It can also happen that neutralizing antibodies to the test item are 
being produced, in which case the test item is rendered biologically ineffective 
or with diminished activity. For humanized antibodies (containing human 
sequences/fragments) and large  “ human ”  molecules, it is generally assumed 
that NHP are more appropriate for prediciting immunogenicity than rodent 
models. However, it must be borne in mind that there are cases where the 
NHP is not predictive at all and that the assumption above cannot be general-
ized  [1 – 3] . 

 Nonetheless, the need for DART studies using NHP is a frequent encounter 
with biopharmaceuticals, and rather than being an alternate approach, NHPs 
became an essential species for DART. Generally, NHPs offer several advan-
tages over rodents and rabbits with regard to DART because of similarity to 
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human, for example, with regard to endocrinology of testicular and ovarian 
function, endocrinology of early pregnancy, placental morphology and phy-
siology, timing of implantation, and rates of embryonic development, and also 
because of similar responses to known human teratogens, for example, thalido-
mide and vitamin A  [4] . The purpose of this contribution is to provide a state -
 of - the - art account on the feasibility and limitations of using NHPs for DART 
evaluation in the context of preclinical development of biopharmaceuticals.  

18.2 WHICH NONHUMAN PRIMATE MODEL? 

 Reproductive and developmental physiologies have been described for a 
number of NHPs including Old World monkeys and New World monkeys. 
Notwithstanding this, among NHPs, the cynomolgus monkey model is now 
predominantly used for general and reproductive/developmental toxicity 
studies, followed by marmosets and rhesus monkeys. At our site the overall 
use of different NHPs in toxicology approximates 80% for cynomolgus monkey, 
12% for marmoset, and 8% for rhesus monkey. 

 Cynomolgus monkeys  (Macaca fascicularis)  are sexually active and fertile 
throughout the entire year and are not considered to express distinct and sig-
nifi cant reproductive seasonality. Under feral conditions, pregnant females 
were discovered throughout the entire year  [5] , and menstrual cyclicity was 
unrelated to seasonal environment  [6,7] . Our own observations confi rm the 
absence of ovarian seasonality in the cynomolgus monkey both under labora-
tory conditions and under natural light conditions  [8] . For the cynomolgus 
monkey model well - established experimental designs for reproductive and 
developmental toxicity testing, and immunotoxicity assessment, are available 
 [9,10] . The reproductive physiology and endocrinology have been extensively 
studied, and numerous publications demonstrate the relevance of the cyno-
molgus monkey as a preclinical model for human reproduction and develop-
ment  [11,12] . At present the cynomolgus monkey is the model of choice for 
DART assessment. Another advantage of the cynomolgus monkey resides in 
the fact that many assays for immune system evaluation are available for this 
species (see Chapter  16 ). 

 Rhesus monkey s (Macaca mulatta)  are another species used for DART 
evaluation  [4] . However, this species displays pronounced seasonality of repro-
ductive activity for both sexes  [13,14] . In this primate, reproductive functions 
are entirely shut off or severely diminished for approximately half of the year. 
In environments with distinct seasons sexual activity and gonadal activity are 
present roughly throughout October until March, but this may vary substan-
tially for individual animals. It is crucial to consider that the annual rhythmicity 
of reproductive cycles can persist over years in captivity and under indoor 
artifi cial light pattern conditions  [15] . Hence in indoor circumstances seasonal-
ity of reproduction may be uncoupled from the outdoor season, and eventually 
an animal may display periodic reproductive activation in unexpected months. 
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During the out - of - season periods, reproductive hormone secretion and gonadal 
activity are at a complete halt. Although the basic reproductive and develop-
mental physiology appear similar to human in the rhesus monkey and many 
endpoint parameters are established, the distinct reproductive seasonality 
requires special timing and has practical implications for widespread use of 
this model for DART studies. With regard to immune system evaluation it can 
be assumed that most of the available tests for cynomolgus monkey will also 
be applicable to rhesus monkeys. 

 Marmosets  (Callithrix jacchus)  reside in the canopy of tropical forests and 
do not show reproductive seasonality of fertility or breeding. The basic repro-
ductive and developmental features of the marmoset model are well described 
 [16 – 19] . In general, reproductive physiology and endocrinology of the marmo-
set is substantially different from that of human and Old World monkeys  [18]  
and the clinical relevance of the marmoset for reproductive toxicity assess-
ment is unclear  [20] . Among these differences are lack of menstrual bleeding, 
multiple ovulation (2 – 4 ova/cycle), twin/triplet pregnancies, common chorion/
anastomoses leading to hematopoietic XX/XY chimerism, and the absence of 
key male fertility genes (e.g., DAZ   =   deleted - in - azoospermia gene)  [17, 21 – 25] . 
Marmosets and tamarins seem to be the only anthropoid primate species that 
regularly exhibit multiple ovulation  [26] . On the other hand, the sensitivity of 
marmosets to thalidomide derivates is well documented  [27] . A totally unex-
pected difference between marmosets and Old World primates including 
human resides in the fact that marmosets lack luteinizing hormone (LH)  [28] . 
Recent work suggests that this could even be a common feature of New World 
monkeys  [25] . According to recent concepts the pituitary produces and releases 
chorionic gonadotropin (CG) instead of LH and CG stimulates gonadal steroid 
hormone production. Despite these differences a number of parameters are 
available for reproductive and developmental toxicity testing in this species 
(Tables  18.2 ,  18.3 ,  18.4  and  18.6 ). Aside from the different reproductive physi-
ology, evaluation of immunotoxicity endpoints is somewhat limited in the 
marmoset model. Whereas standard techniques such as histology and hematol-
ogy as well as immunophenotyping are available, further specifi c approaches 
to immune system evaluation are scarce. These tests comprise T cell dependent 
antibody responses (e.g., KLH) and limited determinations of immunoglobu-
lins and cytokines. Analysis of NK cell activity is hampered by the limited 
blood volume available from marmosets.          

18.3 FERTILITY AND EARLY EMBRYONIC DEVELOPMENT 
(SEGMENT 4.1.1) 

 Studies of fertility and embryonic development are designed to identify toxic 
effects resulting from treatment from before mating (both males and females) 
and continuing through mating and implantation. Unlike in rodents, the phase 
of conception until implantation is not evaluated in NHPs. These studies also 



 TABLE 18.2    Parameters for evaluation of female fertility in the nonhuman 
primate model 

      Parameter  

Oogenesis   Histology  
Ovarian cyclicity      Endocrinology or vaginal smears 
  Endometrial changes    Biopsies, ultrasound  
  Ultrasound examination    Follicular growth, ovarian cysts  
Endocrinologya

Fertility   Mating  

Note :   Parameters refer to cynomolgus monkey. Italicized parameters are also available for 
the marmoset model. Since marmosets lack LH, the analysis of LH bioactivity refl ects CG 
activity/levels.    
a LH   =   luteinizing hormone, FSH   =   follicle - stimulating hormone,  CG    =    chorionic gonadotropin ,
prolactin ,  estrogens, progesterone, androgens, inhibin A, inhibin B.   

 TABLE 18.3    Parameters for evaluation of male fertility in the nonhuman primate 
model

      Parameter  

Spermatogenesis   Histology, DSP, spermatogenic stages, fl ow cytometry  
Sperm maturation   Epididymis  
Semen
Testicular size      Caliper or ultrasound 
  Testis biopsy      
Endocrinologya

  Prostate status    Prostate volume, urofl ow  
Fertility   Mating  

Note :   Parameters refer to cynomolgus monkey. Italicized parameters are also available for the 
marmoset model. Since marmosets lack LH, the analysis of LH bioactivity refl ects CG activity/
levels.    
a LH   =   luteinizing hormone, FSH   =   follicle - stimulating hormone,  CG    =    chorionic gonadotropin ,
prolactin,  estrogens, DHT   =   dihydrotestosterone, androstenedione,  progesterone, androgens,
inhibin A, inhibin B, SHBG   =   sex hormone binding globulin. DSP   =   daily sperm production.   

assess potential changes in the estrous cycle of females and possible functional 
effects that may not be detected in acute toxicity testing by histological exami-
nations of the male reproductive organs. Whereas the guidelines recommend 
physical mating for testing fertility — albeit feasible — this is not being done 
routinely in NHP mainly for two reasons: (1) Default litter size in macaques 
is one and checking for implantation sites is obsolete. Twin pregnancies/births 
are extremely rare in macaques with an overall twin live births incidence 
around 0.1%  [7,29] . We encountered four twin pregnancies among more than 
3600 pregnancies. (2) Spontaneous fertility rates in macaques are clearly below 
100% (typically 40 – 70%) and pre - implantation loss in macaques is probably 
around 25%  [30] . This scenario necessitates either large group sizes or 
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pronounced toxicity in order to be able to detect statistically signifi cant effects 
on fertility via mating success. Compared to the sophisticated clinical param-
eters available (Tables  18.2  and  18.3 ), fertility test by mating is rather insensi-
tive and is therefore not recommended except for specifi c indications that the 
test item might affect mating behavior. The request for physical mating in NHP 
fertility studies may be related to differential interpretation of ICH guidelines 
 [31] . 

 A large array of parameters is available for macaques for the evaluation 
of effects on male and female fertility (Tables  18.2  and  18.3 ). Most of these 
parameters correspond to clinical endpoints used by gynecologists and androl-
ogists for diagnosis of infertility. For the marmoset the number of established 
fertility parameters is less comprehensive than for macaques (Tables  18.2  and 
 18.3 ). However, those parameters that are available for marmosets are consid-
ered suffi cient to detect clear - cut effects on male and female fertility. Most 
important, no assays for the determination of inhibins are available for marmo-
sets. This is unfortunate as inhibin B does represent a good marker for testicular 
toxicity  [32]  and inhibins are useful as markers of ovarian function  [33] .  

 TABLE 18.4    Parameters for evaluation of postnatal development in the nonhuman 
primate model 

      Parameter  

  TK/antibody analysis    Maternal milk/blood, infant blood  
  Mother – infant interaction    Video recording and analysis 
  Functional and behavioral test battery > 20 items  
Growth and clinical signs
  Immune system Antibodies

Immunoglobulins
Immunophenotyping
  NK cell activity    a

  Lymphocyte proliferation  
TDAR  and DTH b

  CD immunohistochemistry of 
lymphatic organs 

Cytokines
Hematology/clinical chemistry
Organ weights
Histopathology
Optional   ECG, ocular investigations, 

skeletal growth (DEXA), blood 
gas analysis 

Note :   In case of continued maternal dosing, milk can be collected for further analysis. Parameters 
refer to cynomolgus monkey. Pre - /postnatal studies are considered feasible in the marmoset model 
(italicized parameters should be accessible in the marmoset model).  
a NK   =   natural killer cell.  
b TDAR   =   T cell dependent antibody response, DTH (=  delayed - type hypersensitivity test) is 
problematic in NHP.   



18.4 PRENATAL AND POSTNATAL DEVELOPMENT 
(SEGMENT 4.1.2) 

 The set of prenatal and postnatal studies is designed to detect adverse effects 
on the conceptus and the offspring following exposure of the female from 
implantation through weaning. In the offspring, functional parameters such as 
behavior, maturation (puberty), and fertility are also tested. For the latter, the 
F1 generation is being mated to produce the F2 generation. Different from 
rodents and for feasibility considerations, the F1 infants are not observed 
throughout puberty and are not being mated for production of F2 in the NHP. 
Sexual maturity in cynomolgus monkeys occurs around 2.5 to 5 years of age. 
If F1 and F2 generation would be produced for cynomolgus monkeys accord-
ing to the prevailing guidelines, such studies would require many monkeys and 
an estimated 5 to 8 years duration. Marmosets attain breeding maturity by 1.5 
to 2 years of age. Yet, if marmosets would be used, a guideline - based study 
design would still require approximately 4 years. 

 Selection and enrollment of animals follow the same procedures used in an 
embryofetal development study. Dosing commences on gestational day (GD) 
20 and lasts until termination of pregnancy. Duration of pregnancy in cyno-
molgus monkeys is around 160 days. For 167 control pregnancies the gesta-
tional duration ranged between 134 days and 184 days. It is possible to continue 
maternal dosing after delivery in order to evaluate transfer of test item to the 
newborn via breast milk. Transient antibody development of infants from 
mothers dosed with test item during lactation has been observed (confi dential 
data not shown). A study design overview and a list of available parameters 
for infant evaluation are given in Figure  18.1  and Table  18.4 .   

 A comprehensive test battery for behavioral and functional development 
is available for the cynomolgus monkey infant (Table  18.5 ). Many of these 
tests use the Brazleton - based human neonatal behavioral assessment scale, 
and the tests have been modifi ed and adopted for use in NHP  [34,35] . For 
mother – infant interaction, a video recording is evaluated quantitatively using 
a special computer program. Mother – infant pairs are videotaped in a home 
cage situation at 3 to 4 months of age. The tapes are scored for separations 
and reunions of the mother and infant, as well as which party initiates the 
separation/reunion and the reaction of the other party  [36] .   

 Whereas the experimental design is quite standardized regarding 
maternal aspects, the duration of postnatal infant assessments is rather vari-
able between studies, for example, from 7 days to 720 days in our experience. 
Evidently there is a need for standardization of the timing and type of test 
batteries for infants and of the time period the infant should be raised. For 
behavioral tests, a postnatal observation period of 9 months appears essential 
since these tests can only by applied from the age of 6 months onward. For 
evaluation of immune system development, a period of 6 months appears 
mandatory since from that age onward blood volume is suffi cient to conduct 
several tests, such as the T cell dependent antibody response (TDAR), NK cell 
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activity test, lymphocyte proliferation test, and immunophenotyping. In the 
case of TDAR, a clear response was elicited at the age of 6 months and fol-
lowed by an increased response to the second KLH injection at the age of 9 
months   (Figure  18.2 ). Finally, consensus is also needed as to whether or not 
to terminate the infant for full histopathological examination at termination 
of the study.    

18.5 EMBRYOFETAL DEVELOPMENT (SEGMENT 4.1.3) 

 These studies are conducted in order to detect adverse effects on the pregnant 
female and the development of the embryo and fetus exposed in utero. Basi-
cally the period between implantation and closure of the hard palate is being 
investigated. In the NHP, however, only the period between postimplantation 

 TABLE 18.5    Available test battery for assessment of 
behavioral and functional development in the 
cynomolgus monkey infant 

  Respiration rate 
  Muscle tonus a

  Elicited state a

  Dorsifl exion a

  Grasp support a

  Righting refl ex a

  Prone progression a

  Clasp support a

  Visual following a

  Lip smack orient a

  Sucking a

  Rooting a

  Snout refl ex a

  Glabellar tap a

  Nystagmus a

  Moro refl ex a

  Grip strength b

  Pupillary refl ex c

  Learning ability 
  Mother - infant interaction (video - based)

Note :   If a learning test is included in the test battery, the infants 
should be raised for at least 9 months as this test is used fi rst at 
the age of 6 months.  
a Performed on days 1 and 7 postpartum.  
b Performed on day 28 postpartum.  
c Performed on days 1 and 7 postpartum — if negative the test is 
repeated on day 14 postpartum or later.   



    Figure 18.1     Study design for the pre -  and postnatal development evaluation in the 
cynomolgus monkey. Maternal treatment is either discontinued at term or is continued 
into the lactation period in order to investigate transfer of test item to the infant. 
Transfer of biopharmaceuticals via milk has been observed in this species. The duration 
of the postnatal observation period is variable and not yet standardized. In our labora-
tory the longest postnatal observation period covered 720 days. A variety of parameters 
is available for testing infant development (see also Table  18.4  for details). For bio-
pharmaceuticals, a minimum period of 6 months appears appropriate. If the behavioral 
test battery comprises learning tests that are recommended from the age of 6 months 
onward, infants should be observed for at least 9 months.  

    Figure 18.2     T - cell dependent antibody response in immature cynomolgus monkeys at 
various postnatal ages. Keyhole limpet hemocyanin (KLH) was administered intrader-
mally at 100    μ g in Freunds ’ s incomplete adjuvant. Note that a clear antibody response 
is present at about 3 months of age followed by an increased response after second 
immunization at about 6 months of age. Data represent mean values    ±    SEM of 5 to 6 
animals (males and females combined).  
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and closure of the hard palate is covered. Animals are then dosed throughout 
the entire phase of organogenesis and the fetus is removed by cesarean section 
for examination. 

 The standard design and parameters for an embryofetal development study 
in cynomolgus monkeys are detailed in Figure  18.3  and   Table  18.6 . It is well 
established that the cynomolgus monkey is a relevant model for detection of 
effects on embryofetal development  [37,38] . Timed matings are achieved by 
vaginal smear - based monitoring of the ovarian cycle and pairing around the 
suspected time point of ovulation followed by ultrasound examination for 
pregnancy. Since ovarian cycles cannot be synchronized, every female animal —
 once pregnant — is on its own time line and it may take some time — depending 
on the colony size of regularly cycling female animals — until all animals are 
pregnant and enrolled into the study. Test items are normally administered 
during GD 20 to 50 followed by cesarean section on GD 100    ±    1. If biophar-
maceuticals with defi ned targets in the immune system are being tested, it may 
be advisable to prolong the period of dosing. For example, fetal thymic CD3 +

Figure 18.3     Comparison of study design for embryofetal development evaluation in 
the marmoset and in the cynomolgus monkey. Following mating, pregnancy confi rma-
tion is achieved by ultrasound in both species. Double - sided arrows indicate the length 
of the dosing period. Note that the dosing period starts later (day 25 vs. day 20) and 
last longer (until day 85/longer [dotted line] vs. day 50) in marmosets compared to the 
cynomolgus monkey. Palate fusion occurs during GD 75 to 80 in the marmoset monkey 
and during GD 45 to 50 in the cynomolgus monkey. Cesarean sections are performed 
routinely on GD 110    ±    1 in the marmoset model and on GD 100 ±    1 in the cynomolgus 
monkey. Duration of pregnancy is somewhat shorter in the marmoset (approx. 140 to 
150 days) compared to the cynomolgus monkey (approx. 155 to 165 days). It is impor-
tant to recognize that for the marmoset, the mated pair must be housed together 
throughout the entire study duration, whereas for the cynomolgus monkey, the male 
is removed upon mating and the female is housed singly. This fact has implications for 
the study conduct with biopharmaceuticals in that male marmoset blood should also 
be analyzed for the presence of test item upon termination of the study.  



cells appear on GD 60  [39]  and immunoreactive B cells are only present from 
GD 85 onward  [10] . Studies with interferons or cytokines used a dosing phase 
of GD 20 to 70 or GD 20 to 80  [4] . In our laboratory we extended the dosing 
period from GD 20 up to GD 90 in embryofetal development studies using 
specifi c biopharmaceuticals.   

 A study plan for assessing embryofetal development in the marmoset is 
available  [40] . Earlier work demonstrated the sensitivity of marmosets to tha-
lidomide derivates  [27] . Since marmosets do not have menstrual bleedings, 
cycle monitoring and timed matings were the pattern of circulating progester-
one concentrations  [41] . Embryofetal development is slower compared to 
macaques or human  [42]  and — following pregnancy confi rmation by ultra-
sound — the dosing period ranged from GD 25 up to GD 109. Cesarean sections 
were performed on gestational day 110    ±    1, and fetuses were removed for 
further examination. Figure  18.3  compares the basic design of an embryofetal 
development study in the cynomolgus monkey and the marmoset. The number 
of live fetuses at cesarean section ranged from one to four with 62% twins and 
24% triplets. Moreover a compound with teratogenic activity induced malfor-
mations at a rate of 99% (confi dential data not shown). A major concern with 
such marmoset studies is the lack of a sizable reference database. On the other 
hand, the presence of the same malformation in twin fetuses from a test item 
exposed mother animal would — in all likelihood — be considered as evidence 
for test item related embryofetal toxicity without the need to consult a refer-
ence database. Since, however, the available experience using the marmoset 
approach is very limited, judgments and assumptions may change with increas-
ing usage and experience in that nonhuman primate species (Table  18.7 ).   

 TABLE 18.6    Parameters for evaluation of embryofetal development in the 
nonhuman primate model 

  Maternal Parameters    Fetal Parameters 

TK analysis      Fetal examination
Hematology/clinical chemistry      Organ weights
Immunophenotyping      Histopathology /CD immunocytochemistry of 

lymphatic organs Immunoglobulins
ImmunoglobulinsAntibodies
Morphometry

      Cardiac assessment 
Amniotic fl uid

      Umbilical cord blood fl ow  
      Umbilical cord blood for TK/blood gas analysis 

Note :   Parameters refer to cynomolgus monkey. Italicized parameters are also available for the 
marmoset model. Parameters for a placental transfer study in cynomolgus monkey and marmosets 
comprise TK/PK samples, such as maternal blood before (animal not sedated) or at (animal 
sedated) cesarean section, blood from umbilical cord, and collection of amniotic fl uid.   
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 If there is concern whether the biopharmaceutical is able to cross the pla-
cental barrier, a placental transfer study can be undertaken both in cynomol-
gus monkey or marmoset. Animals receive a single high dose of test item on 
GD 100 (cynomolgus) or GD 110 (marmoset) followed by cesarean section at 
a time point determined by the half - life of the test item. Parameters to be 
studied comprise TK/PK samples such as maternal blood before (animal not 
sedated) or at (animal sedated) cesarean section, blood from umbilical cord, 
and collection of amniotic fl uid for analysis of test item concentrations. The 
qualitative pattern of immunoglobulin G transfer across the placenta and rela-
tive to gestational duration appears comparable between human and cyno-
molgus monkey  [10,43,44] . Immunoglobulin G levels increase during the last 
trimester with a prebirth peak followed by a postnatal decline  [10] .  

18.6 REPRODUCTIVE FAILURE AND RELEVANCE FOR 
DEVELOPMENTAL TOXICITY STUDIES 

 Reproductive failure is signifi cant among primates. A review of this aspect in 
nine macaque species concluded that overall reproductive failure comprises —
 on average — 16.3% abortions, 9.9% stillbirths, 21.9% neonatal deaths, and 
15.2% infant deaths  [45] . More recently Hendrie et al.  [7]  reviewed the inci-
dence of prenatal loss in macaque breeding colonies. Throughout a 8 to 9 years 
observation period, the annual prenatal loss rates varied between 13% to 23% 
in the rhesus monkey (seasonal breeder), 10% to 50% in the bonnet monkey 
(seasonal breeder), and 8.6% to 28% in the cynomolgus monkey (non - 
seasonal breeder). Small  [45]  described six studies in the cynomolgus monkeys 
in which abortion rates ranged from 11.7% to 30.2%. 

 The cumulative prenatal loss rate for cynomolgus monkey until GD 150 
across a 9 - year period (1984 to 1993) was 14.8 % (65 losses in 439 pregnancies) 
 [7]  (Table  18.8 ). In our experience, cumulative prenatal loss rate in control 
animals was 12.9% (40 losses in 311 timed pregnancies) until GD 150 in time -
 mated toxicity studies across a 10 - years period (1994 – 2004). The vast majority 
of prenatal losses occurred prior to GD 100. Interestingly the frequency of 

 TABLE 18.7    Presumed advantages and disadvantages of the marmoset model for 
embryofetal development evaluation 

  Advantages    Disadvantages  

  Body weight    Limited reference database 
  Litter size    Male presence required throughout study  
  Mating success    Animal supply 
      Limited blood volume 

Note :   As the experience using this approach is currently very limited, our judgments, and assump-
tions may need to be modifi ed with increasing usage of this NHP.   



pregnancy failure did not relate to variable housing or management conditions 
such as handling, shipping, relocation, parity, and indoor time - mated versus 
outdoor random - mated  [7] . In a cohort of 138 pregnant animals in whom 
dosing started after GD 70, we encountered 13 (9.4%) losses until GD 70 
(Table  18.8 ).   

 It is important to recognize, however, that cumulative prenatal loss rates do 
not refl ect variability between studies and single experimental groups. Despite 
reasonably low cumulative prenatal loss rates, abortion rates within a study 
can vary considerably. For separate controlled mating studies, prenatal loss 
rates ranging from 0% to 20% have been reported for the cynomolgus monkey 
 [46 – 49] . A retrospective analysis of 70 embryofetal development studies from 
our laboratory suggests that — in statistical terms — prenatal loss rates of 10% 
to 30% occurred in 50% of studies and prenatal loss rates of 0% or more than 
45% occurred in 5% of studies, respectively. Clearly, for cynomolgus monkeys —
 like other primate species — prenatal loss is a physiological reality and should 
be taken into account when planning for group size in developmental toxicity 
studies. With regard to potential untoward effects of a test item on embryofetal 
development — aside from the prenatal loss rate — one should also consider the 
timing of prenatal loss and whether a dose - dependency is prevalent. 

 The incidence of prenatal loss in the marmoset was 17%, and losses were 
detected between GD 36 and GD 102  [40] . Prenatal loss consistently affected 
all embryos/fetuses per female. Heger and colleagues reported a 20% to 35% 
postimplantation loss in the marmoset  [50] . 

 As already described earlier, NHP also experience signifi cant loss at term 
and shortly thereafter  [45] . Hence in a pre - /postnatal toxicity study overall 
reproductive failure (prenatal loss, stillbirth, neonatal and infant death) can 
amount to 40% or even 50% losses in single experimental groups. For devel-
opmental toxicity studies naive animals are frequently requested. Female 
animals with proven fertility and breeding experience might improve this 

 TABLE 18.8    Cumulative prenatal loss rates in timed - mated cynomolgus monkeys 

  Pregnancies    Losses    Percentage    Period    Data Source  

  439    65    14.8    1984 – 1993    Hendrie 1996  [7]   
  311    40    12.9    1994 – 2004    Covance a

  330    29    8.8    1994 – 2004    SNBL b

  217    30    13.8     —     CRL c

  138    13    9.4    2004 – 2006    Covance d

a Combined data from control animals from studies with cesarean section on gestational days 
100 or 150. Animals were dosed during variable periods of gestation (range: days 16 to 150) using 
various dose routes (oral, subcutaneous, intramuscular, intravenous).  
b Shin Nippon Biomedical Laboratories November 1, 2004, brochure.  
c Charles River Laboratories — data until pregnancy term (Reproductive Toxicology Historical 
Data CD, Society of Toxicology 2006, fi le 7HCD - Nevada from 27.02.2006).  
d Data from untreated pregnant animals until gestational day 70.   
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situation, in particular, with regard to their response to birth and thereafter. 
Interestingly, though, reproductive success appeared comparable between pri-
miparous and multiparous cynomolgus monkeys  [51]  and rhesus monkeys/
bonnet monkeys  [7] . 

 European guidelines are forthcoming that will recommend social housing 
of nonhuman primates whenever possible. Whether pair - housing or even 
group - housing will be feasible for pregnant nonhuman primates in toxicity 
studies remains questionable. Reports are available suggesting an increased 
prenatal loss and reproductive failure in pair - housed versus single - housed 
pregnant cynomolgus monkeys. Similarly production of viable offspring is 
more successful during individual housing compared to being exposed to 
groups of cage - mates.  

18.7 PRENATAL AND POSTNATAL DEVELOPMENT OF 
THE IMMUNE SYSTEM 

 The pre -  and postnatal development of the immune system in the cynomolgus 
monkey was studied using various approaches including detailed histological 
and immunohistochemical techniques  [10,39] . Relative to pregnancy duration, 
the timing of crucial events — such as hematopoietic stem cell formation; cell 
migration to fetal thymus, liver, and bone marrow formation; preparedness for 
immune function and formation of memory cells — is strikingly similar between 
human and cynomolgus monkey but substantially different from mouse. It is 
evident that the prenatal and postnatal development and maturation of the 
immune system are largely comparable between human and cynomolgus 
monkey but are clearly different from rodents. The major difference relates to 
the fact, that in primates immune system maturation is generally more advanced 
relative to gestational and postnatal age compared to rodents. 

 Similar to humans  [52,53] , the CD4 – CD8 ratio decreases during the post-
natal phase in macaques. We observed a CD4 – CD8 ratio reduction, on average, 
from 2.2 at one month of age to 1.3 at 12 months of age in the cynomolgus 
monkey and — in another study — a ratio decrease from 2.2 to 1.6 (Figure  18.4 ). 
Baroncelli et al. reported a ratio decrease from approx. 3.1 to 1.5 within 12 
months in the same species  [54] . A similar pattern was obtained for the rhesus 
monkey with a CD4 – CD8 ratio decline from 3.5 in neonates to 0.7 in adult 
animals  [55] .   

 Data from KLH - vaccinated cynomolgus monkey infants show an evident 
TDAR in animals of 3 months of age and a pronunced secondary antibody 
response to a booster immunization approximately 3 months thereafter (Figure 
 18.2 ). Since TDAR requires functional antigen - presenting cells, T cells, and B 
cells (including the switch to antibody - producing plasma cells), it is supposed 
to be the most relevant functional assay for a general assessment of immuno-
suppression. Besides others, another functional assay to be considered for use 
in juvenile monkeys is a functional test of natural killer (NK) cell activity. 



However, it is known that the NK cell activity is low in neonatals of different 
species and that the ability to be activated by the functional stimulator inter-
leukin IL - 2 is reduced  [56,57] . Therefore, and since a relatively high blood 
volume is required, this assay is recommended from the age of 6 months 
onward in the cynomolgus monkey.  

  18.8   CONCLUSION 

 DART evaluation of biopharmaceuticals frequently necessitates the use of 
NHP owing to species specifi city. Cynomolgus monkey currently represents 
the most frequently used NHP. Fertility studies and embryofetal development 
studies are also feasible in the marmoset. A broad array of immune function 
tests is available for adult and infant cynomolgus monkeys. Primates experi-
ence signifi cant prenatal losses and also losses around term, and this should 
be considered when planning group sizes. Whereas the study designs for male/
female fertility and embryofetal development are established, a need for stan-
dardization prevails for the design duration of the postnatal phase in pre - /post-
natal studies. The pre -  and postnatal development of the immune system is 
similar between human and cynomolgus monkey but clearly different from 
rodents such as mouse. For biopharmaceuticals and immune system evalua-
tion, a minimum postnatal observation period of 6 months is recommended. 

    Figure 18.4     Postnatal distribution of lymphocyte subsets by immunophentyping 
analysis in immature cynomolgus monkeys. Typically CD4 – CD8 ratio declines during 
postnatal development, (e.g., from 2.2 to 1.6 within 12 months in this data set). Others 
reported a ratio decrease of 3.1 to 1.5 within 12 months for the same species  [54] . Data 
represent mean values    ±    SEM of 26 to 32 animals (males and females combined). 
 �  CD3 + ,  �  CD4 + ,  �  CD20 + ,  �  CD8 + ,  �  CD16 + .  
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If the behavioral test battery includes a learning test, a minimum of 9 months 
for postnatal evaluation is appropriate.  
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I am not so worried about a positive rodent bioassay because we usually explain 
it away; I am more worried about a negative one

  —Professor Gerhard Zbinden (personal communication)

  19.1 BACKGROUND

 Carcinogenesis is the term used to denote the development of neoplasia that 
can be induced experimentally by exposure to exogenous agents or can occur 
spontaneously without intentional or active intervention  [1] . Neoplasias result 
following a complex biological process consisting of multiple cellular muta-
tions followed by the selective growth of mutated cells, and the eventual pro-
gression of cells to malignancy  [1,2] . While most of the known carcinogenic 
agents act directly on the cell and damage somatic cell DNA as part of the 
multi - step process, changes in the rate of cell division and cell death are also 
be critical to the process of malignant transformation. The diverse modes of 
action (MOA) of carcinogenic agents in relation to their effects on specifi c 
stages in the natural history of cancer development allow for greater congru-
ence of many theories on carcinogenesis  [1] . 

 Currently the basic experimental paradigm used to identify potential human 
carcinogens and estimate their potency is the rodent bioassay  [3,4,5] . This 
assay is nearly universally applied to new molecular entities, and positive 
results have an important impact on the future of a drug, including its approv-
ability. When needed, carcinogenicity testing is usually performed during a 
clinical development program once activity and safety have been demon-
strated in the intended patient population. A positive tumor response in the 
rodent bioassay is a strong stimulus to toxicologists to attempt to fully under-
stand the reasons for the response  [6] . Mechanistic studies may be suggested 
to support the claim that effects are not relevant or not of great concern to 
humans under the conditions of clinical use. Even when rodent carcinogenicity 
fi ndings do not prevent approval, the results can restrict marketing or other-
wise reduce their perceived competitive utility based on the potential risks 
communicated in the label  [7] . 

 In the early 1960s the National Cancer Institute (NCI) developed proce-
dures to formalize the process for the evaluation of the human risk of cancer 
from chemical exposures  [8] . This approach was based on decades of research 
that demonstrated that chemicals that were known to cause cancer in humans 
could also induce cancer in laboratory animals. The bioassay was originally 
envisioned as a cancer screen useful for identifying agents that would be 
examined in human epidemiology studies, assuming that relatively few com-
pounds would induce tumors in animals. Despite the fact that the approach 



by the NCI was only intended as an initial screening tool for carcinogenic 
activity the use of two rodent species exposed for two years as the primary 
means to identify potential human hazards was in widespread use by the early 
1970s. In 1975 the approach was developed into a recommendation that formed 
the basis of regulatory guidance  [9] . Rodent bioassays were subsequently 
expected for evaluating the safety of long - term chemical exposure and for the 
marketing of chronically administered drugs or those expected to have persis-
tent effects. As such, the rodent bioassay became the  “ gold standard ”  for car-
cinogenicity assessment. The bioassay also evolved to occupy a primary role 
in the identifi cation of agents considered  “ possible ”  or  “ probable ”  human 
carcinogens by the International Agency for Research on Cancer (IARC), and 
those  “ reasonably anticipated to be human carcinogens ”  by the National Toxi-
cology Program (NTP) Report on Carcinogens  [6] . 

 Contemporary quantitative risk - assessment methodology for chemicals 
estimates cancer risks using slope factors derived from the rodent bioassay. 
These cancer - slope factors are based on, and intended to represent, the potency 
of the chemical under conditions of continuous lifetime exposure. However, in 
many situations for drugs used for chronic indications, exposure is not continu-
ous over a lifetime but intermittent over short durations. When estimating risk 
from less - than - lifetime exposure, the assumption is usually made that cancer 
risk from exposure at a given rate decreases proportionally with decreasing 
exposure duration, and adjustments are made accordingly in the risk calcula-
tion. Although this approach represents a means to develop cancer risk esti-
mates for limited exposure duration scenarios, its validity has never been well 
established  [10] . One example that calls into question this paradigm is the rec-
ognized age differences in susceptibility to particular agents. If a carcinogen 
affects an animal or human primarily in a particular life stage, a short - term 
exposure during that stage may be very effective in producing cancer, while 
the same short - term exposure during a different life stage may be ineffective. 
When compared to continuous exposure over a lifetime, the apparent potency 
of the short - term exposure may be greater or less than that of continuous 
exposure, depending on when the short - term exposure occurs relative to the 
period of greatest susceptibility to the particular carcinogen  [11] . 

 Although sophisticated mathematical models are often relied upon for 
quantitative risk assessments, assessments have also been made on more quali-
tative evaluation of animal test data. In part this is because mathematical 
models are often based on assumptions on mutation rates and not all carcino-
gens are primary mutagens. 

 Over the past decade other concerns have been raised about the continued 
use of rodent data and its relevance for predicting human risk  [11 – 16] . For 
example, more than half of the chemicals evaluated in the rodent bioassay have 
tested positive in one or more rodent species. One explanation has been that 
the large doses that are tested (i.e., maximum tolerated doses) may overwhelm 
the body ’ s natural detoxifi cation mechanisms. Cyclosporin A (CyA), a 
pharmaceutical used clinically as an immunosuppressant, is nongenotoxic (or 
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equivalent in an in vitro mammalian cell assay) and negative in the rodent 
bioassay but in humans is associated with an increase in the development of B 
cell lymphomas and squamous cell carcinomas, particularly of the cervix  [17] . 
CyA and other immunosuppressants such as anti - lymphocyte globulin (ALG) 
probably act by their therapeutic role of depressing immunity resulting in a 
loss of normal body defenses against spontaneous cancer - causing agents, onco-
genic viral agents, and so forth. There is also increasing evidence that some 
chemicals produce cancer in rodents through species - specifi c mechanisms that 
are irrelevant to human physiology and thus may not necessarily predict human 
hazard. Examples include urinary bladder tumors in rats exposed to high doses 
of saccharin or melamine, male rat kidney tumors induced by compounds like 
d - limonene that produce a characteristic male rat hydrocarbon nephropathy, 
rat mammary tumors produced in response to β  - adrenergic blocking agents, 
and mesovarial leiomyomas in rats exposure to β  - agonists like salbutamol. 
Endocrine tumors in rats including thyroid tumors or gastric ECL - cell carci-
noid tumors have also been shown to be rodent specifi c as well as peroxisome 
proliferators that cause rodent liver tumors  [16,18] . These examples are where 
specifi c biochemical mechanisms have been elucidated. 

 An increased knowledge about carcinogenic differences in the mode of 
action and processes between rodents and humans coincides with an emerging 
view that cancer arises from fewer pathways then scientists once assumed. 
Consideration has therefore been given to refocusing cancer hazard identifi ca-
tion to the specifi c aspects of the tumor response, including toxicity exhibited 
in an organ, the history of response of the tumor type in that organ to other 
substances, as well as any evidence of altered oncogene or tumor suppressor 
gene expression. Measures of cell proliferation, evidence of altered hormonal 
stimulation, structure activity relationships (SAR), comparative exposure and 
metabolism data, pharmacodynamic and mechanism of action information, are 
therefore being considered in addition to other alternative short - term bioas-
says. The relevance of the rodent tumors to human cancer hazard is also being 
considered through the application of a  “ mode of action ”  analysis  [19] . The 
mode of action is suffi cient evidence to draw a reasonable working conclusion 
regarding the infl uence of the test articles on key processes. The mode of action 
concept permits information on precursor events to be evaluated and incor-
porated in the risk - assessment process. 

 Gottman and colleagues compared 121 replicated rodent carcinogenicity 
assays from the NCI/NTP and the literature to estimate the reproducibility of 
the rodent carcinogenicity assays for SAR studies and risk assessment  [20] . 
The results indicated a concordance of 57% between the overall rodent car-
cinogenicity classifi cations from the replicate bioassays. This value did not 
improve substantially when additional biologic information (species, sex, 
strain, target organs) was considered, suggesting that rodent carcinogenicity 
assays are much less reproducible than previously expected. Based on these 
fi ndings the authors concluded that it is not only diffi cult to identify carcino-
gens in general, but also to identify reliably powerful multi - species and multi -



 organ carcinogens. Risk assessment of nongenotoxic carcinogens of importance 
for human safety from a statistical point of view is even more diffi cult due to 
the high spontaneous tumor background in a two - year study in rodents against 
which positive or negative effects can be missed. 

 Since drug - induced cancers are rare in human, the results of routine carci-
nogenicity testing may be misleading as an indication of risk to humans. There-
fore the results need careful interpretation. Because of the increasing concerns 
regarding the relevance and reproducibility of the rodent bioassay, it has been 
suggested that the bioassay may not be needed in the future to predict carci-
nogenic risk of pharmaceuticals if suffi cient information on the specifi c agent 
can be derived from other studies  [18,21] . High - throughput screens based on 
genomic, proteomic, and metabolomic cancer biomarkers are increasingly 
being used to prioritize chemicals for long - term testing. Based on the major 
advances in computer technology, chemoinformatics, and predictive toxicology, 
the accumulated results of rodent carcinogenicity studies in public databases 
and regulatory fi les can be used to improve the scientifi c bases of regulatory 
and product development decisions. It has been proposed that over time with 
increased experience and confi dence in carcinogenicity predictive software, it 
may be possible to reduce carcinogenicity testing for compounds that have 
molecular structures that are highly represented in well - defi ned carcinogenic-
ity databases  [7] . The additional information for risk assessment would include 
whether the test article is a direct - acting DNA mutagen, induces liver enzymes, 
causes hyperplasia or toxicity in particular organs, causes cell proliferation, is 
cytotoxic, immunosuppressive or causes hormonal perturbations  [16] . 

 In 2001 the International Programme on Chemical Safety (IPCS) Concep-
tual Framework for Evaluation (animal) Mode of Action for Chemical Car-
cinogens provided a framework for a generic approach to the principles 
commonly used for evaluating mode of action. It outlined a list of elements 
to be considered in analyzing whether available data support a particular 
mode of action. In 2006 this  “ Harmonization Project ”  completed work to 
extend the 2001 Framework to address the issue of human relevance. The IPCS 
Framework for Analyzing the Relevance of a Cancer Mode of Action for 
Humans was published in a special issue of Critical Reviews in Toxicology , 
Volume 36(10), November – December 2006. Ultimately it will be published as 
a WHO document. A technical working group focused on cancer hazard iden-
tifi cation, operating under the umbrella of the Health and Environmental 
Sciences Institute (HESI) in Washington, DC, has recently been formed to 
explore the hypothesis that carcinogenic signals can be identifi ed in short - term 
studies exclusive of the rodent bioassay. Another group, the Predictive Safety 
Testing Consortium (PSTC) carcinogenicity working group, is focused on 
identifying signatures of nongenotoxic carcinogenicity. The PSTC was formed 
in the United States in 2006 under the auspices of the Critical Path Institute 
(C - Path) to enable pharmaceutical companies to pool their monetary and 
data resources to develop biomarkers for preclinical safety testing. A similar 
initiative is ongoing under the European Commission ’ s Sixth Framework 
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Programme (FP6). The FP6 is the framework for the EU activity in the fi eld 
of science, research, and innovation. The main objective of the FP6 is to con-
tribute to the creation of the European Research Area (ERA) by improving 
integration and coordination of research in Europe. One of seven priority 
thematic areas is Life Science, Genomics and Biotechnology for Health. 

 The ultimate question that must be answered during clinical development 
of a biopharmaceutical is, Does the proposed use of the biopharmaceutical 
carry a carcinogenic risk for humans in the intended patient population under 
the conditions of intended clinical use? The answer should consider whether 
the risk is real or theoretical based on knowledge of the particular product or 
product class. In selected instances human experience in long - term disease and 
genetic disorders may reveal the nature and magnitude of the clinical risk, 
such as the known propensity of patients with certain types of congenital 
immune disorders to develop lymphomas. The availability of appropriate pre-
clinical models and study designs must also be considered not only to identify 
the hazard but also to support rationalization of the potential risk. A follow - up 
question could be asked as to whether animal data would alter the perception 
of risk. Determining optimal management of the potential risk through patient 
monitoring and follow - up and/or restrictions in use, as well as providing effec-
tive communication of the potential risk through informed consent and ulti-
mately in the product label, are all critical components to the processes of 
human carcinogenic risk assessment and risk management.  

19.2 HUMAN EXPERIENCE 

 Despite the high percentage of positive rodent carcinogens there are a rela-
tively few pharmaceuticals demonstrated to be carcinogenic in humans  [22] . 
The known human carcinogens have been genotoxic, immunosuppressive, hor-
monally active, or belong to a class of reactive dermatologicals (e.g., arsenicals) 
 [17] . Unfortunately, it is very diffi cult to attribute cancer cases to a particular 
product unless the cancer occurs in a high percentage of individuals, the rela-
tionship of the cancer incidence has been studied rigorously (e.g., the associa-
tions of PUVA therapy and various skin neoplasms years later), or the product 
induces a rare form of cancer, as was the case for DES  [23] . 

 The time to occurrence of human malignancy varies widely. Most estimates 
suggest years of exposure are required. For many of the well - defi ned cancers 
arising in susceptible hosts, as well as for patients with known carcinogen 
exposures, the period before development of a malignant tumor is often mea-
sured in decades. The complex accumulation of factors infl uencing the devel-
opment of neoplasms include viral infections, chronic antigenic stimulation, 
direct or synergistic carcinogenic effects of certain immunosuppressive agents, 
sunlight exposure, and other exogenous carcinogenic stimuli in addition to an 
individual ’ s genetic susceptibility to certain cancers. 



 Some malignancies occur in association with a wide variety of immune sup-
pression conditions such as inherited diseases of the immune system, acquired 
immunodefi ciency disorders, disorders of immune dysregulation, and iatrogenic 
immunosuppression (e.g., patients receiving varying degrees of immunosup-
pressant therapies). These malignancies may occur within a few years. Regard-
less of how the immunodefi ciency is produced, the malignancy is generally 
associated with an increased risk of certain cancers, namely B cell lymphomas, 
usually associated with Epstein - Barr virus (EBV), squamous cell carcinomas 
associated with human papilloma virus (HPV), particularly of the cervix, and 
Kaposi ’ s sarcoma associated with herpes virus 8 (HHV - 8) in patients with AIDS 
 [24] . These tumors are predominantly associated with viral infections that 
cannot be kept under control because of the immunodefi ciency. In such cases it 
is unlikely that the immunosuppressive therapies themselves are directly carci-
nogenic; rather, the carcinogenic stimulus is more likely due to induction of 
immunosuppression that leads to the specifi c viral - associated tumors  [24] . 

 The precise role of immunological surveillance in tumorigenesis is not well 
defi ned for the majority of malignancies. The occurrence of a unique spectrum 
of malignancies in immunosuppressed individuals suggests either that immune 
surveillance is only important in certain tumors or that the duration needed 
to see an increased incidence of many more common tumors (e.g., colorectal, 
breast, lung, or prostate carcinomas) is not reached. Suppression of T cell 
mediated immunity has, however, been unequivocally associated with an 
increased incidence of certain malignancies. In patients with profound defects 
in T cell immunity the time to tumor detection is often shorter than for cancers 
induced by other mechanisms. 

 The risk of developing lymphoproliferative disorders following immuno-
suppressive therapy is also associated with the duration and intensity of immu-
nosuppression  [25] . In early postmarketing surveillance following the approval 
of the fi rst approved therapeutic monoclonal antibody, Orthoclone OKT  ®  3 
(muromonab CD3), a murine monoclonal antibody directed against the CD3 
antigen on human T cells, the incidence of lymphomas was disproportionately 
higher in heart and lung transplant recipients when compared to renal trans-
plant recipients, presumably due to the more intensive regimen (dose and 
duration) in the fi rst two indications. Unfortunately, with transplant patients 
it is often diffi cult to evaluate the contribution of any specifi c agent because 
many are used in combination regimens for treatment of rejection. See 
below and Chapter  27  for a discussion of concerns with immunodulatory 
biopharmaceuticals.  

19.3 DETERMINING THE NEED FOR PRECLINICAL 
CARCINOGENICITY ASSESSMENT 

 The need for carcinogenicity assessment of a biopharmaceutical is not differ-
ent than that for a conventional pharmaceutical. The need is based on an 
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intended duration of (i.e.,  ≥ 6 months of continual dosing or dosing frequently 
in an intermittent manner for a chronic or recurrent condition), cause for 
concern, indication and patient population including the nature of the disease 
and its effect on life span and overall patient health, route and exposure, and 
extent of systemic exposure when certain delivery systems may result in pro-
longed exposures. The need is also established if there is cause for concern 
based on the product class or if there is evidence of preneoplastic lesions in 
repeat - dose chronic studies. For pharmaceuticals an additional concern is 
long - term retention of parent compound or metabolite(s), which may result 
in local tissue reactions or other pathological responses (See Table  19.1 )  [26] . 
In most cases the rat and/or mouse have been deemed relevant species for 
assessment of conventional carcinogenic risk of conventional pharmaceuticals 
based on regulatory precedent.   

 In the early days of the production of human proteins by recombinant DNA 
technology using E. coli  bacteria, there was considerable and reasonable 
concern about the presence of bacterial impurities that may be carried through 
the purifi cation processes. Genotoxicity studies were widely used to ensure 
that these impurities were not mutagenic or clastogenic. However, with the 
development of improved methods of synthesis and purifi cation, together with 
highly sophisticated and sensitive analytical techniques for detection of possi-
ble impurities, the need for genotoxicity studies has been greatly reduced. 
Despite this important progress, toxicologists in industry have continued to 
perform genotoxicity studies and/or the studies have been requested by regu-
latory agencies even though the data may not have apparent scientifi c rele-
vance (see Chapter  15 ). Ironically, regardless of their lack of relevance, the 
absence of positive fi ndings in the various genotoxicity assays have often been 
used as  “ scientifi c ”  justifi cation for not needing to assess carcinogenic potential 
in vivo in animals 

19.3.1 Peptide Hormones and Growth Factors 

 In the case of biopharmaceuticals the particular cause for concern for carci-
nogenic risk is raised by the action of peptide hormones and growth factors. 
These may directly promote cellular growth through direct activation of the 
drug receptor or through other factors involved in growth regulation  [27] . Thus 
for growth factors, where one of the putative mechanisms of concern would 
be increased proliferation, an evaluation of this endpoint in the appropriate 
target tissue in in vivo studies in a relevant species is important in order to 
determine potential concern for tumorigenic risk. Although unidentifi ed, 
target or nontarget tissues may also be a cause for concern.  

19.3.2 Immunomodulatory Biopharmaceuticals 

 For biopharmaceuticals intentionally developed to target critical immune - 
signaling molecules, current in vitro and in vivo methods confi rm 
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immunosuppressant activity, rather than reveal a clinically useful designation 
of safe,  “ pharmacologically immunosuppressive, ”  or toxic  “ adversely immuno-
suppressive. ”  Concerns following chronic treatment of immunosuppressive 
agents include the potential impairment leading to opportunistic infections 
and/or lymphoproliferative disorders. The pharmacological activity of thera-
peutic immunosuppressive drugs is thought to make them highly likely to act 
as tumor promoters/co - carcinogens, even in the absence of genotoxic activity. 
For example, potent immunosuppressive agents may increase the risk of tumor 
promotion by impairing the endogenous tumor surveillance mechanism. As far 
as we know, cellular and humoral immunosuppression probably carry similar 
risks. Thus it is assumed that this class of drug would represent a cancer hazard 
in the absence of confi rmatory standard bioassay  [28]  (see Chapter  27 ).  

19.3.3 Cell Lines Used to Produce Biopharmceuticals 

 The international quality guidance document ICH Q5D requires tumorigenic-
ity testing for products for which live cells cannot be excluded or products that 
have minimal downstream purifi cation (e.g., conventional live virus vaccines) 
 [29] . The guidance states that tumorigenicity testing of proteins is generally 
not needed provided that residual host cell DNA limits are established and 
met. These limits were based on careful consideration of the amount of DNA 
involved and evidence about the likelihood that it might transmit a viable 
oncogenic agent. The above - mentioned guidance does not require tumorige-
nicity testing for cell lines that have been previously shown to be tumorigenic, 
but the sponsor may want to evaluate the previous results in light of current 
proposed indications. However, if the cell line is to be licensed as a nontumori-
genic cell line, it has to be demonstrated by a negative result in tumorigenicity 
assays. Newer previously uncharacterized diploid cell lines should be evalu-
ated for their tumorigenic potential by using cells from the master cell bank 
(MCB). The assessments should include comparison between the cell line 
under evaluation and a positive (tumorigenic) cell line used as a positive 
control. Animal models for assessing tumorigenicity include athymic mice 
(Nu/Nu), suckling mice or hamsters treated with antithymocyte serum, and/or 
irradiated and thymectomized mice reconstituted (T - B+) with bone marrow 
of healthy mice  [29] . Additional considerations may also be applied to cells 
from nonmammalian sources used to produce therapeutic proteins.  

19.3.4 Cellular-Based Therapies 

 Tumorigenicity studies are also needed for certain cell therapy products based 
on the specifi c product attributes and clinical indications. Somatic cell therapy 
includes cells from various sources such as adult cells derived from the indi-
vidual being treated (autologous), cells donated from one human to another 
(allogeneic), and cells from an animal source and used for human treatment 
(xenogeneic). Stem cell therapy includes cells derived from a variety of adult 



human tissue, fetal tissue, and embryonic tissue. The two characteristics that 
distinguish stem cells for other types of cells are (1) stem cells can self - renew 
and (2) stem cells can differentiate into other types of cells. These specifi c stem 
cell proliferative properties raise concerns for the potential tumorigenicity of 
such products. Tumorigenicity studies are thus needed for human derived 
embryonic stems cells and may also be needed for fetal derived and adult 
tissue derived multipotent stem cells produced by extended culture. Embry-
onic stem cells have been shown to produce a benign tumor called a teratoma 
in immunosuppressed mice. Teratomas typically contain a mixture of many 
differentiated or partially differentiated cell types. 

 When performed, the clinically relevant route of administration should be 
used and appropriate animal species, including appropriate study design and 
duration, should be justifi ed 6 months up to lifetime observation depending 
on the particular cell type. Positive controls are important for a number of 
reasons, including the potential technical errors related to tumor cell implanta-
tion, specimen processing, and analysis in order to ensure that fi ndings from 
tumorigenicity study are interpretable. Importantly, unlike for other pharma-
ceuticals or biopharmaceuticals, the results of the tumorigenicity study must 
be available to support initiation of the initial clinical trial (see Chapter  33 ).  

19.3.5 Gene Therapies 

 The concern regarding carcinogenicity of gene therapies is based on the theo-
retical potential for insertional mutagenesis of the vector and/or a direct effect 
of the expressed transgene. Concerns for potential insertional mutagenesis are 
also raised with DNA vaccines (see Chapter  31 ). 

 Reports of gene therapy associated leukemia related to insertional activa-
tion of proto - oncogenes by retroviral vectors have occurred and have raised 
serious concerns in the fi eld of gene therapy  [30] . Biodistribution studies are 
performed preclinically to determine whether there is vector integration and 
persistence of vector in tissues. Evaluation of tumorigenic potential takes into 
account vector - specifi c and patient - specifi c issues, including whether the vector 
is integrating or nonintegrating, as well as pediatric versus adult population 
and whether the disease being treated is serious or life threatening. As with 
most biopharmaceuticals the standard rodent bioassay is generally not appro-
priate as rodents may not be susceptible to the viral vector, daily administra-
tion of vector is not feasible, and/or host immune response to vector and/or 
transgene will likely limit toxicity and effects on tumor development. Alterna-
tive animal models will likely be more appropriate for specifi c integrating gene 
therapy vectors, such as genetically modifi ed mice or neonatal mice including 
animal models of the intended disease state  [31] . Importantly, a long - term 
follow - up is required of all clinical trial participants receiving gene therapy 
products in order to properly monitor for long - term adverse effects of gene 
therapy treatments and mitigate their potential impact on study participants 
 [32] . (See also Chapters  31  and  32 .)   
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19.4 ADDITIONAL CONSIDERATIONS FOR BIOPHARMACEUTICALS 

 Clinical indications for biopharmaceuticals have evolved from uses as replace-
ment therapies and therapies for life - threatening diseases to uses as lifetime 
therapies for chronic diseases. Because of their short half - lives, conventional 
pharmaceuticals used to treat chronic disease are generally administered daily 
unless specifi cally designed for long - acting release. Most biopharmaceuticals, 
on the other hand, are slowly eliminated and thus dosed intermittently. 
However, in some cases, such as a humanized monoclonal antibody, a single 
administration may lead to extended duration of exposure prolonging a bio-
logical response for days to months. In the extreme, hypothetically, a single 
administration of a gene therapy to correct a gene defect could result in life-
time reconstitution of the genetic defect and potential cure of the disease. 

 The international safety guidance ICH S6 offers a discussion about assess-
ing carcinogenic potential, including the variety of approaches that should be 
considered. The utility of a single rodent species should be considered in those 
cases where a product is biologically active and nonimmunogenic in rodents 
and when other studies have not provided suffi cient information to allow 
assessment of carcinogenic potential. In such cases careful consideration 
should be given to the selection of doses including the rationale for dose selec-
tion. The use of a combination of pharmacokinetic and pharmacodynamic 
endpoints with consideration of comparative receptor characteristics and 
intended human exposures represents the most scientifi cally based approach 
for defi ning appropriate doses  [27] . 

 The standard rodent bioassay is often inappropriate in large part due to 
species specifi city and/or immunogenicity of human proteins in rodents. Most 
animals develop an immune response to foreign proteins. This cross - species 
immunogenicity of a human protein in a foreign host is an important compo-
nent in the challenge of deciding how best to evaluate carcinogenicity in 
accepted preclinical animal models  [33] . The development of neutralizing 
antibodies in various animal species has generally been the determining factor, 
limiting the duration of   repeat - dose toxicity testing of recombinant derived 
human proteins due to potential alteration of PK/PD and infl uence on expo-
sure. In some cases it has been advisable to continue dosing beyond documen-
tation of the fi rst presence of antibodies especially when the antibody response 
is not correlated with dose. In addition, when antibody responses are also 
observed in humans, treatment through the antibody response has been 
considered for repeat - dose animal toxicity assessment to mimic the human 
dosing regimen. The risk of anaphylaxis and immune complex disease in 
the test species should be recognized, since occurrence will also limit the 
feasibility of long - term testing. Antibody development will also be a problem 
for long - term   repeat - dosing or lifetime exposure. For example, when renal 
function becomes impaired by age, immune complex deposition could be 
a more important issue. While non human primates may be a relevant 
species for repeat - dose toxicity studies with biopharmaceuticals, dosing for a 



major part of their lifetime ( ∼ 20 years or more) is impractical and no longer 
feasible. 

 The production and use of homologous proteins (also referred to as  “ analo-
gous ”  or  “ surrogate ”  molecules) are useful for  “ proof of concept ”  decision -
 making and for providing an early understanding of mechanism of action 
during the development of human proteins. In a limited number of cases they 
have also been useful for safety assessment, for example, in the assessment of 
reproductive and chronic toxicity, and in particular, for the safety of human-
ized monoclonal antibodies  [34,35] . In some cases, however, it may not be 
possible to derive and/or manufacture the homologous protein; for instance, 
the biology may be different among the various species despite a high sequence 
homology of the protein or receptor, the mechanism of action of the receptor 
may differ, or the homologous protein may also be immunogenic following 
repeat dosing. The challenge when considering chronic dosing with homolo-
gous proteins is to ensure their comparability with the human protein product 
with respect to purity, potency, and stability and also in manufacturing process. 
For example, the protein should be comparable with respect to production 
specifi cations, impurities and contaminants, formulation, stability, as well as 
ensuring appropriate level of GMP compliance  [36] . A case can be made to 
assess carcinogenic potential with the homologous product if it can be deter-
mined that the product and pharmacological activity are comparable. In such 
cases as the clinical material is not being evaluated, a single rodent species 
should be acceptable for carcinogenicity assessment. 

 Products that may have the potential to stimulate growth or induce prolif-
eration or clonal expansion of cell types, in particular, transformed cells, all 
processes that may eventually lead to neoplasia should be evaluated with 
respect to receptor expression in various malignant and normal human cells 
that are relevant to the patient population under study  [27] . In such cases 
normal human cell lines and multiple human cancer cell lines expressing the 
relevant receptor, as well as primary cells derived from human tumor explants, 
should be used for in vitro assessment. When in vitro data demonstrate 
enhanced growth, further studies in relevant in vivo xenograft animal models 
with receptor expressing tumor cell lines may be needed. In addition incorpo-
ration of sensitive indexes of cellular proliferation in long - term   repeat - dose 
toxicity studies may provide useful information.  

19.5 PRECLINICAL APPROACHES FOR ASSESSING 
CARCINOGENIC POTENTIAL 

 The considerations above have been used to scientifi cally justify a 
relevant approach on a case - by - case basis for currently approved and 
marketed biopharmaceuticals. Table  19.2  outlines the various approaches 
currently used to assess the carcinogenic potential of pharmaceuticals and 
highlights the potential advantages and limitations of the specifi c models for 
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biopharmaceuticals. Additional discussion on the various approaches used to 
assess the carcinogenic potential of pharmaceuticals is provided below.   

19.5.1 Rodent Bioassay 

 As previously discussed, the rodent bioassay has recently been under scrutiny 
for its relevance for identifying the carcinogenic hazard of pharmaceutical 
products. The assays are the most costly (up to 800 – 1000 animals/test (500/
species); approximately 2 million US dollars each for a rat and mouse study) 
and time - consuming (2 years of treatment; an additional 1 – 2 years for histo-
pathological analysis and report writing) of the preclinical regulatory require-
ments  [7] . It is especially important that the results provide value for predicting 
human risk. Recently a retrospective evaluation was made on 60 systemic 
two - year studies of pharmaceuticals reviewed in the Center for Drug Evalua-
tion and Research (CDER) FDA between January 2002 and December 2004. 
Based on an evaluation of the CDER/FDA database, the authors concluded 
that additional information and data, beyond what are already being collected, 
are needed to better predict or obviate the need for two - year carcinogenicity 
studies. The authors further acknowledged that many of the mechanisms of 
carcinogenesis found with pharmaceuticals may not be amenable to early 
prediction at this time as many of the mechanisms identifi ed to date for phar-
maceuticals appear to be nongenotoxic in nature and thus may require the 
prolonged treatment to be expressed  [37,38] . However, these mechanisms may 
not be associated with human tumor risk. Nevertheless, based on this initial 
review, the FDA does not currently support the idea that short - term studies 
accurately predict the potential neoplastic fi ndings in long - term assays of 
pharmaceuticals  [16] .  

19.5.2 Short-term Carcinogenicity Assays 

 As the   International Conference on Harmonization (ICH) Expert Working 
Group on Safety has conducted discussions involving how best to assess poten-
tial human cancer risk of pharmaceuticals, important questions were raised 
regarding the added value of a second rodent species. Following review of 
various databases created and evaluated by the participants, it was suggested 
that under certain circumstances data from alternative short - term assays may 
prove of equal or greater value to the bioassay in a second rodent species, and 
those assays were presented as possible alternatives in the guidance document 
 [39,40] . 

 In 1996 a collaborative effort was subsequently initiated under the auspices 
of the Health and Environmental Sciences Institute (HESI) branch of the 
International Life Sciences Institute (ILSI) with the specifi c purpose of facili-
tating a focused systematic evaluation of several of the new alternative models 
proposed within the ICH guidance. Participation in this research collaboration 
was global in scope encompassing Europe, Japan, and the United States and 
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included representatives from academe, industry, and governmental agencies. 
The effort was not undertaken to determine if the results of alternative assays 
correlated with the results obtained in the rodent bioassay, but rather, whether 
the data from these assay could add value to the process of human risk assess-
ment. The research involved input from over 50 industrial, governmental 
(United States, Denmark, Netherlands, and Japan), and academic laboratories 
representing a fi nancial commitment of approximately 33 million US dollars 
 [41] . The focus of the ICH discussions was pharmaceuticals. Importantly, no 
biopharmaceuticals were included in the collaborative study. Therefore the 
validity of extrapolating the results to biopharmaceuticals is currently not 
known  [42] . 

 The research program was overseen by a Steering Committee of scientists 
drawn from academe and pharmaceutical companies. The models under 
consideration included the p53+/ − , ras H2+/ − , Tg.AC, Xpa − / − , Xpa − / − /p53+/ −
transgenic animal models, the neonatal mouse model, and the in vitro Syrian 
hamster embryo (SHE) assay. The protocols used were based on the existing 
knowledge of each model. Positive control chemicals were used to demon-
strate that each testing laboratory could undertake and report a positive assay 
for the model under test. A number of articles have been published comment-
ing on the utility of the alternative short - term bioassays for assessing the car-
cinogenic potential of pharmaceuticals  [43 – 52] . 

 The overall conclusion of the ILSI effort was that none of the models used 
was suitable as a defi nitive determinant of potential cancer risk, but they could 
serve as useful hazard identifi cation models similar to the rodent bioassay. For 
those chemical compounds found positive in the rodent bioassay yet not con-
sidered carcinogenic in humans, there were fewer positive results in transgenic 
mouse models; that is, the models exhibit a better correlation with actual 
human data than the rodent bioassay. The lack of correlation between organ 
specifi city and potential human carcinogenicity limits the information that can 
be gained with respect to mechanism of toxicity, especially for pharmaceuticals 
that are nongenotoxic. Additionally, because the positive responses were fre-
quently only seen at the highest doses, the models are more limited for quan-
titative risk assessment and determination of a dose response. Since the 
neonatal mouse appeared only to detect chemicals that were moderate to 
strongly genotoxic carcinogens, the model was considered to be of limited 
usefulness. The data also suggested that the SHE assay was unable to discrimi-
nate between genotoxic and nongenotoxic chemicals or between rodent car-
cinogens versus noncarcinogens and thus would likely be less useful for 
predicting human carcinogenicity versus noncarcinogenicity. 

 The report concluded that a reasonable weight of evidence   on the evalua-
tion of potential risk to humans could be achieved if information from the 
short - term bioassay is used in conjunction with information from other sources 
such as the rat bioassay, the Ames assay, the chemistry of the test article, and 
the repeat - dose studies evaluating intermediate markers of malignancy from 
knowledge of the pharmacological activities of the test substance and from 



additional mechanistic research  [41] . Consistent with the earlier recommenda-
tion  [28] , the usefulness of animal models in evaluating strongly immunosup-
pressive chemicals was questioned for providing any added value due to the 
expected result of viral tumors associated with the induction of immunosup-
pression. Further research was recommended to identify models with greater 
relevance to mechanisms of toxicity in humans as well as short - term in vivo 
models to evaluate nongenotoxic carcinogenesis and tumor promoters. These 
research efforts may provide models for identifying carcinogenic hazard that 
are more relevant for biopharmaceuticals.  

19.5.3 Proliferation Indexes from Repeat -Dose Chronic 
Toxicity Studies 

 The ICH S6 guidance states that incorporation of sensitive indices of cellular 
proliferation in long - term repeated - dose toxicity studies may provide useful 
information  [27] . Tumor cell proliferation is a key characteristic of stepwise 
neoplastic promotion and progression and is often detectable prior to the 
appearance of overt neoplastic changes. Detectable histological features 
related to tumor cell proliferation include Ki67expression and increased 
mitotic rate and growth phase of affected cells, sometimes with consequential 
changes in the morphology of affected tissues. The Ki67 protein is expressed 
in all phases of the cell cycle except G 0 . It has therefore been suggested as a 
more sensitive biomarker for cellular proliferation than visualization of mitoses 
 [53] . Immunochemical staining for Ki67 or proliferating cell nuclear antigen 
(PCNA) can be performed on formalin fi xed tissues. However, these staining 
methodologies, which detect signifi cant increases in proliferation, may not be 
able to assess small changes in proliferation   as the rate of cell death could still 
have an effect on tumor formation, especially in tissues that have a low basal 
proliferative rate. While an increase in proliferation rate can result in an 
increase in mutation rate, the death of a cell sustaining a mutation will prevent 
progression to neoplasia. Thus a large increase in proliferation rate may some-
time be of little or no consequence when the rate of cell death is equal or 
higher, especially when the cells affected undergo terminal differentiation. 
Conversely, no change in proliferation but a reduced rate of cell death can 
also have a signifi cant effect on tumor formation. Thus, while information on 
proliferation potential can be of some value with respect to hazard identifi ca-
tion, the correlation between proliferation and a tumor endpoint is not inevi-
table and needs to be evaluated in each case. It is diffi cult to prospectively 
evaluate all potential targets. This is diffi cult to do even when the target tissue 
is identifi ed with a dedicated evaluation.  

19.5.4 Tumor Host -Resistance Models 

 Host - resistance assays offer a way to determine the relative signifi cance of 
a compound - related decrease in immune function, commonly one of such 
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magnitude as to be associated with a change in the histological appearances 
of the lymphoid  [54] . Implanted tumor cell host - resistance models have also 
been utilized in hazard identifi cation and risk assessment in immunotoxicology 
 [55] . Immunomodulators can be assessed for their potential to suppress host 
defense against experimental metastases and growth factors, and other agents 
can be assessed for their potential to directly accelerate the tumorigenic 
response via an immunological or other process. At the very least, such models 
may be able to demonstrate the relative potency of the compound in showing 
whether the compound is an immunomodulator or a strong immunosuppres-
sant compound. The results obtained would then be of value in carcinogenic 
risk communication. Because animal host - resistance models can be compara-
ble to and may refl ect human disease, their greatest utility is in providing a 
perspective on how compound - related changes in immune function impact on 
host resistance to disease  [54] .  

19.5.5 Transgenic Animals 

 In addition to spontaneous mutant strains of mice and rats, transgenic mice 
(knock - ins and knockouts) are frequently used as models to understand and 
confi rm the biological activity of biopharmaceuticals. They have also been 
used to assess aspects of toxicity  [56] . Humanized mice have been developed 
to express target cells with the human receptor to determine binding and its 
consequences of an agonist or antagonist. In such cases the clinical product 
binds to the intended receptor and can therefore be used to assess toxicity. 
Knock - ins have also been used to model a worst - case scenario of overexpres-
sion of a protein, for example, of an endogenous growth factor. Knockouts 
have been used to model a possible worst - case scenario of blocking a receptor, 
for example, a monoclonal antibody directed against a specifi c receptor. In 
these cases the clinical product is not evaluated, but the consequences of the 
extreme exaggerated pharmacological response of knocking in or knocking 
out a key signaling molecule that results in subsequent tumor formation may 
suggest a higher risk and subsequently require additional characterization. A 
negative response can also be used to better characterize and communicate 
potential risk. 

 In all cases where transgenic mice are used it is important to understand 
the limitations of the specifi c model in the context of the pathology demon-
strated in order to optimize extrapolation of the results. Model attributes that 
may infl uence interpretation include epitope distribution, density, localiza-
tion/compartmentalization, turnover, expression, function, regulation, compa-
rability of signal transduction pathways/regulation, and natural life history. 
Divergent and even discrepant experimental results have been obtained in 
transgenic mouse models, depending on the transgene and the promoter used 
due to variation in promoter regulation and expression phenotype. The back-
ground genotype of the strain used may also be important, and variation in 



the sites of insertion of the transgene into the host genome may be diffi cult 
to control  [42] .  

19.5.6 In vitro Cell Proliferation 

 Increased cell proliferation has been identifi ed as a risk factor for car-
cinogenesis; therefore in vitro proliferation assays are generally useful. An 
understanding of receptor expression in normal and malignant cell lines 
is an important component to hazard identifi cation. Mechanisms whereby 
cell growth might become disordered include (1) abnormalities of growth 
factor production, (2) abnormalities of growth factor receptors, (3) disturbance 
of postreceptor signal transmission and normal control of activation and 
reduced production of a growth inhibitory factor, and (4) sensitivity to such 
factors. 

 The risk of increased stimulation by a growth factor is generally decreased 
if the growth factor acts on committed cells with a limited life span and if the 
stimulated cells readily undergo terminal differentiation. The use of a variety 
of in vitro evaluations, including in vitro cell proliferation, proved to be impor-
tant in characterizing the level of concern during the re - evaluation of the 
safety and dosing of erythropoiesis - stimulating agents (ESAs) in cancer 
patients with respect to increase mortality and/or tumor promotion (see 
Table  19.3 )  [58] .     

 TABLE 19.3    Preclinical evidence of carcinogenic risk with erythropoiesis 
stimulating agents 

  Finding    Comment  

  Epo receptor (EpoR) is not an oncogene. The 
EpoR gene is not signifi cantly amplifi ed or over 
expressed in solid tumors and over expression 
of constitutively activated mutant forms of 
EpoR does not transform cells 

  If Epo - induced signaling could 
drive proliferation of cancer 
cells this would increase cause 
for concern  

  EpoR hyperactivating mutations result in 
polycythemia and are not a feature of 
malignancy. In addition in clinical conditions in 
which Epo is overexpressed (e.g., Chuvash 
polycythemia) or in which EpoR signaling is 
not controlled (EpoR truncations), 
polycythemia results but with no increase in 
tumors

  The fact that EPO 
overexpression in humans is 
not associated with 
malignancy is reassuring 

  EpoR gene is transcribed in most tissues and cell 
lines at low to moderate levels. Levels of EpoR 
are rarely elevated in tumors and cell lines 
above that observed in the normal tissue of 
tumor origin 

  Molecules that deliver 
proliferative signals are 
frequently expressed at high 
levels by at least some tumors 
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  Finding    Comment  

  EpoR protein synthesis does not necessarily 
correlate with cell surface expression or 
signaling of the EpoR Less than 1% of EpoR 
normally gets to the surface of the cell because 
of ineffi cient processing, protein degradation, 
requirements for limiting accessory molecules 
for traffi cking to the surface, requirements for 
limiting accessory molecules for intracellular 
signaling, and short cell - surface half - life  

  In addition to low - level 
expression of EpoR on the 
cell surface, EPO does not 
bind to tissues other than 
those expressing EpoR 

  Studies of the direct role of Epo – EpoR in 
signaling, proliferation, migration, and survival 
of cancer cells have not yielded conclusive 
results

  Effects of such treatments have 
been in models despite the 
fact that most have used 
levels of rHuEpo ( > 10   U/ml) 
that are unattainable in 
patients

  All rodent tumor models (23 independent studies) 
have demonstrated that ESAs do not enhance 
tumor growth 

  ESAs have actually shown 
increase sensitivity of tumor 
cells to radiation and 
chemotherapy

  ESAs do not mediated any consistent adverse 
effect on tumor angiogenesis in rodent tumor 
models

  Increased tumor oxygenation 
actually reduces hypoxia -
 regulated VEGF levels and 
consequently tumor 
angiogenesis

  Data do not support a meaningful effect of ESAs 
on mobilization of endothelial progenitor cells 

  Consistent with lack of an affect 
on tumor vascularization 

  Proliferative response to nonhematological cells is 
not altered in vitro or in vivo 

  Reassurance for lack of off -
 target effect  

  No tumorigenic or unexpected mitogenic 
response in any tissue type has been noted in 6 -
 month chronic toxicity studies 

  In vivo support of in vitro data 

Source :   Adapted 2007 ODAC Meeting, Information Package Darbepoetin alfa (BLA#103951) 
and Epoetin alfa (BLA#103234)   

TABLE 19.3 Preclinical evidence of carcinogenic risk with erythropoiesis 
stimulating agents (Continued)

19.6 CURRENT EXPERIENCE IN CARCINOGENICITY ASSESSMENTS 
OF BIOPHARMACEUTICALS 

 Examples of product class carcinogenicity hazard identifi cations and assess-
ments and ultimate risk communications for biopharmaceuticals approved in 
the United States for chronic use or based on potential cause for concern are 
provided in Table  19.4a  (products without carcinogenicity assessment) and 
Table  19.4b  (products with carcinogenicity assessment). The data are derived 
from publicly available regulatory assessments and product labels. Specifi c 
examples are discussed below.     



19.6.1 Immunomodulators

 A variety of immumodulatory biopharmaceuticals have been approved span-
ning various degrees of immune modulation including intended marked 
immune suppression. A specifi c discussion on assessing carcinogenic risk of 
immunomodulatory biopharmaceuticals is presented in Chapter  27 . It is of 
interest to review the individual product labels for their ultimate communica-
tion of carcinogenic risk. This important communication varies in a number 
of respects: for each product as well as products within a class, whether or not 
preclinical studies were performed, and the impact of these studies with spe-
cifi c fi ndings on the label. 

Abatacept   Abatacept is a T cell activation inhibitor. It is a fusion protein 
composed of the extracellular domain of T lymphocyte associated antigen 
4 linked to the portion of IgG (human heavy chain fragment). T cell activation 
is implicated in the pathogenesis of rheumatoid arthritis. Abatacept is 
indicated for treating RA patients. The mouse carcinogenicity study for abata-
cept (CTLA4Ig) was conducted because of concerns related to prolonged 
immunosuppression. There were no  “ preneoplastic ”  lesions in the 6 - month 
chronic toxicity studies. The treated mice in the carcinogenicity study devel-
oped mammary tumors and lymphomas (increased incidence after 6 months) 
at a higher incidence than controls, and a no effect dose level could be 
determined. The tumors were shown likely to be related to tumorigenic 
mouse retroviruses (MTV and MTLV). A chronic 12 - month toxicity study in 
monkeys, however, did not replicate the effect, even though monkeys in the 
study had been previously exposed to an endogenous lymphocryptovirus. 
These viruses share a tropism for B lymphocytes and have a propensity to 
oncogenicity. A signifi cant increase in the incidence of lymphoma, mammary 
tumors, or other tumors was not observed in the clinical studies. It could be 
argued then that the mouse was more sensitive or that the mouse confi rmed 
the anticipated risk, namely prolonged immune suppression, which results in 
an increased incidence of immune suppression - related tumors under certain 
circumstances. 

 The human experience was not unlike that of the anti - TNFs with respect 
to an approximate 3 -  to 3.5 - fold higher rate of lymphoma in the intended 
population (patients with RA) who are at higher risk for the development of 
lymphoma or lung cancer, particularly those with highly active disease. Similar 
is the statement that the role of the particular product and the development 
of human malignancies is not known or fully understood. There is also the 
added precaution to lessen the putative risk in patients to avoid use with other 
immunosuppressive agents.  

Anakinra   Anakinra is likewise indicated for the treatment of patients with 
rheumatoid arthritis. Anakinra is the recombinant form of human IL - 1 receptor 
antagonist (IL - 1ra) and is identical to the naturally occurring, nonglycosylated 
form of the protein, with an additional N - terminal methionine residue. Binding 
of IL - 1ra to the IL - 1R1 receptor does not initiate IL - 1 mediated cell signaling, 
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and therefore effectively competitively inhibits the biologic activity of interleu-
kin - 1. There was no discussion of the immunotoxic or carcinogenic potential of 
IL - 1ra in the original published FDA pharm/tox review  [58] . A comment was 
made that genotoxicity assays had been done, but they were not considered to 
be of particular value because they were designed to detect mutagenic effects 
of small - molecule drugs, chemicals, and environmental agents that cause direct 
damage to DNA molecules. As such they were regarded as inappropriate for 
protein biotherapeutics. An assessment of carcinogenic risk was requested by 
the European authorities  [59] . In the scientifi c discussion of anakinra it was 
stated that the carcinogenic potential was evaluated with an emphasis on risk 
of direct tumor production, risk of tumor stimulation, and indirect effects on 
tumor growth. The risk of tumor production was considered unlikely due to lack 
of fi ndings in the genotoxicity assays (see comment above regarding relevance) 
and lack of tumors found in the 6 - month rat study. The risk of tumor stimulation 
was also considered to be low as binding of anakinra to IL - 1 receptors did not 
cause signal induction and data were also presented indicating that anakinra 
did not appear to directly stimulate mitogenesis or cell proliferation. With 
respect to indirect effects on tumor growth, data were presented to support lack 
of immunosuppression in the rat and monkey toxicity studies. A literature 
search revealed no published data on increased tumorigenicity in transgenic or 
knockout mice with an analogous defect. In addition, information was provided 
based on seven years of experience by the director of the laboratory that pro-
duced IL - 1ra overexpressing mice and IL - 1ra mutant knockout, stating that 
that no increased carcinogenic risk in the mice was observed. 

 Again, the higher incidence rate of lymphomas in RA patients compared 
to the general population was communicated as a warning in the label as well 
as by the fact that RA patients, particularly those with active disease, may be 
at higher risk for the development of lymphoma, but the role of IL - blockers 
in the development of malignancy was not known.  

Muromonab CD3   Orthoclone OKT  ®   3, the fi rst US approved monoclonal 
antibody, is a murine monoclonal antibody directed against the CD3 antigen 
on human T cells. It was approved by the US FDA for the treatment of acute 
renal allograft rejection in June 1986. No formal preclinical carcinogenicity 
assessment was performed because the muromonab CD3 did not cross - react 
in rodents. Nevertheless, because of the expected risk of lymphoproliferative 
disorders following immunosuppressive treatment, the Center for Biologics 
Evaluation and Research, FDA required a commitment at the time of licen-
sure for the manufacturer to perform specifi c postmarketing surveys on the 
incidence of lymphomas in humans in addition to routine postmarketing sur-
veillance to determine the number of malignancies following Orthoclone 
OKT ®  3 treatment. Ultimately the risk of serious and sometimes fatal neopla-
sias in patients was communicated as a warning in the product label in context 
of the diseases being treated as well as concomitant treatments including other 
immunosuppressive agents.   
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19.6.2 Peptide Hormones 

Growth Hormones   In 1988 Watanabe et al. reported leukemia in patients 
receiving growth hormone (GH) therapy  [60] . Over the next several years 
there were additional reports suggesting a GH - related increase in the inci-
dence of leukemia. In 1997 Allen et al. reported that the incidence of leukemia 
in GH - treated patients without risk factors for leukemia was comparable to 
that in the general population of age - matched children using data form the 
National Cooperative Growth Study in the United States and Canada  [61] . 
Nishi et al. followed with a report in 1999 based on data collected from more 
than 32,000 GH - defi cient patients from 1975 through 1997. The authors con-
cluded that the incidence of leukemia in GH - treated patients without risk 
factors is no greater than in the general population aged 0 to 15 years, and 
that a possible increased occurrence of leukemia with GH treatment appears 
to be limited to patients with risk factors (e.g., Fanconi ’ s anemia, neoplasia, 
previous radiation, or chemotherapy). There was also no suggestion that longer 
periods of GH treatment were associated with more frequent development 
of leukemia  [62] . 

 Preclinical carcinogenicity assessment of growth hormones has not been 
performed for currently marketed growth hormones. In an effort to better 
understand the potential carcinogenic risk of growth hormone, rodent bioas-
says were recently performed using recombinant rat and mouse growth hor-
mones (human homologues) in chronic rat and mouse bioassays  [63] . It was 
diffi cult to compare exposure, but the levels at the high doses were higher than 
the basal or peak level in humans. The authors concluded that the lack of car-
cinogenic effects following chronic administration of GH in these two bioas-
says lends greater weight of evidence that high circulating levels of GH would 
not be associated with greater risk of tumors in subjects receiving GH replace-
ment therapy. Unfortunately, the authors did not provide a justifi cation for 
using two rodent species, especially since it was noted that there was a limited 
quantity of rmGH available for the mouse bioassay; therefore the high dose 
was lower than the dose needed to induce weight gain in mice in a 5 - week 
study. 

 The current labels for growth hormones read  “ leukemia has been reported 
in a small number of pediatric patients who have been treated with growth 
hormone, including growth hormone of pituitary origin and recombinant som-
atropin. The relationship, if any, between leukemia and growth hormone is 
uncertain. Carcinogenicity studies have not been performed for the currently 
approved recombinant growth hormones. ”  

 The data using the homologous products did not show carcinogenic effects 
in rodents and thus can be used to support the position that there is a lack of 
convincing evidence for an increased risk of cancer in children receiving 
recombinant GH therapy. However, it is unclear whether the data are suffi -
cient to modify the current labels for communicating carcinogenic risk. Fur-
thermore, since the clinical data already seemed to support the lack of effect 
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in GH - treated patients without risk factors, it could have been of interest to 
have included conditions in, for example, the rat bioassay that addressed the 
effect of previous chemotherapy or irradiation to better understand, in a well -
 controlled rodent animal model, the potential impact of known human risk 
factors on tumor formation.  

Insulin Analogues   Insulin, a polypeptide hormone produced by pancreatic 
islet β  cells, was discovered in 1921. It was initially isolated from bovine/
porcine glands up to the mid - 1970s. Native human insulin has, in addition to 
its metabolic actions, a weak mitogenic effect. This effect has become impor-
tant for the safety assessment of modifi ed insulins, since structural modifi ca-
tion of the insulin molecule could increase the mitogenic potency, possibly 
resulting in growth simulation of preexisting neoplasms. 

 Recombinant  “ normal ”  insulin has been produced since the 1980s. In the 
1990s recombinant insulin analogues became available. The basic assumption 
that insulin was  “ safe ”  and not carcinogenic was not tested. However, results 
of carcinogenicity testing with the analogue AspB10 showed tumors in animals. 
In subsequent in vitro studies AspB10 insulin was found to possess a mitogenic 
activity that exceeded that of normal human insulin. It has now been shown 
that normal insulin can cause tumors in rats within one year of dosing at very 
high doses, implying a threshold for tumorigenicity. 

 In view of the life long exposure and large patient populations, insulins with 
increased mitogenic effect in relation to the unmodifi ed human insulin in 
current use were thus considered to constitute a major public health concern. 
Therefore a thorough assessment of carcinogenic potential was recommended 
for all new modifi ed insulins in 2001  [64] . 

 In addition to the standard battery of genotoxicity studies, new insulin 
analogues are generally evaluated for in vitro and in vivo mitogenicity com-
pared to normal insulin. The duration of the rodent study is based on an 
understanding of relative mitogenicity compared to normal insulin. Six - month 
repeat - dose studies have been suffi cient if mitogenicity potential is low, and 
longer term studies are recommended if mitogenicity potential is high. In the 
later cases both normal insulin and ASP10 are generally included as study 
controls. Assessment of risk is based on cross - species pharmacology compari-
sons and the margin of safety compared to the intended clinical exposure. 

 To date, no malignancies have been reported as adverse reactions in clinical 
trials with insulin analogues. There are also no warnings or precautions regard-
ing carcinogenic risk in the product labels for insulin analogues. The relevance 
of the fi ndings in the rat bioassay to humans for insulin glargine, an insulin 
analogue with greater mitogenicity than insulin, was stated as unknown.  

Insulin-like Growth Factor   Human Insulin like growth factor (rhIGF - 1) is 
identical to endogenous human IGF - 1. The actions of IGF - 1 as a  “ somatome-
din ”  are obligate for growth hormone to be able to stimulate bone and body 
growth. In addition to mediating many of the activities of GH, IGF - 1 also has 
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 “ insulin - like ”  metabolic activities that support statural growth. The hormonal, 
cellular, and molecular mechanisms   mediating the actions of rhIGF - 1 on 
growth and metabolism are well characterized. IGF - 1 concentrations are ele-
vated in acromegaly, and there have been reports confi rming that agromegaly 
predisposes to colonic neoplasia. While it seems probable that GH/IGF - 1 may 
in some way be involved in the pathogenesis, it is unlikely to be an initiating 
carcinogen; other intraluminal local environmental infl uences may be impor-
tant  [65] . 

 The package insert for rIGF - 1 contains no interpretation or statements with 
respect to signifi cance provided for the fi ndings observed in a two - year chronic 
bioassay in rats with rhIGF - 1 that showed an increase in tumors. Presumably 
this is because it was reasoned that the skin and mammary tumor fi ndings were 
observed only at doses greater than the human maximum tolerated dose. 
Nevertheless, clinical dosing is contraindicated in the presence of active and 
suspected neoplasia, and discontinuation of dosing is recommended if neopla-
sia develops.  

PTH and  PTH Analogues   Parathyroid hormone and its analogues repre-
sent a new class of agents with anabolic effects on the skeleton. In two - year 
carcinogenicity studies of PTH (1 - 34) in two strains of rats and one strain of 
mice the animals developed osteosarcomas when given PTH and related pep-
tides from weaning to 18 months of age. Many of the tumors were discovered 
by direct palpation and were often metastatic at the time of discovery, sug-
gesting that they had been present for a long time. While there was a dose -
 related incidence in osteosarcomas, in some cases tumors occurred in animals 
at exposures equivalent to those commonly used in the clinical studies. 

 The relevance of the animal fi ndings to the clinical administration is not 
currently known. The FDA subsequently developed a guidance to clarify the 
Agency ’ s thinking regarding the impact of these preclinical fi ndings on PTH 
drug development programs for the treatment and/or prevention of osteopo-
rosis  [66] . As a result of the concern about carcinogenicity, studies to evaluate 
carcinogenic potential should be performed for PTH and related peptides, 
although these studies could entail unique design features. 

 In an effort to improve the benefi t - to - risk ratio of PTH in the context of 
the uncertain relevance of the fi ndings in rodents, it was strongly recom-
mended that participation in clinical studies be limited to adults with severe 
osteoporosis who have completed bone maturation. It was further advised that 
any case of osteosarcoma (or other bone tumor) be immediately reported and 
long - term follow - up be conducted for patients treated with PTH. Importantly, 
subjects in clinical trials of PTH and PTH analogues should be informed about 
the occurrence of osteosarcomas in rodents. 

 The current label for PTH(1 - 34) , the fi rst approved PTH analogue, reports 
dose - related increase in osteosarcomas, osteoblastomas, and osteomas in two -
 rat carcinogenicity studies as well as results from a second two - year study 
in rats designed to determine the effect of treatment duration and animal 
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development of bone tumors. The study showed that the occurrence of oste-
sarcomas, osteoblastomas, and osteomas was dependent on dose and duration 
of exposure. However, tumors were not detected when mature 6 - month old 
rats were treated with 3 ×  the human dose for 6 or 20 months. Again, the label 
states that the relevance of the rat fi ndings to humans is uncertain. The Medi-
cation Guide highlights the fi ndings in a section entitled  “ What is the most 
important information I should know about Foreto ™ . The guide states that 
osteosarcomas in humans is a very serious but very rare cancer that occurs in 
about four out of every million older adults each year and that it is not known 
if humans treated with Forteo ™  also have a higher chance of getting 
osteosarcoma. 

 Similar to concerns regarding the relative potency of insulin analogues, the 
relative carcinogenic potential of PTH and analogues will need to be com-
pared to PTH (1 - 34). The actual details of the study design may need to be 
discussed with respective regulatory authorities. However, since osteosarco-
mas are due to exaggerated pharmacology, it is likely that the same regulatory 
and labeling standards will be applicable to all PTH and analogue products 
regardless of potency  [67] . The question remains as to whether a two - year 
bioassay will be needed to communicate carcinogenic risk.   Notably there is an 
apparent lack of osteosarcomas in humans with very long term PTH secreting 
tumors and in pseudohypothyroidism.   

19.6.3 Growth Factors 

 Most growth factors are highly conserved molecules and demonstrate biologi-
cal activity across species. With the exception of GM - CSF, which appears to 
be uniquely specifi c, most growth factors have been demonstrated to have 
activity in rodent species. There have been no rodent carcinogenicity studies 
reported to date and no fi ndings of concern in short - term or chronic toxicity 
studies for approved growth factors: PDGF (topical), G - CSF, GM - CSF, KGF, 
or EPO. In addition no rodent bioassays have been reported for other growth 
factors that have been in clinical development, including NGF, BDNF, CNTF, 
EGF, TGF -  α , and TGF -  β . Growth factors have at least a theoretical risk for 
tumor promotion of cells with receptors that respond to the growth factor. 
These products are unlikely to be used for trivial indications; however, rodent 
carcinogenicity studies are unlikely to provide any useful information. The 
potential for tumorigenicity will likely best be determined in humans under 
the clinical conditions of use. 

Becaplermin   Becaplermin is produced by recombinant DNA technology 
by insertion of the gene for the β  chain of the platelet - derived growth factor 
(PDGF) into the yeast,  Saccharomyces cerevisiae . Becaplermin has biological 
activity similar to that of endogenous platelet - derived growth factor, which 
includes promoting the chemotactic recruitment and proliferation of cells 
involved in wound repair and in enhancing the formation of granulation tissue. 
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Becaplermin is indicated for the topical treatment of lower extremity diabetic 
neuropathic ulcers that extend into the subcutaneous tissue or beyond and 
have an adequate blood supply. 

 In reviewing the data on becaplermin, the CPMP decided that there were 
no suitable tests that the applicant could employ to produce unequivocal evi-
dence that becaplermin is or is not carcinogenic since no data were available 
in humans. The CPMP agreed that the risk of skin tumors or other malignan-
cies was limited, although a theoretical concern remained since the active 
substance was a growth factor. The contraindications for use of the product 
considered known neoplasm at or near the site of application and urged 
caution in the use of the product in patients with known malignancies. Post-
marketing follow - up to obtain additional long - term clinical safety data with 
particular emphasis on the incidence of tumor formation was also recom-
mended  [68] . 

 The possibility that growth factors can act as growth stimulants for some 
tumor type will likely never be excluded and therefore should be communi-
cated in product labels. However, it may be possible that the concern may be 
reduced through in vitro or in vivo short - term studies to better understand 
and characterize the potential risk.  

Palifermin   Palifermin, a human keratinocyte growth factor (KGF), pro-
duced by recombinant DNA technology in  E. coli ., targets epithelial cells by 
binding to specifi c cell - surface receptors, stimulating proliferation, differentia-
tion, and upregulation of cytoprotective mechanisms. The fi rst 23 N - terminal 
amino acids of KGF were deleted to improve protein stability. The key fi ndings 
in toxicology studies performed in rats and monkeys were generally attribut-
able to the pharmacological activity of palifermin, specifi cally, proliferation of 
epithelial tissue. 

 The effect of rHuKGF on the proliferation rate of 41 tumor lines was 
assessed as well as the effect on the growth of subcutaneous receptor positive 
human tumor xenografts in athymic mice. One tumor showed a statistically 
signifi cant positive. The overall data to predict potential for tumor promotion 
in humans were deemed questionable. 

 The current product label, under precautions, states that the effects of 
Kepivance ™  on stimulation of KGF receptor expressing, nonhematopoietic 
tumors are not known. Kepivance ™  has been shown to enhance the growth of 
epithelial tumor cell lines in vitro and to increase the rate of tumor cell growth 
in a human carcinoma xenograft model. The label advises that patients should 
be informed of the evidence of tumor growth and stimulation in cell cultures 
and in animal models of nonhematopoietic human tumors. Of note, the muta-
genicity sections states that although no clastogenic or mutagenic effects were 
observed, such studies are generally not informative for biological products. 

 Although not required for approval, a short - term bioassay, Tg - Hras2 model, 
was conducted postapproval and is mentioned in the Summary of Product 
Characteristics (SPC) and the postapproval procedural steps summary. There 
were no fi ndings suggestive of tumor growth promotion in this study.   



462 PRECLINICAL EVALUATION OF CANCER HAZARD AND RISK

19.6.4 Cytokines

 Interferons are uniquely species specifi c and are not active in rodents. In addi-
tion the class - specifi c product attributes, including the mechanisms of action 
of the respective subtypes, reduces cause for concern for carcinogenic risk. No 
malignancies have been reported under adverse reactions in clinical trials, and 
there are no warnings or precautions regarding carcinogenic risk in the product 
labels or adverse reports reported postmarketing.  

19.6.5 Enzyme Replacement Therapies 

 A variety of enzyme replacement therapies have been approved including 
those listed in Table  19.4 a. Despite the fact that these products are used chroni-
cally, no genotoxicity or carcinogenicity studies have been performed presum-
ably based on specifi c product class attributes.  

19.6.6 Other

Omalizumab   Omalizumab is a recombinant humanized monoclonal anti-
body that binds to human IgE that is indicated for use in adults and adoles-
cents with moderate to severe persistent asthma who are inadequately 
controlled with inhaled corticosteroids and have a positive skin test or in vitro 
reactivity to a perennial aeroallergen. Omalizumab is not pharmacologically 
active in rodents. Studies in wild - type mice showed a different cell distribution 
of IgE affi nity receptor (Fc ε R1) compared to humans and humanized (Fc ε R1) 
transgenic mice were not available during development. Tumor host resistance 
models (e.g., B16 melanoma) could have been used; however, this would have 
required development of a humanized Fc ε R1 transgenic model with appropri-
ate Fc ε R1 cell distribution as well as an appropriate   homologous anti - mouse 
IgE mAb. In addition to the considerations above the chemical structure 
of omalizumab did not represent a carcinogenic risk, and there was no clinical 
epidemiological data supporting the role of IgE in immunosurveillance. There-
fore no additional studies were performed to assess carcinogenic risk. In the 
clinical trials of less then a year study duration, a slightly higher increase in 
malignant neoplasms compared to controls was reported. The label reads that 
the impact of longer exposures or use in patients at higher risk for malignancy 
is not known.  

DNase   A rodent bioassay was conducted in rats based on the intended 
patient population (in large part children) as well as the relevancy and feasibil-
ity of the rodent to assess toxicity. No adverse fi ndings were observed.    

19.7 RATIONALE FOR NOT PERFORMING THE RODENT BIOASSAY 

 Some of the shortcomings of the rodent bioassay have been discussed above. 
There is an increasing body of evidence suggesting that the data necessary to 



identify potential human hazards may be obtained without the current reli-
ance on the results of rodent bioassay(s)  [17,18] . There are also various pro-
posals suggesting what might constitute a relevant assessment of carcinogenic 
risk of pharmaceuticals. One proposed assessment includes an evaluation 
of a number of possible characteristics. The components of the assessment 
include in vitro and in vivo genotoxicity studies, a six - month rodent (or non-
rodent study depending on the biologic activity of the molecule), additional 
pharmacologic assays to further assess pharmacodynamic or immunomodula-
tory effects and defi ne dose – response relationships, pharmacokinetic studies 
to describe systemic exposure and dose – response behavior, and an alternative 
short - term carcinogenicity assay. A rodent bioassay would only be needed if 
all other data are inconclusive  [18] . Another proposal includes conduct of a 
13 - week repeat dose study focusing on four endpoints: genotoxicity, immuno-
suppression, estrogenicity, and increased cell proliferation. These data would 
be combined with structure - activity models of chemical effects  [17] . Short -
 term assessments of these effects are expected to provide predictive signals 
that would allow scientists to determine the likelihood of cancer in rodents, as 
well as the human relevance of the associated pathways. It is also important 
to consider human experience of spontaneous, often genetic diseases and dis-
eases in humans or animals that may mimic potential effects of the biophar-
maceutical with greater potency and specifi city and that show what happens 
in the target species. 

 It is important to emphasize that while some scientists concur, in principle, 
that alternative assays may provide information for the integrative assessment 
of carcinogenic risk, they also admit that the assays may not provide a defi ni-
tive answer. As previously discussed, the FDA is still considering the totality 
of the available data, including the results of rodent bioassay in most cases 
for identifying carcinogenic hazard of pharmaceuticals  [16] . However, in the 
United States there is the opportunity to submit a waiver of carcinogenicity 
testing based on supported scientifi c rationale considering the specifi c product 
attributes, all available preclinical data and the intended patient population 
(see Table  19.5 ).    

19.8 MANAGEMENT AND COMMUNICATING 
OF CARCINOGENIC RISK 

Do animal data alter the perception of carcinogenic risk? Are the preclinical 
data adequate to support the clinical use of the product in patients? To what 
extent can we accept lack of experimental data before a product is used to treat 
humans? Should a study be done if the relevance of the test system is question-
able? Can risks be communicated without  “ doing a study ” ? What and whose 
risk is it not  “ doing a study ” ?

 The goal of preclinical safety testing, especially carcinogenicity studies, 
is to protect patients by helping to prevent toxic exposures or at least 
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 TABLE 19.5    Considerations supporting waiver of carcinogenicity studies for Fuzeon ®
(enfuviritide, T - 20) 

  Sponsor Arguments    FDA Response    FDA Recommendation 

Concerns related to product class      Reasons to support 
conducting

carcinogenicity testing 
of T - 20

•  T - 20 is a novel 
retroviral agent with 
respect to biological 
and chemical 
characteristics and 
therefore there is no 
concern based on 
carcinogenicity of other 
retroviral agents 

•  Unique mechanism of 
action of T - 20 involves 
a specifi c protein –
 protein interaction with 
the extracellular 
portion of the 
transmembrane
glycoprotein gp41 of 
the HIV virus, thus 
blocking viral fusion 
with the T cell 
membrane

•  Polypeptides are not 
known to be 
carcinogenic

•  Insofar as T - 20 is a novel 
retroviral agent (there are no 
other products in its class), the 
argument is irrelevant whether 
other products in its class have 
not demonstrated carcinogenic 
activity

•  Question of whether there was 
evidence for T - 20 tissue 
(protein - protein) interactions 
(that might suggest that T - 20 
stimulates cell division, or blocks 
cell apoptosis). (No data are 
available that looked at T - 20 -
 tissue interactions except that 
NIH had conducted a study of 
T - 20 that produced unambiguous 
or diffi cult - to - interpret data) 

•  There are polypeptides that are 
known to be carcinogenic. All 
those that were located are 
hormones or ones that 
demonstrated hormonal activity 

•  In some cases T - 20 
administration was 
shown to cause 
chronic irritation and 
infl ammation at 
injection sites when 
administered by 
subcutaneous injection 
or infusion. In some 
cases, injection of T - 20 
caused hard masses at 
injection sites, 
suggesting that T - 20 
was not well - absorbed 

•  Administration of T - 20 
is expected to exceed 
6 months in some 
patients

•  T - 20 is a new 
molecular substance 

Structure - activity relationships

•  T - 20 is expected to be 
metabolized into 
smaller peptides and 
amino acids. As such, 
there are no classical 
structural alerts 
suggesting a 
carcinogenic risk 

        



Concerns from repeated - dose toxicity studies

•  In repeat - dose toxicity 
studies of T - 20 (6 
months in rats, 9 
months in monkeys), 
hyperplasia and 
preneoplastic lesions 
have not been observed 

•  In a 28 - day repeat - dose 
intravenous study of T - 20 in 
monkeys, splenic hyperplasia 
was observed in most of the 
animals (all of the high - dose 
animals), and the severity of 
splenic hyperplasia was greater 
in T - 20 - injected animals than in 
control animals. One animal in 
the high - dose group had a 
spleen that was greater than 
3% of its body weight. This 
hyperplasia likely resulted from 
an immune reaction to T - 20. 
However, we do not believe it is 
correct to state that there is no 
evidence of treatment - related 
hyperplasia

Long - term retention of parent compound or metabolite
•  Pharmacokinetic 

studies in rats after 
intravenous injection 
revealed a 2.4 - hour 
half - life and low 
distribution (26.3   ml) 
suggesting that there 
is a little long - term 
retention of T - 20 
in rodents 

•  Studies where T - 20 was 
administered by subcutaneous 
injection to rats or monkeys 
indicated poor absorption at the 
injection site in some instances, 
which in turn suggest long - term 
retention of T - 20 is possible 
under some circumstances 

•  Studies of the rates of 
elimination of radioactivity in 
feces, urine, and air after a single 
intravenous injection of tritiated 
T - 20 in the rat suggest 
catabolism of T - 20 amino acids 
and reincorporation of 
radiolabel into body tissue 
proteins. Highest amount of 
radiolabel appeared in skeletal 
muscle 48 hours after T - 20 
administration. No systemic 
degeneration of muscle tissue 
was noted after chronic T - 20 
administration

TABLE 19.5 Continued

Sponsor Arguments FDA Response FDA Recommendation
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TABLE 19.5 Considerations supporting waiver of carcinogenicity studies for Fuzeon® 
(enfuviritide, T-20) (Continued)

Genotoxicity      Strongest arguments for 
NOT conducting 

carcinogenicity testing 
of T - 20

•  There was no evidence 
of genotoxicity in the 
standard genotoxicity 
test battery bacteria 
reverse mutation 
(Ames) tests, forward 
gene mutations in 
mammalian (Chinese 
hamster ovary AS42) 
cells, or mouse bone 
marrow MN test 

•  Not all carcinogens are 
genotoxic

•  T - 20 did not induce 
tumor in 6 - month 
repent - dose studies 
in rats and 9 - month 
repeat - dose studies 
in monkeys 

•  T - 20 is a polypeptide 
comprised of naturally 
occurring L - amino 
acids. Some data 
indicate that T - 20 is 
metabolized to amino 
acids and they, in turn, 
are incorporated into 
body tissues 

•  T - 20 was not 
mutagenic in the 
standard battery of 
mutagenicity studies 

•  The only proteins that 
are carcinogenic in 
animals are proteins 
that demonstrate 
hormonal action. 
T - 20 does not have 
hormonal action 

Compounds producing chronic irritation/infl ammation

•  Repeated twice - daily 
injection via sc 
administration of T - 20 
to rats or monkeys 
resulted in various 
degrees of 
infl ammation and 
irritation at the 
injection sites. In the 6 -
 month rat study, the 
incidence and severity 
of lesions was 
comparable to that 
observed in vehicle -
 treated animals. 
Evidence of an 
injection site reaction 
in primates was not 
common until week 17. 
Injection site reactions 
have been observed in 
humans, which vary in 
severity and rarely 
cause treatment 
discontinuation

•  Patients are instructed 
to rotate sites of 
injection to avoid 
chronic irritation/
infl ammation at a 
single site 

•  Early studies of T - 20 (e.g., rat 6 -
 month repeat - dose study) were 
inconclusive as to whether 
injection site infl ammation was 
solely a result of the procedure 
of the drug or some combination 
of the two. In retrospective 
review of data, it appears that 
infl ammation is, at least in part, 
a reaction to the drug. It is 
irrelevant that microscopic 
evidence of an injection site 
reaction in primates was not 
common until week 17. In the 
same (9 - month primate) study, 
increased eosinophils (compared 
with controls) were measured at 
3 months (earliest postdosing 
hematological measurement), 
and infl ammatory response were 
evident in the spleens (increased 
germinal centers and 
lymphocytic proliferation) and 
thymuses (cortical lymphocytic 
depletion) at 3 months. In the 
28 - day, repeat - dose primate 
study antibodies to T - 20 were 
detected at day 7. Thus 
infl ammation, while not clearly 
evident macroscopically until 
week 17 in the 9 - month study, 
was microscopically evident 
earlier on  

Sponsor Arguments FDA Response FDA Recommendation
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•  Observations that injection site 
reactions in T - 20 patients rarely 
cause treatment discontinuation, 
and that  “ patients are instructed 
to rotate sites of injection, thus 
avoiding chronic irritation/
infl ammation at a singe site ”  are 
irrelevant to the carcinogenic 
risk assessment but important to 
the potential carcinogenic risk 
assessment

Patient population      Waiver granted

•  T - 20 is intended for 
patients with advanced 
HIV infection, and will 
be tested in patients 
who have experienced 
all three classes of 
marketed antiviral 
drugs. These patients 
have limited treatment 
options

•  It is expected that 
patients may continue 
treatment of T - 20 
beyond 6 months, the 
treatment duration 
limit beyond which 
carcinogenicity studies 
for conventional 
pharmaceutical agents 
are generally needed. 
But, HIV patients have 
limited treatment 
options and the 
benefi t – risk ratio for 
T - 20 is considered 
extremely high, 
regardless of the 
outcome of animal 
carcinogenicity studies 

•  It is true that HIV infection is a 
life - threatening disease and that 
patients with advanced systemic 
HIV infection face limited 
treatment options. But, there are 
treatment options available to 
some patients. Since the advent 
of HAART regimens and the 
consequential decrease in 
mortality and increase in 
longevity of these individual, 
carcinogenic risk from anti - HIV 
drugs is a concern, especially for 
children. ICH guidance S1A 
states that where life expectancy 
in the indicated population is 
short (i.e., less than 2 – 3 years) 
long - term carcinogenicity studies 
may not be required. Many HIF -
 infected individuals are not 
living longer than 3 years, so this 
argument does not apply to all 
HIV - infected individuals who 
might receive T - 20 

•  Treatment with T - 20 beyond 6 
months is a reason for 
conducting carcinogenicity 
testing. It is no longer true that 
carcinogenic risk is not a 
concern in the treatment of 
HIV - infected individual  

•  Most compelling 
reason to be 
concerned about 
carcinogenic potential 
of T - 20 is that the 
subcutaneous
administration of T - 20 
causes chronic 
infl ammation. This 
adverse effect in 
humans can be 
monitored in humans 

•  Rats have limited 
body surface area for 
subcutaneous
injections sites and 
the procedure harms 
the rats 

•  It is reasonable to 
grant the requested 
waiver unless there is 
a compelling reason to 
think that T - 20 might 
be carcinogenic 

•  Other evidence 
suggests that T - 20 is 
not a carcinogen 

Sponsor Arguments FDA Response FDA Recommendation
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TABLE 19.5 Considerations supporting waiver of carcinogenicity studies for Fuzeon® 
(enfuviritide, T-20) (Continued)

Sponsor Arguments FDA Response FDA Recommendation

Relevance of carcinogenicity testing of polypeptides

•  Standard 
carcinogenicity
bioassays may be 
in appropriate for 
compounds such as 
large molecular weight 
proteins and 
polypeptides

•  Large molecular weight proteins 
are not mentioned in the ICH 
guidance documents referenced 
above

Source :   Adapted NDA No. 21 – 281 Pharmacology/Toxicology Review — William H. Taylor ( http://www.
accessdata.fda.gov/scripts/cder/drugsatfda/ ).   

warn patients of the risks so that appropriate risk – benefi t decisions can be 
made for the product and ultimately each patient. Despite the experimental 
uncertainties and limitations, appropriate communication of carcinogenic risk 
must be addressed. The initial guidance on the rodent bioassay for identifying 
carcinogenic hazard represented the best thinking of the time on how to 
accomplish the critical task of prospectively identifying chemicals that pose a 
carcinogenic risk to humans  [18] . In the 40 years since this guidance was pub-
lished, these recommendations continue to form the foundation of cancer risk 
assessment despite signifi cant progress in our understanding of the biology of 
the carcinogenic response in animals and humans. However, the availability 
of large and extensive databases currently in development by various groups 
should support the development of a more rational, science - based approach 
to this process. 

 The specifi c product attributes of pharmaceuticals and biopharmaceuticals 
are blurring. Pharmaceuticals are increasing in molecular weight, including a 
variety of alternative scaffolds in efforts to extend half - lives and allow better 
effi cacy and more convenient dosing regimens, while biopharmaceuticals are 
becoming smaller, focusing on more specifi c molecular interactions in efforts 
to improve effi cacy and reduce immunogenicity and cost of goods. As is true 
for conventional pharmaceuticals, the cause for concern for tumorigenicity of 
biopharmaceuticals is heightened based on knowledge and plausibility of 
particular mode of action. 

 Special issues of concern following chronic treatment of immunomodula-
tory pharmaceuticals and biopharmaceuticals include the potential for immune 
impairment leading to opportunistic infections and/or lymphoproliferative 
disorders. Mitogenicity is a concern for exogenously administered biopharma-
ceuticals such as hormones and growth factors and may also be a concern for 
pharmaceuticals designed to stimulate their endogenous production. For 
DNA - based therapies, integration and the consequences of insertional muta-



 TABLE 19.6    Factors to consider for carcinogenicity testing of biopharmaceuticalsa

  For Rodent Bioassay    Against Rodent Bioassay 

  Chronic use    Species - specifi c protein (rodent lacks 
receptor or epitope, receptor or epitope, 
is only upregulated in disease, product 
induces immune response in rodents) 

  Cause for concern based on product 
class (e.g., growth factor, 
immunomodulatory protein) 

  Relative risk is considered no greater than 
other products in the class (class label) 

  Studies have routinely been 
performed for pharmaceuticals 
intended for chronic use 

  Studies have not been previously performed 
with approved products in class  

  Feasibility is not an issue based on 
availability of the homologous test 
article determined to be comparable 
to the clinical product (e.g., 
recombinant protein or monoclonal 
antibody)

  Homologous test article b    may not be 
relevant (different pharmacological 
activity, different physiological regulation, 
product is otherwise not comparable, e.g., 
product quality issues) 

  Effecting the intended pathway may 
have expected consequences 

  Absence of fi ndings in rodents would not 
necessarily preclude precaution or 
warning in label of potential human risk  

  Sponsor has an obligation in the label 
to provide an assessment of the 
potential carcinogenic effect of its 
product. (This obligation may be 
satisfi ed as a postmarketing 
commitment)

  Alternative assays can be used to identify 
potential risk — together with thorough 
understanding of nature and biological 
properties of the product obtained from 
studies or literature references. Such 
information should be provided in 
the label  

  Regulatory expectation    Increased animal use with little predictive 
value for human risk (based on one or 
more of the above considerations); 
raising regulatory hurdles for similar 
products in the future 

Note :       a The testing is to provide meaningful information for human risk assessment and product 
labeling that informs physicians and patients about risks.  
b The animal version of the human biopharmaceutical (e.g., rodent version of a recombinant 
protein or a monoclonal antibody).   

genesis is a cause for concern, and for certain cell therapies based on specifi c 
product attributes there is an increased concern for the potential to cause 
tumors. Table  19.6  summarizes the factors for consideration of carcinogenicity 
assessment of biopharmaceuticals.   

 Bucher and Portier have suggested that  “ it is important for toxicologists to 
reevaluate our collective understanding of adverse biological responses in 
short - term in vivo and in vitro assays. That in spite of the recognized limita-
tions, our understanding of carcinogenicity has advanced to the point that data 
from these assays could support decisions that are as protective of the public 
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health as are current approaches relying on the results of the rodent bioassay 
 “  [6] . MacDonald concurs suggesting that with careful consideration from 
academic, regulatory, and industry scientists, and an appropriately rigorous 
process for decision making, a signifi cant enhancement over the current 
process of carcinogenicity assessment can be envisioned.   Further he notes that 
a prospective, comprehensive evaluation of the biologic effects of chemicals 
could better utilize our current understanding of the carcinogenic processes 
and could ultimately yield a more effi cient and effective assessment of poten-
tial human risk  [18] . 

 Importantly, appropriate labeling is critical to communicating potential 
human risk and also when appropriate should be supported with a risk mitiga-
tion plan. As most assessments of carcinogenic risk are made on individual 
products, additional consideration may also be needed when patients are 
exposed to multiple products for treating the intended disease. The need for 
a prospectively defi ned pharmacovigilance plan is a fi nal imperative for ensur-
ing the availability of safe medicines  [36] .  
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  20.1   INTRODUCTION 

 Nearly all therapeutic proteins induce an immune response, although the 
incidence differs  [1,2] . Some proteins induce an immune response only very 
rarely, and others in the majority of patients. The antibodies may have a variety 
of consequences. Low level of binding antibodies have, in general, no effects, 
although they may sometimes decrease the half - life and biological activity. 
High levels of neutralizing antibodies may interfere with the effi cacy of the 
therapeutic proteins. The antibodies may also neutralize endogenous proteins, 
which may have serious biological consequences. Antibodies may also modu-
late the side effects of the therapeutic proteins. With some products like 
interferon alpha - 2 the reduction of side effects may be the fi rst sign of an 
immunogenic response. With monoclonal antibodies the induction of anti-
bodies may increase the symptoms of the side effects. 

 The immunogenic response in itself may also lead to complications such as 
skin reactions, anaphylaxis - like reaction, transfusion reactions, and serum sick-
ness. These complications may also be the results of an immunogenic response 
to impurities and contaminants. Both the EMEA and the FDA expect the 
evaluation of possible biological and clinical consequences and the assay strat-
egy of immunogenicity to be based on a risk based approach. The elements 
for a risk analysis and management are discussed in this chapter, and the 
factors infl uencing the probability of an antibody response and the conse-
quences will be categorized.  

  20.2   DEFINITION OF RISK 

 The defi nition of risk is the probability times the consequences (Figure  20.1 ). 
So the probability of an immune response is not synonymous with its risk. A 
high risk can be associated with a relative high probability, but also with a low 
probability if the consequences are severe. For example, the probability of an 
immune response to epoetin is rather low, but one of the consequences, 
antibody - induced severe anemia, is severe  [3] . This makes the risk of immu-
nogenicity of epoetins relatively high.    

    Figure 20.1     Risk as a combination of probability and consequences.  
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20.3 GRADING THE POSSIBLE CONSEQUENCES 
OF IMMUNOGENICITY 

 Table  20.1  lists important considerations when assessing the consequences of 
immunogenicity.   A severe consequence of immunogenicity is the loss of effi -
cacy of the product, if there is no alternative treatment and the product has a 
clinically important effect. Antibodies to factor VIII that inhibit its activity in 
hemophilia patients, for which there are no alternatives, are clearly severe, 
whereas inhibiting antibodies to Botox ®  used for cosmetic reasons will be con-
sidered low risk even without alternative treatment options. Loss of effi cacy by 
the immune response may occur with any product independent whether the 
product is human (or derived from a human gene), nonhuman, or an artifi cial 
protein. Another severe consequence is the cross - neutralization of a biologi-
cally important endogenous factor by antibodies induced by the therapeutic 
protein. This can only occur if the protein drug is (partly) similar with the 
endogenous factor. An example is the megakaryocytic growth and different-
iation factor (MGDF) that was under development for the treatment of throm-
bocytopenia. This truncated pegylated molecule induced antibodies in 
volunteers and cancer patients that cross - reacted with endogenous thrombo-
poetin, resulting in severe thrombocytopenia needing platelet transfusions  [4] . 

 Side effects such as anaphylaxis - like reactions and serum sickness are 
mainly caused by the formation of immune complexes seen with monoclonal 
antibodies administered in high doses. (See Chapter  21 .)  

20.4 PREDICTING THE PROBABILITY OF AN IMMUNE RESPONSE 

 There are two mechanisms by which therapeutic proteins induce antibodies: 
the classical activation of the immune system by foreign proteins and the 
breaking of B cell tolerance by human proteins. The two mechanisms differ in 
time of onset and response level as we have described extensively previously 
 [2] . Also the immunological mechanisms behind the two types of immune 
activation differ fundamentally and therefore also the characteristics of the 
product that are involved in induction of antibodies. 

20.4.1 Breaking B Cell Tolerance 

 By defi nition, we are immune tolerant to products that are copies of endoge-
nous proteins such as interferons, colony stimulating factors, and epoetins. The 

 TABLE 20.1    Important considerations when assessing 
the possible consequences of immunogenicity 

  1. Absence of alternative treatments 
  2. Similarity with important endogenous factors 
  3. To be administered in high doses 
  4. Presence of allergenic structures 
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products not necessarily need to be exact copies of the natural proteins to 
share this immune tolerance. When human therapeutic proteins induce anti-
bodies, they are breaking B cell tolerance, which starts with the activation of 
autoreactive B cells. The probability of breaking B cell tolerance depends on 
several factors (Table  20.2 ). Presenting the self - epitopes in an array form is a 
very potent way to activate B cells  [6,7] . This explains why aggregates of 
human proteins are the most important factor in induction of antibodies 
 [8,9,10] . These aggregates may not be immediately present in the product but 
may appear during storage, making stability and formulation an important 
issue in predicting the immunogenicity. Some factors infl uence the formation 
of aggregates, such as the presence of oxidized therapeutic protein and the 
reduced solubility by the lack of glycosylation by expression of a glycoprotein 
in a prokaryotic host  [11] .   

 There are only a few studies in experimental model systems on the proper-
ties of the aggregates that break B cell tolerance, indicating that only multiple 
order aggregates ( > trimers) are involved  [8] . There are different methods to 
identify the presence of aggregates such as size exclusion chromatography and 
SDS - PAGE and Western blotting. However, these methods may miss immu-
nogenic aggregates. Other methods such as analytical ultracentrifugation, 
fi eld - fl ow fractionation, and light - scattering techniques have shown to be able 
to detect aggregates that go undetected by standard assays. 

 The only biological test to study the capacity of a protein product to break 
B cell tolerance are mice made transgenic for the specifi c protein  [12,13] . These 
mice are immune tolerant, and there is a good correlation of an immune 
response in these mice and in patients. Although these models have helped to 
identify the factors important for breaking B cell tolerance and also have been 
useful in improving the formulation of products, there is not yet enough expe-
rience to use them as absolute predictors of immunogenicity of human 
proteins.  

20.4.2 Classical Activation of the Immune System by 
Foreign Proteins 

 The classical activation of the immune system is driven by the presence of 
non – self - epitopes. If the therapeutic protein is of nonhuman origin like micro-
bially   derived streptokinase and asparaginase or bovine adenosine deamidase, 

 TABLE 20.2    Most important factors increasing the 
probability of an immune response to human proteins 

  1. Aggregates  
  2. Chronic treatment 
  3. Subcutaneous administration 
  4. Impurities  
  5. Breaking tolerance in immune tolerant mice 



a strong immune response is highly likely, especially after subcutaneous admin-
istration (Table  20.3 ). If the product is a modifi ed human protein, prediction 
becomes more diffi cult. The level of divergence of the human amino acid 
sequence is not very informative because the consequence of the sequence 
deviation is highly dependent on the type of amino acid change and the loca-
tion of the change in the molecule. In some cases a single amino acid change 
has been reported to induce a complete new epitope  [14] . In others, extensive 
amino acid exchanges have no effect on immunogenicity.   

 Also in the prediction of the introduction of new epitopes by protein modi-
fi cation immune - tolerant transgenic mice can be used. Mice transgenic for 
human insulin and tissue plasminogen activator have been used to identify 
new epitopes in products with amino acid modifi cations  [14,15] . 

 Antisera have also been used to monitor reduction in immunogenicity of a 
protein. A reduced binding with the modifi ed protein by serum raised by 
the original product was considered to show reduced immunogenicity  [16] . 
However, binding of antibodies is an antigenicity, which is a physical process. 
  An antigenicity is different from an immunogenicity, the capacity to induce an 
immune response. Although in some cases these properties are related, in 
many cases proteins with a high antigenicity for neutralizing antibodies, proved 
to be non - immunogenic. 

 Also a number of in vitro stimulation and binding tests and computational 
models are promoted as predictors of immunogenicity  [17] . However, all these 
tests have their limitations. T cell proliferation assays have the drawback that 
many products are capable of either inducing some level of T cell activation 
or inhibit cell proliferation, leading to false positive and negative effects. The 
computational algorithms that are claimed to predict T cell epitopes only give 
limited information on the interaction of the proteins with the immune system 
and underdetect epitopes. Although these assays and algorithms may help 
predict to some extent which parts of the proteins will be involved in immu-
nogenicity, their limitations are also evident when they are used to reduce 
immunogenicity. There is hardly any convincing evidence of a clinically rele-
vant reduction of antibody induction. 

 Glycoproteins produced in nonhuman cells such as plant cells and yeast 
cells may have a modifi ed glycan structure. Although natural antibodies exist 
that react with nonhuman glycan structures  [18] , there is no example of an 
immune reaction that was mounted to modifi ed glycan structure of a thera-
peutic protein.  

 TABLE 20.3    Most important factors increasing the 
probability of an immune response to foreign proteins 

  1. Level of non - self  
  2. Subcutaneous administration 
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20.4.3 Mixed Type Immune Reactions 

 In some cases therapeutic proteins induce antibodies both by breaking B cell 
tolerance and the vaccine - like activation of the immune system, depending on 
the level of immune tolerance of the patients. An example is the immune 
response induced by factor VIII in hemophilia patients  [19] . The antibody 
response is related to the type of defect in the factor VIII gene in these 
patients. If the genetic defect leads to an inability to produce factor VIII, the 
patients lack immune tolerance, and they respond as to a foreign protein. In 
patients producing a nonfunctional but immunologically normal factor VIII, 
antibodies are produced by breaking B cell tolerance. It is likely, although not 
studied, that chimeric proteins consisting of both a human and nonhuman part 
such as chimeric and humanized monoclonal antibodies also will produce a 
mixed type of response.   

20.5 OTHER FACTORS INFLUENCING THE ANTIBODY RESPONSE 

20.5.1 Length of Treatment 

 Foreign proteins like streptokinase and asparaginase induce antibodies often 
after a single injection. Breaking B cell tolerance by human protein takes in 
general more than 6 months of chronic treatment. This illustrates the funda-
mental difference between a vaccine - like response to foreign proteins and 
breaking of immune tolerance against human proteins.  

20.5.2 Route of Administration 

 The route of administration infl uences the likelihood of an antibody response 
independent of the mechanism of induction. The probability of an immune 
response is the highest with subcutaneous administration, less probable after 
intramuscular administration and intravenous administration is the least immu-
nogenic route. There are no studies comparing parenteral and nonparenteral 
routes of administration. However, as both mucosal tissues and the skin are 
immune competent organs designed to keep invaders out of the body, intrana-
sal, pulmonary, and transdermal administration of therapeutic proteins may 
increase the risk of an immune response as compared to parenteral routes.  

20.5.3 Biological Activities of the Product 

 The biological activities of the product are infl uencing the immune response. 
An immune stimulating therapeutic protein is more likely to induce antibodies 
than an immune suppressive protein. Monoclonal antibodies targeted to cell 
bound epitopes are more likely to induce an immune response than monoclo-
nal antibodies with a target in solution  [20] . Also the Fc bound activities of 
monoclonal antibodies have an infl uence. A monoclonal antibody with a modi-
fi ed Fc part has been reported to be less immunogenic than the unmodifi ed 
monoclonal antibody  [21] .  



20.5.4 Presence of Impurities 

 Impurities may infl uence immunogenicity. The immunogenicity of products as 
human growth hormone, insulin, and interferon alpha - 2 have declined over 
the years due to improved downstream processing and formulation, reducing 
the level of impurities. There are studies showing that the induction of anti-
bodies by oxidized protein cross - reacted, with the unmodifi ed product and 
host cell derived endotoxin acting as an adjuvant  [22] . The probability of an 
immune response therefore increases with the level of impurities. Besides their 
possible role as adjuvant, impurities may also induce an immune response to 
themselves. Moreover they may be the cause of skin reactions, allergies and 
other side effects.  

20.5.5 Product Modifi cations 

 Product modifi cations that are intended to enhance half - life potentially also 
increase the exposition of the protein to the immune system and may increase 
immunogenicity. In addition the modifi cation may reduce biological activity 
necessitating more protein for the same biological effect. 

 Pegylation is claimed to reduce the immunogenicity of therapeutic proteins 
by shielding  [23] . There is evidence that pegylation reduces the immunogenic-
ity of nonhuman proteins like bovine adenosine deamidase and asparginase. 
Whether pegylation also reduces the capacity of human proteins to break 
B cell tolerance is less clear. There are reports of high immunogenicity of 
pegylated human proteins such as PEG - rhuMDGF, but the immunogenicity 
of unpegylated MDGF products is unknown.  

20.5.6 Patient Characteristics 

 Gender, age, and ethnic background have all been reported to infl uence the 
incidence of antibody response to specifi c therapeutic proteins. However, the 
only patient characteristic that consistently has been identifi ed for a number 
of different products is the disease that the patients suffer from. Cancer 
patients are less likely to produce antibodies to therapeutic protein than other 
patients. The most widely accepted explanation for this difference is the 
immune - compromised state of cancer patients, both by the disease as by anti-
cancer treatment. Also the median survival of patients on treatment by thera-
peutic proteins may be too short to develop an antibody response. In any case, 
cancer reduces the probability of an antibody response to a protein 
considerably.  

20.5.7 Impact of Concomitant Therapy 

 As the experience in cancer patients shows, immune suppressive therapy 
reduces the probability to develop an immune response to proteins. In addi-
tion immune suppressive drugs such as methotrexate are often used in 
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conjunction with monoclonal antibodies and other protein drugs that further 
serves to reduce the immune reactions.   

20.6 ASSAY STRATEGIES 

 A specifi cally designed assay strategy is an essential part of every risk analysis 
and management program for a new therapeutic protein. When validating the 
assays and also when evaluating the data on immunogenicity and their clinical 
impact, it is important that assays are not standardized and international refer-
ence and standard preparations are in general not available  [25] . This makes 
it diffi cult to compare studies with similar products. That is, the same product 
studied in comparable patient populations may show a wide variety of anti-
body incidence. Also the different analyses differ in their criteria for consider-
ing a patient antibody positive. In some studies all patients with at least a single 
positive binding assay result were included in the antibody positive groups. 
Because it is unlikely that a transient level of binding antibodies has any bio-
logical effect, this type of analysis leads to an underestimation of the effects 
of antibodies. 

   The more logical approach is to categorize patients depending on the AUC 
of the neutralizing antibody levels. This type of analysis also allows study of 
the dose – response relation between antibody levels and clinical effects. In 
some cases the unpredictable disease progression, the lack of good effi cacy 
markers and the extended effect after treatment has stopped, may complicate 
the evaluation of the clinical effects of immunogenicity. 

 Because of the lack of adequately designed studies and standardized assays 
for many products the consequences of their immunogenicity is unclear. So 
assuming a product to be non - immunogenic based on literature is impossible. 
In other words, every new protein should be assumed to be immunogenic 
unless proved otherwise with a well - designed and validated assay strategy. 

 Recently a number of papers have appeared written mainly by authors in 
the US biotechnology industry, and they are the basis of a growing consensus 
on the principles of immunogenicity testing  [26,27,28] . One single assay is not 
considered suffi cient to evaluate the immunogenicity of a new protein drug. 
Most antibody assay strategies are based on different stages approach: the fi rst 
stage being a screening assay to identify the antibody positive sera and the 
second stage being the assay to evaluate whether the antibodies are neutral-
izing. This may be followed by assays to establish titer, affi nity, and isotype of 
the antibodies. 

20.6.1 Types of Assays 

 The screening assay is, in general, a binding assay, mostly an ELISA - type assay, 
or a radio - immune - precipitation method. Standard ELISA - type immunoas-
says are not always considered appropriate, however, for measuring binding 



antibodies because the circulating therapeutic protein may interfere with the 
assay. So a bridging assay, which in the ELISA plate is coated with the protein 
drug and anti - drug antibodies are detected with a labeled version of the drug, 
has been advocated as the best type of screening assay. A bridging assay 
detects all types of antibodies independent of type and species of origin. The 
bridging assay may miss low - affi nity antibodies. Therefore, for the early 
immune response, the use of surface plasmon resonance technology as BIAcore 
is advocated rather than the ELISA type of assay methodology. However, the 
sensitivity of ELISAs and RIAs for high - affi nity antibodies is generally higher 
than the BIAcore assays. 

 Screening assays are designed for optimal sensitivity to avoid false nega-
tives. For new proteins defi ning an absolute sensitivity is impossible because 
of lack of positive sera. An alternative approach is to set the cut point for the 
assay at the 5% false positive level using a panel of normal human sera and/or 
untreated patient sera representative of the groups to be treated.  

20.6.2 Assay Sensitivity 

 To get an idea of the sensitivity of the assay in quantitative terms, affi nity 
purifi ed animal sera are used. In general, these are obtained by immunization 
of rabbits by the therapeutic product. The rabbit serum diluted in normal 
human serum can also serve as a positive control or to provide a standard 
curve. Because the screening assays are tuned for high sensitivity and a pre-
defi ned false positive rate, all initial positive sera need to be confi rmed. A 
confi rmation can be achieved by another binding assay based on another 
principle than the original assay. So, if an ELISA type of assay is used, the 
confi rmation can be a radio - immune precipitation assay or a BIAcore assay. 
An initial positive can also be confi rmed by doing a displacement step before 
doing the original assay. Product is added to the serum and should result in a 
predefi ned relative reduction in signal, such as 25% or 50%, or an absolute 
reduction based on a low positive control. Only the confi rmed positives are 
labeled as positives and are then further analyzed. Confi rmed positive sera 
should be tested for neutralizing antibodies that may interfere with the bio-
logical and clinical activity. Assays for neutralizing activity are based on the 
inhibition of the biological effect of the protein in vitro. Because every product 
has its own specifi c biological effect, assays for neutralizing activity need to be 
designed individually.  

20.6.3 Measuring Neutralizing Antibodies 

 The assay for neutralizing antibodies is, in general, a modifi cation of 
the potency assay of the therapeutic protein product. The potency assay is in 
most cases an in vitro cell based assay. A predefi ned amount of product is 
added to the serum and the reduction of activity is evaluated in the bioassay. 
Sometimes the assay is performed in two steps. An assay with the lowest 
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dilution of serum and a minimal amount of protein   is used to screen for neu-
tralizing activity and, if any neutralization is identifi ed, a full titration of the 
sera is performed. 

 An important issue in the neutralization assay is the amount of therapeutic 
protein product to add. This dose should be based on the dose – response curve 
of the protein in the assay. The reduction should be in the linear part of the 
curve and be signifi cant enough to be reliably testable in the assay. The titer 
of the neutralization is often expressed in units. The highest dilution of the 
serum with a signifi cant inhibition is defi ned to contain one neutralizing unit. 
Sometimes the activity is expressed in arbitrary units using an animal antise-
rum as reference. Further characterization of the antibodies may include 
evaluation of Ig isotype and affi nity. Although alternative methods may be 
employed, the BIAcore assay has become the standard for these types of 
analyses.  

20.6.4 Timing of Blood Sampling 

 Another important aspect when studying the immunogenicity of therapeutic 
proteins concerns the timing of the blood sampling. With products such as 
monoclonal antibodies that have a relative long half - life, the circulating product 
may interfere with the detection of induced antibodies. Sampling sera up to 
weeks after the last injection is then necessary to avoid the interference of 
circulating protein drug.  

20.6.5 Evaluation of Impurities 

   In general, the evaluation of the immunogenicity of impurities is restricted to 
binding antibodies. Only in the case where the biological activity of the impu-
rity is known and its inactivation is biologically relevant, a neutralization assay 
may be necessary. 

 The most important source of impurities is the host cells. And in nearly all 
biological products traces of host cells can be identifi ed. Not all of them will 
raise antibodies. Based on the literature about the immunogenicity of a protein, 
it is general safe to assume that if the level of contaminant is below 0.5    μ g per 
dose, the induction of antibodies is unlikely.   For a proper binding antibody 
assay, the material resulting from a complete extraction and purifi cation 
process of a mock production run of the host cells without the inserted gene 
(0 cells) should be used. This procedure should results in material containing 
the impurities as present in the product. The impurities that are co - purifi ed 
with the therapeutic protein will also be present in the whole cell extract, but 
the presence of other substances can introduce interference in the binding 
assay. The 0 - cell product can also be used in the confi rmatory displacement 
assay and to immunize rabbits to obtain a positive control serum. The same 
material can also be used in an immunoblot or BIAcore assay, which can serve 
as confi rmatory assays.   



20.7 STUDYING THE CONSEQUENCES OF IMMUNOGENICITY 

 To evaluate the biological consequences of antibodies, patients with positive 
responses should be monitored for their impact on the pharmacokinetic and 
pharmacodynamic effect of the therapeutic protein. Also the effect on adverse 
events and possible neutralization of the endogenous protein, in cases where 
human proteins are administered at pharmacological doses, should be moni-
tored. When the consequences of the immunogenicity are known, the risk can 
be established.  
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  21.1 INTRODUCTION

 The immune system is an extremely complex network of closely interacting 
regulatory and effector cells and molecules, whose primary function is the 
discrimination of self from non - self in order to maintain homeostasis in living 
organisms. The renewal, differentiation, and activation of immunocompetent 
cells ensure an adequate level of immune responsiveness under the control 
of many mechanisms with either redundant or confl icting outcome. It is 
important to bear in mind, however, that not all immune responses are 
benefi cial to the host. Some may result in autoimmunity when directed against 
self - constituents of the body, or in hypersensitivity when directed against 
 “ innocent ”  foreign antigens (allergens)  [11] . Biopharmaceuticals, either via 
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their (immuno) - pharmacological mechanism of action, or their chemical struc-
ture (foreign proteins), most often have the potential for inducing autoimmu-
nity and/or hypersensitivity reactions in treated human subjects. Therefore 
autoimmunity and hypersensitivity are critical issues to be considered during 
the preclinical as well as the clinical safety evaluation of most, if not all 
biopharmaceuticals.  

21.2 OVERVIEW OF THE CLINICAL EXPERIENCE 

 There is a growing body of clinical evidence demonstrating that autoimmunity 
and hypersensitivity are relatively common and potentially severe adverse 
effects of biopharmaceuticals  [26,37,41] . 

21.2.1 Autoimmunity

 Autoimmunity is still largely a mystery. It consists of specifi c immune responses 
involving antibodies and T cells directed against self - antigens. Importantly, 
physiological autoimmune responses are relatively common as most healthy 
individuals normally produce autoantibodies. Autoimmune diseases occur 
when autoreactive T cells and/or autoantibodies cause tissue damage resulting 
in overt pathological conditions  [8] . They are relatively common diseases as 
5% to 8% of the US population have been estimated to be affected. 
Autoimmune diseases can target any organ system, and occur at nearly any 
age. Approximately 80 diseases have been described. They are usually classi-
fi ed into organ - specifi c and systemic diseases, depending on the affected 
organ(s), even though this classifi cation does not necessarily refl ect a common 
pathophysiology. A number of predisposing factors are strongly thought to be 
involved, especially genetic predisposition and environmental exposures, 
including drug therapy. 

 Autoimmune diseases have been reported to be more frequent in human 
subjects treated with several recombinant cytokines  [38] . For instance, 
increased titers or the new occurrence of autoantibodies have been observed 
in hepatitis C patients treated with the recombinant   interferons - alpha (IFN α ). 
Quite a few clinical case reports describe the development of organ - specifi c 
as well as systemic autoimmune diseases including systemic lupus erythema-
tosus, insulin - dependent type I diabetes mellitus, autoimmune thrombocyto-
penia, autoimmune hemolytic anemia, myasthenia gravis, and autoimmune 
thyroiditis in patients under IFN α  therapy. Although the mechanism involved 
is not fully elucidated, the available data support the pathogenic potential of 
IFNα  in autoimmunity  [31] . In contrast, autoimmune effects associated with 
IFNβ  therapy are thought to be of lesser concern based on the current clinical 
evidence  [38] . Thyroid autoimmunity in contrast to other autoimmune diseases 
is frequent in patients treated with recombinant interleukin - 2 (rIL - 2). Thus, 
among 281 previously euthyroid cancer patients treated with rIL - 2, up to 41% 
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developed thyroid dysfunction  [16] . However, rIL - 2 therapy rather rarely 
exacerbates other latent autoimmune diseases, including diabetes mellitus, 
myasthenia gravis, and rheumatoid arthritis  [38] . Autoimmunity has also been 
reported to be an adverse event of antitumor necrosis factor - alpha (TNF α ) 
therapy involving either the monoclonal antibody infl iximab or the fusion 
protein etanercept  [2] . Although autoimmune diseases, such as rheumatoid 
arthritis or Crohn ’ s disease are their primary therapeutic targets, autoimmune 
complications, such as systemic lupus erythematosus have been described  [9] , 
and this emphasizes the complex interplay of the cytokine and immune cell 
networks in the development of autoimmunity  [21] .  

21.2.2  Hypersensitivity 

 Because the word allergy has so often been used misleadingly, hypersensitivity 
is the recommended term to refer to those adverse drug events mediated by 
inadvertent immune responses that develop in a small number of human sub-
jects  [14] . Typically hypersensitivity reactions involve either specifi c antibodies 
or T lymphocytes directed against a given drug antigen. They can affect nearly 
every organ or tissue of the body, but one organ or tissue is often a predomi-
nant target. They are the consequence of the exquisite capacity of the immune 
system to recognize structural elements (epitopes) of non - self molecules, and 
mount specifi c responses involving the immunological memory  [11] . 

 Since the vast majority of biopharmaceuticals are large foreign molecules, 
they have the potential to act as direct immunogens; that is to say, they can 
directly both sensitize the treated host and then trigger an adverse clinical 
reaction upon a subsequent rechallenge. Virtually all therapeutic proteins, 
including human therapeutic proteins, humanized or human monoclonal anti-
bodies, are immunogenic to some extent  [15] . The most common fi nding in 
relation to the immunogenicity of biopharmaceuticals is the development of 
specifi c antibodies whose clinical consequences range from no apparent 
adverse effects to potentially life - threatening complications. Indeed specifi c 
antibodies can be neutralizing and result in altered pharmacokinetics or 
reduced clinical response, or they can evoke hypersensitivity reactions such as 
immune complex - associated diseases and acute hypersensitivity reactions  [12] . 
The incidence and characteristics of these antibodies are dependent on several 
criteria, which include the product, the dose and duration of treatment, the 
frequency of dosing, the route of administration, the immune status, and/or 
genetic profi le of the patient, the disease type, and the functional activities of 
the protein. For instance, the rate of anti - IFN α  antibody formation ranges 
from zero to more than 50% of patients across clinical studies. Although no 
obvious clinical consequence are associated with anti - IFN α  antibodies in most 
patients, changes in pharmacokinetics due to neutralizing antibodies are some-
times noted, but reduced clinical response has rarely been documented. Anti -
 IFN α  antibodies have so far not been associated with immune complex - associated 
diseases nor hypersensitivity reactions, and no IgE - mediated reactions to 
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IFNα  have ever been reported to the best of our knowledge  [38] . Similarly 
anti - IFN β  antibodies have commonly been detected in the sera of treated 
patients. Neutralizing antibodies seem to be more frequent with IFN β  than 
IFNα . The former may be associated with a higher relapse rate or shortened 
time to fi rst relapse in patients with multiple sclerosis  [33] , and worsening of 
the disease has been suggested to be correlated with persistent high titers of 
neutralizing antibodies  [19] . Nevertheless, extremely rare hypersensitivity 
reactions to IFN β  have so far been reported. The clinical experience gained 
with recombinant IL - 2 confi rms that only a relatively small fraction of specifi c 
antibodies are neutralizing and that ensuing hypersensitivity reactions are 
exceptional  [38] . 

 Predicting the consequences of specifi c antibodies to therapeutic proteins 
is in fact extremely diffi cult, as exemplifi ed by the recombinant hemophilia 
factors VIII and IX. While specifi c antibodies to factor VIII have been detected 
in the sera of up to 30% to 50% of treated patients, resulting in transient 
inhibition and hemorrhage risk, neutralizing antibodies to factor IX have been 
detected in only 1% to 3%; these antibodies were associated with severe ana-
phylactic reactions in approximately 50% of the affected patients  [18] . Specifi c 
antibodies against therapeutic monoclonal antibodies are also commonly 
reported. For instance, antibodies to the anti - TNF α  agent infl iximab, a chime-
ric monoclonal IgG 1  antibody, have been detected in the sera of 10% to 60% 
of patients and are not uncommonly associated with reduced effi cacy. Impor-
tantly, anti - infl iximab antibodies have been associated with an increased inci-
dence of infusion reactions  [4] . Although the majority of infusion reactions 
are not IgE - mediated, true anaphylactic reactions have been described  [6] . 

 To date, the most severe immune - mediated adverse event associated with 
specifi c antibodies to a therapeutic protein is erythropoietin - associated pure 
red cell aplasia  [17] . Hundreds of cases have been described with a majority 
involving patients with chronic kidney disease receiving subcutaneous injec-
tions of erythropoietin -  α . There is a major concern that therapeutic proteins 
used as replacement therapy in case of defi ciencies affecting a natural protein 
of the body can trigger a specifi c immune response, the most likely manifesta-
tion of which is the production of neutralizing antibodies as described above. 
By inhibiting the biologic effects of both the recombinant and natural protein, 
neutralizing antibodies can result in severe complications as exemplifi ed by 
pure red cell aplasia in patients where neutralizing antibodies eradicated any 
residual release of erythropoietin, the hormone required for erythrocyte pro-
duction. Because erythropoietin - specifi c antibodies are involved, but the 
immune response was initially mounted against the potentially  “ slightly dif-
ferent, ”  recombinant erythropoietin, used as a therapeutic agent compared to 
endogenous erythropoietin, pure red cell aplasia can be defi ned as a hyper-
sensitivity reaction as well as an autoimmune reaction. 

 Finally, it should be emphasized that drug - induced hypersensitivity 
reactions can be either immune mediated (e.g., anaphylaxis) or non – immune 
mediated  [43] . Infusion reactions associated with a number of therapeutic 



monoclonal antibodies are a typical example of non – immune - mediated hyper-
sensitivity reactions. Indeed the majority of reported infusion reactions are 
not associated with the detection of specifi c IgE. A nonspecifi c activation of 
the complement cascade is an attractive hypothesis as demonstrated with 
rituximab, a chimeric anti - CD20 monoclonal antibody  [34] .   

21.3 REGULATORY GUIDANCE 

 Not much progress has been made in the area of predictive methods for auto-
immunity and hypersensitivity induced by biopharmaceuticals since Gerhardt 
Zbinden ’ s review published in 1990  [44] . Not surprisingly, regulatory guidance 
is very scarce at the present time. There are no comprehensive guidelines on 
the approaches recommended or required for predicting hypersensitivity 
during product development, and absolutely none on the prediction of autoi-
mmunity. This presumably refl ects the current lack of adequately standardized 
and validated animal models and assays that can be used during preclinical 
safety evaluation to predict either risk potential  [3,10] . 

 Although the ICH S6 guideline on the preclinical safety evaluation of bio-
technology - derived pharmaceuticals clearly identifi ed immunogenicity as a 
critical safety issue for biopharmaceuticals, and states that  “ the expression of 
surface antigens on target cells may be altered, which has implications for 
autoimmune potential, ”  the document states  “ testing strategies may require 
screening studies followed by mechanistic studies to clarifl y this issues. ”  No 
specifi c recommendation was provided regarding practical modalities that 
could be helpful to predict either autoimmunity or hypersensitivity reactions 
associated with biopharmaceuticals basedon the lack of adequately standard-
ized and validated animal models and assays, as mentioned above. This may 
also be the reason that ICH S8 Guideline on Immuntoxicology Studies for 
Human Pharmaceuticals (2006) specifi cally excludes guidance on drug - induced 
hypersensitivity and autoimmunity.  

21.4 PRECLINICAL EVALUATION OF THE POTENTIAL OF 
BIOPHARMACEUTICALS FOR AUTOIMMUNITY 

 Our currently poor understanding of the mechanisms leading to autoimmunity 
and autoimmune diseases following drug therapy is a major hurdle. To date, 
no animal model or assay can reliably predict the potential, of biopharmaceu-
ticals or pharmaceuticals, for inducing autoimmunity reactions in human 
subjects. 

 The search for autoantibodies in the sera of treated animals during standard 
toxicity testing cannot be recommended as it has proved to be usually negative 
or inconclusive  [36] . Autoantibodies have sometimes been detected in the 
sera of animals treated with various compounds (either pharmaceuticals or 
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chemicals) suspected to induce autoimmunity in animals and/or human sub-
jects. However, the design of such studies was overtly inconsistent, and results 
were obtained in animal strains that are not conventionally used in  “ regulatory 
toxicity ”  studies, such as Brown Norway (BN) rats or C57BL/6, BALB/c, and 
AKR mice. 

 The popliteal lymph node assay (PLNA) has long been proposed as a tool 
to investigate and predict drug and chemically induced autoimmunity    [29] . In 
the direct PLNA, mice or rats are injected with the test article subcutaneously 
into one footpad and with the vehicle into the contralateral footpad. Popliteal 
lymph nodes are typically removed on day +7, then weighted and a weight 
index is calculated. The assay is considered to be positive when the weight 
index is ≥  2. The increase in weight of the treated popliteal lymph node has 
been assumed to refl ect a pseudo - graft versus host reaction mimicking a sys-
temic autoimmune response. Although over 100 compounds have been tested, 
there is no fi rm evidence at the present time that the direct PLNA is a reliable 
predictor of drug - induced autoimmunity. Importantly, no biopharmaceutical 
has seemingly ever been tested in this assay. The early direct PLNA procedure 
was subsequently refi ned, but the databases using any of these refi nements are 
always quite small. The latest procedure — the modifi ed PLNA — has been 
proposed as a predictive tool for drug - induced immunostimulation or sensiti-
zation  [23] . Although many similarities can be found in the pathophysiological 
mechanisms of sensitization and autoimmunity, it is unclear to what extent, 
if any the modifi ed PLNA can be useful to predict drug - induced 
autoimmunity. 

 In the clinic, autoimmunity associated with biopharmaceuticals is usually 
refl ected by more frequent autoimmune diseases as mentioned previously. 
Although the mechanism(s) involved is not elucidated, an immunopharmaco-
logical effect that would reveal an underlying predisposition toward autoim-
munity or a latent autoimmune disease is an attractive hypothesis. A number 
of rodent strains including (NZB/NZW) F 1 , non - obese diabetic (NOD), and 
MRL -lpr/lpr  mice, BN and bio - breeding (BB) rats have long been shown to 
develop more frequent autoimmune diseases spontaneously  [30] . There is 
some evidence that immunomodulatory biopharmaceuticals may accelerate or 
exacerbate the natural course of the spontaneous disease. Thus IFN α   [20]  and 
the interferon inducer tilorone  [39]  were shown to accelerate lupus - associated 
mortality in (NZB/NZW) F 1  mice, whereas IFN β  was found to accelerate 
autoimmune type I diabetes in NOD mice  [1] . However, major discrepancies 
were also noted between responses in these animal models and the clinical 
data. Although autoimmune type I diabetes has been reported to be an adverse 
effect of IFN α  in human subjects  [38] , IFN α  was found to inhibit the develop-
ment of diabetes in autoimmune - prone NOD mice  [32] . Similarly rIL - 2, which 
is associated with more frequent autoimmune diseases in treated patients  [38] , 
did not exacerbate the lupus disease in (NZB/NZW) F 1  mice  [28] . Our limited 
understanding of the pathophysiology of the spontaneous animal disease as 
well as uncertainties regarding the immunopharmacological mechanism of the 



tested compound that may be dissimilar in animals compared to humans 
account for these discrepancies. In any case, this does not lend much support 
to the routine use of these models for predicting the potential of biopharma-
ceuticals to increase the incidence of autoimmune diseases in human 
subjects.  

21.5 PRECLINICAL EVALUATION OF THE POTENTIAL OF 
BIOPHARMACEUTICALS FOR HYPERSENSITIVITY REACTIONS 

 Preclinical immunogenicity testing is most often limited to monitoring anti-
body formation in rodents and nonhuman primates, even though immune 
responses to therapeutic proteins in conventional animal models poorly predict 
immunogenicity in humans  [5,42] . Indeed immunogenicity is detected in 
animal studies even if the protein is minimally immunogenic in humans. For 
instance, specifi c antibodies have been detected in less than 5% of patients 
treated with the anti - TNF α  fusion protein etanercept, whereas antibodies are 
present in 80% to 100% of animals in preclinical toxicity studies  [7] . Similari-
ties between animal and human antibody responses, however, have also been 
reported. For instance, the immunogenicity of three recombinant and pituitary 
human growth hormones was notably similar in rhesus monkeys and in humans 
 [45] . However, such similarities are far too much inconsistent to be considered 
as a reliable predictor of risk for hypersensitivity reactions in humans. 

 A variety of assays have been designed and validated to measure specifi c 
antibodies in the sera of treated animals. In addition efforts have been paid 
to minimizing the immunogenicity of therapeutic proteins. As these issues are 
addressed comprehensively in another chapter of this volume, the focus here 
will be on predicting problems that may ensue from the presence of such 
antibodies, namely hypersensitivity reactions. Presumably because allergic 
reactions have long been considered to be nonreproducible in animal models, 
limited efforts have been paid to designing predictive animal models until 
recently. Unexpectedly, the consequence is that no adequately standardized 
and validated model is available at the present time. 

 Anaphylactic models in guinea pigs have long been used  [35] . In systemic 
anaphylaxis models guinea pigs are sensitized by one or several subcutaneous 
or intradermal injections of the test article sometimes mixed with an adjuvant, 
such as aluminum hydroxide, and then after a rest period of variable duration 
(usually 1 – 3 weeks), the animals are challenged intravenously with a non –
 acutely toxic dose. Clinical signs, primarily diffi culties in breathing, develop 
within minutes after the intravenous injection and death may ensue rapidly. 
In cutaneous passive anaphylaxis, the pooled serum of sensitized guinea pigs 
is injected intradermally to naive animals and the test article mixed with a dye, 
such as Evan ’ s blue, is injected intravenously. When specifi c antibodies are 
present in the pooled serum, the local antigen – antibody reaction is evidenced 
by a blue spot arising within a few hours. The diameter of the blue spot can 
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be used as a quantitation of antibody titers. Both systemic and cutaneous 
passive anaphylaxis models have been designed in other species as well, such 
as mice. Despite their extensive use for the past 40 years, these models have 
several major limitations. They are unsuitable for predicting hypersensitivity 
reactions to small molecules, namely the vast majority of pharmaceuticals, 
because they have to bind covalently to a carrier protein to become immuno-
genic (haptenization), and no procedure is available to reproduce this 
spontaneous phenomenon experimentally. Although large molecules, such as 
proteins, can act as direct immunogens and induce anaphylaxis in sensitized 
animals, proteins of human origin that are not immunogenic in humans con-
sistently induce severe anaphylaxis in guinea pigs, and thus anaphylaxis guinea 
pig models are not at all relevant to predict the potential of human or human-
ized biopharmaceuticals for inducing hypersensitivity reactions in humans. The 
same conclusion applies whatever the animal species. 

 Because predicting the risk of biopharmaceuticals for inducing hypersensi-
tivity reactions is so crucial, efforts are currently being paid to designing 
animal models and assays that could prove more predictive. Genetically engi-
neered mice are promising models  [22] . They include either knockout (KO) 
or transgenic mice. In KO mice the deletion of a gene expressing a cytokine 
or a chemokine considered to be pivotal in hypersensitivity responses may 
provide a more predictive model. KO mouse models are increasingly used in 
contact hypersensitivity research  [40] . Transgenic mice overexpress a gene of 
interest, including human genes. Transgenic mice expressing the human insulin 
gene in pancreatic β  cells were found unable to produce human insulin - specifi c 
antibodies and helpful to evaluate the potential immunogenicity of several 
insulin analogues  [25] . Similarly a mouse model transgenic for the human 
IFNβ  gene could be used to evaluate the immunogenicity of novel IFN β  ana-
logues  [13] . Although genetically engineered mouse models are widely thought 
to be promising, a number of hurdles have to be overcome before they can be 
recommended for routine use in the prediction of the potential of biopharma-
ceuticals to induce hypersensitivity reactions. Overall, these models are poorly 
standardized. No historical database is available, so interpreting results 
obtained with any new compound can be tricky. Finally, these models have 
been suggested to be helpful to evaluate immunogenicity, but it is not known 
whether these or other models can predict the risk of hypersensitivity reac-
tions. It is indeed important to bear in mind that the clinical experience clearly 
showed that immunogenicity evidenced by specifi c antibodies in the sera of 
treated patients does not necessarily result in clinically patent hypersensitivity 
reactions.  

21.6 CONCLUSION

 Overall, autoimmunity and hypersensitivity reactions associated with drug 
therapy are of major concern in drug development and beyond  [24,27] . Such 



adverse events have been described in association with biopharmaceuticals. 
This overview of current animal models and assays demonstrates that predict-
ing this risk during preclinical safety evaluation is hardly possible for the time 
being. Current research efforts in the fi eld of hypersensitivity may result in 
more predictive models within a reasonable time frame. In contrast, signifi cant 
progress in the fi eld of autoimmunity is likely to take much more time. 

 Today, whatever the fi ndings during animal studies of novel biopharmaceu-
ticals, it is impossible to provide any reassurance regarding the safety of such 
compounds in human subjects as far as autoimmunity and hypersensitivity 
reactions are concerned. Therefore biopharmaceuticals should be considered 
high - risk compounds. Adequate follow - up of treated patients and risk man-
agement are absolutely essential. Assessing the potential of biopharmaceuti-
cals for inducing autoimmunity and hypersensitivity reactions should not 
be restricted to clinical trials. Indeed, because pure red cell aplasia associated 
with recombinant erythropoietins was identifi ed only after several years 
of clinical use, long - term postmarketing surveillance (pharmacovigilance) is 
crucial.  
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22.1 INTRODUCTION

 Peptides constitute the earliest class of biopharmaceutical medicines and, 
perhaps, the most studied to date. Insulin has been an effective diabetes 
therapy for more than 75 years in the United States. Insulin has gone through 
an evolution that began with its isolation from animal pancreata and continues 
with numerous analogues being manufactured with state - of - the - art bacterial, 
mammalian, and yeast recombinant technology  [1] . There has been an explo-
sion of peptides in drug development, and there are currently dozens of 
marketed therapeutic peptides  [2] . This chapter reviews the preclinical devel-
opment experience across this class of important biopharmaceuticals, high-
lighting what has gone before and some considerations for the future. 

 A specifi c defi nition of what constitutes a peptide is diffi cult to fi nd. Most 
people involved in developing biopharmaceuticals would defi ne a peptide as 
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a small biopharmaceutical or a traditional biopharmaceutical, but would then 
elaborate on development issues for peptides manufactured by recombinant 
rather than synthetic chemical processes. For the purposes of this chapter, and 
the peptides surveyed in Table  22.1 , peptides are defi ned as those biopharma-
ceuticals with 5 to 100 amino acids. A distinction will also be made with regard 
to recombinant versus chemical manufacturing and will be discussed with 
respect to available guidance, or lack thereof, and experience.   

 The road map for developing peptides is by association to existing biophar-
maceutical and/or new chemical entity guidance documents rather than a 
guidance that is specifi c for peptides. The International Conference on 
Harmonization (ICH) has published a guidance specifi c for preclinical devel-
opment of biopharmaceuticals (ICH S6), which is appropriate for most pep-
tides. However, other safety guidance, including regional guidance, may need 
to be considered dependent on the manufacturing process, the inclusion of 
unnatural amino acids, or the intended patient population. For instance, there 
is regional guidance for insulin and parathyroid hormone in Europe and the 
United States, respectively  [3,4] . Regulatory approaches to biopharma-
ceuticals in Japan are covered in separate chapter (Chapter  5 ). A review of ap-
proved peptide products revealed preclinical studies or parameters that are a 
blend of typical biopharmaceutical and new chemical entity (NCE) programs 
(Table  22.1 ). Therefore there is a blend of studies recommended for peptides 
based on guidances developed for biopharmaceuticals that includes ICH S6 
and those for NCEs (e.g., ICH S1 - S5, S7 - S8, and M3) (see  www.ich.org  and 
 www.fda.gov ).  

22.2 SPECIES SELECTION 

 Species selection for most peptides has taken into account the pharmacologi-
cal activity of the peptide in the test species, which is the primary concern for 
species selection of biopharmaceuticals. Species selection for NCEs is based 
mostly on in vitro metabolite comparisons between the preclinical species and 
humans with an assumption of comparable cross - species biologic activity. In 
contrast to NCEs, biopharmaceuticals are degraded to naturally occurring 
amino acids rather than metabolized by p450 enzymes to xenobiotic metabo-
lites. Therefore in vitro metabolism studies are not done early in development 
for peptides. Rather, in vitro or in vivo pharmacology studies are conducted 
to demonstrate species relevance prior to preclinical toxicology studies. 
For example, measuring a reduction in glucose following insulin administra-
tion would be a demonstration of pharmacological activity. In many cases 
pharmacology is not as simple as measuring a decrease in glucose levels. When 
the mechanism of action is more complex, in vitro cell based assays can be 
used to demonstrate pharmacology. Using a larger, protein biologic to provide 
an example, interference with a cytokine - induced cell proliferation assay can 
be used to demonstrate cross - species pharmacology. In this model an antibody 
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to the human cytokine is assessed for its ability to bind to the intended test 
species cytokine homologue by measuring inhibition of cytokine - induced cell 
proliferation. This demonstration of pharmacology is usually suffi cient to 
justify the use of the test species for preclinical safety evaluation of the anti-
human cytokine antibody. 

 Toxicology testing for peptides is typically completed in two species. In the 
peptide development programs that were reviewed, rats were the most common 
rodent and nonrodents were about equally split between monkeys and dogs. 
All of the 12 peptides where data were available were tested in at least two 
species. In some cases three species were evaluated (e.g., exenatide, ziconatide) 
(Table  22.1 ). This is consistent with ICH S6, which indicates two species should 
be used, if appropriate. However, many biopharmaceuticals are evaluated only 
in nonhuman primates because of the lack of pharmacology or the develop-
ment of a signifi cant immune response in rodents. If a peptide is pharmacologi-
cally active in only a single species, then it is appropriate to use only that 
species for toxicology testing. Conducting studies in a species that lacks phar-
macology would not provide useful information, and may in fact complicate 
the extrapolation of the animal data to humans. For example, an absence 
of fi ndings in a species that is not pharmacologically responsive may be mis-
interpreted as a lack of potential safety issues, even though high - dose phar-
macology was not evaluated. Like other biopharmaceuticals, pharmacology in 
the test species should be the key determinant of species selection for peptides 
primarily because peptides are not metabolized like NCEs.  

22.3 GENETIC TOXICOLOGY 

 Genetic toxicology studies were completed for almost all peptides in the 
survey, which is a requirement for NCEs (per ICH S2) but not necessary and/
or appropriate for most biopharmaceuticals (per ICH S6) (see Chapter  3 ). The 
main reason that these studies are not needed for biopharmaceuticals is the 
inability of biopharmaceuticals to cause direct DNA damage. Most biophar-
maceuticals do not cross cell or nuclear membranes to access DNA. Moreover 
direct DNA damage is caused by chemically reactive molecules that bind or 
associate with DNA, which is not expected for peptides. While scientifi c ratio-
nale and current guidance documents clearly indicate that genetic toxicology 
tests are not required for biologics, they have been completed for most 
approved peptides. The likely reason for this paradox is that most tests were 
completed prior to the implementation of ICH S6 in 1997. However, these 
tests have been completed for some more recently approved peptides. The 
rationale for this is not clear. 

 A pivotal publication of 78 biopharmaceuticals provides data supporting the 
lack of positive genotoxicity with peptides. The publication concluded,  “ geno-
toxicity testing is generally inappropriate and unnecessary ”   [5] . Additional 
support for this position comes from the regulatory agencies; in a 2004 review 



the EMEA stated,  “ Although not applicable to biotechnology - derived pharma-
ceuticals, insulin detemir was tested for gene mutations in bacteria and for 
chromosome aberrations in vitro and in vivo. As expected, there was no evi-
dence of genotoxic potential in any of these tests ”   [6] . If impurities from the 
manufacturing process have not been previously evaluated in genetic toxicol-
ogy studies, they may need additional testing. In those cases it is appropriate to 
test only the impurity rather than the peptide. This does not imply that genetic 
toxicology studies are necessary for all synthetically produced peptides, only 
that it needs to be evaluated with consideration given to impurities from the 
manufacturing process rather than the peptide. The lack of genetic toxicity risk 
of the peptide is the same regardless of whether the peptide is produced by 
recombinant or synthetic methods. Based on good scientifi c rationale and data, 
genetic toxicology studies should not be routinely conducted for peptides. 

 Genetic toxicology testing of peptides containing  “ nonnatural ”  amino acids 
has been controversial. One conceivable genetic risk would be incorporation 
of these unique amino acids into proteins. Even if this were possible, the likeli-
hood of incorporation into a protein critical for DNA replication or repair 
seems remote. In addition incorporation of a nonnatural amino acid into host 
protein(s) in and of itself would not be suffi cient for concern. Malfunction of 
the protein to increase inherited mutations would also be required. Another 
conceivable risk of the nonnatural amino acid is the potential metabolism of 
the unique amino acid to a genotoxic metabolite. Although these rationale 
may provide a scientifi c justifi cation for not performing genetic toxicity testing, 
in many cases studies may still be needed to support regulatory concerns like 
those in Japan (see Chapter  5 ). Given the potential scientifi c and regulatory 
concerns, it may be prudent to complete genetic toxicology testing of nonnatu-
ral amino acids. 

 Some biopharmaceuticals may cause cellular proliferation that could 
increase the likelihood of inheriting a spontaneous mutation. However, genetic 
toxicology studies are not designed to evaluate these concerns. The potential 
for inducing a mitogenic response can be addressed in other toxicology 
studies.  

22.4 SAFETY PHARMACOLOGY 

 Separate safety pharmacology studies were completed for many peptides 
in the survey. Separate safety pharmacology studies are usually performed 
for NCEs but not biopharmaceuticals. Since rodents are typically used for 
stand - alone central nervous system and respiratory studies, the usefulness of 
these studies for NCEs is based on the assumption that rodents are pharma-
cologically responsive or have some of the same metabolites as would be 
expected in humans. The lack of concern for metabolism and the signifi cant 
reduction or absence of pharmacology in rodents with most biopharma-
ceuticals eliminates the relevance of these studies. In contrast to the larger 
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biopharmaceuticals, many of which are species specifi c, peptides are frequently 
pharmacologically active in rodents, and therefore useful data can be gener-
ated in separate safety pharmacology studies. However, as with large biophar-
maceuticals, an absence of pharmacological activity of the peptide in rodents 
should similarly preclude conduct of these studies. When rodent studies are 
not appropriate, evaluations are usually done within a repeated dose toxicol-
ogy study in nonrodents. For example, quantitative electrocardiograms (ECGs), 
detailed neurologic and behavioral evaluations, and qualitative measurements 
of respiratory rate and depth assess effects on the cardiovascular, central 
nervous system, and respiratory systems, respectively. Pharmacological activity 
should determine the appropriate species for safety pharmacology studies, 
which is consistent with ICH S6 as well as other ICH guidance. 

 Findings in safety pharmacology evaluations of peptides are generally con-
sistent with anticipated pharmacology. Because the pharmacology of most 
peptides would not be predicted to affect safety pharmacology, no fi ndings 
were observed in most studies. Other fi ndings, such as decreased blood pres-
sure, heart rate, breathing rate, and increased QTc for insulins were due to 
hypoglycemia and considered exaggerated pharmacology based on predicted 
pharmacology  [7,8] .  

22.5 CHRONIC TOXICITY TESTING 

 The duration of chronic toxicity testing for peptides is driven primarily by their 
intended indication and duration of treatment. Of the peptides studied, the 
duration of the pivotal repeat dose toxicology studies, ranges from a low of 
two weeks, for neseritide, to a high of one year for many of the insulin ana-
logues. For the 9 chronic use peptides included in our analysis, chronic toxicol-
ogy studies of 6, 9, or 12 month durations were completed for 3, 2, or 4 of them, 
respectively. This is more consistent with guidance for NCEs, which typically 
have 9 -  or 12 - month durations due to ICH S4 guidance. Most other chronic 
use biopharmaceuticals have completed chronic studies of 6 - month duration, 
which is consistent with ICH S6 guidance  [9] . 

 Eptifi batide and bivalrudin, two peptides tested for 28 days in the chronic 
toxicity studies, provide interesting case studies  [10 – 13] . Bivalrudin is a linear 
20 amino acid peptide that is derived from hirudin, an anticoagulant found in 
the saliva of leeches, and is intended for use during invasive intravascular 
procedures. Eptifi batide is a cyclic heptapeptide that is an RGD (arginine, 
glycine, aspartic acid) mimetic that acts as an inhibitor of platelet aggregation 
and is indicated for the treatment of acute coronary syndrome. As a class of 
drugs, RGD mimetics are based on a sequence (RGD) found in fi bronection 
that mediates its interactions with the integrins  [14] . These observations illus-
trate that it is not the structure (linear vs. cyclic) or the origin (nonhuman 
vs. human) that determines the length of the chronic toxicology studies for 
peptides but the intended indication and duration of treatment. 
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 One of the most striking observations that can be made of the peptides as 
a class is their remarkable safety profi le. Of all of the peptides currently on 
the market that were investigated for this analysis (Table  22.1 ), there was only 
one observation in the chronic toxicology studies that was not linked to exag-
gerated pharmacology. Admittedly, our analysis is biased by the fact that only 
approved compounds were included; however, this data set is still very instruc-
tive. The observation in question was from enfuvirtide,   a 36 amino acid linear 
peptide derived from the HIV - 1 glycoprotein gp41  [15,16] . 

 Enfuvirtide interferes with viral attachment and entry into target cells by 
disrupting the interaction of viral gp120 with target cell receptors (CD4, 
CXCR4, CCR5). In the repeat - dose toxicology studies thymic lymphocyte 
depletion was observed in a 9 - month cynomolgus study. However, this fi nding 
was not considered to be adverse as it was attributed to exaggerated pharma-
cology. Additionally, microgranuloma and infl ammatory loci were observed in 
the lungs of rats after 28 days of treatment. Presumably, these fi ndings were 
related to the affi nity of the peptide for the formyl peptide receptor (FPR), 
which has been demonstrated to mediate an infl ammatory response at the site 
of bacterial infection via the recruitment of phagocytic cells. The 
pharmacological basis for these observations is being investigated by the 
manufacturer postapproval. 

 As our analysis demonstrates, in almost all cases the toxic effects of peptides 
can be predicted from their inherent pharmacological properties. It would 
follow then that one of the most important steps in the successful development 
of a peptide is selection of the appropriate pharmacologically responsive 
species for testing. Moreover, since the pharmacological effects of biologics 
are usually predictable and observed in studies of 6 - month duration or less, 
the utility of longer studies is not readily apparent.  

22.6 CARCINOGENICITY TESTING 

 The pharmacology of the peptide, duration of treatment, and patient popula-
tion should be taken into consideration in designing and/or evaluating the 
need for carcinogenicity testing. As previously discussed, peptides are not 
expected to be genotoxic and therefore are not considered complete carcino-
gens  [17] . The main concern for peptides is the potential for mitogenesis or 
tumor promotion. 

 ICH S6 indicates that carcinogenicity studies are not generally needed for 
endogenous substances given essentially as replacement therapy, particularly 
where there is previous clinical experience with similar products. The issue of 
carcinogenicity testing for peptides is complicated by the fact that most 
approved peptide drugs are hormone or hormone analogues. Supraphysiologi-
cal doses of a hormone or biopharmaceutical with hormonal properties would 
be anticipated to cause hyperplasia, and therefore there would be a cause for 
concern for neoplasia. 
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 Human parathyroid hormone (1 - 34) is an example of a peptide that is 
administered at supraphysiological doses compared to naturally secreted 
human parathyroid hormone (PTH). Substantial increases in bone mass, con-
sistent with the pharmacology of PTH 1 - 34, were observed in a two - year car-
cinogenicity study in rats. In addition bone tumors were observed at all doses 
 [18] . The data from this initial study suggested that the tumors resulted from 
the long duration of treatment coupled with the exaggerated pharmacological 
response in rats to daily treatment with PTH 1 - 34. Therefore a second study 
was conducted to more fully characterize the dose – response and duration of 
treatment on the formation of bone tumors. This study identifi ed a no - effect 
level and quantifi ed the effect on bone mass using computed tomography and 
histomorphometry  [19] . These studies provided data indicating important dif-
ferences between the pharmacological response in rats compared to human 
clinical data, which suggests the increased incidence of bone neoplasia in rats 
is likely not predictive of an increased risk of bone cancer in adult osteoporotic 
humans treated with PTH 1 - 34 for a limited duration. Moreover these studies 
demonstrate the importance of understanding the species differences for inter-
preting human risk. 

 In cases where exaggerated pharmacology might be predicted to give rise 
to positive fi ndings in carcinogenesis studies, it can be very helpful, when avail-
able, to include the natural human analogue that the peptide drug is derived 
from for comparison purposes. This will assist in determining the relative risk 
of the novel peptide analogue compared to the normal analogue. This approach 
has been important for the development of many insulin analogues because 
of the propensity for mammary gland hyperplasia. For example, there was an 
observation of increased proliferation in the mammary gland of rats treated 
with suprapharmacological doses of insulin detemir  [6,20] . When the study was 
repeated using suprapharmacological doses of human insulin as a comparator, 
it was found that the increases in mammary gland proliferation were similar 
between human insulin and insulin detemir. Therefore the risk assessment for 
tumors with this insulin analogue was the same as that for normal insulin, 
demonstrating the usefulness of including the normal human orthologue as a 
comparator. 

 In vitro studies are frequently useful for evaluating the mitogenic properties 
of peptides. The European guidance for insulin analogues promotes in vitro 
testing to determine the mitogenicity of new analogues compared to normal 
human insulin and AspB10, an analogue with increased mitogenicity and 
tumorigenic properties  [21,22] . The absence of an increase in mitogenicity 
would decrease the cause for concern and likely eliminate the need for a two -
 year carcinogenicity study with the novel analogue. In cases where a peptide 
is not pharmacologically active in rodents, in vitro mitogenic assays may be 
critical for the assessment for tumor promotion. Another useful test for deter-
mining the ability to promote tumors is to evaluate multiple tumor types for 
the receptor target. If tumors do not contain the receptor, then there would 
be no risk of tumor promotion. If tumors contain the receptor, it would be 
important to evaluate the ability of the peptide to promote mitogenesis 
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in comparison with the normal human orthologue, as was done with insulin 
analogues. Comparable mitogenicity would indicate limited risk with novel 
analogues given at physiological levels as replacement therapy. 

 The Carcinogenicity Assessment Committee (Enfuvirtide, Summary Basis 
for Approval, Pharmacology, 2003,  http://www.fda.gov/cder/foi/nda/2003/
021481_fuzeon_review.htm ) notes in the FDA approval documents for enfu-
viritide highlight considerations for carcinogenicity testing. The strongest 
arguments not to test were (1) the lack of structural alerts in a peptide, (2) 
the absence of hyperplasia in the chronic toxicity studies, and (3) the polypep-
tides with known carcinogenic properties that are hormones or demonstrate 
hormonal activity  [16] . The arguments to test were (1) chronic infl ammation 
was observed at the injection site, (2) the indication was chronic use, and (3) 
the product is a new therapeutic. The most compelling reason for testing 
was thought to be chronic infl ammation, but this is easily monitored and 
would be managed in the clinic. Other points to consider are whether the 
peptide binds a cell - surface receptor to elicit signal transduction. The lack of 
signal transduction or immunosuppression would decrease the cause for 
concern for carcinogenicity. One theoretical example would be a peptide that 
binds a plasma - derived cytokine with little consequence for immunity. The 
fi nal FDA decision was to waive the need for carcinogenicity testing with 
enfuviritide. 

 Even therapies that are potent immunosuppressive agents present chal-
lenges for carcinogenicity assessment. This is mainly due to their pharmacol-
ogy, which makes it highly likely that they will act as tumor promoters. 
Therefore it could be assumed that these therapies would present a carcino-
genic risk without a two - year study. In addition completing a full two - year 
study in rodents at clinically relevant doses has proved diffi cult because of 
rodent sensitivity to the pharmacological effects, which results in low survival. 
The pharmacological properties coupled with diffi culties in completing life-
time studies in rodents has led to the suggestion that alternative models to 
two - year carcinogenicity studies might be more appropriate for risk assess-
ment of immunosuppressive drugs  [23] . 

 A threshold for the carcinogenicity of hormones is widely accepted by regu-
latory agencies  [24,25] . Therefore using historical practices for peptide hor-
mones is not appropriate for establishing broad guidelines on the need for 
carcionogenicity testing for all peptides. While it is diffi cult to understand a 
scientifi c rationale for carcinogenesis testing for classes of peptides that do not 
have mitogenic properties (e.g., antiviral, cardiac peptides),   in other cases it 
would seem to be warranted because the downstream pharmacology may be 
mitogenic (GnRH analogues) as demonstrated by multiple tumors in 2 - year 
rodent carcinogenicity studies with analogues, such as Leu prolide  [33] . For 
these reasons the need for carcinogenicity testing needs to carefully evaluated, 
primarily taking into account the expected pharmacology of the molecule. 

 Carcinogenicity testing of chronic use peptides has been evaluated in a 
number of ways, ranging from in vitro assays coupled with an evaluation of 
hyperplasia in repeat - dose studies (insulin detemir) to full two - year studies 
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(i.e., PTH 1 - 34). The type of carcinogenicity assessment is dependent on the 
accumulated database for the therapeutic class, including data from positive 
and negative controls that can be used to gauge risk.  

22.7 RECOMBINANT VERSUS SYNTHETIC PEPTIDES 

 The differences between the manufacture of recombinant and synthetic pep-
tides typically should not result in a different battery of toxicology studies. 
Pharmacology should be the primary determinant of the appropriate studies 
and thus the preclinical development programs would be expected to be 
similar regardless of the method of manufacture. A notable exception would 
be the level of process - related impurities that might be introduced during 
synthetic production. In those cases the impurities may need to be qualifi ed 
in genetic toxicology tests and/or other tests. In the absence of novel 
impurities, the development considerations should be the same for either 
manufacturing method and should primarily focus on potential toxicities asso-
ciated with exaggerated pharmacology.  

22.8 CONCLUSIONS

 Peptides are a unique class of biopharmaceuticals and have been developed 
with a battery of toxicology studies that is a blend of those traditionally used 
for NCEs and biopharmaceuticals. Historically peptides were developed much 
like NCEs, probably owing to the experience of the sponsor and the various 
regulatory agencies, which was predominantly NCE focused. The pharmacol-
ogy of the peptide should be the primary consideration for toxicology testing. 
This is mainly due to the lack of potentially reactive metabolites or competi-
tion for metabolic clearance that are important drivers of NCE testing. Exag-
gerated pharmacology is the main concern for peptides and thus should be the 
main determinant in selecting the appropriate battery of toxicology studies. 

 The development of peptides will likely continue to appear somewhat dif-
ferent from larger biopharmaceuticals. This is mostly driven by the rodent 
being a pharmacologically responsive species for many peptides. Therefore 
many peptides will continue to have repeat - dose toxicology studies, separate 
safety pharmacology studies, and carcinogenicity assessments in rodents. The 
rationale for not performing similar studies with larger biopharmaceuticals is 
often based on the absence of pharmacology in rodents and/or the induction 
of an immune response that eliminates exposure needed for a meaningful 
evaluation. Pharmacology in rodents has led to the majority of the differences 
in toxicology studies for peptides compared to other biopharmaceuticals. 

 Many marketed peptides are chronic use hormones that have undergone 
carcinogenicity testing. The potential for superpharmacologic hyperplasia is a 
common concern for hormones and emphasizes the need for assessment of 



carcinogenic potential. This has led to full two - year carcinogenicity assess-
ments for some peptide hormones. Recent advances in the understanding of 
specifi c pharmacological classes, such as insulin analogues, have provided in 
vitro tools to assess the risk of mitogenicity without completing a two - year 
study. As knowledge and technical capabilities progress, new methods for 
carcinogenicity assessments will arise and should be considered. Many other 
biopharmaceuticals do not have specifi c pharmacology requiring an extensive 
two - year carcinogenicity bioassay. Examples are those peptides that do not 
bind cell - surface receptors or are used only for acute treatment. The most 
appropriate assessment for carcinogenic potential of peptides should be justi-
fi ed and may not include a two - year study in rodents. 

 As classes of peptides have evolved, it has become clear that sponsors and 
regulatory agencies consider pharmacological activity as the primary concern 
and therefore follow the principles outlined in the ICH S6 guidance. This 
approach is science - driven based on the lack of potentially reactive metabo-
lites and the emphasis on exaggerated pharmacology as the primary concerns 
for improving the predictive value of safety evaluation programs. For new 
peptide classes in development, as with any new medicine, the key is to develop 
the appropriate hypotheses that dictate the appropriate scientifi c considera-
tions and studies.  
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  23.1 INTRODUCTION

 Enzyme replacement therapy (ERT) is a therapeutic approach in which the 
specifi c enzyme that is absent or inactive in affected individuals is replaced 
with a functional enzyme molecule. Pancreatic enzyme preparations of porcine 
or bovine origin have been available in the United States for treatment of 
exocrine pancreatic insuffi ciency (EPI) in children and adults with cystic fi bro-
sis and chronic pancreatitis since before the enactment of the Federal Food, 
Drug and Cosmetic Act of 1938 (ref FDA guidance on EIP April 2004). A 
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modifi ed version of adenosine deaminase (ADA), polyethylene modifi ed ADA 
(PEG - ADA), was approved in 1990 as an enzyme replacement therapy for 
immunodefi ciency due to ADA defi ciency. This chapter addresses the issues 
facing development of enzyme replacement treatments for the specifi c group 
of mutational conditions termed lysosmal storage diseases (LSDs). First, some 
of the pathophysiological features of LSDs will be described, with a discussion 
of the obstacles to delivering therapeutic proteins to diseased lysosomes. The 
patchy past history of attempts to treat these long considered  “ untreatable ”  
conditions will be covered, before moving to the most recent decade of sig-
nifi cant advances in enzyme replacement therapy (ERT) that has opened up 
a new era of hope for LSD sufferers. Some of the key advances that have led 
to successful commercial production of enzymes for ERT will be addressed. 
Particular attention will be given to production scale up and the challenges of 
providing in vitro and in vivo verifi cation of product consistency through the 
period from preclinical studies to mature commercial production. The changing 
regulatory framework that has governed the development of ERTs with refer-
ence to obtaining worldwide licensure, a necessity for participating companies 
if these therapies are to be commercially viable, will be covered. We will address 
some of the unique issues posed by LSDs, in particular, the emerging recogni-
tion that substrate load in animal models and patients signifi cantly complicates 
the translation of preclinical safety (and other) fi ndings into a human risk –
 benefi t equation. In addition we will attempt to illustrate some of the most 
pertinent challenges and developments that have led to the recent expansion 
of therapeutic options for many LSD patients who once faced a uniformly dire 
prognosis on diagnosis of their disease. Finally, we will address the current 
status of ERTs as they pertain to the LSDs as a group, noting alternative and 
emerging ancillary therapies such as chaperones and gene therapy. We will 
also discuss two major remaining obstacles: notably the problem of how to 
gain access to the central nervous system for the more than 50% of LSDs with 
neurologic manifestations, and how the biopharmaceutical industry and regu-
latory agencies are to address the ever - diminishing pool of patients with rarer 
LSDs now that effective treatments are available for the relatively more popu-
lous conditions, Gaucher, Fabry, MPS I and II, and Pompe.  

23.2 HISTORICAL BACKGROUND 

 LSDs are deceptively classifi ed as a single group of diseases, based simply on 
the common fi nding of accumulated macromolecular material in the lyso-
somes of various tissues. While there are some similarities among certain LSDs 
such as the mucopolysaccharidoses (MPSs1 - 7) most of the named LSDs are 
highly dissimilar by pathophysiology, organ involvement, and therapeutic chal-
lenge. Until the advent of recombinant gene technology these diseases were 
essentially untreatable; however, hints of potentially successful approaches 
were provided by pioneering work in bone marrow transplantation, and more 
recently, delivery of tissue - extracted enzymes such as Ceredase ®   [1] . 
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23.2.1 Pathophysiology of LSDs

 LSDs comprise a collection of approximately 50 rare conditions characterized 
by abnormal and varying accumulation of metabolic substrates in the lyso-
somes of many cell types and tissues. Substrate accumulation is the result of 
impairment (  total absence, partial absence, and structural distortion) of spe-
cifi c lysosomal hydrolases essential for degradation of macromolecular cellu-
lar components. Individual LSDs are the result of fortuitous pairings of random 
parental mutations in the genes for a particular lysosomal enzyme. Clinical 
manifestations of the individual LSDs vary widely as a result of the cell types 
most affected by abnormal accumulation of substrate. Typically many cell 
types throughout the body accumulate the misdigested lysosomal material, but 
the degree of accumulation is not always the determining factor in whether a 
particular organ or system is seriously impaired. For example, substantial 
accumulation of substrate in neurons is common to many LSDs, but this accu-
mulation may not be manifest clinically in some (Pompe disease, MPS IV and 
VI), whereas others present with severe and rapidly progressive neurologic 
impairment (MPS I, II, III, and VII)  [2] . Similarly in other organs the degree 
of dysfunction is not correlated with degree of accumulation in particular cells, 
but rather the impairment that the substrate imparts on the particular cell type. 
For example, in the kidneys of Fabry patients accumulation of globotriaocyl-
ceramide in podocytes is uniformly intense, but with only moderate conse-
quences for glomerular fi ltration. The severe renal (and CNS) pathology in 
Fabry disease rather arises from relatively modest substrate accumulation in 
the endothelium, resulting in signifi cant pro - infl ammatory upregulation, with 
numerous downstream pathologic consequences  [3] . 

 Most LSDs have a short rapid course, beginning in early childhood, pro-
gressing to premature death within a few months or years. A few, such as Fabry 
disease, have more prolonged courses characterized by predominantly sub-
clinical progression of the underlying pathology (other signs of the disease 
may, however, be present), only progressing to signifi cant clinical decline in 
the third or fourth decade with death usually occurring in middle age. Several 
LSDs (e.g., MPS - I, Pompe) are also well recognized for having distinct and 
different subsets of clinical phenotypes, varying by clinical onset and progres-
sion. These range from severe, rapid - onset infantile forms with early death to 
more slowly progressive or late - onset adult forms of the disease. This vari-
ability of phenotype in such small patient populations complicates the task of 
defi ning clinical trial cohorts. More than half of the LSDs have severe neuro-
logic phenotypes, some with devastatingly rapid progression. The diffi culty of 
effectively delivering therapies across the blood – brain barrier remains a sig-
nifi cant obstacle for these conditions. 

 Etiologies for most of the LSDs have been well documented, some for 
almost a century. The unique variations of phenotype, age at onset, clinical 
progression, and severity of the individual LSDs, depend on the degree of 
enzymatic deprivation, determined principally by whether the mutational mix 
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results in complete absence of the lysosomal enzyme (null) or variable partial 
reduction or dysfunction of the protein (misfolding, missing sections of the 
enzyme, etc.). As a result therapeutic approaches to the LSDs, while possessing 
some common themes, must allow   for individually tailored strategies.  

23.2.2 Therapies for LSDs

 The fi rst successful efforts to treat LSDs came in the form of allogeneic bone 
marrow transplants aimed at providing at least residual levels of circulating 
enzyme from the grafted cells of normal, closely matched donors (often a 
sibling or family member)   [2] . While bone marrow transplants remain an option 
for some LSDs still lacking viable therapies, they rarely achieve the necessary 
blood levels of enzyme and exposure for full -  or long - term reversal of the 
disease phenotype. 

 The fi rst major breakthrough in providing signifi cant and sustained therapy 
for any of the LSDs came in the form of Ceredase ®  (alglucerase), an ERT for 
Gaucher disease developed by Genzyme and approved for commercialization 
in 1991. Ceredase ®  was the native human enzyme extracted from large 
numbers of human placentas and purifi ed on an unprecedented manufacturing 
scale. While this product proved to be highly effective in treating the predomi-
nant macrophage - based pathology of Gaucher disease, the long - term logistics 
and commercial challenge of maintaining this type of product was daunting. 
However, Ceredase ®  established the therapeutic credibility of ERT, such that 
alternative manufacture of lysosmal enzymes by bioreactor technology became 
an immediate and potentially viable alternative  [1] . As a result Ceredase ®  was 
quickly surplanted by a follow - on bioreactor product Cerezyme ®  in 1997, 
although a few patients are still maintained on Ceredase ®  treatment as a 
result of immunological intolerance to the recombinant enzyme. 

 In the mid - 1980s rapid expansion of recombinant protein production tech-
niques ushered in an explosion of protein and antibody - based therapies for 
many unmet diseases  [4]  However, commercial development of ERTs for 
rare diseases was not possible without one other simultaneous develop-
ment — passing of the US Orphan Drug Act in 1983, later emulated by similar 
legislation in Japan (1993) and Europe (1999). By providing exclusive mar-
keting rights for a period of several years to the company fi rst able to obtain 
approval for a viable therapy (defi ned as diseases with less than 200,000 
affected individuals in the US Orphan Drug Act), there was an incentive to 
engage in the long and risky business of developing therapies for rare dis-
eases. Absence of direct competition also permitted pricing practices and 
revenue generation that could not have arisen in the open market. As a result 
there are now eight approved ERTs (Ceredase ® , Cerezyme ® , Fabrazyme ® , 
Replagal ® , Aldurazyme ® , Naglazyme ® , Myozyme ® , and Elaprase ® ), with 
several others in various stages of development. This has been an important 
advance, the basis for which, bioreactor - produced enzymes, will be reviewed 
below.  
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23.2.3 LSDs and Models 

 What is evident immediately on attempting to develop a therapy for any par-
ticular LSD is the scant (and for many LSDs, virtually absent) information on 
disease pathophysiology. Beyond recognition of the enzyme defi ciency respon-
sible for the disease and the biochemistry of the accumulating substrate, much 
of the literature is in the form of case reports on individuals or small patient 
sets, often with minimal characterization of disease pathology. The paradox is 
that a more complete body of literature only develops after an effective treat-
ment becomes available (e.g., Gaucher and Fabry diseases). Considerable 
initial research is therefore needed by any company seeking a successful 
therapeutic for a specifi c LSD. 

 Experience gained from developing the different ERTs (and in some cases 
their predecessors) has highlighted the individual complexities of providing 
drug exposure to the relevant tissues for a particular LSD. To characterize 
enzyme kinetics, drug exposure, inter -  and intracellular transport, and sub-
strate elimination, numerous molecular biology tools and in vivo strategies 
have been developed, specifi c to LSD biology. An obstacle has largely been 
the mismatch between animal models (mostly   knockout or transgenic mice, or 
naturally occurring mutations in various species) and the human counterpart 
of the LSD in question. For Gaucher disease, at the time of developing Cere-
dase ® , and later Cerezyme ® , no suitable animal model was available since 
the murine knockout was embryonically lethal. For Fabry disease, there was a 
viable knockout mouse, however, alternative metabolic pathways in key cell 
types (endothelium, podocytes, cardiomyocytes) meant that only proof - of -
 principle pharmacodynamic data could be obtained from affected tissues 
(liver, vascular smooth muscle), thus severely limiting the value of the model. 
For Pompe disease, the opposite was true: there were two very suitable models, 
a naturally occurring mutation in quail (with signifi cant functional impair-
ment) and a knockout mouse with many of the pathologic features of the 
disease, thus allowing for signifi cant preclinical investigation and development 
of a relatively complete preclinical dossier. Other development programs such 
as Aldurazyme ®  for MPS I relied on data from a naturally occurring dog 
model of the disease with the inherent diffi culty of small data sets and inability 
of developing an all encompassing preclinical program. The generation of a 
nonlethal mouse model for Niemann Pick disease has allowed for detailed and 
relevant investigation into the safety of ERT in a model that has substrate 
accumulation.  

23.2.4 Delivering ERTs

 In healthy individuals   lysosomal enzymes are transported from the endoplas-
mic reticulum to the lysosome via mannose - 6 - phosphate (M6P) mediated 
vesicles or other receptor - mediated transporters  [5] . The phosphate - labeled 
enzyme in the case of M6P - mediated transport is released to the lysosome by 
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clipping the phosphate and recyling the M6P vesicle to the endoplasmic reticu-
lum. Some vesicles are also cycled to the cell membrane as part of a mechanism 
for mopping up enzyme that may have escaped into the interstitial space  [6] . 
ERT is dependent on this latter mechanism of plasma membrane receptor 
cycling for capture of therapeutically delivered enzyme. The effi ciency of 
enzyme uptake in the target tissue of specifi c LSDs depends on a complex 
interplay of receptor mediated mechanisms. This interplay begins with the 
delivery of the enzyme to the intravascular space by infusion. The unique rela-
tive combinations of exposed N - glycosylated sugars (mannose, mannose - 6 -
 phosphate, sialic acid, galactose) on the glycosylation sites of the enzyme is 
crucial to tissue targeting of the enzyme. It is the combination of relative organ 
blood fl ow, absolute receptor density, and relative receptor mix that ultimately 
determines exposure, uptake, and potency for any particular cell type/tissue. 
Organs such as the liver with multiple, densely populated receptor systems 
and high blood fl ow take up the bulk of delivered enzyme, an advantage in a 
disease such as Gaucher in which the liver is a key player. The opposite can 
be said for Pompe disease in which the skeletal muscle is poorly endowed with 
the relevant M6P receptor, thereby suffering from relatively poor exposure. 

 Since base glycosylation pattern and secondary decoration of the glycosyl-
ation sites can be manipulated by bioreactor conditioning or posttranslational 
chemistry respectively, manufacturers can signifi cantly infl uence the therapeu-
tic behavior of their products. Such fl exibility, however, also produces the 
potential for unpredictable product variability and the need for very tight 
controls on bioreactor conditions and verifi cation of product specifi cations. 
Delivered enzymes are therefore a controlled mix of enzyme species deco-
rated with varying combinations of mannose, mannose - 6 - phosphate, sialic 
acid, and galactose moieties (among others). For example, based on the seven 
glycosylation sites of Myozyme ® , and the combination and permutations of 
the oligosaccharide species potentially able to occupy these sites, several 
hundred thousand different versions of the enzyme are possible products of 
the individual cells in a bioreactor.  

23.2.5 Defeating the Pathophysiology of LSDs

 The fi nal link in the therapeutic chain is delivery of the enzyme to the lyso-
some, enzyme activation, and processing of the substrate. Unlike small - 
molecule therapeutics, the delivery and eventual fate of the enzyme is a 
one - way street — once delivered to the lysosme, little if any recycling (or re -
 diffusion) occurs. This is a particular pharmacokinetic model that perplexes 
some regulators as well as some developers more used to small - molecule 
therapeutics. What occurs in the lysosome in many ERTs remains only par-
tially understood. In the case of Myozyme ® , for example, there is considerable 
processing (clipping and re - arrangement of the enzyme) into two successive, 
and active, multi - subunit complexes of the enzyme over several days  [7] . 
Further the manner in which the substrate is processed, or in some cases fails 



to be processed (e.g., GL - 3 in cardiomyocytes of Fabry patients, glycogen in 
the skeletal muscle of the most severely affected Pompe infants), is only par-
tially understood. Considerable ongoing effort is focused on improving the 
yield of substrate removal, particularly when these failures negatively impact 
the best outcomes of ERT  [8] .   

23.3 CURRENT TECHNOLOGIES 

 Since the early 1980s production of most therapeutic human proteins was 
performed in bioreactors containing well - characterized bacteria or yeasts  [4] . 
More recently immortalized mammalian cell lines such as CHO (Chinese 
hamster ovary) and some human cell lines have increasingly been employed, 
particularly for more complex proteins  [4] . Mammalian cell lines, while more 
demanding to produce and maintain, are necessary when correct glycosylation 
and appropriate folding behavior are required of the protein. Such is the case 
for most lysosomal enzymes, although new methods of engineering yeasts to 
produce humanized glycosylation patterns by selective knockouts   and knock -
 ins of specifi c genes has recently provided a potentially more economic bio-
reactor alternative  [9] . Cells in the bioreactor have been genetically modifi ed 
to produce and secrete the desired human protein. Harvesting of the secreted 
protein is conducted either at the end of each culture run by processing the 
entire contents of the bioreactor before starting again (batch mode) or in the 
case of bioreactors equipped with cell microcarriers, in perfusion mode, by 
siphoning off culture medium in a continuous process. While a detailed descrip-
tion of bioreactor management is not the subject of this chapter, several fea-
tures of the manufacturing process have a direct impact on preclinical testing. 
One is that signifi cant control can be exerted over the composition of the 
protein, and more particularly the glycosylation pattern, by manipulating 
growth and culture conditions at several points in the manufacturing process. 
The second is that each scale - up to bigger reactors to meet patient demand 
changes the culture conditions and proportionality, resulting in a potentially 
different mix of enzyme species extracted from the bioreactor. These changes 
in composition, while relatively minor in most cases, can signifi cantly alter the 
pharmacokinetics and potency of the product and are closely monitored by 
regulatory agencies. To place these challenges in context, we include a brief 
description of the bioreactor steps that most commonly impact product 
characteristics. 

 In general, the fi rst step in producing bioreactor enzymes involves selecting 
the most appropriate cDNA from which to generate the protein. The gene for 
the human protein (enzyme in the case of ERT) is then inserted into a suitable 
vector (usually a plasmid), and transfected into the cell line intended for use 
in the bioreactor. Numerous transfected cell lines are tested for replication 
effi ciency (clonal selection), based on activity/expression levels in high -
 throughput, plate format screens. During clonal selection, manipulation of the 
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culture system with methotrexate or other gene expression modifi ers may be 
employed to force expression in favor of a particular glycosylation pattern. A 
small number of candidates may be chosen from this process for benchtop 
fl ask culturing, from which the fi rst more complete analysis of protein product 
can be performed by assays such as SDS - PAGE. At this stage the fi nal candi-
date clone is selected to move forward into early production runs. 

 During the next stage a series of parallel activities accompanies progressive 
expansion of culturing into benchtop bioreactors (8   L), thence up to roughly 
30   L systems. These include progressive purifi cation steps and the development 
of more sophisticated assays to characterize the protein, including antibody -
 based assays (ELISAs, Westerns). The purpose at this stage is to produce suf-
fi cient purifi ed enzyme to begin in vivo testing and to more accurately 
characterize the enzyme, particularly the glycosylation pattern and other char-
acteristics that could determine in vivo behavior. Further modifi cation of the 
enzyme product can be introduced in this midstage. One method is to intro-
duce back into the cell culture media chemicals such as kifunensin that induce 
remodeling of the oligosaccharide side chains by promoting sialidases to clip 
certain sugars. The other way to modify the decorating oligosaccharides is to 
treat the purifi ed product posttranslationally with enzymes specifi c for their 
activity on sialic acid, galactose, mannose, or glucosamine residues. This way 
the oligosaccharide complexes can be clipped to expose a different and more 
benefi cial selection of signaling sugars. Each of these steps requires an array 
of assays to characterize each step and the resulting product. One further 
potential modifi cation is open to the manufacturer. This involves taking the 
fi nal glycoslyated product through a series of biochemical steps to restructure 
and adorn the oligosaccharides with the desired species (e.g., bisphosphoryla-
tion of a particular group of mannose terminations). 

 Bioreactor scale - up remains a considerable challenge for producers of 
ERTs. One reason is that pivotal trials for LSDs are conducted on small 
numbers of patients, using quantities of enzyme that can be produced in 
smaller bioreactors, before the need to scale up quantities of product (and 
bioreactor size) to meet commercial demand. This is a conundrum that places 
considerable pressure on sponsors. The pitfall is that different scales may 
change the product profi le and pharmacokinetics characteristics suffi ciently 
that regulators require duplication of preclinical safety studies and even clini-
cal trials after the pivotal phase 3 trials have been completed. This places an 
undue burden on sponsors seeking registration for these rare conditions.  

23.4 REGULATORY GUIDANCE 

 Little regulatory guidance was in place during development of the early 
recombinant human enzymes. Ceredase ®  and Cerezyme ®  were developed in 
the absence of the ICH S6 document, and therefore safety packages for these 
enzymes were a combination of traditional safety studies as well as specifi c 



studies to address the unique properties of a recombinant human protein. 
Studies for the recombinant human enzymes were designed to establish a 
safety margin above the clinical dosing regimen and to identify any possible 
effects of the administered protein. Since these enzymes are naturally occur-
ring human proteins, the likelihood of side effects was low. However, under-
standing the pharmacokinetics, biodistribution, and exposure was key to 
establishing the safety profi le of the enzymes. 

 With acceptance and implementation of the ICH S6 guidance document, 
more consistent development of the recombinant human proteins was possi-
ble. Similar studies were performed to assess the short -  and long - term safety 
of administered proteins. Challenges induced by immunogenicity and the 
ability to dose normal animals for suffi cient duration became the biggest issue. 
The utility of long - term dosing in rodents became questionable due to the 
anticipated generation of antibodies to the recombinant human protein. A 
major consideration was the relevance of the animal model, and which study 
would enable prediction of safety outcomes in patients. As more and more 
recombinant enzymes reached the development phase, the best studies and 
relevant endpoints were increasingly challenged. It was necessary to conduct 
studies for appropriate lengths of time, but also to deliver the protein in a 
manner similar to the clinical program. For ERTs this meant hour - long infu-
sions in an animal considered likely to display the appropriate safety signals 
without exhibiting the hypersensitivity associated with administration of a 
human protein. Despite the lack of utility and predictability of many of these 
safety studies, they were still considered necessary for the safety assessment 
of products such as Fabrazyme ®  and Aldurazyme ® . 

 Several recombinant human proteins have been approved over the last 10 
years for use as long - term ERT in patients. Because of the specifi city of the 
individual enzymes for particular lysososmal storage products, demonstration 
of a clear pharmacodynamic effect can only be performed in genetically modi-
fi ed animal models lacking the enzyme of interest (or, in rare naturally occur-
ring disease models). Many genetically induced animal models are embryonic 
lethal or have alternative compensatory mechanisms such that the pathology 
of the disease is not consistent with the human disorder. In addition, as a result 
of signifi cant antibody responses in some knockout mouse models, administra-
tion of recombinant human proteins may preclude meaningful interpretation. 
Long - term studies of the human protein are often not achievable in these 
animal models. Unfortunately, toxicology studies in normal animals are limited 
by the presence of native enzyme and the absence of pathologic substrate 
accumulation, both features that we now recognize can signifi cantly impact 
safety of the product. While development programs for some of the enzyme 
replacement therapies were conducted prior to the ICH S6 document, many 
were nonetheless consistent with the guidance. The challenges and relevance 
of some of the development programs are described below. 

 It is important to remember that as a class of proteins, ERTs are expected 
to be relatively safe because of their specifi c targeting via mannose or mannose 
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6 phosphate receptors, their endogenous protein nature, and their relatively 
little activity at a physiologic pH. Since these are compelling arguments, safety 
evaluations for some early programs were very brief and limited to only a 
single species. Further, until recently, all of the safety studies conducted to 
support clinical used normal animals. In light of recent developments (see 
below) the relevance of this approach, and the relevant species, need to be 
reconsidered for development work. 

23.4.1 Cerezyme®

 Imiglucerase (Cerezyme ® ) was approved in 1997 for use as long - term enzyme 
replacement therapy in patients with confi rmed diagnoses of non - neuropathic 
(type 1) or chronic neuropathic (type 3) Gaucher disease. Gaucher disease, 
also called gluocosylceramide lipidosis or β  - glucocerebrosidase (GCR) defi -
ciency, is the most common of the sphingolipidosis or lipid storage diseases, 
and is inherited in an autosomal recessive manner. Imiglucerase catalyses the 
breakdown of glucocerebrosidase, thereby preventing the buildup glucocere-
broside. Imiglucerase is the recombinant form of alglucerase. Alglucerase 
(Ceredase ® ), derived from human placental tissue, was the fi rst mannose - 
terminated - B - glucocerebrosidase. 

 The clinical features of Gaucher disease include anemia and thromoboctyo-
penia due to splenic sequestration, and bone marrow displacement by accu-
mulating Gaucher cells. Hepatomegaly, spenomegaly, and osteonecrosis are 
common symptoms in type 1 and 3 Gaucher disease. The neuropathic forms 
also manifest neurological abnormalities such as seizures, dementia, spasticity, 
ataxia, and loss of intellectual function. Imiglucerase is given by infusion over 
2 to 3 hours every two weeks, starting at a specifi ed dose that can be lowered 
as therapy (and clinical response to treatment) progresses. 

 The effi cacy of imiglucerase was not studied in an in vivo preclinical model 
because there is was no satisfactory animal model of Gaucher disease. Recep-
tor binding was characterized in vitro using rat alveolar macrophages. Data 
from preclinical studies showed similar pharmacodynamic actions of imiglu-
cerase and alglucerase. Three - month repeated intravenous dose toxicity studies 
were performed in rats and monkeys to support clinical trials and approval. 
Anti - imiglucerase antibodies were detected in all dose groups in rats. However, 
the onset of the antibody response and the number of animals responding was 
dose dependent. Interestingly, the anti - imiglucerase antibody response was 
more prominent in monkeys than in rats. The most common clinical side effect 
is hypersensitivity. Because humans can develop antibodies that may affect 
effi cacy, it is recommended that patients be monitored for any allergic reaction 
during their fi rst year of treatment. 

 There are some interesting and important features of the development 
strategy adopted for this product which differ from more conventional 
approaches. It seems reasonable to assume that a nature - identical human 
protein produced by rDNA technology will be inherently safe if administered 



to humans. Therefore it seems reasonable to conclude that risk assessment of 
proteins that are not nature - identical should focus on differences from the 
natural product, since such differences might affect important processes such 
as primary biological action, tissue distribution, storage, metabolism, clearance, 
and immune response. 

 Imiglucerase differs from the native glycoprotein in two important respects. 
First, there is a single amino acid substitution in the primary sequence, which 
arose in the cloning process. Second, the glycosyl moiety of the protein is 
deliberately modifi ed to increase the affi nity of rGCR for the mannose recep-
tors of macrophages. The philosophy used in the risk assessment program was, 
fi rst, to compare the rDNA product with the natural protein and, second, to 
investigate directly the preclinical safety of imiglucerase. It is important to 
recognize that the pivotal 13 - week toxicity study in the primate was performed 
with material from a 2000   L batch, which is effectively the clinical marketed 
fi nished product. This lot was a prevalidation lot manufactured by the same 
process, as the 2000   L validated process, and although full characterization was 
not conducted, it did meet all release specifi cations and therefore should be 
indicative of the clinical/market material at the 2000   L scale. The data from 
this animal study were therefore central to interpretation of potential human 
risk. Because no satisfactory animal model of Gaucher disease existed, it was 
not possible to predict the effi cacy of Cerezyme ®  from animal studies. 

 The development program was designed to elucidate the fundamental bio-
logical properties and action of imiglucerase. However, in comparison to the 
preclinical toxicology plan, which is generally presented for low molecular 
weight pharmaceuticals, there were several obvious differences. 

 Broadly, there was no study of clastogenicity, only one species was used in 
the evaluation of acute toxicity, and no studies of potential effects on repro-
ductive function or oncogenic potential were performed. In contrast, detailed 
studies of the biologically important receptor binding and macrophage uptake 
were presented together with detailed assessments of the kinetic processes 
defi ning receptor binding and plasma clearance. 

 Macrophage mannose receptor binding is a particularly important issue in 
the assessment of rGCR as an enzyme replacement therapy because macro-
phages are the predominant cell type that accumulates lipid in Gaucher 
patients. In addition demonstrating that the recombinant protein behaved 
virtually identically to the naturally occurring protein would provide reassur-
ance in the risk assessment process. 

 A series of pharmacokinetic and ADME studies was performed with imi-
glucerase in order to assess clearance and targeting of imiglucerase in vivo. 
Because there was no suitable animal model for Gaucher disease, these studies 
were performed in normal animals. 

 Three toxicology studies were conducted: an acute study in rats and two 
13 - week studies in rats and monkeys. Most fi ndings in these studies could be 
attributed to infusion of large amounts of exogenous protein that directly 
or indirectly (through an immune response) effected changes. As would be 
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expected, repeated administration of Cerezyme ®  to rats and monkeys elicited 
a dose - dependent antibody response in more than 50% of the animals exposed 
to the test article. Since this antibody response against imiglucerase was dem-
onstrated in the rat and monkey, it was considered that additional longer term 
toxicology studies were not justifi ed as potential target organ exposure to the 
test article could not be quantifi ed. In view of minimal, subchronic toxicity 
fi ndings this was considered an acceptable safety package for marketing 
approval. An Ames test was also performed.  

23.4.2 Fabrazyme®

 In 2003 agalsidase beta (Fabrazyme ® ) was approved for use in patients. 
Agalsidase beta is a recombinant human    α  - Galactosidase A enzyme with the 
same amino acid sequence as the native enzyme. In Fabry disease an X - linked 
inherited defi ciency in  α  - Galactosidase ( α GAL) leads to progressive lyso-
somal accumulation of globotriasylceramide (GL - 3) in most tissues of the 
body. As a recombinant equivalent of naturally occurring  α  - Galactosidase, 
recombinant human α  - Galactosidase (r - h α GAL) was also expected to reduce 
GL - 3 accumulation in tissue, and thereby ultimately to alleviate the clinical 
consequences of GL - 3 accumulation. Pharmacodynamic studies were designed 
to evaluate the potential for r - h α GAL to clear GL - 3 substrate from tissues of 
an α GAL SV129 knockout mouse model. The use of the mouse model is justi-
fi ed as it provides the only biochemical model for Fabry Disease. 

 A safety pharmacology study in dogs assessed cardiovascular and respira-
tory toxicity. Neurological toxicity was not assessed as part of the safety phar-
macology study since r - h α Gal is a large protein and unlikely to cross the 
blood – brain barrier. In accordance with the International Conference on Har-
monization (ICH) S7 guideline, Safety Pharmacology Studies for Human 
Pharmaceutics, secondary pharmacology studies are not warranted as avail-
able information from toxicology studies and clinical studies, including 24 
months of safety information from patients in the phase 3 trial who have con-
tinued on treatment but have not identifi ed a cause for concern such that sec-
ondary pharmacology studies would be required. 

 Biodistribution studies were performed in Balb/C mice, the  α GAL SV129 
knockout mouse model and Sprague – Dawley rats to assess the uptake and 
stability of r - h α GAL in target organs. Additionally pharmacokinetic analyses 
were performed across three species (rat, dog, and monkey) with either single -
 dose or repeat - dose administration of r - h α GAL. Accumulation studies were 
conducted in rats and monkeys. 

 In the toxicity studies the maximum administered dose was identifi ed as 
the NOAEL. A traditional lethal dose study was not performed. Instead, the 
relationship between dose levels and toxicity were evaluated. These studies 
demonstrated that r - h α GAL had extremely low toxicity. It was unlikely that 
a clear toxic dose could have been identifi ed for r - h α GAL given that r - h α GAL 
cannot be suffi ciently concentrated to deliver a lethal dose and test animals 



will not tolerate the volume required to deliver a less concentrated lethal dose. 
This approach is consistent with the International Conference on Harmoniza-
tion (ICH) S6 guideline, Preclinical Safety Evaluation of Biotechnology 
Derived Pharmaceuticals, which states that for some classes of products with 
little to no toxicity, it may not be possible to defi ne a specifi c maximum dose, 
so consideration should be given to the volume that can safely and humanely 
be administered to the test animal. 

 Both single - dose and repeat - dose toxicity studies were conducted in two 
species, rat and dog, and rat and monkey, respectively. In developing plans for 
the toxicity studies, the Sprague – Dawley rat was selected as a relevant species 
to test. A 27 - week repeat - dose toxicity study in SD rats was conducted to 
evaluate the long - term safety profi le of r - h α GAL. Given the lifelong use of r -
 h α GAL in Fabry patients, it was recognized that data from a second species 
at high doses would be useful. A second long - term safety study was therefore 
conducted in cynomolgus monkeys. The ICH guideline provides that in prin-
ciple, the dosing duration for the toxicity study may be six months even in the 
case of a test substance for which the expected period of clinical use exceeds 
six months. In addition long - term administration of a compound that is known 
to be immunogenic in an animal model is unlikely to give relevant safety 
information. Due to the immunogenic nature of the recombinant protein in 
the nonhuman primate, dosing for a period of nine months was unlikely to 
provide any additional information over dosing to six months. Conduct of a 
long - term infusion study was the most technically achievable in the nonhuman 
primate. 

 Additionally antigenic studies were performed in two species (rat and 
monkey) and an embryofetal development study was conducted in rats. 
Sperm morphology evaluation, conducted as part of the 25 - week repeat - dose 
toxicology study in monkeys was inconclusive due to the immature age of the 
monkeys. A segment 1 study in rats was also conducted. Perinatal development 
studies have not been conducted, and the recommendation that r - h α GAL 
should not be used during pregnancy, unless clearly necessary, is adequately 
refl ected in the proposed labeling. Given that r - h α GAL is a nature - identical 
human protein, and based on the therapeutic indication and patient popula-
tion, studies to assess effects of r - h α GAL on mutagenic and carcinogenic 
potential were not considered necessary as part of the development 
program. 

 There were no signifi cant treatment - related fi ndings in any of these studies. 
The only fi nding consistent with administration of test article was a hypersen-
sitivity response seen in the rat study. As predicted, antibodies to agalsidase 
beta were detected in both chronic studies, but the antibodies   did not have an 
impact on safety assessments or pharmacokinetics of the therapeutic. 

 In the clinical setting, infusion reactions occurred in many patients treated 
with agalsidase beta, and some of these reactions were severe. Infusion reac-
tions occurred in some patients after receiving antipyretics, antihistamines, and 
oral steroids.  
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23.4.3 Aldurazyme®

 Laronidase ( α  -  l  - iduronidase) is intended for the treatment of mucopolysac-
charidosis I (MPSI). The MPS disorders are caused by defi ciencies of specifi c 
lysosomal enzymes required for the catabolism of glycosaminoglycans (GAGs). 
Accumulation of GAG substrates occurs in a variety of tissues and is depen-
dent on the location of the affected substrates and their rate of turnover. 
Defi ciency of  α  -  l  - iduronidase results in accumulation of dermatan and heparan 
sulfate in many tissues, particularly connective tissue, leading to chronic pro-
gressive loss of joint function, disordered skeletal growth, organomegaly, and 
neurologic impairment in more affected cases. 

 Canine MPS I was discovered in a Plott hound that presented with corneal 
clouding    [10] . Studies by Shull and Neufeld showed that the dogs were defi -
cient in α  -  l  - iduronidase  [11] . Being null, MPS I dogs are genetically similar to 
the most severe form of MPS I in humans, but clinically they more closely 
resemble moderately affected patients. These animals provide a valuable bio-
chemical/clinical model for MPS I disease. Since they have no confounding 
residual enzyme activity, they accumulate GAGs in relevant tissues, and their 
clinical phenotype closely resembles the human disease. 

 MPS I dogs were used to evaluate the biodistribution of rh - iduronidase, 
pharmacodynamic reduction of tissue GAGs and in vivo effi cacy. Pharmaco-
kinetics and the effects of various doses and regimens of rh - iduronidase were 
also evaluated in this model. Heterozygote dogs from the MPS I colony, 
referred to as normal carriers, were used to derive normal tissue levels of  α  -  l  -
 iduronidase activity and GAG storage. 

 The pharmacokinetics of rh - iduronidase were characterized in two studies, 
along with fi ve pharmacodynamic studies in which pharmacokinetics, biodis-
tribution, or both, were determined. The pharmacodynamic studies were con-
ducted in the MPS I dog evaluating reduction of tissue and urine GAG levels. 
These studies ranged from short - term (5 – 12 days) to long - term studies lasting 
up to 74 weeks. Multiple - dose levels were tested to determine the effect of 
dose on levels of α  -  l  - iduronidase activity and GAG in tissues and urine. The 
effects of dosing regimen, including once and three times weekly, as well as 
continuous infusion, were also tested. In the long - term studies, assessments 
were made of the effects of treatment on the clinical symptoms of the disease. 
Two additional toxicokinetic studies were conducted as part of an acute single -
 dose intravenous (IV) infusion toxicity study in normal dogs and as part of a 
26 - week IV infusion toxicity study in cynomolgus monkeys. 

 There were no signifi cant treatment - related fi ndings in any of these studies. 
The only test article related fi nding was a hypersensitivity response seen in 
a few of the animals treated. Antibodies to laronidase were detected in 
the chronic studies, but the antibodies did not have an impact on the safety 
assessment or pharmacokinetics of the therapeutic. In addition there were no 
fi ndings at six months that had not been noted at the three - month time 
points. 



 In the clinical studies the most common adverse events observed with lar-
onidase treatment were upper respiratory tract infection, rash, and injection 
site reaction. The most common adverse reactions requiring intervention were 
infusion - related reactions (IRRs), particularly fl ushing. Those requiring inter-
vention were offset by slowing the infusion rate, temporarily stopping the 
infusion, and/or administering additional antipyretics and/or antihistamines.  

23.4.4 Myozyme®

 In 2006 recombinant alglucosidase alfa (Myozyme ® ) received approval in 
the United States and Europe for the treatment of Pompe disease in all 
patients. While the development program of alglucosidase alfa was in consid-
eration of the ICH S6 document, and with further consideration to conduct 
studies in the most relevant species with the greatest predictability, additional 
pressure was placed on this program for the establishment of safety in animal 
studies. 

 The GAA knockout mice used for the nonclinical program were generated 
by Raben et al.  [12,13] . The model was produced by inserting a neomycin -
 resistance (neo) gene, into exon 6 of the murine GAA gene, resulting in dis-
ruption of the coding region. Mice homozygous for this disruption (6 neo /6 neo ) 
lack enzyme activity, accumulate lysosomal glycogen, and  “ recapitulate(s) 
critical features of both the infantile and the adult forms of the disease at a 
pace suitable for the evaluation of enzyme or gene replacement ”   [12] . By 3 
weeks of age, homozygous 6 neo /6 neo  mice begin to accumulate glycogen in 
cardiac and skeletal muscle lysosomes due to the lack of GAA enzyme activity. 
However, they grow normally, reach adulthood, and remain fertile. By 8 to 9 
months of age, obvious muscle wasting and a weak and waddling gait develops, 
and, by 18 to 19 months of age, they have severe progressive muscle - wasting 
resembling advanced late - onset Pompe disease. At this age, they have pro-
nounced glycogen accumulation in multiple organs (including skeletal muscle, 
diaphragm, heart, and brain), as well as cardiomyopathy, hypotonia, severe 
motor disability, and profound muscle weakness and wasting  [12] . 

 Glycogen accumulation and extent of muscle pathology in GAA knockout 
mice is not as striking as that noted in infantile - onset Pompe patients. Based 
on life span 6 neo /6 neo  GAA mice more closely resemble late - onset Pompe 
disease in humans. Despite these differences GAA knockout mice provided a 
valuable tool for preclinical studies. Since they lack GAA enzyme activity, they 
can be used to evaluate the pharmacokinetics and biodistribution of GAA 
activity following administration of clinically relevant doses of rhGAA. More-
over, since the heart and skeletal muscle of GAA knockout mice contain 
accumulated glycogen, they can also be used to evaluate the pharmacody-
namic effects of rhGAA dose and dosing regimens on glycogen depletion. 
Since most pharmacodynamic studies were conducted on asymptomatic mice 
less than 6 months of age, we were unable to determine if rhGAA could 
reverse or stabilize the clinical phenotype. 
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 While useful for evaluating substrate reduction and tissue distribution, the 
knockout mouse also presented specifi c challenges to the preclinical devel-
opment program. After repeated administration of rhGAA, a predictable 
hypersensitivity response to the recombinant human protein was observed. 
Frequently this reaction resulted in morbidity and mortality associated with 
test article administration. This hypersensitivity reaction responded to diphen-
hydramine prior to, and as necessary, during dosing; however, such interven-
tion complicated interpretation of toxicity studies. 

 In vivo, single -  and repeat - dose pharmacodynamic studies were conducted 
in GAA knockout mice to evaluate the effi cacy of rhGAA. Most of these 
studies were designed to assess depletion of glycogen from target tissues, while 
others assessed the time course of glycogen depletion and re - accumulation 
following administration of rhGAA. Tissue glycogen content was measured 
by biochemical assay and histomorphometric analysis. In addition a safety 
pharmacology study was performed in beagle dogs. 

 A series of pharmacokinetic studies were performed to assess absorption 
of rhGAA across single -  and repeat - dose administration, species (mouse, rat, 
dog, and monkey), dose, formulation, and process scale. Process scale - up to 
larger reactors to accommodate the high dose and rapid expansion of patient 
numbers has placed an especially demanding pharmacokinetic burden on this 
program, even postapproval. Biodistribution studies were performed in GAA 
knockout mice to assess the uptake and tissue residence time of rhGAA in 
target organs. 

 Toxicity studies were designed to establish a maximum tolerated dose and 
safety profi le in mice, rats, dogs, and cynomolgus monkeys. Two single - dose 
acute toxicity studies in rats and dogs, two repeat - dose subchronic toxicity 
studies in rats, one repeat - dose subchronic toxicity study in mice, and two 
repeat - dose chronic toxicity studies in cynomolgus monkeys were performed 
to evaluate the safety of rhGAA administered intravenously (IV). Further-
more three reproductive toxicity studies were conducted in mice to assess the 
effect of rhGAA on fertility, early embryonic development and embryofetal 
development.  

23.4.5 Acid Sphingomyelinase 

 Niemann – Pick disease is caused by partial or complete absence of the lyso-
somal enzyme acid sphingomyelinase, resulting in lysosmal accumulation of 
sphingomyelin in numerous tissues, but particularly in cells of the macrophage 
lineage and in neurons. Clinically patients suffer from progressive hepato-
splenomegaly and associated pathology, and many eventually succumbing to 
pulmonary complications and pneumonia in late childhood to middle age 
(Niemann – Pick type B). Recent characterization of Niemann – Pick type B 
populations suggests signifi cant pathophysiology related to high cholesterol 
profi les, resulting in many early deaths from vascular disease. In the most 



severe classifi cation of the disease (Niemann – Pick type A) rapidly progressive 
neurologic disease claims individuals in early childhood. 

 An appropriate knockout mouse model for Niemann – Pick disease is avail-
able. This ASMKO mouse was produced by inserting a neomycin - resistant 
gene (neo) into exon 2 of the ASM  gene resulting in disruption of the coding 
region  [14] . Mice homozygous for this disruption lack acid sphingomyelinase 
activity and develop a clinical condition resembling Niemann – Pick A disease. 
Born normal, these mice develop trembling and ataxia by 8 weeks of age, 
progressing through lethargy to severe ataxia by 4 months and death between 
6 and 8 months of age. Progressive accumulation of sphingomyelin occurs in 
macrophage lineage cells, the lungs, and the CNS in a manner closely resem-
bling the human disease. This model has allowed for signifi cant preclinical 
development efforts and disease - related characterization. 

 As discussed previously, relevant animal models and predictability of safety 
have become signifi cant issues. Recent experience with developing ERT for 
Niemann – Pick disease has highlighted the potential risk of relying on standard 
toxicity models and not identifying the most relevant test species. 

 To establish the safety profi le for recombinant human acid sphingomyelin-
ase (rhASM), several animal models were evaluated including normal rats and 
dogs. Findings from three single -  and repeat - dose toxicity studies resulted in 
a no - observable - effect level (NOEL) of the highest doses tested. However, in 
parallel efforts to maximize effi cacy of rhASM in different organ systems, 
unexpected deaths occurred in ASMKO mice at several dose levels, all well 
below the previously determined NOEL. Signs of toxicity included lethargy, 
hypothermia, and death, symptomatic of clinical shock. Subsequent character-
ization of this response established that the toxicity is directly related to sub-
strate load, but   the load can be managed pharmacodynamically by initially 
dosing at low levels to deplete the most labile substrate. Doses can then be 
increased to the therapeutic levels necessary to maintain control of substrate 
in all tissues. Appropriate adjustments to the clinical dosing regimen have been 
incorporated in our phase 1 protocol to manage this risk. The fact that toxicity 
occurred only in knockout animals indicates that for LSDs (and perhaps other 
diseases with substrate accumulation) future toxicological studies may need 
to be conducted in animal models of the disease to ensure that the most sensi-
tive species has been included.   

23.5 CONCLUSION

 Recombinant enzymes manufactured from mammalian cell - based bioreactors 
have established a solid treatment paradigm for several lysosomal storage 
diseases, a class of rare diseases until recently considered untreatable. While 
small clinical populations, variable animal models, and the need to upscale 
manufacturing during and after approval have provided formidable regulatory 
challenges, the fact that eight separate enzyme therapies have emerged in little 
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over a decade is remarkable. Credit must go to the companies that have com-
mitted to this risky fi eld, and also to the foresight of legislatures that estab-
lished critical orphan drug laws and to the regulatory bodies in many countries 
open to creative approaches by sponsors. The examples presented of successful 
preclinical programs demonstrate the importance of fl exibility based on unique 
aspects of the individual diseases and the availability of relevant animal models 
to address specifi c safety concerns, consistent with the ICHS6 science - based 
approach. 

 New challenges resulting from this decade of cumulated experience are, 
however, placing increasing pressure on maintaining this momentum. Among 
the most pressing are (1) the troubling antibody responses to recombinant 
human enzymes in patients — nearly impossible to investigate effectively in 
animal models; (2) the recent discovery that the substrate load (in some LSDs) 
may impart unique toxicity risks that cannot be explored in normal animals; 
and (3) increasing evidence that despite predictable dose – responses in relevant 
models, some patients (and some tissues) are not pharmacodynamically (and 
clinically) responsive even at elevated doses. These, among others, continue to 
impose increasingly complex preclinical and CMC regulatory obligations at a 
time when increasingly rare LSDs invariably dictate more restrained invest-
ment. When combined with the absence of a clear pathway to accessing the 
CNS, the prospect for the next decade of ERT development is less certain. 
Based on recent small - molecule approaches to substrate inhibition and chap-
erone - assisted refolding for certain mutations, the next wave of development 
for LSDs, including those with neurologic involvement, may come through 
small - molecule therapies (possibly in combination with proteins). Gene therapy 
with long - lived vectors, and in combination with tissue - specifi c delivery, remains 
a viable but complex option. On the positive side are the increasingly creative 
animal models and laboratory technologies available to support these more 
complex paradigms — there is no doubt that they will be needed!  
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24.1 INTRODUCTION

 This chapter will describe the existing practices for assessing the toxicity of 
oligonucleotide therapeutics and the rationale for these practices. The only 
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way to discuss the practices is to put them into the context of the existing body 
of knowledge on the toxicity of these novel therapeutic entities. In this regard 
the authors are indebted to those institutions that have shared their scientifi c 
fi ndings in the open literature allowing the science behind the application of 
therapeutic oligonucleotides to be shared and advanced. 

 There are at least four categories of oligonucleotide therapeutics: single -
 stranded oligonucleotides that work through RNAse H or steric effects, 
double - stranded RNAs that work through the dicer pathway, immunostimula-
tory oligonucleotides that work by stimulating innate immunity, and aptamers 
that work by binding to proteins and modifying their function (Figure  24.1 ). 
(A fi fth group, transcription factor decoys, is not going to be covered in this 
review.) These are a diverse group of agents, with widely differing chemistries. 

    Figure 24.1     Cartoon depicting the mechanism of action of oligonucleotide molecules 
for aptameric interactions with proteins, interactions with specifi c receptors of the 
innate immunity, target mRNAs through hybridization, and transcriptional activators 
as transcription decoys. Note siRNA works through a hybridization dependent mecha-
nism as depicted for antisense. See color insert.  
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Because of such diversity the testing strategies that work for some compounds 
may not be applicable to all, or in some cases there are insuffi cient published 
data to know whether a strategy works.    

24.2 CHEMISTRY

24.2.1 Aptamers

 Aptamers are nonnaturally occurring nucleic acid derived molecules that bind 
to protein and peptide targets with high affi nity and specifi city. A typical thera-
peutic aptamer comprises 15 to 40 nucleotides, folds into a unique secondary 
and/or tertiary structure that allows specifi c target recognition, and contains a 
substantial number of nucleotides with modifi cations (e.g., 2 ′  - methoxy) that 
prevent degradation by serum nucleases. Aptamers are often derivatized site 
specifi cally with high molecular weight polyethylene glycol (PEG) to increase 
their effective size, decrease renal fi ltration, and increase circulating half - life 
in vivo. Most commonly aptamers are used to target extracellular protein 
interactions. That way the mechanisms of action of aptamers are more compa-
rable to monoclonal antibodies or traditional drugs than to antisense ODNs 
or siRNAs that act by hybridization to mRNAs intracellularly.  

24.2.2 Immunostimulatory Oligonucleotides 

 Immunostimulatory CpG oligodeoxynucleotides are approximately 20 to 30 
nucleotides in length, with phosphorothioate or occasionally phosphodiester 
linkages. Phosphorothioate linkages replace the more labile phosphodiester 
linkages that increase the resistance of the oligonucleotide to nucleases. The 
distinguishing features of these oligonucleotides are their palindromic hexamer 
motifs that stimulate receptors in the innate immune system through interac-
tion with TLR9 receptor. The compounds that Coley Pharmaceuticals, Dynavax, 
and others are currently developing share a great deal of similarity with the 
early fi rst generation phosphorothioate oligodeoxynucleotides used as anti-
sense agents: that is to say, they are roughly 6000 to 7000   Da molecular weight 
with around 20 to 30 negative charges. Because each phosphorothioate linkage 
is a chiral center, there are 2 N  − 1  stereoisomers possible (where  N    =   number of 
nucleotides). The phosphorothioate linkages tend to increase protein binding 
compared to the phosphodiester linkages of endogenous nucleic acids. The 
increase in protein binding has important effects on distribution and toxicity 
of these drugs (reviewed in  [1] ). 

 Newer classes of immunostimulatory oligonucleotides that are composed 
of RNA and bind different receptors are now being identifi ed. Single -  and 
double - stranded RNA have the potential to be proinfl ammatory, but the 
receptor and sequence - dependence are distinct from CpG oligonucleotides. 
These RNA oligonucleotides tend to bind to TLR3, 7, and 8 as well as the 
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more recently characterized soluble cytoplasmic receptors such as RIG - 1 (see 
below). Like antisense DNA, the proinfl ammatory effects of RNA are a prop-
erty to potentially be exploited for immunomdulatory effects or minimized in 
the case of siRNA.  

24.2.3 Single-Stranded Oligonucleotides Used for Antisense Activity 

 For simplicity we will concentrate on two classes of single - stranded antisense 
oligonucleotides (ASOs) . The fi rst are those with phosphorothioate back-
bones. These compounds can have both deoxy ribose and ribose sugars. Oli-
gonucleotides that employ RNase H to cleave the target mRNA require at 
least a portion of the molecule to be DNA - like because the RNase H recog-
nizes a RNA/DNA duplex. These compounds are approximately 20 nucleo-
tides in length with 19 negative charges and 2 19  stereoisomers. These compounds 
differ from endogenous DNA (or RNA) by the substitution of a sulfur for a 
nonbridging oxygen in each phosophodiester linkage. In addition some oligo-
nucleotides are modifi ed at the 2 ′  position of the ribose with methoxyethyl 
(second - generation ASOs) or methoxy groups. This modifi cation increases 
affi nity for the mRNA target and slightly alters protein binding. Most impor-
tant, it markedly reduces the susceptibility of the oligonucleotide to exonucle-
ase cleavage, and methoxyethyl modifi cations tend to slightly diminish the 
binding of the phosphorothioate oligonucleotide to proteins. Even this small 
change in protein binding has signifi cant consequences to the pharmacokinetic 
and toxicologic properties (reviewed in  [1] ). 

 The second class of single - stranded ASO are the morpholinos. These com-
pounds have the typical heterocyclic bases attached to a substituted morpho-
lino ring system. These are linked together with dimethylamino phosphinyldeoxy 
functions. These compounds bind and act through steric action on the mRNA. 
The morpholinos differ from immunostimulatory oligonucleotides and from 
RNase H - utilizing oligonucleotides because they are uncharged. The absence 
of a charge diminishes protein binding signifi cantly, which has important impli-
cations for toxicities and for distribution. Binding to plasma proteins has the 
benefi cial effect of protecting the oligonucleotide from glomerular fi ltration, 
and enhancing binding to cells and cell uptake. Without charges, the morpho-
linos are more susceptible to rapid excretion in urine. On the other hand, the 
minimal protein binding of morpholinos reduces their potential to have toxici-
ties associated with protein binding, for example, changes in activated partial 
thromboplastin time (aPTT)  [2] .  

24.2.4 Double-Stranded RNAs–siRNA

 These oligonucleotides differ from the other classes of nucleotides described 
above in that they are duplexes rather than single stranded. Because this class 
of nucleotides is relatively new and because there are two strands that can be 
modifi ed chemically, it is more diffi cult to generalize about the chemistry of 
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this class. Because unmodifi ed RNA is so labile, some chemical modifi cations 
or protection from nucleases are needed to reduce degradation in plasma and 
tissues in order to be effective in vivo. Some siRNAs utilize phosphorothioate 
linkages, and others do not. Sugar modifi cation such as 2 ′  O - methyl and 2 ′
fl ouro have also been used to improve durability and affi nity for targets, often 
in complex repeating patterns in either the sense or antisense strand of the 
duplex (reviewed in  [3] ). What is critical to this chapter is that the duplexed 
oligonucleotide has different physical properties than a single - stranded nucleic 
acid and a molecular weight that is twofold greater. The increase in molecular 
weight and the duplex nature signifi cantly affect the cell uptake of these 
compounds. Unlike single - stranded antisense oligonucleotides, these double -
 stranded oligonucleotides do not readily penetrate cells. This has led some 
researchers to conjugate them with small lipophilic molecules like cholesterol: 
a modifi cation that may have signifi cant consequences for the toxicity profi le. 
Liposomal formulations are the other approach that has been taken to improve 
cell uptake with siRNA therapeutics. The use of complex formulations sets 
siRNA apart from the other classes of oligonucleotide therapeutics.   

24.3 PHARMACOKINETICS

24.3.1 Assessing the Pharmacokinetics of Oligonucleotide Drugs 

 On the surface the assessment of the pharmacokinetics of oligonucleotide 
therapeutics is not entirely different than the assessment of the pharmacoki-
netics of traditional drugs. The simplest assessment of oligonucleotide 
pharmacokinetics can be obtained by using radiolabeled compounds with 
nonexchangeable tritium on one or more of the heterocycles  [4,5] . Mass 
balance experiments with compounds so labeled provided the fi rst data on 
terminal elimination half - lives and organ distribution. In addition, depending 
on site of the radiolabel, it is possible to follow the labeled heterocycle through 
catabolism to the end product CO 2 . Phosphorothioate oligonucleotides can be 
labeled on the sulfur atom, but these can be labile and the resultant products 
are low molecular weight entities found in urine, possibly in the form of sulfate, 
thiophosphate, or low molecular weight thiated oligonucleotide fragments. 

 With the advent of sensitive bioanalytical assays like capillary gel electro-
phoresis, hybridization - dependent ELISA  [6]  and LC/MS  [7 – 9] , it is now pos-
sible to perform toxicokinetic analyses as part of toxicity studies either in 
satellite groups or in study animals without the use of radiolabel  [10] . These 
techniques provide a basis of assessing the exposure of target organs in toxi-
cology studies and allow for the determination of critical concentrations for 
the production of morphologic or functional changes. These relationships can 
be used to design dose and schedule for clinical trials  [11] . 

 One strategy being used for a full assessment of the pharmaco/toxicokinet-
ics of oligonucleotide therapeutics is to perform a mass balance study with 
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radiolabeled material followed by quantitation with combustion of tissues and 
scintillation counting or with whole body autoradiography. This type of study 
provides an understanding of distribution and routes of clearance. It is possible 
to also collect information on the metabolic fate of the oligonucleotide, but 
more often metabolite identifi cation and toxicokinetics can be performed on 
samples from animals dosed with nonradiolabeled material using HPLC, CGE, 
or LC/MS  [10] . 

 If a novel oligonucleotide chemistry or route of administration is being 
tested for the fi rst time in a species, it is advantageous to understand the tissue 
kinetics to design dose regimens for toxicity studies. However, in most cases 
it is possible to estimate what the kinetics of a novel oligonucleotide sequence 
are based on data from other sequences with related chemistry. In those cases 
the pharmacokinetics studies can be performed in conjunction with subchronic 
studies. A strategy employed by our group uses a satellite group in large 
animal studies to assess tissue levels after a single dose, after a loading regimen, 
and then at specifi ed intervals after the completion of the loading regimen. 
This design allows us to understand fi rst - dose kinetics, as well as multiple - dose   
kinetics and fi nally drug clearance from plasma and tissues. Properly spaced 
sampling allows for the estimation of tissue half - lives in large animals with 
relatively small numbers of animals. In the animals in the toxicology study 
groups, we also analyze plasma and tissues samples for drug and metabolite 
levels at the end of the treatment and recovery periods. It is these results that 
allow us to relate tissue/plasma concentrations of drug and metabolites with 
histopathologic or functional changes.  

24.3.2 A Brief Summary of the Pharmacokinetics of 
Oligonucleotide Drugs 

Aptameric Oligonucleotides  The pharmacokinetics of aptameric oligonu-
cleotides is highly dependent on the chemical modifi cations. In most cases 
these compounds are modifi ed to have long residence time in plasma by the 
addition of pendants to the backbone structure consisting of polyethylene 
glycol. With these pendants plasma residence time can be substantially pro-
longed, often to a time scale of hours or days. The pharmacokinetics of a par-
ticular drug can be tailored by the modifi cations to yield an optimal clearance 
rate. For this class of drugs protein binding is essential for both prolonging 
half - life as well the actual activity of the drug. Longer half - lives in plasma are 
benefi cial for aptamers that have intracellular sites of activity as they seem to 
increase tissue uptake  [12,13] . Like PS ODNs aptamers accumulate in renal 
proximal tubular cells, and in resident macrophages in various organs, and are 
visible when stained with hematoxylin.  

Phosphorothioate Oligonucleotides  Single - stranded phosphorothioate 
ODNs (PS ODN), either immunostimulatory or ASO, administered parenter-
ally appear rapidly in plasma where they are bound to hydrophilic sites on 
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plasma proteins, and are thus protected from glomerular fi ltration. These 
binding sites are not the hydrophilic sites where lipophilic drugs bind, and 
there is little competition for plasma protein binding by ODNs  [14] . Plasma 
kinetics are polyphasic with a short distribution phase that is on the order of 
hours, and then a terminal elimination phase that has half - lives on the order 
of days or weeks (reviewed in  [11,15,16] ). The initial distribution phase may 
also be infl uenced by plasma metabolism. Depending on the chemistry of the 
PS ODN, there can be metabolism by nucleases in plasma, or if the PS ODN 
is protected from exonuclease metabolism with 2 ′  modifi cations, then there is 
little or no metabolism in plasma. 

 The initial distribution phase is primarily related to binding to and distribu-
tion into tissues, with liver, kidney, lymph nodes, and spleen being the sites of 
highest binding and uptake. For PS ODN little renal clearance occurs because 
of the binding of the PS ODN to plasma proteins. However, at very high doses 
plasma protein binding can be saturated and spillage into urine is more likely 
(reviewed in  [17] ). Uptake into tissues is also saturable, and therefore the dis-
tribution kinetics are dose dependent, with clearance rates slowing and AUC 
increasing with increasing doses  [16,18 – 20] . Once bound to cells, PS ODNs 
transit into cells by moving down concentration gradients from extracellular 
compartments to intracellular compartments, probably by shuttling from one 
protein binding site to another, across cell membranes. PS ODNs in cells bind 
to available targets, but the majority of the PS ODN in cells is probably bound 
to intracellular proteins (reviewed in  [1] ). 

 Within cells, tissues, and plasma, ubiquitous nucleases metabolize (or catab-
olize) PS ODN drugs, and not the cytochrome P450 enzymes that typically 
metabolize low molecular weight drugs. PS ODNs therefore do not compete 
with traditional drugs for metabolic processes, reducing the potential for drug –
 drug interactions. Whole body elimination is the result of metabolism in tissues, 
and a re - equilibration of metabolites and parent drug out of tissues and into 
circulation, where they are ultimately excreted in the urine. These processes 
are very similar in laboratory animals and humans. In fact the processes are 
similar enough that for a given chemistry (e.g., PS ODNs or second - generation 
PS ODNs) doses scale from species to species on the basis of body weight, not 
surface area, allowing for good extrapolations from laboratory animals to 
humans  [21,22] . In these extrapolations, mice are outliers compared to rats, 
rabbits, dogs, monkeys, and humans. This later point is key for assessing the 
relevance of fi ndings in animal studies to humans, and for the design of early 
clinical trials. For a given sequence and route of administration it is possible 
to predict plasma levels in human subjects directly from data in monkeys with 
a high level of confi dence in PS ODNs, and to some extent it is possible to 
generalize from sequence to sequence, albeit with less precision than within a 
single sequence. 

 After subcutaneous or intravenous administration, PS ODNs tend to accu-
mulate in kidney, liver, spleen, bone marrow, and lymph nodes (reviewed in 
 [1] ). While the kidney generally accumulates the greatest concentration of 
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oligonucleotide, the liver with its greater mass accumulates a greater total 
burden. Approximately 20% to 30% of the total dose accumulates in liver. At 
the cellular level oligonucleotide can be found in all cell types in the liver, with 
the phagocytically active Kupffer cells accumulating it in phagolysomes. When 
these cells are stained with hematoxylin, the oligonucleotides appear as baso-
philic granules. Similarly the phagocytically active proximal tubular cells also 
tend to accumulate oligonucleotide in basophilic granules  [23,24] . As dose is 
increased, liver and kidney concentrations tend to saturate and that leads to 
greater distribution to the spleen, bone marrow, and other lower avidity organs 
 [18] .  

Single-Stranded Morpholino Oligomers  The phosphorodiamindate mor-
pholino oligomers (PMOs), because of their low level of protein binding, have 
very different kinetics than all of the other classes of oligonucleotide thera-
peutics. Limited protein binding makes these compounds more rapidly excreted 
in urine than other oligonucleotides, and initial clearance is therefore less 
dependent on tissue uptake than it is on glomerular fi ltration. Clearances for 
PMOs from plasma in rats is between 1 and 33   ml/min with a volume of dis-
tribution of 0.4 to 56   L/kg  [2] . The plasma elimination half - life is variable, with 
sequence and tissue half - lives in liver and kidney reported to be as long as 7 
to 14 days. Metabolism does not appear to be a key factor in terminal elimina-
tion of PMOs, with greater than 95% of the dose recovered intact. Because of 
the lack of charge, sequence plays a much greater role in determining the 
pharmacokinetics of the oligomers than it does for the charged PS ODNs or 
siRNAs. In those molecules the polyanionic nature tends to dominate over the 
chemical characteristics associated with differences in sequence. For PMOs 
then there is less predictability from drug to drug, which is a key disadvantage 
relative to PS ODN. 

 In the clinic a single slow bolus injection of 90   mg of AVI 4126 had a multi-
phasic distribution plasma kinetics with half - lives of approximately 1 and 11 
hours, but no data were reported on elimination half - life. The volume of dis-
tribution was roughly 250   ml/kg, somewhat different than those seen in rats. 
Metabolites were not detected in plasma  [25] .  

Double-Stranded RNA-Based Therapeutics  The pharmacokinetics of 
unmodifi ed double - stranded RNAs is largely a product of rapid degradation, 
urinary fi ltration, and tissue uptake. The role of enzymatic degradation can be 
minimized through modifi cations to the backbone, often 2 ′  F or 2 ′  O - methyl 
groups  [3] . Unmodifi ed double - stranded RNA and double - stranded RNA with 
one of the two strands a full diester and the other strand a full phosphorothio-
ate (PO/PS duplex), distribute rapidly to the liver and kidney after injection, 
peaking at 5 minutes, with radiolabel appearing in bladder urine over the same 
time frame. Oligonucleotides labeled with  125 I on the 3 ′  - termini administered 
by intravenous injection and radiolabel can be found in the kidney and liver 
as soon as 1 hour and as late as 72   hours (the fi rst and last observations). The 



highest concentrations is observed in kidney. The more stable PO/PS duplex 
accumulated slightly more in spleen, lung, and heart, and slightly less to liver 
and kidney  [26] .    

24.4 TOXICITY OF OLIGONUCLEOTIDE THERAPEUTICS 

24.4.1 Overview

 All the oligonucleotide therapeutic agents discussed in the review are synthe-
sized chemically and none are produced in biological reactions. As a result 
these compounds have been regulated not as biologics, but as  “ drugs. ”  
Oligonucleotide - based therapeutics are biotechnology - dervied products and 
could be covered by ICH S6. Some aspects of oligonucleotide therapeutic 
agents are much more akin to biologics. For example, the chemical character-
ization of these compounds often shows that they have complex profi les more 
similar to a biologic agent than a traditional drug  [27] . Additionally their 
metabolism is more akin to catabolism in that they are reduced to nucleotides 
by nucleases much the same as biologics are catabolized to amino acids. 
However, because oligonucleotides were synthetically derived, they have been 
tested in nonclinical assays like small molecules, with complete toxicity char-
acterizations in genotoxicity, safety pharmacology, genotoxicity, subchronic, 
and, when appropriate for the indication, chronic toxicity and carcinogenicity 
assays. 

 When trying to understand the toxicity of oligonucleotide therapeutics, it 
is useful to classify the sources of toxicity. An oligonucleotide therapeutic can 
produce toxicity either through a hybridization - dependent or hybridization -
 independent mechanism. 

Hybridization-Dependent Toxicities  Toxicity can be induced through 
hybridization in two ways. First, through exaggerated pharmacology: hybridiza-
tion reduces the expression of the target mRNA and produces toxicity related 
to the intended gene product. This type of toxicity is possible, but is usually 
discovered in preclinical pharmacology studies. The easiest way to avoid this 
type of toxicity is to carefully select pharmacology (gene) targets that are not 
critical for cell survival. As is obvious but bears stating, the only way to induce 
exaggerated pharmacology in a toxicology study is to have an active oligonucle-
otide. Because mRNA sequences are often species specifi c, that means that it 
may be necessary to test different sequences in the toxicology models in addi-
tion to, or in place of, the sequences that will be used in human clinical trials. 
While it is possible to select oligonucleotide sequences that have activity across 
species, it often happens that specifi c surrogate (homologous) oligonucleotides 
are needed for one or more of the animal species used in toxicity studies. A 
broader discussion of surrogate drugs appears below. 

 The second mechanism of hybridization - dependent toxicity is related to the 
reduction in expression of an unintended target by an antisense mechanism. 
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These so - called off - target effects are uncommon, on the basis of the low 
probability of having a perfect match to a 20 - mer sequence two places in 
the genome. The probability of having an off - target effect can be further 
reduced by performing the appropriate blast searches for matches in other 
known genes in the expressome and selecting sequences for drugs that are 
unique. 

 There may be marked differences on the potential for the different classes 
of oligonucleotide drugs to have hybridization - dependent off - target effects. 
Aptamers are generally decorated with PEG groups, so they may have reduced 
affi nity for complementary sequences and, more important, a reduced propen-
sity for entering cells. On the other hand, because aptamers are designed to 
interact with specifi c proteins, it is possible for off - target effects with aptamers 
to be related to off - target protein binding. 

 The potential for off - target effects with siRNAs is just becoming recog-
nized. The molecular basis for siRNA activity makes off - target phenomena 
more likely to occur with siRNA than with oligonucleotides that work through 
RNase H. There are three primary reasons for the greater potential for 
hybridization - dependent off - target effects  [28] . First, in an siRNA two differ-
ent sequences are being administered, the  “ sense ”  and  “ antisense ”  strands. 
Second, there is greater tolerance of mismatches with this mechanism. Only a 
portion of the 3 ′  region of the antisense strand of the siRNA needs to be a 
perfect match. The so - called seed region matches allow for many more poten-
tial binding sites than would be allowed if full complementarity (of the 20 - mer) 
was required for the cleavage of a target mRNA  [28] . Third, it has been 
reported that siRNA can induce changes in the methylation state of genomic 
DNA and thereby alter gene expression (either silence or activate off - target 
genes through an interaction with the  R NA - induced  i nitiation of  t ranscrip-
tional gene  s ilencing — the RITS complex)  [29] . Thus, because siRNA can 
produce more than just specifi c reductions in target protein expression, this 
mechanism brings with it the greater potential for hybridization - dependent 
off - target effects than RNaseH mediated antisense activity. However, this 
issue has been identifi ed early in the understanding of siRNA mechanisms, 
and therefore it can be addressed as these drugs advance in toxicity studies 
and clinical trials.  

Hybridization-Independent Toxicities  Many, if not most, of the toxicities 
that have been observed with PS ODN and other oligonucleotide classes are 
related to the hybridization - independent effects. These class effects are related 
to the chemistry, and many are known to be related to the interaction of oli-
gonucleotides with proteins (reviewed in  [17,30,31]   [1] ). Toxicities such as the 
prolongation of aPTT, the activation of complement, and immunostimulation 
are all examples of oligonucleotide protein interactions that are independent 
of hybridization. Thus reducing protein binding also reduces the likelihood of 
some of these toxicities, but that comes at a cost. Reduced protein binding 



reduces uptake into cells and increases the fraction of the drug that gets 
fi ltered by the kidney (and it may increase renal concentrations). So protein 
binding is a factor that needs to be understood, not just avoided. 

 Some hybridization - independent toxicities are sequence - dependent. The 
most obvious example of this is CpG oligonucleotides that have specifi c 
sequence motifs that make them more immunostimulatory through interac-
tions with Toll - like   receptors or protein components of innate immunity 
(reviewed in  [32] ). While immunostimulatory effects are the basis of the phar-
macologic activity for a whole class of oligonucleotides, for single - stranded 
antisense compounds and compounds that work via antisense or through the 
siRNA pathways, stimulating innate immunity is considered an undesirable 
effect  [33,34] . The CpG motifs have been well characterized as motifs that 
control hybridization - independent effects of oligonucleotides. Whether there 
are other motifs that have there own unique  “ toxic ”  or pharmacologic effects 
remains to be determined. 

 In our experience with PS ODNs, there may be quantitative variation in 
potency for some toxicities, but there are a great number of qualitative simi-
larities in toxicity profi les. A number of the toxicities may be   considered 
common to the chemical class. The responses from one PS ODN sequence to 
the next are similar within a single species. We and others have found that 
there are striking differences in the responses of rodents and nonhuman 
primates.  

Surrogate Oligonucleotide Drugs  Because of species-dependent sequence 
differences, siRNA and ASOs may not hybridize with the mRNA for the target 
gene in the animal species used in toxicity studies. With oligonucleotide thera-
peutics (excluding aptamers) it is possible to design and synthesize species -
 specifi c compounds that are perfectly complementary to the mRNA for the 
target gene in a specifi c species. Not only is it possible, but from what we know 
about the synthetic process and what is understood about synthesis - related 
impurities, we can predict that species - specifi c oligonucleotides will have 
similar chemistry manufacturing and controls as the sequence used in clinical 
trials. These animal - specifi c drugs (surrogates) can be tested alongside the 
human sequence in toxicity studies to establish if there are biologic effects 
(exaggerated pharmacology) associated with downregulating the target gene. 
This concept has been part of the toxicity profi ling of antisense drugs for the 
last decade  [35,36] . One of the reasons that this approach is viable is that the 
class - related toxicity profi les and the pharmacokinetics are so similar from 
sequence to sequence. Thus, if there is a unique toxicity profi le in the surrogate 
drug, it most likely arises from the effects on the expression of the target. For 
PS ODNs, this differentiation is useful because there are a number of class -
 related toxicities like the propensity for immunostimulation and mononuclear 
cell infi ltrates in rodents that are not clinically relevant. Using surrogates 
allows one to distinguish between these  “ nonrelevant ”  toxicities and toxicities 
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related to reductions in target expression. In the toxicity assessment of low 
molecular weight drugs or some biopharmaceuticals, investigators simply 
increase the dose if the pharmacologic effects of a drug are weaker in animals 
than in humans. For siRNA and ASOs, simply overdosing will not produce an 
antisense effect through hybridization. So unlike low molecular weight drugs, 
overdosing is not a practical solution for overcoming low activity. There are, 
of course, exceptions, and these need to be considered. For example, if there 
are one or two mismatches near the termini of an antisense or siRNA con-
struct, it is possible that there would be an antisense effect. The degree of 
activity depends on the placement of the mismatches and is sometimes target 
specifi c. In these cases we would propose that there is no need for using a 
surrogate drug sequence to characterize exaggerated pharmacology, but 
including a nonactive control group might be considered for comparison pur-
poses to distinguish class - related effects from exaggerated pharmacology. 

 In practice, there are times when surrogates need not be used simply because 
the target does not exist in the toxicity study species (or has a completely dif-
ferent function) or the target is related to an infectious agent not normally 
present in the toxicity study species. Aptamers may represent a unique 
challenge in this regard. It may not always be possible to develop species -
 independent aptamer, and because aptamer design is more empirical than 
antisense and siRNA, the choice of a surrogate is not clear, nor is there any 
assurance that an aptamer surrogate would have the same molecular mecha-
nism. Thus the surrogate approach is not as rational for aptamers. 

 The scope of the toxicity studies when surrogate molecules have been used 
includes pharmacology studies, subchronic and chronic studies, reproductive 
toxicity studies, immunotoxicity studies, and even carcinogenicity studies. 
Short - term assays like safety pharmacology studies are too short for there to 
be an antisense effect, so we have not used the surrogate approach in these 
assays. However, when safety pharmacology endpoints are included in sub-
chronic or chronic studies, surrogates are assessed. 

 When designing a toxicity study with a surrogate drug, for practical pur-
poses, it is necessary to decide whether to run a full dose - response curve for 
the surrogate or for the human sequence. We have elected to use a single dose 
of the surrogate, one that is known to produce signifi cant (if not maximal) 
pharmacologic activity. This dose is often not equivalent to the high dose in 
the study because the high dose is generally associated with marked nonspe-
cifi c effects. One could argue for a full dose – response analysis for the surro-
gate, but for practical purposes and humane reasons a well - selected single - dose 
group should be suffi cient unless there is marked toxicity associated with the 
reduction in the target protein.   

24.4.2 Genotoxicity

Assessing the Genotoxicity  Most of the published data on the genotoxic-
ity of oligonucleotide therapeutic agents is for the PS ODNs. PS ODNs have 



been routinely examined in the standard battery of genetic toxicology assays 
that include the Ames bacterial mutagenicity assay, the CHO cell chromo-
somal aberrations assay, the L5178Y/TK (+/ − ) mouse lymphoma mammalian 
gene mutation assay, and the mouse micronucleus assay. Because these com-
pounds are highly soluble and have low cytotoxicity, most in vitro assays have 
been run at or near the limit concentration of 5000    μ g/ml. While there is little 
published data on the other classes, because they have been accepted for clini-
cal trials, we assume that the fi ndings with the other classes of oligonucleotide 
therapeutics are not markedly genotoxic.  

Genotoxic Potential of Oligonucleotide Therapeutics  Published data 
from genotoxicity assays for a number of different PS ODNs indicate that 
there is little or no genotoxic potential. Additionally ISIS has tested more than 
10 unique sequences, all routinely negative (Table  24.1 ).   

 Representative example of these assays have been thoroughly reviewed 
and published for PS ODN  [37] . Included in these assays are both the dem-
onstration of cytotoxicity and the demonstration of cellular uptake of the test 
compounds, such that there is clear evidence for exposure of cells to oligonu-
cleotide and any metabolites that might be formed. 

 There was concern that metabolism of these compounds at the high con-
centrations used in genotoxicity assays would produce changes in the nucleo-
tide pools. This was unfounded as the compounds have been routinely negative 
for the 2 ′  - methoxyethyl modifi ed PS ODNs even with the presence of modi-
fi ed nucleosides. However, in the testing of several 2 ′  - MOE ASOs, no genetic 
toxicity has been observed. It turns out that the 2 ′  - O - methoxyethyl modifi ed 
nucleotides are highly resistant to exonuclease cleavage, so little 2 ′  - MOE 
modifi ed nucleotide is released. 

 Because of the uniform negativity of in vitro genotoxicity assays, EMEA 
has published guidance on the genetic toxicity potential for antisense oligo-
nucleotides  [38] . The document has two primary concerns: (1) the potential 
for base mispairing due to liberation of metabolites, resulting in point muta-
tions in newly synthesized DNA, and (2) site - specifi c mutations resulting from 
triplex formation with DNA  [39] . The traditional gene mutation and clastoge-
nicity assays are considered of suitable specifi city and sensitivity to address 
the fi rst potential issue. However, based on the negative response in these 
assays, in light of the documentation of exposure and metabolism, the EMEA 
concluded that PS ODN were not likely to pose a genotoxic hazard by this 
mechanism. As a result the report suggested that in vitro testing of novel 
antisense inhibitors in these assays was not necessary. The FDA has not 
accepted similar arguments, so in practice, for drug registration in the United 
States, it is still necessary to do the in vitro tests. 

 In vivo genotoxicity studies or clastogenicity studies are not mentioned in 
the EMEA guidance, and PS ODNs have been routinely tested in the mouse 
micronucleus assay. Again, even when exposure to the bone marrow is well 
documented, the assays are routinely negative. Other assays like unscheduled 
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DNA synthesis assays have been run occasionally for PS ODNs and have been 
negative. 

 The PS ODNs are metabolized to nucleotides that are identical to endoge-
nous nucleotides. It is possible, and perhaps even likely, that as oligonucleotide 
therapeutics move further away from building oligonucleotide therapeutics 
from the endogenous nucleotides to building the oligomers from synthetically 
modifi ed nucleotides and heterocycles (bases), and   that mutagenic compo-
nents will be accidentally or intentionally included. The result could be a drug 
or metabolic product that is mutagenic. For that reason when new chemistries 
are included in oligonucleotide therapeutics, it is important that they be tested 
in the genotoxicity assays that are appropriate.   

24.4.3 Safety Pharmacology 

Assessing the Safety Pharmacology of Oligonucleotide Therapeutic 
Agents  The battery of safety pharmacology studies for oligonucleotide com-
pounds can be ascertained from the ICH guidance on the topic.

  The purpose of the safety pharmacology core battery is to investigate the effects 
of the test substance on vital functions. In this regard, the cardiovascular, respira-
tory and central nervous systems are usually considered the vital organ systems 
that should be studied in the core battery. In some instances, based on scientifi c 
rationale, the core battery may need to be supplemented (see also section  2.8 ) 
or may not need to be implemented (see also section 2.9   ). 

 The exclusion of certain test(s) or exploration(s) of certain organs, systems or 
functions however should be scientifi cally justifi ed.   

 The safety pharmacology of oligonucleotide therapeutics should include 
application of the generally recognized guidance where there is scientifi c 
rationale. Clearly, understanding the effects of oligonucleotides on vital organ 
functions is an important part of all toxicologic assessments. What is less clear 
is whether there is a requirement for tests for which there is little scientifi c 
rationale. For example, oligonucleotide therapeutics administered by subcuta-
neous, intravenous, or oral routes do not cross the blood – brain barrier, and 
there is little or no accumulation in the brain. As such, these compounds might 
be expected to have no CNS effects. Under conditions where there is little or 
no exposure, is there a suffi cient rationale to justify the study? Other batteries 
of safety pharmacology studies are more easily justifi ed scientifi cally. 

 There are other complex issues with regard to the assessment of safety 
pharmacology studies. With the oligonucleotide therapeutics that modulate 
the translation of mRNA to proteins, like antisense/siRNA, there is a lag 
between administration of the drug and the pharmacologic activity that is 
mediated by reduction in protein levels. This lag is related to the mechanism 
of action and how long it takes for a reduction in protein synthesis to be 
refl ected in reduced protein levels. Because of this lag it is probably better to 
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perform as much of the safety pharmacology battery as part of repeated - dose 
toxicity studies as possible, and not as acute studies.  

Cardiovascular Safety  Effects on vascular tone have received the most 
attention, as a result of toxicities that were identifi ed very early in the develop-
ment of the fi rst systemically administered PS ODNs. We showed that there 
was correlation between complement activation and the reported alterations 
in blood pressure and heart rate in monkeys treated with high doses of PS 
ODN  [40 – 42] . The observation appears to be unique or at least more promi-
nent in monkeys, and that has actually driven the need to characterize the 
toxicity of oligonucleotide therapeutics in monkeys as the nonrodent species. 
(Note that complement activation has not proved to be a signifi cant issue in 
the clinic, although in clinical studies we strive to avoid plasma levels that 
might be associated anaphylactoid responses in monkeys.) 

 Because the monkey is the most sensitive species for the effects on comple-
ment, we have opted to perform cardiovascular safety studies as part of sub-
chronic study protocols using implanted telemetry units in selected monkeys 
(two/sex in at least two different treatment groups, including the high dose) 
to measure ECG, mean arterial pressure, heart rate, and body temperature. 
These parameters are then recorded at frequent intervals for a 24 - hour period 
prior to treatment to establish circadian fl uctuations and normal response to 
various stimuli encountered during the day. This technique enables us to assess 
both acute alterations related to complement activation after single doses and 
chronic safety after repeated administration. 

 The in vitro hERG assay has become the standard for testing for effects on 
QT prolongation. Various PS ODNs have been tested against the human ether -
 a - go - go channels, and under the conditions of the assays there is no apparent 
affect up to 1050    μ g/ml reviewed in  [43] ). These concentrations are many - fold 
higher than the concentrations attained in hearts in animals in toxicity studies. 
Thus, based on the very large margins of safety, there is little concern for QT 
prolongation in patients. This is not surprising, considering the chemical nature 
of the oligonucleotides as polyanionic molecules being   approximately 7000   Da. 
Most of the compounds that have typically been associated with alteration of 
ion channel function have been small compounds capable of interacting with 
the ion channel. We would therefore recommend that the hERG assay be 
eliminated from the battery of safety pharmacology studies.  

Renal Safety Pharmacology  Oligonucleotides accumulate in the kidney, 
particularly in the proximal convoluted tubular epithelial cells. At high doses 
in monkeys the kidney is a target organ for toxicity. Thus assessment of renal 
function for oligonucleotide therapeutics is essential. The concerns for renal 
toxicity are largely attributed to the concentration of oligonucleotide in tissue 
over time, and therefore it is probably inappropriate to examine renal function 
in the context of the typical single - dose experiments used in safety pharmacol-
ogy assays. It is more relevant to examine renal function as part of the repeat -



 dose toxicology studies. For renal safety, monkeys, with their pharmacokinetics 
similarities to humans, are considered by the authors to be the most relevant 
species. Evaluation of renal function relies primarily on routine serum chem-
istry, urinalysis, and histopathology. In addition quantitative urine total protein 
and creatinine ratios can be employed. Protein – creatinine ratios are a well -
 accepted biomarker in human clinical trials. Other measures of tubular func-
tion have occasionally been examined such as renal blood fl ow, glomerular 
fi ltration, urine, glucose, urine amino acids, measurement of specifi c low molec-
ular weight proteins in urine, and enzyme markers of epithelial cell damage 
in urine. These assays are designed to assess tubular transport or the viability 
of the proximal tubular epithelium. Markers like  α  - glutathione -  S  - transferase, 
N  - acetylglucose aminidase, and retinol - binding protein levels have all been 
applied to nonclinical and clinical assessment of renal function of oligonucle-
otide therapeutics. Because of diffi culties in obtaining clean urine samples for 
these analyses, cystocentisis samples are preferable, but cage pan collections 
have been used. In general, no changes in these markers have been observed 
even when kidneys are stressed by glucose load or under conditions requiring 
the concentration of urine. The most reliable measure of renal changes has 
been total urine protein or protein – creatinine ratios.  

Pulmonary and Gastrointestinal Safety Pharmacology  Pulmonary and 
gastrointestinal function studies have been performed for PS ODNs and are 
uniformly negative in the typical rodent assays. In one experiment a collection 
of PS ODN sequences were administered to rats, and CNS, pulmonary, and 
cardiovascular function were evaluated. Included in this group of compounds 
were both active and inactive compounds for the rat. The results show that 
the compounds are uniformly negative in this series of short - term safety phar-
macology studies, suggesting that as a class these compounds do not affect 
these parameters (Isis Pharmaceuticals, unpublished data)  . 

 For pulmonary safety pharmacology studies, some laboratories are collect-
ing the pulmonary safety data as part of subchronic or chronic toxicity studies 
by collecting data on respiratory rates and blood gases. Using subchronic treat-
ment may be both more relevant and may reduce the numbers of additional 
studies and animals to perform the assessment. Although the preponderance 
of the data suggest that with the current PS ODNs, including 2 ′  - MOE modifi ed 
compounds, there are no acute pharmacologic effects for the class. Obviously 
collecting additional data will provide a rationale for only doing scientifi cally 
relevant assays.  

CNS Safety Pharmacology  CNS safety pharmacology studies do not 
appear to be necessary based on our understanding of the biodistribution of 
PS ODNs. These drugs, because of their polyanionic nature, do not cross the 
blood – brain barrier; therefore, after administration by intravenous or subcu-
taneous injections, there is little or no accumulation in the brain. Some have 
argued that there are low accumulations in brain from analyses of whole brain 
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homogenates and therefore it is not unreasonable to perform CNS safely 
pharmacology. However, quantitative whole body autoradiographs suggest 
that the neuronal tissue is not accumulating oligonucleotide. 

 For ASOs injected or infused directly into the CNS, the situation is quite 
different Neurons are known to take up PS ODNs, and antisense activity in 
CNS can be shown after local injections or intraventricular infusions. For PS 
ODNs that are administered locally to the CNS, safety pharmacology studies 
should be performed. For systemically administered PS ODNs, the scientifi c 
rationale is weak.   

24.4.4 Acute Toxicity 

 Oligonucleotide therapeutics have a relatively low order of acute toxicity, with 
the notable exception of the polyanionic PS ODNs, which have been known 
to activate complement through the alternative pathway in monkeys. Because 
these compounds do not cross the blood – brain barrier nor accumulate in 
cardiac muscle, and because the uptake of these compounds is dependent on 
saturable processes, very high doses of oligonucleotides tend not to produce 
central effects or acute organ failure, thus lowering the potential for acute 
lethality. 

Assessing Acute Toxicity   Assessment of acute toxicity can be performed 
in rodents as a stand - alone study, as part of acute toxicity screens, or as part 
of the dosing ranging process for the mouse micronucleus assay. Acute studies 
in nonrodent species have not generally been performed for PS ODNs because 
of the well - understood activation of a complement cascade that can result in 
an anaphylactoid - like response. This response will be similar for each sequence. 
For phosphorothioate oligodeoxynucleoitdes without 2 ′  modifi cations, there is 
a remarkably reproducible threshold plasma concentration for the drug that 
is associated with activation of the complement. The same threshold was 
observed for multiple sequences. PS ODNs that are partially modifi ed with 
2′  - methoxyethyl groups share properties, though the threshold is greater than 
for unmodifi ed PS ODNs (reviewed in  [31] ). Because of this reproducible 
toxicity and the well - understood nature of the complement activation, acute 
toxicity studies for PS ODNs in primates are diffi cult to justify. 

 If one uses a novel chemistry, a pyramiding dose escalation type of study 
in primates may provide useful information for dose selection. However, the 
class similarities in the toxicity profi le, short of using a novel chemistry, suggest 
that such study would be of limited value for most PS ODN therapeutics.  

Acute Toxicities   The estimated lethal doses in mice of various PS ODNs 
with and without 2 ′  - MOE modifi cations are all approaching 1   g/kg, indicating 
a low level of acute toxicity in mice (Table  24.2 ). In monkeys, a high - dose 
administration of PS ODNs results in the inhibition of factor H of the 
alternative complement cascade. Factor H is a endogenous inhibitor of the 



complement cascade, and removing this  “ brake ”  from the system may promote 
complement activation and the anaphylactoid - like response that has been so 
well characterized  [40 – 42] . When plasma concentrations of unmodifi ed PS 
ODNs exceed 50 to 75    μ g/ml, there is activation of the cascade in monkeys. 
The end result is the release of anaphylatoxins C3a and C5a. In vitro assays 
with human plasma indicate that humans may be less susceptible to the activa-
tion of the complement cascade, and it appears that in human plasma the 
cascade may be more susceptible to inhibitory effects of PS ODN (reviewed 
in  [31] ). The complement activation is directly responsible for the cardiovas-
cular collapse observed acutely in nonhuman primates. This relationship was 
defi nitively demonstrated using a specifi c complement inhibitor CAB2  [42] . 
Because of this clear mechanistic relationship, acute toxicity studies in monkeys 
with PS ODNs simply reproduce what is already known about complement 
activation and add little to our understanding of the toxicity of a particular 
sequence.   

 Another effect associated directly with plasma concentrations is related to 
a transient concentration - related inhibition of the tenase complex by PS ODNs 
 [44 – 46] . The inhibition results in a prolongation of aPTT, but has little or no 
effect on PT. Only one arm of the clotting cascade is affected, and the effects 
are transient. We have demonstrated in both clinical trials and in nonclinical 
trials that there is less than a 1 second increase in aPTT per μ g/ml. Typical 
concentrations of PS ODNs after intravenous infusion of 3   mg/kg in monkeys 
or humans are in the range of 10 to 20    μ g/ml, suggesting that at  Cmax  there 
might be a transient increase in aPTT of 10 to 20 seconds  [47,48] . This inhibi-
tory effect is directly proportional to plasma concentrations so that, as plasma 
is cleared of PS ODN, the inhibition reverses. With a distribution half - life of 
less than 1 hour, this effect is transient and is almost completely reversed 
within 3 hours. When oligonucleotides are administered by the subcutaneous 
route,  Cmax  is blunted and typical peak plasma concentrations after a dose of 
3   mg/kg are in the range of 3 to 5    μ g/ml. 

 Thus for subcutaneously administered PS ODNs the prolongation is not 
clinically signifi cant. Even in monkeys treated with high doses of PS ODN 

 TABLE 24.2    Estimated dose required to produce 50% mortality in mice injected 
intravenously 

      Sequence    LD50 (mg/kg) 

  First generation    ISIS 2105    890  
  ISIS 2922    720  
  ISIS 2302  > 1000  
  ISIS 3521    500  
  ISIS 5132  > 1000  

  Second generation    ISIS 104838    2000  
  ISIS 301012  > 2000  
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there has been no indication of hemorrhage, though at very high doses (~50   mg/
kg) bruising has been observed  [49] . In our clinical experience dosing more 
the 3000 patients, no signifi cant adverse effects have ever been reported related 
to prolongation of aPTT. 

 Some oligonucleotide therapeutics (aptamers) have been designed specifi -
cally to inhibit clotting, and for those compounds the anticoagulant effects are 
more pronounced, as intended. The doses used in toxicity studies are designed 
to characterize the superpharmacology of these agents. 

 Because PMOs are not charged and do not contain the phosphorothioate 
linkages, they do not have the same potential for these acute effects. However, 
they will have their own unique toxicities. To date, PMOs   have not been pub-
lished in any detailed form. 

 The double - stranded siRNA chemistries that are being employed include 
some of the modifi cations (e.g., phosphorothioate) that result in protein 
binding and are therefore charged and capable of binding to plasma proteins. 
Acute toxicity data for these compounds have not been reported at this time. 
Because they consist of two 20 - mer strands, they still   have the potential to 
produce similar kinds of toxicities as other PS ODNs. 

 By encapsulating oligonucleotides in liposomes, it is possible to reduce the   
acute effects of siRNA compounds. This was demonstrated for a PS ODN in 
a  “ stealth ”  liposome formulation  [50] . These types of delivery systems are 
being increasingly employed with siRNA. Oligonucleotide formulations can 
reduce the propensity to produce the typical PS ODN effects, but it will be 
necessary to characterize their   acute effects.   

24.4.5 Subchronic and Chronic Toxicity 

 The protocols for performing subchronic and chronic studies with oligonucle-
otide therapeutics are not dissimilar to those used for low molecular weight 
drugs, with a few exceptions. Much of what is done today to characterize 
the toxicity of this class of drugs is relatively unchanged from the Points - to -
 Consider documents on oligonucleotide therapies, by Black and others  [35,36] . 
Additional understanding and experience gained in the past decade make it 
appropriate to reconsider some of these points. 

Assessing Subchronic and Chronic Toxicity   Subchronic and chronic 
toxicity studies for oligonucleotides have been performed primarily in rodents 
(often mice) and monkeys. Most other small - molecule drugs are characterized 
in rats and dogs. The choice of species is based on a number of factors. For 
small molecules, species are often selected on the basis of similarities in metab-
olism, pharmacokinetics, or frankly, tradition. For oligonucleotides, the cata-
bolic pathways for degradation of the oligonucleotides are very similar from 
species to species. Because metabolism was not an issue, the ability of the test 
species to mimic responses in humans became the driving force for the selec-
tion of nonhuman primates. Selection of a relevant species to mimic the human 



response is also the driving force for species selection for biopharmaceuticals. 
Mice were generally used as the rodent species for early studies on the toxicity 
of oligonucleotides because many of the pharmacology models are in mice, 
and therefore surrogate molecules were readily available. In hindsight, this 
was a fortuitous decision (vide infra). Monkeys were selected originally 
because they were thought to be more representative of humans than dogs. 
Again in hindsight, that was a good decision because the pharmacokinetics of 
oligonucleotide drugs appear to be very similar in monkeys and humans. In 
fact, at similar doses on a milligram per kilogram basis, plasma levels of a given 
sequence administered by the same route of administration are nearly identi-
cal in monkeys and humans. Clearance, volume of distribution, initial distribu-
tion half - lives and terminal elimination half - lives are all similar between 
monkeys and humans. Compared to rodents, the toxicity profi les in monkeys 
may be more predictive of those in humans. 

 The selection of mice over rats was fortuitous because rats treated with PS 
ODNs develop a low - grade low molecular weight proteinuria. It is dose -
 dependent (usually observed at doses  ≥ 10   mg/kg) and independent of sequence. 
Most important, proteinuria is  not     seen in mice, monkeys, or man. Proteinuria 
may be related to decreases in tubular reabsorption of low molecular weight 
proteins. This effect may be attributed to a simple competitive interaction for 
a particular receptor or receptors on tubular epithelium between the oligo-
nucleotide and low molecular weight proteins. Competition for a receptor may 
explain why these changes are readily reversible and are not associated with 
other changes in kidney function. Why rats are more sensitive is not known, 
but may be related to the greater susceptibility of rats to development of renal 
abnormalities (i.e., proteinuria). Male rats are notoriously sensitive to kidney 
insult as evidence by the aging rat nephropathy that develops in this gender 
and species, and rats show unusual sensitivity to agents, like the nephropathy 
associated with puromycin treatment. Rats also normally excrete far more 
protein in their urine than monkeys or humans. Understanding of the relative 
species specifi city of this effect and the potential mechanistic basis would 
not have been possible before a relatively large database of safety informa-
tion was available in mice, monkeys, and humans to interpret the species 
specifi city. 

 Whether dogs can be used to characterize the toxicity of oligonucleotide 
therapeutics is an open question. In preliminary studies, pharmacokinetics of 
PS ODNS in the dog appear similar to monkey and human. The dog may be 
a suitable model for toxicity studies, but our experience is limited and the 
limited genomic information available for dogs makes designing surrogate 
molecules more challenging. It is possible to show reductions in target protein 
expression in dogs with oligonucleotide sequences that are homologus to 
multiple species. One interesting observation is that dogs did not appear to 
have the same complement activation response with PS ODNs, seen in pri-
mates (Isis,   unpublished observations). Thus single - dose studies in monkeys 
need to be performed to characterize the potential of a new sequence to 
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activate the complement cascade. With the acute toxicity associated with com-
plement activation characterized in the most sensitive species (monkey), sepa-
rate subchronic studies could be performed in dogs. Dog studies have been 
used to successfully support INDs for locally and orally administered oligo-
nucleotide therapeutics. This strategy would provide a complete characteriza-
tion of toxicity.  

  Subchronic and Chronic Effects 

  Basophilic Granules     One of the hallmarks of exposure to oligonucleotide 
therapeutic agents is the appearance of basophilic granules in cells and tissues 
that accumulate oligonucleotides. These basophilic granules are often found 
in phagocytically active cells, like macrophages, Kupffer cells, and epithelial 
cells and the proximal convoluted tubule of the kidney (Figure  24.2 ). Hema-
toxylin stains synthetic oligonucleotides like it stains endogenous oligonucle-
otides, and the accumulation of oligonucleotides in phagolysomes results in 
this distinct punctuate appearance. We have confi rmed that the basophilic 
material consists of oligonucleotide using immunohistochemistry and fl uores-
cently labeled oligonucleotides  [23,24] . Electron microscopic examination of 
the tissues with granules reveals that these granules are membrane bound as 
would be expected if they are the product of phagocytosis or endocytosis. 
These granules are common to all of the oligonucleotide therapeutic classes 
that are taken up into cells.    

    Figure 24.2     Photomicrograph of the renal cortex of a monkey treated with 40   mg/kg/
wk for 5 weeks with a typical second generation 20 - mer oligonucleotide modifi ed with 
methoxyethyl groups on the 5 residues at each terminus. Stained with hematoxylin and 
eosin. The arrows point toward basophilic granules in the cells of the proximal convo-
luted tubules that are abundant throughout the renal cortex at this dose. See color 
insert.  
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  Lymphohistiocytic Infi ltrates     The other hallmark of exposure that is common 
in rodents treated with PS ODNs are lymphohistiocytic infi ltrates in numerous 
organs (Figure  24.3 ). These mononuclear cell infi ltrates have been described 
in liver, kidney, salivary glands, pancreas, uterus, urinary bladder, as well as 
other tissues. These infi ltrates will resolve after treatment is ceased, but the 
clearance of them is prolonged (reviewed in  [43] ). They have been described 
as perivascular in some tissues with mononuclear cells appearing to migrate 
from the vasculature. They are not a prominent feature in other species.   

 Histocytosis is often also present in lymph nodes and spleen. This effect is 
related to the pro - infl ammatory effects of PS ODNs. These effects are primar-
ily observed in rodents and are associated with cytokine and chemokine 
release. The uncharged PMOs have also reported increases in lymph node 
macrophages  [2] . 

 The CpG oligonucleotides selected to be highly immunostimulatory are 
many - fold more potent at producing these effects than are some of the 
sequences selected for their antisense activity. It was in fact shown early on 
that by excluding CpG motifs and by replacing cytosines with 5 - methyl cyto-
sines, the proinfl ammatory potential of the sequence can be minimized. The 
CpG oligonucleotides work through Toll - like 9 receptors of innate immunity, 
but non - CpG oligonucleotides may work through other as yet unidentifi ed 
receptors  [51] . 

 Mononuclear cell infi ltrates have been occasionally observed in the high -
 dose groups in monkey studies; primarily at the site of subcutaneous injection, 
the severity and the incidence is much lower than in rodents. In rodents, 

    Figure 24.3     Photomicrograph of sections of liver from female CD - 1 mice treated by 
subcutaneous injection with either saline (PBS) or an immunostimulatory oligodeoxy-
nucleoitde at 4   mg/kg ever other day for 1 week. Lymphohystiocytic infi ltrates are 
apparent adjacent to the central vein in the section from the ODN - treated mouse. See 
color insert.  
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depending on the sequence and chemistry, infi ltrates have been observed after 
doses as low as 1   mg/kg and perhaps lower for oligonucleotides designed to 
be immunostimulatory. The rodents are much more sensitive to these effects 
than primates and that sensitivity is unrelated to pharmacokinetic differences. 
In primate studies, tissue concentrations of PS ODNs often exceed those 
observed in rodents. Rodents appear to overpredict for other species, including 
humans, presumably. 

 The siRNAs also produce pro - infl ammatory responses and release of cyo-
kines like interferons through Toll - like receptor 3, 7, and or 8  [33,34,52] . More 
siRNA and single - stranded RNAs with 5 ′  phosphates interact with the retinoic 
acid inducible protein (RIG - 1) in the cytosol and stimulate innate immunity 
as part of antiviral mechanisms  [53,54] . For this activity there is no currently 
identifi ed sequence motif; rather, it is the presence of exogenous RNA that is 
apparently being recognized as foreign (viral). How this stimulation of innate 
immunity will be modulated or exacerbated by chemical modifi cations remains 
to be seen. For now, siRNAs like the single - stranded oligonucleotide thera-
peutics have the potential for proinfl ammatory effects.  

Cardiovascular   In rodents, lymphohistiocytic infi ltrates have been observed 
in the heart and in the perivascular space in various organs. Tissue macro-
phages in the heart can contain basophilic granules. In monkeys, no changes 
in ECG, heart rate, or blood pressure have been observed with numerous oli-
gonucleotides. Under conditions when complement is activated, changes in 
blood pressure and cardiovascular collapse due to hypotension have been 
observed  [55] , but we have shown this to be related to complement activation 
rather than a direct effect on the cardiovascular system. (Of course, other 
mechanisms for hypotension could occur with other chemistries. For example, 
if an oligonucleotide formulation or its metabolic products chelates calcium, 
reductions in ionizable calcium could also produce a hypotensive crisis.) For 
most PS ODNs the most likely cause of hypotension is complement activation 
as demonstrated with complement inhibitors.  

Hematologic   Dosing mice with high doses of PS ODNs can result in slight 
reductions in red cell parameters, probably the result of increased destruction 
of cells because of the slight splenomegaly seen at higher doses. The reduction 
in red cell parameters does not appear to be related to synthesis as the mor-
phology of marrow is generally unremarkable in mice. With highly immunos-
timulatory oligonucleotides, when treatment causes signifi cant splenomegaly, 
we have often observed reductions in platelets that follow the time course of 
the splenomegaly, beginning with the fi rst increases in spleen weights and 
reversing only when the splenic enlargement reverses. Production of platelets 
in these mice appears normal as there is no diminution of megakaryocyte 
number or size. The reduction in platelets is nevertheless often accompanied 



by extramedullary hematopoiesis featuring megakaryocytes, suggesting that 
production is still active. 

 In monkeys treated with some sequences of PS ODNs at doses more than 
20   mg/kg/wk, reductions in platelets have been observed. Reductions in plate-
lets are not common to all sequences; rather, the reduction seems to be 
related to specifi c sequences and not others. This effect is unlikely to be 
related to pharmacology because it has been observed for compounds with 
diverse targets. These sequence - dependent reductions in platelets have gener-
ally been observed in high - dose monkeys, and some reductions in platelets 
have occasionally been observed in human subjects treated with the same 
sequences. In both monkeys and in humans the reduction in platelets appears 
to be reversible over the course of weeks or months depending on the half -
 life of the sequence. This reduction in platelets is distinct from transient 
sequestration of platelets that has been observed during constant intravenous 
infusions of PS ODNs: an effect probably related to the polyanionic nature 
and one that reverses within minutes or hours as the plasma is cleared of 
oligonucleotide.  

Immunologic   As discussed above, the most obvious immunologic effects in 
mice are the lymphohistiocytic infi ltrates commonly observed in the paren-
chyma of numerous organs. These collections of histiocytes can sometimes be 
observed perivascularly and have been at times found in clusters, giving the 
appearance of microgranulomas. As would be expected, the increase in mono-
nuclear cells in tissues is sometimes associated with increases in circulating 
monocytes, and plasma cytokine and chemokines concentrations. 

 The uptake of oligonucleotide drugs by the tissue macrophages causes their 
enlargement and gives them the appearance of being activated, though we have 
not determined if specifi c markers of activation are displayed on these engorged 
cells. Studies characterizing the immunotoxicity of oligonucleotides do not 
provide any evidence of macrophage dysfunction in mice. The engorgement of 
tissue macrophages occurs in monkeys as well as mice, but again, no indications 
of altered macrophage function have been recorded. Specifi c studies to address 
the consequences of loading macrophages with oligonucleotide need to be 
performed with each of the classes of oligonucleotide drugs. 

 Administration of oligos to rodents can induce the production of immuno-
globulins in a nonspecifi c way  [56,57] . These increases in immunoglobulins are 
not directed specifi cally toward the oligonucleotide, but rather, they represent 
a polyclonal expansion of B cells probably secondary to direct mitogenic 
effects on B cells associated with PS ODNs. In general, there is little or no 
evidence that oligonucleotides currently being used in clinical trials are anti-
genic. It is possible to reduce the proinfl ammatory effects of oligonucleotides 
by avoiding the stimulatory motifs and by chemical modifi cations. Modifi ca-
tions like the inclusion of 5 - methyl cytosine and the addition of 2 ′  alkoxy 
groups can reduce the mitogenic potential of PS ODNs  [58] .  

TOXICITY OF OLIGONUCLEOTIDE THERAPEUTICS 561



562 UNDERSTANDING THE RELEVANCE OF THE TOXICITIES

Hepatic   Liver is the organ that contains the second highest oligonucleotide 
concentration in all species studied  [11,70] . Liver is the organ that accumulates 
the greatest quantity of oligonucleotide. Concentrations in renal cortex may 
be higher, but the greater size of the liver makes it the organ that accumulates 
the greatest quantity of oligonucleotide for PS ODNs. PS ODNs are present 
in all the cell types within liver  [23,24,59] , but aptamers and siRNA may have 
more limited distribution. The presence of oligonucleotide in hepatocytes 
makes those cells good targets for antisense activity. Antisense activity has also 
been demonstrated in Kupffer cells  [60,61] . Much of the toxicity for PS ODNs 
has already been reviewed  [31] . In mice treated with PS ODNs, the mononu-
clear infi ltrates and the associated single - cell necrosis result in slight increases 
in serum transaminases. These are reversible after the removal from treatment, 
and there is ample literature suggesting that the more potent the proinfl am-
matory effects of a sequence the greater likelihood that there will be increases 
in transaminases  [31,58,62,63] . The rat is somewhat less sensitive to the hepatic 
effects of PS ODNs than mouse. In monkey, increases in transaminases are 
not generally observed, and there are few hepatic effects at clinically relevant 
doses and even at doses 10 - fold greater than those in clinical trials. This 
includes dose regimens for several different 2 ′  - MOE ASO that ranged up to 
140   mg/kg/wk for 5 weeks, or 80   mg/kg/wk for 13 weeks (Isis Pharmaceuticals, 
Inc., unpublished observations)  . 

 Consistent with the monkey data, PS ODN and 2 ′  - MOE ASO have been 
largely absent of hepatotoxicity in clinical trials  [47,48,64,65] . The only notable 
exception was the report of mild and transient increases in ALT of patients 
treated with anti - HIV PS ODN, GEM 91  [66] . This was also likely attributable 
to the proinfl ammatory effects that were present for this early generation of 
ASO comprised of 27 nucleotide residues along with CpG motiffs.  

Renal   Kidney is the organ that contains the highest oligonucleotide concen-
tration after oligonucleotide administration, and it is a target organ for toxicity 
in monkeys and rats. Oligonucleotide in kidney accumulates as a result of re -
 uptake of solutes by the kidney: a normal function of the kidney. Oligonucle-
otide is fi ltered at the glomerulus and is readily reabsorbed by the proximal 
tubular epithelium  [67] . The oligonucleotide is then taken up into these cells 
by endocytosis, like other solutes  [68] . The majority of oligonucleotide in 
proximal tubular epithelium resides in membrane - bound endosomes and lyso-
somes, generally oriented toward the luminal (apical) surface. 

 At high concentrations of oligonucleotide there are histologic changes in 
the proximal tubular cells  [49,69] . The preferential uptake of oligonucleotide 
by proximal tubular epithelium and processing into endosomes and lysosomes 
is similar in mice, rats, and monkeys, though mice take up less oligonucleotide 
into kidney than other species. 

 In the absence of changes in cell morphology, these basophilic granules are 
considered not toxicologically signifi cant. Often associated with basophilic 
granules are cytoplasmic vacuoles in the tubular epithelial cells  [70] . The size 



and incidence of these vacuolar changes can be variable depending on the 
fi xative, processing, and other unknown variables. The vacuoles are typically 
single - to - multiple large clear cytoplasmic vacuoles, often with small amounts 
of basophilic material in them. In rare instances when the concentrations of 
oligonucleotide are high enough, there can be swelling and rupture of cells, 
but again this is not solely determined by concentration but rather by a com-
bination of factors like fi xation conditions and preservation. Vacuolation, and 
the mild degenerative changes, are reversible after treatment is withdrawn. 
The vacuoles are not associated changes in renal tubular function  [70] . 

 The vacuoles result from the localized high concentrations of hydroscopic 
material in phagolysosomes. Oligonucleotides are highly water soluble mole-
cules that could easily be extracted if they are not completely cross - linked by 
fi xative in tissues. Because of these properties it is also possible that high 
concentrations of oligonucleotide contained in membrane - bound subcellular 
compartments would be osmotically active upon fi xation, particularly in slower 
fi xation processes such as immersion in formalin. The vacuoles in the proximal 
tubular cells of monkeys treated with oligonucleotides differ from classical 
tubular vacuolar degeneration. Vacuolar degeneration is characterized by 
generalized organelle swelling, but this is  not  manifested in the tubules in 
oligonucleotide - treated monkeys. 

 Other changes in renal morphology associated with oligonucleotide treat-
ment include dose -  and concentration - dependent degenerative changes in the 
proximal tubular epithelium and regenerative changes. Degeneration is char-
acterized as minimal reductions in the height of the brush border and height 
of the proximal tubular cells. Tubular cell regeneration is characterized by 
more active - looking nuclei. As concentrations increase, focal tubular epithelial 
cell degeneration, and fi nally, frank epithelial cell degeneration, can occur. The 
concentrations that produce these effects are highly dependent on the chem-
istry of the oligonucleotide that is accumulating in the tubule. For unmodifi ed 
PS ODNs, concentrations above 2000 to 3000    μ g/g of tissue can produce frank 
tubular cell degeneration  [71] . For oligonucleotides that are modifi ed with 2 ′  -
 MOE, the concentrations required to produce these changes in morphology 
are nearly twice as high. 

 It is only at these very high renal concentrations that some functional 
changes begin to occur. The dose required to produce these changes are at or 
exceed   40   mg/kg/wk. At this dose the only functional changes noted occasion-
ally in monkeys are slightly increased urinary protein levels  [70,71] . The effect 
of renal accumulations of oligonucleotide accumulations in granules and vacu-
oles on renal function was studied in monkeys treated with a 2 ′  - MOE ASO 
administered at 40   mg/kg/wk (administered on days 1, 3, 5, 7, 14, 21, and 28). 
This regimen produced a typical pattern of vacuoles and minimal proximal 
tubular degeneration after a month of treatment  [70] . A battery of renal func-
tional assessment was performed including BUN, creatinine, creatinine clear-
ance, amino acid secretion, GFR, and inulin clearance. In addition renal 
functional stress tests were performed to look at the how well treated monkeys 

TOXICITY OF OLIGONUCLEOTIDE THERAPEUTICS 563



564  UNDERSTANDING THE RELEVANCE OF THE TOXICITIES

could concentrate urine, and respond to a glucose load. The only change asso-
ciated with these histologic changes at the higher doses was a low incidence 
of mild increases in urinary protein secretion. Protein - creatinine ratios 
increased from approximately 0.2 at baseline to just above the upper limit of 
normal, 1.2, and the increase was tubular in origin  [70]  (unpublished,   Isis 
Pharmaceuticals, Inc.). 

 There were no other functional changes observed. No changes in mean 
serum creatinine or BUN and no changes in electrolytes were measured. 
Effective renal plasma fl ow rate and glomerular fi ltration rate were unchanged 
in treated monkeys, and there were no changes in excretion of substrates for 
tubular reabsorption, including glucose, amino acids, or  β 2 - microglobulin  [70] . 
Typical markers of tubular damage like  N  - acetyl glucosaminidase (NAG) were 
unaffected. Even with this detailed assessment of renal and tubular epithelial 
cell function, no tubular functional changes were induced by treatment 
with 40   mg/kg/wk of a second - generation oligonucleotide. There were no 
indications of changes in glomerular function, nor were there changes in an 
ultrastructural assessment of morphology. 

 With the information that is available from these types of studies, it is pos-
sible to defi ne concentration – response relationships for each of the morpho-
logic changes observed in the kidneys of monkeys. A qualitative plot of these 
relationships demonstrates that concentrations predicted for therapeutic doses 
of oligonucleotide produce renal cortex concentrations well below those asso-
ciated with any signifi cant renal morphologic fi ndings (Figure  24.4 ). The exist-
ing data suggest that renal effects are more a function of concentration than 

    Figure 24.4     Schematic representation of the relationship between renal cortex con-
centration and morphologic changes present in the kidneys of monkeys dosed with 
second - generation antisense oligonucleotides.  
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they are of duration of exposure, and renal morphologic changes do not 
appear to progress in monkeys treated from one to three months. We are col-
lecting data on longer term exposures.   

 The atrophic and regenerative changes, as well as the vacuolar changes, are 
all reversible after treatment is removed. The rate of reversal is related to the 
half - life of the drug, so that unmodifi ed phosphorothioate oligonucleotides 
with their shorter half - lives reverse faster than the compounds modifi ed to 
have prolonged half - lives. A thorough understanding of the dose – response and 
concentration – response relationships, markers like urinary protein - to - creati-
nine ratios to monitor for renal functional changes, and the reversibility of the 
changes are all important factors that need to be characterized in the toxicity 
program for any systemically administered oligonucleotide therapeutic.    

24.4.6 Reproductive and Endocrine 

 Reproductive toxicity studies with PS ODNs have been performed with both 
human - specifi c sequences as well as species - specifi c sequences. Like chronic 
studies, this combination of human drug and surrogate provides insight into 
whether any effects observed are class related or target related. 

 Fertility, fetal development, and development and reproductive function of 
off - spring receiving PS ODNs have been assessed in mice, rats, and rabbits. To 
our knowledge, no reproductive toxicity studies have been performed in pri-
mates treated with oligonucleotides. Traditional embryonic and fetal exposure 
protocols have been used for these studies. In these studies we have included 
assessments of placental and embryonic exposure to the drugs. Even at doses 
that produce maternal toxicity, there have been no defi nitive indications of 
direct effects on in utero development. This is most likely the result of the 
absence of signifi cant exposure to the conceptus. Placental concentrations of 
oligonucleotide are very low, and little or no oligonucleotide can be found in 
fetal tissues even when the oligonucleotide is administered by constant infu-
sion over the course of development  [72] . Fetal kidney concentrations are less 
than 1% of those of the maternal kidney and most fetal tissues contain oligo-
nucleotide concentrations below the limits of detection or quantitation for 
capillary gel electrophoresis. The low levels of placental uptake and transfer 
reduce the exposure and the potential effects of oligonucleotide therapeutics 
in the developing embryo and fetus. 

 Fertility assessments performed on male rodents treated with PS ODNs 
have also been uniformly negative. This fi nding is consistent with the pharma-
cokinetics of this class. The highly charged and water - soluble oligonucleotide 
therapeutics are effectively excluded from the seminiferous tubules by the 
blood – testes barrier. The interstitial cells of the testes can accumulate oligo-
nucleotide, but detailed autoradiography and immunohistochemistry suggest 
that there is none in the seminiferous tubules or in the developing sperm. 

 The female reproductive organs like the uterus and ovaries are not in privi-
leged sites in that they will accumulate oligonucleotides after treatment, and 
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they are sites where mononuclear cell infi ltrates can be seen in rodents treated 
with high doses of PS ODNs. High - dose treatment of mice with at least one 
sequence has produced reductions in reproductive performance, most likely 
secondary to local infl ammation in the ovaries or the uterus. This effect on 
ovaries was associated with a dose - dependent decrease in the fertility index in 
mice at doses at or over 20   mg/kg/wk. These same proinfl ammatory effects have 
also been shown to induce premature labor and abortion in rodents treated 
with maternal toxic doses of PS ODNs. This phenomenon has been observed 
in both mice and rabbits treated with PS ODNs at maternal toxic doses. For 
this reason it is unlikely that this phenomenon is clinically relevant. 

 There are several examples where investigators have used antisense inhibi-
tors to study the effects on reproductive function. The most notable was the 
use of a 2 ′  -  O  - methyl modifi ed oligonucleotide targeted to VEGF. In this study 
antisense treatment produced a 50% inhibition of VEGF mRNA and was 
associated with developmental abnormalities similar to that observed in the 
VEGF - defi cient mice  [73] . These effects were attributed to the inhibition of 
VEGF because of both the similarity of the phenotype and the lack of effect 
on VEGF expression or fetal development of a 5 - base mismatched control. 
While these effects are clearly related to the targeted pharmacology, it does 
raise important points about the accessibility of fetus to antisense inhibitors 
during development. It is possible that the exposure of the vascular endothe-
lium to the VEGF inhibitor in placenta is sensitive to antisense inhibition at 
least at certain points in development, or it is possible these effects were 
related to inhibition of maternal VEGF systemically during an important 
phase of development. In any case, the assessment of fetal effects as well as 
extra - fetal effects of novel therapeutic agents is critical, and careful assessment 
of oligonucleotide therapeutic agents should be performed with active agents 
when possible, despite the absence of signifi cant transfer to the developing 
conceptus.  

24.4.7 Immunotoxicity

 The most obvious effect on the immune system with oligonucleotide adminis-
tration is the tendency to stimulate a pro - infl ammatory reaction in some 
species (reviewed in  [31,74] ). Whether this is a true immunotoxicity is one of 
the questions that needs to be addressed for oligonucleotide therapeutics. 

Assessing the Immunotoxicity   Currently the assessment of the immuno-
toxicity of oligonucleotide therapeutics is performed using the typical tiered 
set of rodent assays. We have assessed both the human oligonucleotide and   
the surrogate  “ rodent - specifi c ”  sequences. Unfortunately, these batteries of 
tests are much more relevant to the assessment of immunosuppressive drugs 
and are not particularly well adapted to immunostimulatory compounds like 
oligonucleotides. While there have been discussions of how to monitor and 
assess immune - stimulating drugs, there are still no well - accepted guidelines.  



Immunotoxicity of Oligonucleotide Therapeutics   The pro - infl ammatory 
activity of the ASOs produces a constellation of effects, which includes 
splenomegaly, lymphoid hyperplasia, and multi - organ lymphohistiocytic cell 
infi ltrate driven by the production of pro - infl ammatory cytokines  [57,63,75] . 
Incorporation of immunostimulatory sequences like unmethylated CG dinu-
cleotides mimic bacterial DNA  [76] . Unmethylated CG dinucleotides interact 
with receptors of the innate immune system such as TLR9 to produce a shift 
toward T - helper type 1 immunity  [77,78] . Oligonucleotides with these motifs 
modulate the immune system. We have recently reported on a direct evalua-
tion for effects on immune function. 

 In these studies ISIS 2302 (a PS ODN inhibitor of human ICAM - 1 with no 
CG motifs) was administered to normal mice, and the effects of the drug on 
both the humoral and cellular immune functions were assessed by a battery 
of commonly used tests. As expected, treatment with high doses produced an 
increase in splenic weight that was accounted by increased splenocyte numbers, 
including increases in B cell numbers, which appeared to cause a shift in the 
population leading to decreased relative numbers of T cells but no decrease 
in absolute T cell numbers. There were no meaningful changes in antibody 
response in a sheep red blood cell assay, and the response to mitogens was not 
diminished. Consistent with an increase in total B cells, previously published 
information on this class of compound has documented an increase in total 
IgG and/or IgM  [79,80] . No antibodies specifi c to dsDNA or ISIS 2302 were 
detected in sera. Oligonucleotides have been shown to elicit their proinfl am-
matory effects directly on cells of the innate immune system producing a 
polyclonal increase in B cells, and therefore specifi c antibody responses are 
absent  [32,74] . This is a key fi nding for the technology. Polyclonal expansion 
including IgG and IgM secretion is expected in rodents (and perhaps other 
species), and this occurs in the absence of antibodies directed toward the oli-
gonucleotide and with no greater specifi city to DNA than would be expected 
on the basis of chance. 

 Cellular responses, as measured by a mixed - lymphocyte reaction, cytotoxic 
T lymphocyte response, and NK cell activity, were all undiminished, and if 
anything, there was a slight increase in CTL and NK responses. As would be 
expected by the histologic profi le and the known increases in cytokine and 
chemokine production associated with the administration of PS ODNs in 
rodents, in this series of experiments there was no diminution in immune 
response. Administering a mouse - specifi c ICAM - 1 inhibitor produced reduc-
tions in mixed lymphocyte reactions. This inhibition was expected as this is 
one of the desired pharmacologic effects of reducing ICAM - 1 expression.  

Relevance of Immunotoxicity Findings to Humans   Monkeys, unlike 
rodents, do not display the same constellation of effects associated with the 
proinfl ammatory effects of PS ODNs. Human responses are thought to be 
more like the monkey. The human response differs from the monkey response 
in a few ways. First, at high doses of PS ODNs ( > 5   mg/kg) some subjects 
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experience fever chills and rigors, that are readily reversible and treatable with 
nonsteroidal anti - infl ammatory drugs. This particular toxicity has been dose 
limiting in some studies. These same doses have been associated with eleva-
tions in cytokine levels  [65] . This febrile response has not been recorded in 
monkeys, though some increases in cytokines have been observed in monkeys. 
The second difference is that in humans, there is a characteristic local response 
to subcutaneous injections. This response is a relatively mild local erythema-
tous area typically with blanching in the central region. After a subcutaneous 
injection of over 100   mg in one milliliter, these reactions are approximately 2 
to 3   cm in diameter, are reddened but not painful, not pruritic  , and not raised. 
They generally resolve in three to seven days. Slight erythema has been 
described in monkeys receiving subcutaneous injections; these reactions differ 
from those seen in human subjects in that they do not feature the central 
blanching and annular appearance.   

24.4.8 Carcinogenicity

 Oligonucleotides are not genotoxic in traditional in vitro and in vivo assays, 
and as such, they are not thought to be classical carcinogens. No reports of 
carcinogenesis with oligonucleotides are in the literature. Lifetime exposure 
of rodents to PS ODNs, with their propensity to cause mitogenesis and pro-
liferation of stroma and mononuclear cells, is expected to have some potential 
for inducing hyperplastic or even neoplastic changes. Neoplasias have been 
observed in one study with a PS ODN administered by subcutaneous injec-
tions on alternate days for two years to mice (Isis, unpublished   observations). 
The systemic pro - infl ammatory effects combined with the local irritation pro-
duced by injections resulted in neoplastic transformation of some of the infi l-
trating cells. The histiocytic sarcomas that were observed were dose related. 
A less immunostimulatory PS ODN was administered in parallel, and it did 
not produce that same neoplastic change. If the treatment was intermittent, 
allowing for the injection sites to heal between dosing cycles, there also 
was no neoplastic change. These later results clearly support the PS ODN 
treatment having promoter - like effects,  not  initiator effects. If the neoplastic 
changes are associated with repeated administration to highly infl amed sites 
and local and systemic mononuclear infi ltrates, then it is likely that this posi-
tive bioassay for a PS ODN does not have clear clinical relevance.   

24.5 SUMMARY

 The toxicology of oligonucleotides was at one time thought to be a real limita-
tion to the technologies. To date, careful assessment of toxicity in the types of 
studies described here have demonstrated that it is likely that there may be 
attractive therapeutic indexes  , particularly with the second - generation anti-
sense oligonucleotides. The other classes of oligonucleotide therapeutics are 



also moving forward, and all of them will have distinctive hurdles to overcome. 
With strong scientifi c commitment to the assessment of toxicity and under-
standing mechanisms of toxicity, it is likely that these classes with continue to 
advance through preclinical studies and clinical trials as well.  
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25.1 BACKGROUND

 The development of biopharmaceuticals in oncology began in 1986 with the 
introduction of IFN -  α  - 2a (Roferon A) and IFN -  α  - 2b   (Intron A) for the treat-
ment of hairy cell leukemia, a subtype of chronic lymphoid leukemia that 
accounts for approximately 2% of all leukemia cases in the United States  [1] . 
These initial marketing approvals were followed by labels for AIDS - related 
Kaposi ’ s sarcoma (1988), and hepatitis C (1995). The introduction of protein -
 derived therapeutics to small but signifi cant areas of unmet medical need 
followed by expansion to new indications has evolved in parallel with our 
understanding of underlying biological mechanisms of disease. Since the intro-
duction of the interferons to the practice of oncology, the pace of marketing 
approvals for protein therapeutics has continued to accelerate, and new prod-
ucts for cancer treatment have kept pace (Figure  25.1 ). In the 20 years since 
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the introduction of IFN -  α , a number of new and novel therapies have emerged 
from the biotechnology sector that have made a signifi cant impact on disease 
outcomes and patient care. The proven benefi t and future promise of oncology 
treatments derived from biotechnology is refl ected in the proliferation of new 
biopharmaceuticals that are under study in clinical and preclinical settings.    

  25.2   THERAPEUTIC TARGETS AND MOLECULAR CLASSES 

 As of 2006 the US FDA has granted marketing approval to 22 biotechnology -
 derived pharmaceuticals with varying applications to oncology practice 
(Table  25.1 ). Some common mechanistic themes are as follows: 

   •      Expansion of specifi c cell populations to replace those lost to cytotoxic   
chemotherapy (erythropoietin, G - CSF, GM - CSF, IL - 11), or to enhance 
immunocompetence (IL - 2, IFN -  α ).  

   •      Targeted destruction of malignant cells via specifi c receptor binding by 
antibodies (anti - HER2, anti - EGF, anti - CD20, anti - CD52).  

   •      Use of specifi c receptors to target delivery of a toxin to malignant cells 
(immunoconjugates, fusion proteins, antibody drug conjugates).  

   •      Alteration of the local microenvironment to starve cells of essential nutri-
ents (anti - VEGF,  l  - asparaginase enzymes).      

 Biotechnology has made signifi cant contributions to supportive care in 
oncology, developing recombinant growth factors to replenish cell populations 
vulnerable to the dose - limiting neutropenia, anemia, and thrombocytopenia 

    Figure 25.1     US FDA approvals in oncology from 1986 to 2006   (2006 data reported 
through July 24, 2006).  
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 TABLE 25.1    Biopharmaceuticals approved by  US   FDA  for use in oncology from 
1986 to 2006 

  Generic Name  
  Trade 
Name    Description    Type  

  Approval 
Date

  Aldesleukin    Proleukin    rh IL - 2    Growth factor    5/5/1992  
  Alemtuzumab    Campath    hu Anti - CD52    MAb    5/7/2001  
  Asparaginase    Elspar    rh  l  - asparaginase    Enzyme    8/1/2002  
  Bevacizumab    Avastin    hu Anti - VEGF    MAb    2/26/2004  
  Darbepoetin alpha    Aranesp    rh Novel 

erythropoetic
stimulating
protein

  Growth factor    9/17/2001  

  Denileukin diftitox    Ontak    r Diphtheria 
toxin   +   IL - 2  

  Fusion protein    2/5/1999  

  Epoetin alpha    Epogen    rh Erythropoetin    Growth factor    7/26/1999  
  Cetuximab    Erbitux    Chimeric (hu/mu) 

anti - epithelial 
growth factor 
receptor

  MAb    2/12/2004  

  Filgrastim    Neupogen    Recombinant 
human G - CSF  

  Growth factor    2/20/1991  

  Gemtuzumab 
Ozogamicin

  Mylotarg    Humanized anti -
 CD33   +  
 calicheamicin  

  ADC    5/17/2000  

  IFN -  α  - 2a    Roferon A    IFN α  - 2a    Cytokine    6/4/1986  
  IFN -  α  - 2b    Intron A    IFN α  - 2b    Cytokine    6/4/1986  
  Ibritumomab 

tiuxetan
  Zevalin    mu Anti - CD20   +  

 Y - 90  &  In - 111  
  Immunoconjugate    2/19/2002  

  Palifermin    Kepavance    rh Keratinocyte 
growth factor 

  Growth factor    12/15/2004  

  Oprelvekin    Neumega    rh IL - 11    Growth factor    11/25/1997  
  Pegaspargase    Oncaspar    Pegylated r 

l  - asparaginase  
  Enzyme    2/1/1994  

  Pegfi lgrastim    Neulasta    Pegylated rh 
G - CSF

  Growth factor    1/31/2002  

  Rasburicase    Elitek    r Urate oxidase    Enzyme    7/12/2002  
  Rituximab    Rituxan    Chimeric (hu/mu) 

anti - CD20
  Chimeric Mab    11/26/1997  

  Sargramostim    Leukine, 
Prokine

  rh GM - CSF    Growth factor    11/7/1996  

  Tositumomab    Bexxar    Chimeric (hu/mu) 
anti - CD20   +  
 I - 131  

  Immunoconjugate    6/27/2003  

  Trastuzumab    Herceptin    hu Anti - HER2    MAb    9/25/1998  

Source :   See US FDA  [3] . 2006 data reported through July 24, 2006.  

Note :   ADC: antibody drug conjugatehu; hu: humanized; IFN α : interferon alpha; MAb: monoclo-
nal antibody; Mu: murine; r: recombinant; Rh: recombinant human.   
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associated with cytotoxic chemotherapy, and an enzyme (rasburicase) to 
deplete plasma uric acid secondary to therapeutic - induced tumor lysis. 

 Although biotechnology - derived imaging agents and vaccines are part of 
the oncology armamentarium, they will not be discussed in detail in this 
chapter as they have less in common with the molecular entities listed above. 
The imaging agents are single use and are not designed for therapeutic benefi t, 
while vaccines have their own specialized regulatory path (see Chapter  31 ).  

25.3 CONSIDERATIONS FOR PRECLINICAL SAFETY ASSESSMENT 
OF ONCOLOGY PRODUCTS 

 Although the molecular structures and therapeutic indications vary, there is a 
consistent approach to characterization of the preclinical safety profi le that 
requires consideration of a number of factors: 

 • Clinical application :   Duration of treatment, current standard of care, and 
patient population.    

 • Drug attributes :   Mechanism of action, species cross - reactivity, availability 
of pharmacodynamic markers for evidence of activity, long drug half - life, 
potential for drug accumulation, and immunogenic potential.  

 • Material production :   Evolution of production methods and appropriate 
bridging studies.    

   These assessments are discussed broadly in other chapters. This section will 
address their application as it pertains to preclinical safety for oncology 
indications. 

25.3.1 Clinical Application 

 Phase 1 studies with biopharmaceuticals for oncology indications have typi-
cally been conducted in cancer patients rather than in healthy volunteers, due 
in large part to product specifi c concerns including the potential for an anti -
 drug antibody response to treatment that could preclude future therapy, or 
expression of a tumor - specifi c antigen that is not present in nontumor - bearing 
individuals thus potentially impacting pharmacologic activity and/or pharma-
cokinetic parameters. With the early enrollment of patients in the course of 
clinical development comes the hope of an earlier indication of therapeutic 
benefi t, resulting in multiple - dose phase 1 trials designed to assess disease 
activity in terms of progression, stable disease, or patient benefi t. Phase 1 clini-
cal trials of three - months ’  exposure (with an option to extend treatment in 
patients who benefi t) are increasingly common and assist in recruiting patients 
to experimental therapies that may alter the course of their disease. However, 
because patients cannot be subjected to an experimental therapy when an 
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established standard of care (SOC) with proven effi cacy exists, patients enrolled 
into phase 1 programs are usually those whose disease has not been responsive 
to standard therapy. While phase 1 studies are generally single - agent studies 
of the experimental therapeutic, pivotal clinical trials to support product 
approval must demonstrate benefi t over the existing standard of care. As a 
result pivotal clinical studies typically compare patients treated according to 
SOC with those given SOC plus experimental drug. 

 The earliest impact of the intended clinical application on the preclinical 
safety program is on the duration of the IND - enabling multiple - dose toxicity 
study. As is true with other therapeutic indications, the duration of the support-
ing preclinical study must be equal to the duration of the planned clinical study. 
Because oncology trials allow for extended (and often indefi nite) treatment of 
patients who benefi t, the key component to the determination of the duration 
of the preclinical safety study is the point at which the clinical protocol specifi es 
that determination of patient benefi t will be made in order to extend treatment . 
The preclinical study must support the  “ protocol - specifi ed ”  duration of treat-
ment in the clinical protocol. In the case of a 3 - month treatment period for 
phase 1, a preclinical safety study with a three - month treatment period would 
be advisable. Extension of treatment for patients with responsive disease can 
occur following negotiation with regulatory authorities, and this is a familiar 
attribute of clinical trials in oncology. At a March 2006 Oncology Drugs Advi-
sory Committee Meeting, the FDA acknowledged the value of expediting 
development of novel oncology products, and noted that most sponsors start 
out with 1 - month toxicology studies in support of phase 1 trials while seeking 
regulatory authorization for patient treatment in excess of the treatment dura-
tion supported by the toxicology program. In the absence of 3 - month animal 
safety data, the FDA requested sponsors to limit patient treatment, and 
requested 3 - month toxicology studies prior to allowing patient treatment for 
extended durations. Continuation of clinical dosing beyond the nonclinical 
testing period has been approved based on the acceptability of toxicities (e.g., 
reversibility, degree of potential harm) and the ability to monitor anticipated 
toxicity endpoints. Furthermore potential patient risk – benefi t must be weighed 
against the toxicologic profi le characterized in animal studies when sponsors 
seek regulatory authorization for indefi nite extension of patient treatment. 
 [4,5] . 

 While phase 1 trials often include patients of different treatment back-
grounds and, depending on the mechanism of action of the experimental 
therapeutic, may include many different tumor types (e.g., an  “ all - comers ”  
scenario), pivotal clinical trials are more tightly controlled in order to maxi-
mize the opportunity to detect an effi cacy signal. As mentioned previously, the 
earliest pivotal clinical trials compare SOC alone and SOC in combination 
with experimental therapy to determine whether the experimental therapeutic 
provides additional patient benefi t. Once this incremental benefi t is demon-
strated, additional clinical trials may be conducted to determine whether the 
experimental therapy is benefi cial in earlier stage disease (e.g., the adjuvant 
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setting). Assessment of the preclinical safety of combination therapy requires 
that likely mechanisms of interaction, (e.g., biological or pharmacokinetic 
data) be taken into consideration. 

 Whereas small molecules employ p450 activation/inhibition profi les to elu-
cidate metabolic interactions/antagonisms, there is no comparable tool to 
model the potential interactions of multiple biologics or between biologics and 
cytotoxics. To assess potential interactions between a protein therapeutic and 
cytotoxic chemotherapy SOC, one approach is to conduct a single - dose PK 
interaction study to assess the impact of the protein therapeutic on the PK of 
the SOC cytotoxics in a   pharmacologically relevant species (Table  25.2 ;  [7,8] ). 
The objective of these studies is to determine whether the protein therapeutic 
has an effect on the PK, particularly the peak concentration ( Cmax ) and/or time 
of peak concentration ( Tmax ) that might result in potentiation of the toxicity 
of the cytotoxic, or reduced effi cacy associated with decreased exposure.   

 Cause for concern related to additive or synergistic mechanisms of activity 
or toxicity should be addressed in a scientifi cally appropriate manner in con-
sultation with regulatory authorities as necessary. Because of the broad distri-
bution of potential combinations and mechanisms of activity/toxicity, and the 
complexity of species - specifi city, there is not a one size fi ts all approach that 
can be applied. Current FDA regulatory guidance in this area is limited to 
combination products, with the intent to co - package and/or co - market as a 
defi ned treatment  [9] .  

25.3.2 Drug Attributes 

 The impact of the drug attributes of biopharmaceuticals on preclinical safety 
assessment programs for oncology products is not unique to this therapeutic 
area. As is true for all biopharmaceuticals, species cross - reactivity must be 
determined prior to selection of an appropriate animal model for safety evalu-
ation. The nature of cross - reactivity can be based on a combination of phar-

 TABLE 25.2    Single - dose pharmacokinetic/safety interaction study for Herceptin ®  

  Group    Test Materials a     Dose (mg/kg) 

  1    Trastuzumab    1.5  
  2    Paclitaxel    4.0  
  3    Doxorubicin    1.5  
  4    Doxorubicin   +   cyclophosphamide    1.5   +   15  
  5    Trastuzumab   +   paclitaxel    1.5   +   4.0  
  6    Trastuzumab   +   doxorubicin    1.5   +   1.5  
  7    Trastuzumab   +   doxorubicin   +   cyclophosphamide    1.5   +   1.5   +   15  

Source :   See  [6] .  
a Multiple test materials (Groups 4 - 7) were administered in the order shown. Group size: Three 
female monkeys/group.   
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macologic activity, receptor homology, and target tissue binding, as appropriate. 
The value of highly human - specifi c and tumor - specifi c cell targeting in cancer 
treatment is unequivocal, but the impact of highly specifi c targeted human 
therapies on the selection of appropriate animal models is signifi cant. Often 
the more targeted the therapy, the more limited is the choice of animal model; 
in many cases species cross - reactivity is limited to nonhuman primates (NHPs). 
For biopharmaceuticals that target a receptor (or biological process) that is 
expressed (or active) at very low levels in normal human tissue, and detected 
at even lower levels in normal NHP tissue, there is likely to be little opportu-
nity to assess toxicities associated with exaggerated pharmacologic activity. 
The availability of pharmacodynamic markers for evidence of activity in pre-
clinical safety studies is a useful tool in differentiating pharmacologic activity 
from suprapharmacologic toxicity and providing a meaningful therapeutic 
index. For example, potential clinical toxicities such as cytokine release asso-
ciated with tumor lysis syndrome will not be evident in preclinical safety 
studies. In the case of highly selective biopharmaceuticals an apparent lack of 
toxicity in preclinical models may not be predictive of subsequent clinical 
experience. 

 Although biopharmaceuticals must be administered parenterally, their rela-
tively large size, from roughly 15   kd for proteins such as recombinant human 
IL - 2 (Proleukin  ®  ) to roughly 150   kd for monoclonal antibodies such as Her-
ceptin ®  , confers a long half - life. The pharmacokinetic properties of biophar-
maceuticals must be taken into account when determining dose and frequency 
of administration to reduce the potential for drug accumulation and potential 
toxicities secondary to suprapharmacologic exposure in vast excess of clinical 
relevance, and/or activation of endogenous scavenging mechanisms associated 
with massive protein overload. Either scenario can complicate interpretation 
of preclinical safety signals and extrapolation of appropriate clinical doses. 

 The immunogenic potential of biopharmceuticals is assessed in preclinical 
safety studies through careful monitoring of anti - therapeutic antibodies during 
the course of the treatment and recovery periods. An appropriate recovery 
period must be included for drug washout so that anti - drug anti bodies can be 
measured in the absence of drug interference. Although it is generally agreed 
that there is little relevance to clinical safety of an observed anti - drug antibody 
response in preclinical safety studies, the generation of anti - drug antibodies 
can antagonize drug effect or result in untoward immune - mediated events that 
can confound the interpretation of the data.  

25.3.3 Material Production 

 During the course of a drug development program, improvements in produc-
tion methods, including cell line yield, process improvements, and formulation 
modifi cation evolve to fi t the scale and scope of the clinical trials, and ulti-
mately the marketplace. For each change, appropriate bridging studies are 
conducted. Depending on the nature of the change, and the data generated 
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during comparability testing, further comparative studies in animals or 
even humans may be warranted. This topic is discussed in Part III (see 
Chapter    8 ).   

25.4 APPLICATION OF STANDARD TOXICOLOGY MODELS 

 Many of the standard toxicology models apply to oncology programs, and 
there are some additional points worthy of consideration. Systemic toxicity 
studies have been discussed previously in the context of the duration of pre-
clinical studies supporting clinical development, and these studies are essential 
for characterizing the safety profi le of a biopharmaceutical. Given that most 
clinical development plans include multiple dosing in phase 1, the utility of 
single - dose animal studies for anything other than dose ranging or overt toler-
ability is questionable and should be supported scientifi cally. If the scientifi c 
hypothesis for clinical effi cacy requires consistent exposure to drug over time, 
then single - dose animal studies as part of an IND - enabling program provide 
little information regarding potential human risks associated with clinical 
administration. As discussed previously, the treatment period for 
multiple - dose systemic toxicity studies must equal the protocol - specifi ed 
treatment period of clinical trials. An exception to this exists for chronic toxic-
ity studies conducted to support chronic treatment in patients; these studies 
are generally conducted in support of licensing authorizations but may be 
conducted earlier in the clinical development life cycle as needed to support 
clinical trials of six months ’  duration or greater. In general, chronic toxicity 
studies of six months are suffi cient to support chronic treatment in oncology, 
which is consistent with ICH S6. In a  “ white paper ”  authored by a working 
group of BioSafe (a subcommittee of the Regulatory Affairs Committee of 
the Biotechnology Industry Organization, BIO) an analysis of publicly avail-
able data to determine the extent to which data from chronic studies was 
predictive of human response and whether the six - month duration was appro-
priate. The authors concluded that the six - month duration was generally 
appropriate to support chronic clinical dosing, although there may be specifi c 
circumstances that might warrant longer term studies  [10] . 

 With regard to safety pharmacology endpoints it is standard practice to 
include cardiovascular and respiratory endpoints as part of the multiple - dose 
systemic toxicity studies. For biopharmaceuticals lacking cross - reactivity in 
rodents, it is possible to conduct limited neurobehavioral assessments of periph-
eral and central nervous system function in nonhuman primates, but with the 
caveat that unlike humans or even dogs, these wild animals are most likely to 
mask any physical defi cit that would place them at a selective disadvantage in 
their natural habitat. In addition to incorporating safety pharmacology end-
points into systemic toxicity studies, these studies can be further maximized by 
assessing local tolerance at the sites of drug administration, thereby eliminating 
the need for a separate study of local tolerance in rabbits. 



 The standard battery of genetic toxicity studies is considered irrelevant for 
biopharmaceuticals per ICH S6. However, exceptions are made in cases where 
cause for concern exists, such as the presence of an organic linker molecule in 
a not yet approved conjugated protein product, or where new and appropriate   
testing systems are developed to elucidate genotoxic risk  . For biopharmaceu-
ticals that received marketing approval prior to the fi nalization of ICH S6 in 
1997, it is not unusual to note the presence of a full battery of genetic toxicity 
studies as a component of the approval package. Likewise the rodent bioassay 
for carcinogenic potential is generally considered to be inappropriate for bio-
pharmaceuticals due to species - specifi city and immunogenic potential of 
human/humanized protein products in rodents  . 

 Reproductive toxicity studies may be conducted, depending on the mecha-
nism of action of the biopharmaceutical. In cases where NHPs represent the 
suitable animal model for safety testing, a full battery of male and female fertil-
ity, embryonic and developmental toxicity, and well as late - stage gestational, 
parturition, placental and lactational drug transfer and infant developmental 
studies have been applied in the preclinical safety evaluation of protein thera-
peutics. These studies are lengthy and complex, and unlike systemic toxicity 
studies where all animals begin and end treatment at the same time, female 
animals are enrolled on study as their pregnancy and/or hormonal status 
permits, creating a rolling study start and estimated times of study completion. 
A novel study design for assessing the potential embryonic and developmental 
toxicity in rabbits that were expected to mount an anti - drug antibody response 
to treatment has been used to successfully identify toxicities associated with 
drug treatment (Table  25.3 ). Rabbits had been demonstrated to be a cross -
 reactive species to the experimental therapeutic (tenecteplase), and it was 
anticipated that dose administration throughout the period of organogenesis 
would result in the formation of anti - drug antibodies that would impact 

 TABLE 25.3    Embryofetal toxicity study using divided 
dosing

  Group    Dosing Days  

  Control    DG 6 – 18  
  Low    DG 6 – 10  
  Mid    DG 6 – 10  
  High    DG 6 – 10  
  Low    DG 11 – 14  
  Mid    DG 11 – 14  
  High    DG 11 – 14  
  Low    DG 15 – 18  
  Mid    DG 15 – 18  
  High    DG 15 – 18  

Source :   See  [11] .  

Note :   DG: day of gestation; 18 rabbits/group.   
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exposure. In that model the period of organogenesis (gestation days 6 – 18) is 
divided into discrete dosing intervals, and separate groups of animals receive 
drug for one of the three 4 -  to 5 - day intervals. This study satisfi ed ICH tripartite 
guideline stages C and D of the reproductive process in a nonrodent species.   

 Constructing a scientifi c rationale for the preclinical safety testing strategy 
in support of a clinical development plan for oncology products is a key com-
ponent of drug development. The scientifi c rationale should take into con-
sideration a number of factors, including the clinical patient population and 
duration of exposure, species - specifi city, available and appropriate in vitro and 
in vivo models, maximizing the value of each systemic toxicity study for 
responsible animal use, immunogenicity and impact on exposure, and an 
awareness of drug production changes that can impact the ability to rely on 
the foundation of previously conducted preclinical safety studies. This is con-
sistent with the thinking that should be applied to the creation of a preclinical 
safety plan regardless of the therapeutic indication for which a biopharmaceu-
tical is being studied.  

25.5 SUMMARY AND CONCLUSION 

 Despite meaningful clinical advances over the past two decades, a great deal 
of unmet medical need remains in oncology. Our increasing understanding of 
the biological mechanisms of cancer has enabled the development of highly 
specifi c, targeted therapies that are rewriting the cancer descriptors from 
 “ tissue of origin, ”  as in breast lung, colon, and prostate cancer, to the underly-
ing mechanisms of pathology, as in HER2 overexpression. Hybrid molecular 
entities such as antibody – drug conjugates, fusion proteins, and one - armed 
antibodies  , once considered novel and unusual are becoming more prevalent 
as the physical attributes of each biopharmaceutical are engineered to meet a 
particular therapeutic need — a classic case of the basic engineering principle 
of  “ form follows function (see Chapters    28  and  29 ). As our understanding of 
common pathologic processes has evolved, biopharmaceuticals that were ini-
tially developed as oncology treatments have provided benefi t in other areas 
of unmet medical need. For example, since the introduction of the IFN -  α  in 
1986 for the treatment of a small, but signifi cant subset of chronic lymphoid 
leukemias, a critical role for IFN -  α  therapy in hepatitis was established. 
Rituxan ® , a chimeric monoclonal antibody to the CD - 20 receptor of B cells, 
was initially approved for the treatment of non - Hodgkin ’ s lymphoma, and is 
now approved for the treatment of patients with rheumatoid arthritis. 

 Additional safety studies may be required to support the movement into 
new indications, and the complex  “ designer ”  biopharmaceuticals will continue 
to require creative approaches to safety assessment. In either case, the require-
ment for, and design and execution of, those studies should be driven by sound 
scientifi c rationale. Ultimately, the objective of preclinical safety evaluation is 
well articulated in ICH S6: 



 •   Identifi cation of an initial safe starting dose and dose escalation scheme 
for clinical trials.  

 •   Identifi cation of potential target organs of toxicity and reversibility of 
effect.  

 •   Identifi cation of safety parameters for clinical monitoring.    

 These objectives are best fulfi lled through thoughtful planning and signifi cant 
cross - functional generation of clinical development assumptions by toxicolo-
gists, clinicians, researchers, pharmacokineticists, bioanalytical assay scientists, 
and the scientists and engineers responsible for making and formulating the 
biopharmaceutical drug product. The design and implementation of scientifi -
cally appropriate in vitro and in vivo studies that are integrated into the 
support of a well - articulated clinical plan will best allow us to expeditiously 
move promising new therapies forward to patients in need while judiciously 
applying the human, animal and fi nancial resources required.  
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26.1 INTRODUCTION

 Monoclonal antibodies (mAbs) are populations of identical, monospecifi c 
antibodies with defi ned specifi city and affi nity for a target antigen. The high 
degree of specifi city for their target is the property that makes monoclonal 
antibodies so valuable clinically. As such, they can be used not only therapeuti-
cally to treat and prevent disease but also to diagnose a wide variety of dis-
eases, and to detect drugs, abnormal proteins, viruses, and bacteria. Monoclonal 
antibodies are produced by the daughter cells of a single antibody - producing 
lymphocyte, often using an immortal hybridoma cell line grown in vitro. Mono-
clonal antibodies can also be constructed synthetically and produced as engi-
neered recombinant proteins. In both cases cells can be grown continually in 
culture to produce large amounts of protein. 
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 Since the approval of the fi rst therapeutic monoclonal antibody in 1986, 
considerable advances have been made in antibody technology  [1,2] . With the 
improvement in antibody technology an increase in the clinical success of this 
group of molecules has been seen  [3] . 

 Monoclonal antibodies exhibit the same general structural and functional 
characteristics as naturally acquired antibodies, and they can be of any anti-
body class (IgG, IgM, IgD, IgE, or IgA) or isotype within a class. The most 
commonly developed monoclonal antibodies are of the IgG class, and they are 
tetrameric proteins consisting of two identical heavy chains and two identical 
light chains (Figures  26.1  and  26.2 ). Each IgG molecule contains two antigen 
combining sites formed by the N - terminal regions of the heavy and light 
chains, which determine the antigen recognition and binding properties of the 
monoclonal antibody. The specifi city of a given monoclonal antibody is deter-
mined by the precise amino acid sequences of the heavy and light protein 
chains in the antigen - combining region (complementary - determining region, 

    Figure 26.1     Structure of a monoclonal antibody and its interaction with antigen. See 
color insert.  
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    Figure 26.2     Examples of various classes of monoclonal antibodies. See color insert.  
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CDR); the sequences of this region are therefore somewhat variable among 
monoclonal antibodies of different specifi cities. The antigen - combining region 
is also known as the variable region because of this sequence variation. The 
remainder of the molecule is relatively constant in sequence among different 
monoclonal antibodies, and it functions to allow interactions with other 
immune system components. This region of the monoclonal antibody deter-
mines the class and isotype of the antibody, and is known as the constant 
region or Fc region.     

 Monoclonal antibodies can be grouped according to their potential use: 
(1) binding to a cell surface target, with recruitment of immune response and 
target cell lysis; (2) binding to a cell surface receptor causing apoptosis; (3) 
cross - linking to a cell - killing reagent (e.g. immunotoxin); (4) binding to a 
target to block an interaction (antagonist); (5) binding to a receptor to stimu-
late a downstream process (agonist); and (6) catalysis (catalytic antibodies). 

 Many monoclonal antibodies have now been approved for the diagnosis or 
treatment of various diseases. The target antigens include soluble factors such 
as tumor necrosis factor (TNF α ), vascular endothelial growth factor (VEGF) 
and IgE, cell surface antigens on lymphocytes (CD3, CD20, CD25, CD52, 
CD11a, CD49d), antigens upregulated on tumor cells (HER2, EGFR), and 
viral specifi c antigens RSV (see Chapter    25 ). Antibodies have also been used 
to deliver toxins or radioactivity to tumor cells and imaging agents to tumors 
(see Chapter    29 ). In addition to a high degree of specifi city and affi nity for the 
target antigen, monoclonal antibodies exhibit in vivo pharmacokinetic proper-
ties similar to those of naturally acquired antibodies.  

26.2 FC BINDING OF MONOCLONAL ANTIBODIES 

 Besides the binding of the variable region (Fab) of the monoclonal antibody 
to the target antigen, some monoclonal antibodies also require binding of the 
constant region to receptors on effectors cells. These receptors, referred to as 
Fcγ receptors (FcγR), are expressed on immune cells and consist of three dis-
tinct classes FcγRI (CD64), FcγRII (CD32), and FcγRIII (CD16). Binding to 
FcγR can lead to antigen - dependent cellular cytotoxicity (ADCC), phagocy-
tosis, or other cellular effects. ADCC can be benefi cial when the target antigen 
is present on a tumor cell. However, when the target antigen is present on 
lymphocytes, ADCC may be detrimental. For example anti - CD3 and anti - CD4 
antibodies can lead to T cell depletion. Also binding of monoclonal antibodies 
to immune cell antigens may lead to cytokine release syndrome that may result 
in side effects of fever, nausea, and bronchospasm. IgG1 antibodies have 
greater potential effector function than IgG2 and IgG4 antibodies. However, 
IgG1 antibodies can be modifi ed to have reduced or enhanced effector func-
tion, depending on the desired therapeutic effects  [4,5] . 

 Effector function can also be eliminated by removing the Fc portion of the 
molecule to produce a Fab molecule (e.g., abciximab). However, Fab molecules 
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have very rapid elimination from the circulation relative to full - length mole-
cules, and for certain clinical indications this may not be desirable. The reason 
for the shorter half - life of Fab molecules relative to full - length antibodies is 
that binding of the Fc portion of the antibody to another type of Fc receptor 
found on endothelial cells (FcRn) leads to antibody internalization and recy-
cling, resulting in enhanced serum persistence. Therefore molecules that show 
poor binding to FcRn are rapidly eliminated from the serum.  

  26.3   FULLY MURINE MONOCLONAL ANTIBODIES 

 The fi rst therapeutic monoclonal antibodies developed were fully murine 
sequence antibodies. These antibodies were developed by immunizing mice 
with a human antigen. Antigen - specifi c B cells were isolated from the immu-
nized mice and were fused to an immortal cell line to generate monoclonal 
hybridomas secreting fully murine mAbs. (Figure  26.3 ). The fi rst approved 
monoclonal antibody was muromomab - CD3, which is a murine monoclonal 
antibody against human CD3 on T lymphocytes. This antibody was developed 
for the treatment of acute transplant rejection. The main disadvantage of using 
murine monoclonal antibodies to treat human diseases is that because the 
antibodies contain murine sequences, they can be highly immunogenic in 
humans. Humans treated with muromomab - CD3 develop human anti - murine 
antibodies (HAMA) that result in reduced exposure to the antibody and a 

    Figure 26.3     Production of murine monoclonal antibodies.  
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loss of effi cacy even in the presence of concomitant immune suppression. 
Muromomab and other antibodies that bind to T cell receptors and activate 
the T cell can also cause cytokine release, which produces a systemic infl am-
matory response characterized by hypotension, pyrexia, and rigors  [6] . The 
cytokine release can cause life - threatening pulmonary edema. Deaths due to 
cytokine release syndrome have been reported with OKT3. Cytokine release 
can be anticipated then for monoclonal antibodies that activate T cells and 
can usually be treated appropriately.   

 In addition to the immunogenic potential of murine monoclonal antibodies, 
another disadvantage of murine antibodies is their rapid elimination from the 
circulation relative to human antibodies. Muromomab has an elimation half -
 life of about 18 hours, whereas human antibodies have half - lives of weeks. 
Human antibodies have long serum persistence because they are recycled by 
endothelial cells. The Fc portion of murine monoclonal antibodies binds very 
poorly to human FcRn, and therefore murine antibodies are not recycled 
resulting in their poor serum persistence  [7] . The converse, however, is not 
true. Human Fc binds well to murine FcRn, and therefore human antibodies 
have long serum persistence in mice. The lack of FcRn binding in combination 
with a HAMA response results in rapid clearance from the serum. 

 Because of these limitations murine antibodies have had very limited 
clinical use. The other murine antibodies include two radiolabeled versions of 
anti - CD20 antibodies that have been developed for the treatment of non -
 Hodgkins lymphoma and an anti - PSMA antibody - imaging agent for visualiz-
ing prostate tumors (Table  26.1 ). These antibodies are intended for short - term 
use and are administered at low doses. For these antibodies the   short serum 
half - life and the potential to develop HAMA are not considered a limitation 
for therapy. Interestingly, since ibritumomab tiuxetan and tositumomab - I 131

are B cell depleting therapies, their mechanism of action reduces the immune 
response  [8] .    

 TABLE 26.1    Summary of approved fully murine monoclonal antibodies 

  Generic Name    Trade Name  
  Sponsor 

Company    Mechanism  
  Antibody 
Isotype    Indication  

  Approval 
Date

  Muromonab - CD3    Orthoclone ®  
OKT3

  Ortho 
Biotech

  Anti - CD3    IgG2a    Transplant 
rejection

  1986  

  Abciximab    ReoPro ®     Centocor    Anti - GPIIb/
IIa

  Fab    Cardiovascular    1997  

  Capromab 
pendetide

  ProstaScint ®     Cytogen 
Corp

  Anti - PSMA    IgG1 
kappa

  Oncology 
imaging

  1996  

  Ibritumomab 
tiuxetan

  Zevalin ®     Biogen 
Idec

  Anti - CD20 -
 Yttrium 
90

  IgG1 
kappa

  Oncology    2002  

  Tositumomab - I 131     Bexxar ®     Corixa    Anti - CD20 
Iodine
131

  IgG2a 
Lambda

  Oncology    2003  

FULLY MURINE MONOCLONAL ANTIBODIES 591
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26.4 CHIMERIC MONOCLONAL ANTIBODIES 

 Because of the limitations seen with the fully murine monoclonal antibodies 
the next generation of antibodies were chimeric antibodies (Table  26.2 , Figure 
 26.2 ). Chimeric antibodies are constructed from variable regions derived from 
a murine source and constant regions derived from a human source. The chi-
meric antibodies show less of an immunogenic response than the fully murine 
antibodies, but human anti - chimeric antibody (HACA) rates can still be high 
with these antibodies. The chimeric antibodies nevertheless have relative long 
serum half - lives (9.5 days for infl iximab) relative to the fully murine antibodies 
because the Fc portion is human and can therefore bind to human FcRn in a 
manner similar to that of native antibodies.    

26.5 HUMANIZED MONOCLONAL ANTIBODIES 

 Humanized antibodies are constructed with only antigen binding regions 
(CDRs) derived from a mouse, and the remainder of the variable region 
derived from a human source. The humanized monoclonal antibodies repre-
sent the largest group of the currently approved monoclonal antibodies (Table 
 26.3 , Figure  26.2 ). These antibodies have been highly successful in the clinic, 
and few serious immune - mediated adverse reactions have been observed. Two 
of the approved humanized monoclonal antibodies are IgG4 antibodies, gen-
tuzumab ozogamicin and natalizumab. The remainder of the humanized anti-
bodies are IgG1 antibodies. IgG4 antibodies have the potential advantage over 
IgG1 antibodies in certain situations because they lack effector function.    

26.6 FULLY HUMAN MONOCLONAL ANTIBODIES 

 As of 2006 only two fully human monoclonal antibodies had been approved 
(Table  26.4 ). Adalimumab is a fully human antibody against human TNF α  that 

 TABLE 26.2    Summary of approved chimeric monoclonal antibodies 

  Generic 
Name

  Trade 
Name

  Sponsor 
Company    Type  

  Antibody 
Isotype    Indication  

  Approval 
Date

  Rituximab    Rituxan ®     Genentech    Anti - 
CD20

  IgG1 
kappa

  Oncology    1997  

  Basiliximab    Simulect ®     Novartis    Anti - 
CD25

  IgG1 
kappa

  Transplant 
rejection

  1998  

  Infl iximab    Remicade ®     Centocor    Anti - 
TNFα

  IgG1 
kappa

  Immune -
 mediated 
diseases

  1998  

  Cetuximab    Erbitux ®     Imclone    Anti - 
EGFR

  IgG1 
kappa

  Oncology    2004  



 TABLE 26.3    Summary of approved humanized monoclonal antibodies 

  Generic 
Name

  Trade 
Name

  Sponsor 
Company    Mechanism  

  Antibody 
Isotype    Indication  

  Approval 
Date

  Daclizumab    Zenapax ®     Hoffman - La 
Roche

  Anti - CD25    IgG1    Transplant 
rejection

  1997  

  Palivizumab    Synagis ®     MedImmune    Anti - RSV    IgG1 kappa    Anti - viral    1998  
  Trastuzumab    Herceptin ®     Genentech    Anti - HER2    IgG1 kappa    Oncology    1998  
  Gemtuzumab 

ozogamicin
  Mylotarg ®     Wyeth - 

Ayerst  
  Anti - CD33 

immunotoxin
  IgG4 kappa    Oncology    2000  

  Alemtuzumab    Campath ®     Millennium/
LEX

  Anti - CD52    IgG1 kappa    Oncology    2001  

  Omalizumab    Xolair ®     Genentech    Anti - IgE    IgG1 kappa    Asthma    2003  
  Efalizumab    Raptiva ®     Genentech    Anti - CD11a    IgG1 kappa    Psoriasis    2003  
  Bevacizumab    Avastin ®     Genentech    Anti - VEGF    IgG1    Oncology    2004  
  Natalizumab    Tysabri ®     Biogen idec    Anti -  α 4 - integrin    IgG4    Multiple 

sclerosis
  2004  
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was developed from phage display technology. However, even though adali-
mumab is a fully human antibody, it has shown a signifi cant human antihuman 
antibody (HAHA) response in patients  [8] . Therefore fully human antibodies 
may not necessarily be an advantage from an immunogenicity perspective.    

26.7 PRECLINICAL DEVELOPMENT PROGRAMS WITH 
MONOCLONAL ANTIBODIES 

 The design of preclinical safety evaluation of monoclonal antibodies is based 
on the class of monoclonal, the target epitope, and the clinical indication. 
Safety evaluation programs are then developed based on the availability of 
relevant species and specifi c attributes of the product on a  “ case - by - case ”  basis. 
Prior to issuance of regulatory guidance documents by the FDA and ICH 
 [9,10]  safety evaluations have included the use of nonrelevant assays (e.g., 
gentoxcity assays) and nonrelevant species. The nonclinical development 
programs have also included the use of murine homologues (surrogate 

 TABLE 26.4    Summary of approved fully human monoclonal antibodies 

  Generic 
Name

  Trade 
Name

  Sponsor 
Company    Mechanism  

  Antibody 
Isotype    Indication  

  Approval 
Date

  Adalimumab    Humira ®     Abbott    Anti - TNF α   IgG1 kappa    Immune - 
mediated
diseases

  2002  

  Panitumumab    Vectibix TM     Amgen    Anti - EGFR    IgG2 kappa    Oncology    2006  
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monoclonal antibodies) when warranted. See Table  26.5  for examples of devel-
opment programs for some nononcology indications.   

 The property of monoclonal antibodies that makes them highly desirable 
as therapeutics, namely the high degree of specifi city for their target, also 
makes then a challenge from a preclinical development perspective. The earli-
est monoclonal antibodies were so specifi c for binding to their human target 
protein that they did not bind to the analogous target protein in any animal 
species except for chimpanzees. The chimpanzee is not an appropriate species 
for toxicology testing because the amount of nonclinical safety information 
that can be acquired from the chimpanzee is severally limited. Infl iximab and 
efalizumab are examples of monoclonal antibodies developed to treat chronic 
non – life - threatening indications that bound only to their target in humans and 
chimpanzees. The preclinical safety program using the human monoclonal 
antibody was therefore restricted to limited nonterminal safety studies in 
chimpanzees and to in vitro tissue cross reactivity to a panel of human 
tissues. 

 In vitro tissue cross - reactivity studies are a key component of the safety 
assessment of monoclonal antibodies. These studies are required by regulatory 
authorities, and they need to be conducted on a panel of human tissues 
 [9,10,11] . The purpose of these studies is to identify potential binding of the 
monoclonal antibody to nontarget tissues. A comparison of the in vitro cross -
 reactivity to human tissues and to tissues from one or more animal species 
may be performed to help determine species relevance for subsequent toxicol-
ogy evaluation. In some cases tissue cross - reactivity alone has been used as a 
criterion for species selection for toxicology. Demonstration of a similar 
binding profi le in human and animal tissues alone is, however, not usually 
considered to be an adequate means for selecting a toxicology species. The 
monoclonal antibody should be shown not only to bind to the analogous 
protein in the animal but also to produce a similar biological response in the 
human and in the animal. However, for some monoclonal antibodies that 
target tumor - associated antigens or virus (e.g., RSV) there will be no biological 
assay to show bioactivity between human and animal. 

 Because of the limited safety information provided by the chimpanzee 
studies and the in vitro human tissue cross - reactivity study, the need to develop 
an alternate strategy to evaluate safety for the human/chimpanzee specifi c 
monoclonal antibodies was appreciated. The ICH S6 guidance document for 
the preclinical safety testing of biotechnology - derived pharmaceuticals 
includes a provision for using a surrogate monoclonal antibody in such cases 
 [9] . In both the infl iximab and efalizumab examples anti - murine monoclonal 
antibodies were developed that could be tested in the mouse  [12,13] . With 
these surrogate molecules chronic toxicity studies as well as reproductive 
toxicity studies were conducted. However, even though the monoclonal anti-
body being tested in these studies was not the same monoclonal antibody that 
was being evaluated in clinical trials, this alternate approach is considered to 
be acceptable. The preclinical safety program for infl iximab was initiated 
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before the issuance of the ICH S6 guidance document, and consequently some 
studies, now considered to be unnecessary, were conducted with infl iximab. 
For example, gentoxicity studies are now considered not to be appropriate for 
biopharmaceuticals and studies in biologically nonrelevant species are not 
considered to be appropriate. The only example where studies in a nonrelevant 
species may be appropriate is where similar nontarget binding of the mono-
clonal antibody is demonstrated to human tissues and to tissues in a biologi-
cally nonrelevant species. 

 Omalizumab and adalimumab are examples of monoclonal antibodies, 
developed for chronic non – life - threatening indication, that showed cross - reac-
tivity to cynomolgus macaques as well as to humans. This broader species 
cross - reactivity allowed for a more thorough preclinical safety evaluation of 
the human monoclonal antibody developed for human use in the cynomolgus 
macaque. In the case of omalizumab, fertility studies and   developmental tox-
icitiy studies were conducted in macaques in addition to the chronic toxicity 
studies. For adalimumab, no reproductive and developmental toxicity studies 
were conducted. The value of conducting fertility and developmental studies 
in macaques with monoclonal antibodies is described in Chapter    17 . 

 The last example shown in Table  26.5  is palivizumab, a monoclonal antibody 
against an antigen expressed on a virus (RSV). Since this antigen does not 
exists in any animal species, including humans, all toxicology species are con-
sidered equally nonrelevant. The only relevant species is one that is infected 
with the virus. This example provides an interesting case where animal disease 
models could be considered more relevant than normal animals. Nevertheless, 
for palivizumab single - dose acute toxicity studies were performed in rats, 
rabbits, and macaques.  

26.8 FUTURE OF ANTIBODY DEVELOPMENT 

 Recombinant DNA technologies can be used to manipulate monoclonal anti-
body sequences to produce monoclonal antibodies with improved properties, 
such as higher affi nity, increased functional activity, and reduced immunoge-
nicity for in vivo applications. Human sequence antibodies from transgenic 
mice, phage display, ribosome display, yeast display libraries, monoclonal 
antibody fragments, single - chain Fv, single - domain fragments, diabodies, mini-
bodies (scFv fused to CH3 domain of mAbs), bispecifi c and multivalent   mAb 
toxin - conjugates, and immunocytokines  [2] . It is now possible to engineer 
monoclonal antibodies to have desired properties such as optimal serum half -
 life, reduced immunogenicity, and reduced or enhanced ADCC and CDC 
activities. It is also possible to engineer some monoclonal antibodies that will 
cross - react with multiple species, including rodents. The development of these 
monoclonal antibodies could allow more extensive toxicology evaluation than 
could be conducted with the species restricted monoclonal antibodies, assum-
ing they are not immunogenic in the animals.  
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26.9 SUMMARY

 Monoclonal antibodies have proved to be value therapeutic and diagnostic 
agents. In general, the clinical safety of monoclonal antibodies has been good. 
The high degree of specifi city of monoclonal antibodies for their targets has 
contributed to the high success rate in the clinic. However, their high degree 
of specifi city has also restricted the nonclinical safety testing that can be con-
ducted with these molecules. The nonclinical development programs for 
monoclonal antibodies have been developed on a case - by - case basis depend-
ing on the clinical indication, the intended clinical use, and an understanding 
of the biology of the targeted antigen. In the future the advancement in mono-
clonal antibody technology may lead to monoclonal antibodies that do not 
behave like natural antibodies and may be less species restricted. In these 
cases the nonclinical safety testing may differ from that of the currently 
approved monoclonal antibodies.  
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27.1 INTRODUCTION

 A number of immunomodulatory biopharmaceuticals (IMBPs)  , such as pep-
tides, recombinant proteins, soluble receptors, and monoclonal antibodies, 
have been approved or are currently in development to treat chronic infl am-
matory diseases. These agents may be administered daily or, if long - acting, 
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intermittently. For IMBP, two immunologic characteristics are important: (1) 
immunogenicity due to the response to a foreign protein and (2) the intended 
pharmacologic effects. These two properties may interact and facilitate achiev-
ing adequate exposure in toxicity studies. That is, the higher doses employed 
in toxicity studies may result in suppressed immunogenicity and thus possibly 
revealing clinically relevant, immunosuppressant activity or dose correlates 
 [1] . Special issues or concerns following chronic treatment with IMBPs   include 
the potential for immune impairment leading to opportunistic infections and/
or lymphoproliferative disorders  [2] . As is true for conventional pharmaceu-
ticals, in addition to duration of therapy, the cause for concern for tumorigenic-
ity (malignancy) may be heightened based on knowledge and plausibility of 
the mechanism of drug action, especially if an IMBP is administered with 
overtly immunosuppressive drugs. However, despite years of experience with 
testing environmental contaminants, food additives, and pharmaceuticals, pre-
dicting and quantitating an increased risk of neoplasia in patients receiving 
therapeutic doses of IMBPs remains a daunting task. Moreover, because the 
risk of neoplasia is a multifactorial issue, no  “ one size fi ts all ”  approach is likely 
to have much value. 

 The discussion in this chapter will focus on well - characterized, high - purity 
protein biopharmaceuticals derived from conventional recombinant expres-
sion systems that modulate immune function. Specifi cally, the points we raise 
are relevant to monoclonal antibodies, fusion proteins, and soluble receptors 
directed toward cytokines, cells, and receptors that regulate immune function. 
Also the discussion will include biopharmaceuticals that downmodulate 
immune function (e.g., a monoclonal antibody that neutralize a cytokine) or 
the  “ naked ”  antibody intended to selectively eliminate a specifi c immune cell 
population (e.g., an anti - CD4 antibody), that is,  “ naked ”  as the term is used to 
discriminate among nonconjugated antibodies and immunotoxins or radioim-
munotherapeutics. Excluded from consideration will be biopharmaceuticals 
that cause sustained, polyclonal expansion of lymphoid cells, express growth 
factor - like effects on non - immune cells, or bear chemical modifi cations that 
can introduce genotoxic moieties. Nevertheless, our discussion will be germane 
to monoclonal antibodies that are intended to direct an immune response 
toward a non - immune cellular target, such as a tumor antigen. As with most 
issues concerning the safety of biopharmaceuticals, for any specifi c agent a 
science - driven, case - by - case approach that is consistent with the principles set 
forth in ICH S6 and is developed in the context of our growing experience 
with biopharmaceuticals in general and our knowledge base on that specifi c 
biopharmaceutical will be required for a proper risk assessment. 

 Implicit to our recommendation for IMBPs is   that viral expression system 
derived DNA or excipient derived contaminant carcinogens are no longer an 
issue. Although, for example, host cell DNA can be a risk factor for neoplasia 
 [3] , the current stringent biochemical characterization, purifi cation, and virus 
inactivation steps taken with all well - characterized biopharmaceuticals ade-
quately mitigate any potential risk from these sources.  



27.2 CLINICAL EXPERIENCE WITH IMMUNOSUPPRESSIVE AGENTS 
AND IMBP

 It is well understood that cancer is no single disease. Each cell or tissue of 
origin likely has its own cause of neoplasia and, in turn, expresses a different 
disease. What is relevant for one tumor type, such as breast cancer, may have 
little relevance for another, such as lymphoma. Similarly not all agents that 
increase the risk of neoplasia are likely to act through the same mechanism 
or cause the same tumors. To set the stage for discussing predicting risk of 
neoplasia for patients receiving IMBPs  , we should understand what neoplasms 
are relevant for those patients. Because clinical data on IMBPs are limited, to 
do this, we will turn to the more extensive data on small - molecule pharma-
ceuticals (xenobiotics). 

 For a number of overt,  “ broad spectrum ”  immunosuppressive xenobiotics 
(e.g., azathioprine) there is suffi cient clinical experience to indicate the types 
of neoplasms for which there is an increased risk. These tumor types are listed 
in Table  27.1 . Also listed are the tumors that occur in the unfortunate  “ experi-
ment of nature, ”  namely patients infected with human immunodefi ciency virus 
type 1 (HIV - 1) and the tumors that may occur at higher incidence with more 
selective yet strong immunosuppressants (e.g., cyclosporin, sirolimus, and 
tacrolimus). Compared to the broad spectrum immunosuppressive agents 
listed above, most IMBPs express a highly selective regulatory infl uence on 
the immune system; modulating the activity of host defense systems rather 
than mediating frank immunosuppression.   

 As shown by Table  27.1 , the list of tumor types relevant to immunosuppres-
sion is surprisingly short. Although there are isolated case reports of a number 
of other tumor types, such as lung cancer  [4,5] , in patients receiving broad 
spectrum immunosuppressive therapies or in HIV - infected patients, the tumor 
types listed in Table  27.1  account for the vast majority of neoplasms associated 
with immunosuppression and IMBPs. Notably the major tumor types affl icting 
humans — colon, breast, and prostate — are not included because, as will become 
clear from our discussion,   the increased risk of neoplasia posed by immunosup-
pression and especially IMBPs cannot be generalizabled to all neoplasms. The 
strategy we adopt for hazard identifi cation and risk assessment for IMBPs 
therefore does not address the increased incidence of all possible tumor types. 
For all tumor types listed either as viral or radiation based in their etiology 
(Table  27.2 ), the strategy we adopt for hazard identifi cation and risk assessment 
for IMBPs will not address the potential mechanisms of carcinogenesis.    

27.3 IMMUNOMODULATORY BIOPHARMACEUTICALS ARE 
UNLIKELY TO BE COMPLETE CARCINOGENS 

 As noted above, the increased risk of neoplasia due to immunosuppression 
or IMBPs is limited to tumor types where a defi ned viral or radiation - based 

IMMUNOMODULATORY BIOPHARMACEUTICALS ARE UNLIKELY 603
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process is at play. Because these processes are suffi cient to cause neoplasia 
and so tumors can occur without immunosuppression, it is evident that 
immunosuppression, per se, is neither necessary nor suffi cient to be carci-
nogenic. Were this not so, immunosuppression would be expected to be 
associated with a wider variety of tumor cell types and a wider variety of 
sites of origin. Moreover, if immunosuppression or imune modulation were 
carcinogenic, one would expect a higher incidence of tumors. For example, 
some of the constituents of tobacco smoke are well - recognized carcinogens. 
In a recent study of 8622 smokers of more than 30 cigarettes a day, the 
incidence of lung cancer in was 3.4%  [6] . In contrast, the incidence of squa-
mous cell cancer of the head and neck in a series of 1515 liver transplant 
patients receiving potent immunosuppressive treatment was only 0.86%  [7] . 
Similarly the incidence of nonmelanoma skin cancer in a series of 15,789 
rheumatoid arthritics receiving prednisone or TNF inhibitors was only 
0.02%  [8] . 

 Finally, several of the diseases likely to be treated with IMBPs are associ-
ated with an increased incidence of the tumor types whose incidence is 
increased by immunosuppression even in the absence of immunosuppression. 
For example, studies of arthritis  [9]  and polymyalgia rheumatica/giant cell 
arteritis  [10]  found an increased incidence of lymphoma over population con-
trols but failed to fi nd evidence of an increased risk with immunosuppressive 
therapy. Taken together, these fi ndings suggest that IMBPs are unlikely to be 
complete carcinogens, so we need to look to other steps in carcinogenesis 
where they may act.  

 TABLE 27.2    Carcinogenic mechanisms for the neoplasms relevant to IMBPs 

  Carcinogen  
  Putative Mechanism of 

Carcinogenesis    Reference  

  Epstein – Barr virus (EBV)    Expression of EBV nuclear 
antigens 1 – 6  

  Li and Minarovits 
 [61]   

  Human T cell leukemia 
virus - I (HTLV - I)  

  p40 Tax - mediated transcription 
of viral promoter, deregulation 
of cell cycle and genomic 
instability

  Mahieux and 
Gessain  [62]   

  Human herpes virus 8 
(HHV - 8)

  Activation of oncogenes and 
expression of a virally 
encoded VEGF receptor  

  Flaitz and Hicks  [63]   

  Human papilloma viruses    Genomic instability due to E6/
E7 oncogenes 

  Snijders et al.  [64]   

  Hepatitis virus B and C    Activation of oncogenes and 
suppression of growth control 

  Feitelson  [65]   

  Ultraviolet radiation    DNA damage    Bachelor and 
Bowden  [17]   

IMMUNOMODULATORY BIOPHARMACEUTICALS ARE UNLIKELY 605
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27.4 IMMUNOMODULATORY BIOPHARMACEUTICALS ARE 
UNLIKELY TO BE CONVENTIONAL TUMOR PROMOTERS 

 Carcinogenesis can be considered in three steps: initiation, promotion, and 
progression  [11] . In this model, initiation is believed to be the result of heritable 
changes (mutations) in the genome of a cell. Initiators (or their metabolites) 
must gain access to the genome and through chemical or radiochemical interac-
tions with DNA result in mutations. This is exemplifi ed by the classic  “ complete ”  
carcinogens, such as 3 - methylcholanthrene, and it is also probably the case with 
azathioprine as this potent immunosuppressant has been shown to be genotoxic 
 [12] . Because IMBPs are non - DNA reactive proteins of generally greater than 
30,000   kDa molecular weight, there is no evidence that they can gain access to 
the genome to interact with DNA. Moreover the metabolites of IMBPs are 
oligopeptides and ordinary amino acids, and they are thus very unlikely to be 
initiators. In sum, it is unlikely that IMBP act at tumor initiators. 

 In the process of neoplastic transformation, it is considered unlikely that a 
single mutation can result in the multiplicity of phenotypic changes associated 
with malignancy  [13,14] . For full malignant transformation to occur, a cell must 
survive in its native milieu, accumulate a number of mutations, and expand its 
numbers as a nascent neoplastic clone. At this stage the nascent clone can be 
considered neoplastic, but it is not yet malignant. For a malignancy to occur, 
the nascent clone must continue to accumulate transformed phenotypes so as 
to include the ability to invade, disseminate, and escape destruction outside its 
native milieu (i.e., in the interstitial space, the lymphatic system, or the blood 
stream). Collectively these steps can be considered as tumor promoting. 

 In the classic model of initiation and promotion, conventional tumor pro-
moters (CTP) inhibit the intracellular mechanisms that can eliminate the 
nascent clone, facilitate accumulation of the mutations necessary for full 
malignant transformation, or disrupt intercellular signaling  [15] . A classic 
example of a CTP is 12 -  O  - tetradecanoylphorbol - 13 - acetate (TPA, also referred 
to as phorbol myristate acetate, PMA). The mechanisms proposed for CTP 
that are relevant for the tumor types associated with immunosuppression, such 
as nonmelanoma skin tumors and lymphomas, are listed in Table  27.3 . The 
table is limited to mechanisms of promotion and does not include tumor initia-
tion mechanisms, namely those that directly or indirectly damage DNA (e.g., 
free radicals mediated by metabolism of ethanol)  [16]  or are mechanisms of 
neovasularization (e.g., angiogenesis in response to UV - A and B)  [17] . The 
table also excludes mechanisms of CTP that have only been studied in the 
context of irrelevant tumors, such as TCDD in hepatocarcinogenesis  [18] .   

 As shown in Table  27.3 , the mechanisms for CTP believed to be relevant 
in skin tumors and lymphomas act on the initiated cell, and notably, there are 
fi ve mediated within the cytoplasm. These mechanisms are unlikely to be rel-
evant to IMBPs because, as proteins, IMBPs (or their oligopeptide metabo-
lites) cannot gain access to DNA in the nucleus. The remaining putative 
mechanisms of CTP — disruption of gap junctions, activation of protein kinase 



C, and infl ammation — can be mediated from the cell surface. However, as 
highly selective downregulators of the immune function, IMBPs are unlikely 
to mediate tumor promotion via these mechanisms.  

27.5 IMMUNOMODULATORY BIOPHARMACEUTICALS AS ATYPICAL 
TUMOR PROMOTERS 

 In an alternate form of tumor promotion, referred to as atypical tumor pro-
moters (ATPs), elimination of the nascent clones may be blocked by inhibiting 
apoptosis  [19] , by failure to eliminate nascent transformed cells, or by failure 
to control an active infection (or activation of a latent viral infection  [20] ) of 
a carcinogenic virus. Host defense mechanisms are primarily responsible for 
regulating extrinsic apoptosis, cytotoxicity, and control of viral infections. If an 
IMBP were to mediate tumor promotion, it would be acting through such a 
mechanism. 

 There are a number of host defense effector mechanisms, both humoral and 
cellular, that, when inhibited, have the potential to mediate atypical tumor 
promotion. These are listed in Table  27.4 . As shown in the table, essentially all 
the effector cells of the immune system, with the exception of granulocytes, 
have the potential to eliminate nascent transformed cells or infl uence the 

 TABLE 27.3    Mechanisms of conventional tumor promotion in neoplasms relevant 
to IMBPs 

  Putative Mechanism of 
Promotion    Tumor Type    Site of Action    Reference  

  Inhibition of protein 
phosphatases

  Skin tumors    Cytoplasm    Slaga et al.  [15]   

  Hypermethylation of 
tumor suppressor 
genes

  Skin and 
lymphoma

  Cytoplasm    Van Doorn et al.  [66] , 
Pini et al.  [67]   

  Loss of pRb tumor 
suppressor activity 

  Skin and 
lymphoma

  Cytoplasm    Flaitz and Hicks  [63]   

  Loss of p53 tumor 
suppressor activity 

  Lymphoma    Cytoplasm    Fesus et al.  [68]   

  Hypomethylation of 
genomic DNA  

  Skin and 
lymphoma

  Cytoplasm    Bachman et al.  [69] , 
Pini et al.  [67]   

  Loss of gap junction 
mediated intercellular 
communication

  Skin tumors    Cytoplasm or 
cell surface 

  Trosko and Tai  [11]   

  Activation of protein 
kinase C 

  Skin tumors    Cytoplasm or 
cell surface 

  Slaga et al.  [15]   

  Hyperplasia secondary 
to infl ammation  

  Skin tumors    Cytoplasm or 
cell surface 

  Marks et al.  [70] , 
Bachelor and 
Bowden  [17]   
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 TABLE 27.4    Host defense effectors where inhibition by biopharmaceutical may 
mediate atypical tumor promotion 

  Defense Mechanism 
  Putative Mechanism of Atypical 

Tumor Promotion    Reference  

  Natural killer cells    Failure to control virus infection. 
 Failure to eliminate nascent 

transformed cells and clones in 
situ. Failure to eliminate cells in 
lymphatics and in blood stream 

  Barao and Ascensao  [71]   

  Macrophages    Failure to control virus infection. 
 Failure to eliminate nascent 

transformed cells and clones in 
situ. Failure to eliminate nascent 
colonization. 

  Salek - Ardakani et al. 
 [72] , Andreesen et al. 
 [73]   

  B lymphocytes    Failure to control virus infection. 
 Failure to present tumor or viral -

 antigens to T cells.  

  Capello et al.  [74]  
 Guinana et al.  [75]   

  Dendritic cells    Failure to control virus infection. 
 Failure to present tumor or viral 

antigens to T cells.  

  Lund et al.  [76] , Qu et al. 
 [77]   

  T lymphocytes    Failure to control virus infection. 
 Failure to eliminate virally 

infected cells. Failure to 
eliminate nascent transformed 
cells and clones in situ. Failure 
to eliminate cells in lymphatics. 

 Failure to eliminate nascent 
colonization. 

  Maini et al.  [78] , Yu and 
Fu  [79]   

  Lymphokines    Failure to control virus infection. 
 Failure to mediate extrinsic 

apoptosis. 
 Failure to mediate cytotoxicity.  

  See Table  27.5   

course of viral infections. Thus IMBPs directed toward the effector cells have 
the potential to act as ATPs. The role of granulocytes in eliminating tumor 
cells is more controversial. Although there is some work that suggests that 
granulocytes can kill tumor cells  [21] , there is also work that suggests that 
granulocytes (via production of free radicals) can act as tumor initiators or 
promoters  [22] .   

 Cytokines and interleukins are proteins produced by a variety of immune 
and non - immune cells that bind receptors on their target cells and elicit a 
variety of responses. As of 2008, 35 interleukins have been described  [23] .   The 
principle source of interleukins are immune cells (macrophages and lympho-
cytes), but they are also produced by a number of immune cells, e.g., Interleu-
kin - 6 (IL - 6)   in a variety of cell types  [24] , and they are sometimes referred to 
by the more general term cytokines. Cytokines, because of their ability to 
affect the activity of a large number of cells and cell types, can amplify an 



immune response, and thus they may play a central role in host defense against 
neoplasia. Antitumor activity has been ascribed to a majority of cytokines 
(Table  27.5 ). Antitumor activity can be either direct (e.g., IL - 29 inducing apop-
tosis of tumor cells  [25] ) or indirect (e.g., by activating cytotoxic immune cells 
or by IL - 2 activating cytotoxic T cells  [26] ). Thus IMBPs directed toward 
cytokines by anticytokine monoclonal antibodies or soluble receptors have the 
potential to act as ATPs.    

27.6 IMMUNOMODULATORY BIOPHARMACEUTICALS 
AS POTENTIAL TUMOR PROGRESSORS 

 To be clinically signifi cant, the nascent transformed clone(s) must not only 
survive but grow locally (so as to damage or destroy the adjacent normal 
tissue) or disseminate and grow at distant sites as metastases. These steps can 
be considered tumor progression  [11] . At the cellular level the mechanisms by 
which host defense can inhibit the ability of a malignant clone to grow locally 
or colonize a distant site have already been described in Table  27.4 . An addi-
tional step in tumor progression is the ability to call up a new blood supply 

 TABLE 27.5    Lymphokines/cytokines with antitumor 
activity whose inhibition may mediate atypical tumor 
promotion

  Cytokine    Reference  

  Tumor necrosis factor -  α   Hori et al.  [80]   
  Defensins    Kagan et al.  [81]   
  Interferons    Brandacher et al.  [82]  

Rees  [83] 
Chada et al.  [84]   

  CXC and C - C chemokinesIP - 10, 
MCP - 3, MIG and SDF - 1 α )  

  Chada et al.  [84]   

  IL - 1 α  and  β   Veltri and Smith  [85]   
  IL - 2    Kuhn and Dou  [26]   
  IL - 3    Hansen  [86]   
  IL - 4    Maini et al.  [87]   
  IL - 6    Maini et al.  [87]  

 Kurebayashi  [88]   
  IL - 7    Appasamy  [89]   
  IL - 12    Chada et al.  [84]   
  IL18    Pages et al.  [90]   
  IL - 21    Roda et al.  [91]   
  IL - 23    Oniki et al.  [92]   
  IL - 24    Chada et al.  [84]   
  IL - 27    Oniki et al.  [92]   
  IL - 28  α  and  β   Zitzmann et al.  [25]   
  IL - 29    Zitzmann et al.  [25]   
  IL - 32    Goda et al.  [93]   
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(angiogenesis). Without angiogenesis, although a neoplastic clone may survive 
and even expand as a diffuse cellular infi ltrate, metastasis as discrete space 
occupying or tissue destructive lesions cannot occur  [27] . In this context host 
defense mechanisms can be a double - edged sword, and in contrast to their 
conventional role in inhibiting tumor growth, some can act as tumor progres-
sors. In this case inhibition of host defense may have a paradoxical benefi cial 
effect. These are listed in Table  27.6 .    

27.7 CRITICAL REVIEW OF MODEL SYSTEMS FOR IDENTIFICATION 
AND CHARACTERIZATION OF ATYPICAL PROMOTERS AND 
TUMOR PROGRESSORS 

 As mentioned above, the mechanisms by which IMBPs are likely to act as atypi-
cal tumor promoters are all centered on their desired, albeit exaggerated, 

 TABLE 27.6    Host defense effector mechanisms whose inhibition may inhibit 
tumor promotion and/or progression 

  Antibodies against Host 
Defense Effector 

  Potential Effect of 
Inhibition on Tumor 
Progressor Activity    Reference  

  Anti - TNF α   Down regulation of tumor -
 promoting genes 

  Devoogdt et al.  [94]   

  Anti - IL - 4    Shift Th1/Th2 balance 
favoring tumor immunity 

  Becker  [95]   

  Anti - IL - 6    Shift Th1/Th2 balance 
favoring tumor immunity 

  Becker  [95]   

  Anti - IL - 8    Inhibition of angiogenesis    Melnikova and Bar - Eli 
 [96]   

  Anti - IL - 10    Shift Th1/Th2 balance 
favoring tumor immunity 

  Frumento et al.  [97]   

  Anti - IL - 26    Inhibition of activation of 
STAT 1 and 3 in tumor 
cells

  Hor et al.  [98]   

  Anti - IL - 31    Inhibition of Jak1, Jak2, 
STAT1,  − 3,  − 5 Pi3 
signaling pathways in 
tumor cells 

  Diveu et al.  [99]   

  Anti - regulatory T cells 
(e.g., anti - CD25)  

  Shift Th1/Th2 balance 
favoring tumor immunity 

  Frumento et al.  [97]   

  Anti - cytotoxic T cell 
antigen - 4 (CTLA - 4) 
antibodies

  Rejection of established 
tumors and enhanced 
tumor immunity in mice 

  Leach et al.  [100]   

  Anti - B cell antibodies    Decrease in tumor -
 promoting IgGs 

  Barbera - Guillem et al. 
 [101]   
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pharmacology. Put another way, if IMBPs are acting as tumor promoters, it is 
likely due to a  “ toxic ”  effect on the immune system, meaning immunotoxicity. 
There are numerous approaches to the study of immunotoxicity, but it is beyond 
the scope of this chapter to discuss the pros and cons of the various purely 
mechanistic approaches to the study of IMBP as putative tumor promoters. The 
reader is therefore directed to Chapter  16 , which reviews immunotoxicity for 
treatment of in vitro model systems that can be used to identify and characterize 
the specifi c pharmacology of IMBPs that can lead to tumor promotion.   Here 
the discussion will focus on systems that directly address tumor promotion. 

27.7.1 In vitro Mechanism -Based Systems 

 As shown in Table  27.7 , a variety of in vitro systems have been used to study 
both CTP and ATP (in some cases the target of an IMBP has been studied 
and not the IMBP). One of the principal advantages for all these systems is 
that they can utilize human cells. (It should be noted that not all the systems 
cited in Table  27.7  use human cells, but likely depend on the  “ equivalent ”  non-
human systems.)   It is widely accepted (and codifi ed in ICH6) that to have 
scientifi c relevance and meaning, the test article (in this case the IMBP) must 
be pharmacologically active in the test system. As reviewed by Green and 
Black  [1] , most IMBPs directed toward human targets are inactive in rodent 
systems. For this reason IMBPs are tested in vivo almost exclusively in nonhu-
man primates. Thus the IMBPs in development can be tested in the systems 
like those listed in Table  27.7 , and there is no need for a homologous (also 
sometimes referred to  “ analogous ”  or  “ surrogate ” ) IMBPs. (The issues with 
surrogate systems will be discussed below.)   

 The principal disadvantage of the systems listed in Table  27.7  is due to their 
very sophistication: they test for effects on a specifi c gene or phenotype, and 
generally do not test multiple mechanisms simultaneously. This concern could 
be partially mitigated by conducting a battery of such tests. However, because 
of the multiplicity of mechanisms involved in tumor promotion and progres-
sion, it is unlikely that an adequate battery of tests would be practical to design 
and validate to fully defi ne the potential hazard posed by a specifi c IMBP. 
Another disadvantage inherent to the types of tests listed in Table  27.7  is the 
diffi culty in translating the hazard identifi ed by in vitro fi ndings into a risk 
assessment for patients receiving therapeutic doses of an IMBP. No conceiv-
able in vitro system could ever replicate the complexity of the intact immune 
network or the infl uences of pharmacokinetics. Thus, while in vitro approaches 
can identify and partially characterize the hazard posed by IMBPs, they have 
limited value in the fi nal risk assessment for patients.  

27.7.2 In vivo Systems 

 A number of in vivo systems have been used to evaluate CTP and ATP. 
These are listed in Tables  27.8, 27.9 , and  27.10 . The lists, although largely 
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complete in terms of model systems, are only exemplary and are not intended 
to be an exhaustive review of the entire literature on CTP or ATP in such 
systems.       

 Listed in Table  27.8  are what can be termed mechanistic approaches. Genetic 
defect and knockout mice where the gene or gene product has been shown to 
be involved in carcinogenesis (e.g., p53 heterozygous knockout mice) have 
been used rather extensively with complete carcinogens and some CTP, and 
these systems show some promise for replacing the standard two - year bioassay 
in mice  [28] . Use of mice has,   however, received much less attention for tumor 
promoters, and we have found no examples for use of mice genetically defi -
cient in a gene shown to be involved in carcinogenesis with IMBP. In part, this 
observation likely refl ects the lack of cross - reactivity of most IMBPs with 
murine targets due to species specifi city. 

 In another form, the gene defect or knockout is directed toward immune 
cells or cytokines that are the targets for IMBPs. What are now classic exam-
ples are CD4 defi cient  “ nude ”  mice, and severe combined immunodefi cient 
SCID mice  [29] . These systems have been shown to reveal the roles that 
various cells and cytokines may play in neoplasia and are thus proving to be 
an invaluable research tool. For hazard identifi cation for IMBP, such systems 
can provide an important  “ proof of concept ”  that the target of the IMBP may 
play a role in emergence of spontaneous neoplasms. However, because there 
is no treatment per se, there can be no  “ dose response, ”  and because the defi cit 
is present throughout development and life, its   role in risk assessment is cur-
rently limited. In the future, as technology advances and conditional knockouts 
where the gene product is downregulated in a controlled fashion become 
available, this situation will likely change. Although phenotype issues in KO 
mice may suggest potential toxicology issues, they often don ’ t predict in vivo 
toxicity. In addition to the gene of interest, the phenotype of KO mice is infl u-
enced by traits that are unique to the background strain and by unpredictable 
interactions arising from strain - specifi c traits and elimination of the gene of 
interest that can lead to unexpected results. Even when high doses of an anti-
cytokine monoclonal antibody (mAb) are administered, drug properties of 
disposition, pharmacodynamics, and pharmacokinetics are essential determi-
nants of toxicity that cannot be evaluated in KO mice. 

 The remaining models listed in Table  27.8  are not measures of tumorigen-
esis but rather measures of host defense against neoplasia and/or tumor pro-
gression. The principal advantage of these systems is that they are in vivo 
models and, if they utilize murine cells, can be run in intact mice. The principal 
disadvantages are similar to those described for the in vitro systems listed in 
Table  27.7 . Additionally, and of great importance, these systems are rodent 
based and no nonhuman primate form of the assay has been defi ned. Because 
most IMBPs are human or primate specifi c, most murine models cannot be 
run in a meaningful fashion with the actual IMBP, and a murine homologue 
(analogue) IMBP must be used. As will be discuss below, the reliance on sur-
rogate IMBPs limits the usefulness of such systems. 
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 Occasionally, however, the actual IMBP will be active in a murine system. 
Abatacept, a soluble fusion protein that consists of the extracellular domain 
of human cytotoxic T lymphocyte - associated antigen 4 (CTLA - 4) linked to 
the modifi ed Fc (hinge, CH2, and CH3 domains) portion of human immuno-
globulin G1 (IgG1), is a unique example of a IMBP that was evaluated in a 
standard two - year carcinogenicity studies  [30] . Unlike most IMBPs, abatacept 
is pharmacologically active in mice. In a mouse carcinogenicity study, following 
weekly subcutaneous injections of 20, 65, or 200   mg/kg of abatacept for up to 
84 and 88 weeks in males and females, abatacept   was associated with increases 
in the incidence of malignant lymphomas (at all doses) and mammary gland 
tumors in females at doses ≥ 65   mg/kg. Importantly, the mice from this study 
were infected with murine leukemia and mouse mammary tumor viruses, 
which increase incidence of lymphomas and mammary gland tumors, respec-
tively, in immunosuppressed mice. Although in the cumulative abatacept clini-
cal trials the rate observed for lymphoma is approximately 3.5 - fold higher than 
expected in an age -  and gender - matched general population, the RA popula-
tion is known to have overall a higher incidence of lymphoma than the general 
population. Thus the relevance of the carcinogenicity fi ndings to the clinical 
observation of increased lymphoma in patients receiving abatacept is 
unknown. 

 An other notable example is the work described by Herzyk et al.  [31]  where 
the effects of a Primatized ®  antihuman CD4 monoclonal antibody on experi-
mental metastases with B16 melanoma cells was studied, and an increase in 
the number of lung colonies was found. Enabling this work, a murine CD4 
knockout mouse reconstituted with human CD4 had been described in the 
literature and was available for license by the sponsor  [32] . Moreover, in these 
mice, murine CD4 was faithfully replaced on T cells by human CD4, and the 
human protein mediated its physiologic function as an accessory binding 
protein in cellular and humoral immunity. 

 The work by Herzyk et al.  [31] , however, appears to be unique. To 
date, there have been no other reports of a human knock - in system being 
used in risk assessment of neoplasia, and similarly the literature on the use of 
tumor immunization/rejection models to evaluate the effects on IMBP on 
neoplasia is very scant. Because of the paucity of data, and because the anti -
 CD4 antibody studied by Herzyk et al. was never marketed and thus never 
used widely in patients, it is currently impossible to judge the predictive power 
of these systems for an increased risk of neoplasia in patients receiving 
IMBPs. 

 If a homologue IMBP must be used, a number of issues need to be addressed 
prior to embarking on studies to support registration. Some of these are listed 
in Table  27.9 . And, while most of these issues will not be insurmountable, 
addressing them will not be trivial and will take signifi cant time and effort. 
Moreover in some cases it may not be practical to conduct studies with homo-
logue IMBP that comply with good laboratory practices. Given these issues, 
and the limited relevance of data from homologous systems to patients 
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receiving therapeutic doses of an IMBP, the value of homologous systems is 
questionable. 

 Listed in Table  27.10  are the standard approaches to evaluating the carci-
nogenic potential of chemicals. As shown in the table, there are examples of 
the use of these systems for CTP and cyclosporin and, in the case of the two -
 year bioassay, an IMBP (abatacept, a cytotoxic lymphocyte antigen - 4 (CTLA -
 4) - Ig fusion protein). Also as shown in the table, each model system has 
advantages and disadvantages. The primary drawback shared by these systems 
is that they rely on what can be referred to as  “ adventitious ”  or  “ environmen-
tal ”  initiation; that is, unlike the neoplasms clinically relevant to IMBPs where 
a viral or radiation initiator is likely, there is no defi ned tumor initiator. Issues 
with sometimes ill - defi ned background rates of tumorigenesis, irrelevant tumor 
sites, and strain and gender differences also pose very serious problems in 
experimental design and interpretation. In addition, as described by Hastings 
 [33] , rodents typically have been especially responsive to the pharmacologi-
cal/toxicological effects of immunosuppressants, making it diffi cult to conduct 
lifetime bioassays at doses reasonably equivalent to those that would be used 
clinically. Taken together, these issues make false negative fi ndings likely   (i.e., 
by failure to show that an IMBP is an ATP). When coupled with the specifi c 
disadvantages listed in Table  27.10 , the scientifi c rationale for the transgenic 
systems, neonatal mouse and two - year bioassay is quite poor. 

 Listed in Table  27.11  are a number of co - carcinogenesis models that have 
been used with CTP and in some cases APT. As with the models listed in 

 TABLE 27.9    Potential issues with the applicability of homologous IMBPs 

  Attribute    Potential Issue 

  Role of target in immune 
function

  Therapeutic target may not subserve the same 
function in rodents and humans.  

  Immunogenicity    Rodent homologue may be immunogenic in 
rodents.  

  Effi cacy    Epitope bound by the rodent homologue mAb may 
not express the same functional activity as the 
human IMBP.  

  Fc functionality    Rodent homologue may not express the same Fc 
functionality as the human IMBP.  

  Stability    Rodent homologue may not have suffi cient stability 
to allow testing.  

  Formulation    May be impossible to formulate the rodent 
homologue at a high enough concentration to 
allow testing.  

  Purity    May be impractical to produce the homologue with 
suffi cient purity to allow testing.  

  Infl uence of expression system    Glycosylation pattern of the homologue may not 
refl ect that of the human IMBP infl uencing 
exposure.  
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Table  27.8  and  27.9 , in most cases the human directed IMBP will not be active 
in a rodent test system and the use of a surrogate IMBP is required. As 
described above, this limits their relevance for most IMBPs. Moreover, although 
these systems may be likely to demonstrate the ATP activity of the homolo-
gous IMBP and thus demonstrating that a hazard exists, one is still faced with 
the diffi culty in extrapolating to humans exposed to the human virus (or rele-
vant dose of UV) and receiving therapeutic doses of the actual IMBP. Again, 
as with all rodent models, while hazard identifi cation may be more or less 
straightforward, risk assessment is likely to be problematic. An interesting 
example of testing the actual IMBP in primates is the fi nding that alphacept 
(an LFA - 3 - Fc fusion protein) leads to reactivitation of Epstein – Barr virus 
infection in primates, which ultimately leads to lymphomas. However, like the 
models listed in Table  27.10 , this was a serendipitous fi nding rather than the 
result of a deliberate experiment.     

27.8 CLASSIFICATION OF THE HAZARD POSED BY IMBP
AND RISK ASSESSMENT 

 In the preceding sections the case that IMBPs are associated with a limited 
range of neoplasms, that these neoplasms are by and large associated with a 
recognized tumor inititiator (i.e., viruses or ultraviolet radiation), that IMBPs 
are likely acting as atypical tumor promoters, rather than complete carcino-
gens, and that atypical tumor promotion is likely to be an inherent immuno-
toxicologic consequence of the intended pharmacologic activity of the IMBP 
has been laid out. What remains is how to evaluate the risk posed by IMBPs 
to patients and how that risk can be quantitated and communicated. 

 IMBPs intended for use in preventing allograft rejection in transplant 
patients or as disease modifi ers in rheumatoid arthritis or psoriasis are likely 
to be administered chronically. Thus it is normally expected that sponsors 
would have conducted   preclinical studies to determine the carcinogenic poten-
tial of candidate compounds. For small molecule pharmaceuticals, this would 
mean that rodent carcinogenicity bioassays would be performed under most 
circumstances. However, immunosuppressant drugs, in general, and IMBPs, in 
particular, present unique challenges with respect to the issue of carcinogeni-
city bioassays. 

 As described above, the pharmacological activity of IMBPs (even in the 
absence of genotoxic activity) may allow them to act as atypical tumor promot-
ers. Thus, even in the absence of confi rmatory standard rodent bioassay data, 
it can be assumed that this class of drug would pose an increased risk of neo-
plasia to patients receiving chronic dosing. As suggested by Hastings  [33]  and 
Cohen  [34] , rather than embarking on what would be a very expensive (in 
terms of both monetary and animal resources) and — given the nonvalidated 
nature of chronic testing of ATP and the probability of false negative or 
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    Figure 27.1     Decision matrix for evaluation and classifi cation of the hazard of IMBP 
acting as atypical tumor promoters.  
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spurious fi ndings — a possibly fruitless standard approach, alternative models 
might be more appropriate for risk assessment with this class of drug. 

 One such alternative approach is to stipulate that IMBPs pose a hazard, 
then to characterize the hazard experimentally by classifying the nature of the 
hazard, and fi nally, to make a risk assessment based on that classifi cation. A 
scheme for characterizing and classifying the hazard posed by IMBPs is shown 
in decision tree form in Figure  27.1 . It should be noted that the purpose of 
classifying the risk posed by IMBPs is not to diminish recognition of the 
hazard. As reviewed by Melnick et al.  [35]  and Perera  [36] , some  “ nongeno-
toxic carcinogens ”  are in fact genotoxic, some nongenotoxic pharmacologic 
activities can result in oxidative damage to DNA, and for receptor mediated 
effects, a threshold tumor response is not  “ inevitable. ”  Thus, a classifi cation 
approach may not be meaningful for all agents. Rather, the purpose is to 
ensure that the hazard is recognized and that the relative risk can be commu-
nicated to the physicians prescribing and the patients receiving IMBPs.   

 As seen in Figure  27.1 , the fi rst step in characterizing the hazard posed by 
an IMBPs is to determine the duration of its intended use. For short - term 
exposures, namely less than six months, in keeping with long - established 
guidelines, no further action is required. The next step is to determine if, based 
on its known pharmacologic activity, the agent in question fi ts the defi nition 



of an IMBP. If not, another decision matrix is required. This circumstance will 
not be discussed further in this chapter. 

 Having established that the agent is an IMBP that will be used for longer 
than six months, the next step is to evaluate the agent for suspicious structures 
or pharmacologic activity. This should include one or more in silico or  “ on 
paper ”  evaluations for known genotoxic or carcinogenic moieties  [37] , 
hormone - like effects  [38] , growth factor - like effects. If the agent has any of 
these characteristics, another decision matrix is then required. Again, this cir-
cumstance will not be discussed further in this chapter. However, for the vast 
majority of IMBPs, there will be no pharmacologic evidence of growth factor -
 like activity and no structural evidence of a genotoxic hazard. Thus there will 
be no scientifi c rationale for conducting genotoxicity testing on an IMBP. 

 The next step is to sort the IMBPs on the basis of their   intended pharma-
cologic effects. If an IMBP is broadly active against multiple cell types or 
inhibits the activity of multiple cytokines, it can be considered a  “ broad spec-
trum ”  IMBP. Although this is the case with some pharmaceuticals such as 
cyclosporin, it will likely be a rare fi nding with an IMBP. Should this circum-
stance arise, it is likely that the agent will be active in in vitro immune function 
assays. And, rather than conduct in vitro assays whose outcome is almost 
forgone, the agent should be tested in in vivo host defense assays. These could 
include a viral challenge model (e.g., murine gamma herpes virus 68 as described 
by Sunil - Chandra et al.  [39]  or an experimental metastases model as described 
by Herzyk et al.  [31] ). Data generated from knockout systems may also be 
useful at this juncture. It must be noted, however, that the conduct of such 
models is not a trivial undertaking, and in most cases reliance will have to be 
placed on surrogates with their inherent limitations (see above). That being 
said, in vivo host defense models can play a pivotal role in the fi nal classifi ca-
tion of the hazard and the risk assessment for an IMBP and the outcome of 
the host defense assays can be used in classifying the IMBP as class A or B. 

 For IMBPs with more narrowly defi ned mechanisms of pharmacologic 
action, be they directed toward immune effector cells or cytokines, in vitro 
immune function assays may be a useful intermediate step. In many cases in 
vitro assays can be conducted with human cells, avoiding the need for a sur-
rogate IMBP. Also, during the discovery phase for most IMBP some type of 
in vitro immune function assays will likely have been conducted. Moreover, 
for most drug targets a literature on the role of the target cell or cytokine in 
the immune function will likely exist. If in vitro data relevant to host defense 
already exists, and the IMBP or its target is known to modulate functions 
important in host defense, there is little rational for repeating in vitro assays, 
and one can go directly to in vivo host defense assays. It is expected that this 
would be the usual case, and depending on the outcome of the host defense 
assays, the IMBP would be assigned to class A or B. 

 Under more unusual circumstances an IMBP, when tested in a limited 
number of in vitro assays, would fail to show evidence that it can adversely 
affect host defense against neoplasia. These circumstances may pose a dilemma. 
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How much in vitro testing would be required to assign an IMBP to class C or 
D? There is likely no simple answer to this question. It may be answered on 
a case - by - case basis, as determined by the nature of the target for the IMBP 
and its intended clinical use. Alternatively, it may be more practical to go 
directly to in vivo host defense assays and assign the IMBP to class A or B. 

 Having classifi ed the IMBP based on its effects on immune function, the 
next and fi nal step would be to make a risk assessment and to communicate 
the risk to physicians and to the patients receiving therapeutic doses of 
the IMBP. This can be accomplished through the existing mechanisms of the 
Investigator ’ s Brochure, Informed Consent documents, and ultimately, the 
product label.  

27.9 CONCLUSIONS

 In conclusion, IMBPs by virtue of their intended pharmacologic activity may 
act as atypical tumor promoters and thus pose a hazard for developing certain 
tumor types, especially lymphomas and skin cancer. Although conducting 
preclinical studies to identify this hazard is more or less straightforward, deter-
mining the relative risk to patients is and is likely to remain problematic. Tra-
ditional approaches that are used with pharmaceuticals are unlikely to be of 
much value. One alternative option may be to classify and label IMBPs based 
on their mechanism of action, for example, IMBPs that have an expected 
potential for increasing infection or lymphoproliferative disorders. This state-
ment of the potential consequences would not be supported by lifetime animal 
data. One could also consider defi ning relative immunomodulation/immune 
suppression based on results of immunotoxicity assays. A product class label 
could later be defi ned based on a better understanding of the mechanism of 
action of the particular product and/or human data. In any event, the need for 
a prospective pharmacovigilance program to monitor carcinogenic risk is 
imperative for the clinical development program of IMBPs, including subse-
quent postmarketing   commitments for products, especially if no animal studies 
can be performed.  
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28.1 INTRODUCTION

 A number and variety of conjugated peptides/proteins are currently being 
developed as potential therapeutic agents. The objective of this chapter is to 
discuss some of the key issues that contribute to the design of the preclinical 
safety assessment program for an emerging group of biopharmaceuticals that 
we have designated as protein scaffold therapeutics. These new compounds 
are diverse and include several different protein scaffolds such as monoclonal 
antibodies, transferrin, and albumin. Small pharmacologically active molecules 
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(i.e., pharmacophores) are attached to the scaffolds so that these therapeutics 
can have many potential modes of intended pharmacologic action. The fi rst -
 generation antibody - based scaffolds were immunotoxin conjugates directed 
toward cell surface receptors that acted as delivery systems for cytotoxic 
radionuclides (e.g., Bexxar  ®   and Zevalin  ®  ) or chemical toxins (Mylotarg  ®  ). The 
antibody - directed specifi city (e.g., CD33 for Mylotarg  ®  , CD20 for Bexxar  ®   and 
Zevalin ®  ) allowed the cytotoxic activity to be preferentially directed toward 
the target cells. In the case of Mylotarg  ®   the conjugated molecule is internal-
ized via a receptor, after which the cytotoxin is released intracellularly to kill 
the targeted cell. Several of these conjugated therapeutics have proved to be 
clinically successful, with only relatively minor side effect profi les related to 
either the proteinaceous nature of the drug (e.g., antigenicity or hyper-
sensitivity) or to the pharmacology of the conjugate (e.g., anemia, myelo-
suppression, tumor lysis syndrome). Collectively these data also suggest that 
administration of a protein conjugate per se does not increase the potential 
for systemic toxicity and in fact can provide signifi cant improvement over the 
pharmacophore alone. 

 The targeted delivery of cytotoxins to neoplastic cells represented a signifi -
cant step forward in improving the safety and effi cacy of cancer therapy. 
Recently a new class of protein scaffold   therapeutics has been developed 
where the role of the macromolecular scaffold (antibody, F c , albumin, transfer-
rin, etc.) is to improve the pharmacokinetics by providing protection for the 
active moiety (small molecule or peptide) from metabolic or urinary clearance. 
For these compounds the pharmacophore that is attached to the protein 
scaffold provides the desired pharmacologic target activity. The pharmaco-
phore can either be produced as a fusion protein or it can be chemically linked 
to a specifi c site on the scaffold. An interesting feature of this latter technology 
is the specifi c stoichiometry for the macromolecule and pharmacophore 
combination,   which allows for a precise characterization of the fi nal drug 
product. 

 For this chapter we will specifi cally focus on protein scaffold therapeutic 
agents where the primary objective is to improve the pharmacokinetics of the 
pharmacophore. Other chapters in this book will specifi cally discuss immuno-
toxin conjugates  [1] . The various protein scaffold therapeutics that are cur-
rently being advanced through late - stage discovery and/or clinical development 
are detailed in Table  28.1 . As previously discussed, the biological activity of 
these agents is derived from the pharmacophore through which the pharma-
cological activity (e.g., inhibition or activation) is achieved. For example, GLP -
 1 (glucagon - like - peptide 1) analogues have been attached to albumin or 
transferrin and angiopoietin - 2 binding peptides have been appended to F c
domains of antibodies. Interestingly the pharmacological potency of the con-
jugated peptides is often lower after the protein scaffold therapeutic has been 
created. Presumably this reduction in activity may be the result of steric hin-
drance of the pharmacophore in binding to the target or from alterations in 
the conformation of the peptide.   
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 The protein scaffolds are generally considered to be pharmacologically 
inert. The primary function for these scaffolds is to provide biological stability 
to prevent the pharmacophores from being rapidly cleared from the body. 
Scaffolds based on the F c  domain also remove the potential for ligand binding 
to the variable domain which may reduce the need for conducting certain 
studies (i.e., tissue cross - reactivity) during the preclinical safety assessment of 
these new agents. Other antibody scaffolds have F ab  domains that are specifi -
cally created to interact with synthetic linkers and not receptors or other 
ligands. However, the potential still does exist for some F c  specifi c function for 
these types of molecules. Nevertheless, not all of these agents are antibody 
based; albumin and transferrin are examples of other scaffolds that are cur-
rently under evaluation. 

 The normal physiological roles for albumin include maintaining the osmo-
larity of the blood and aiding in the transport of fatty acids and hormones. 
While it can be presumed that these functions would not be appreciably altered 
by the fusion process that creates the biopharmaceutical agent, the potential 
implications on safety are not known. However, the protein load provided by 
dosing an albumin conjugate would be minor in comparison to the overall 
albumin pool in the body, which could reduce the potential safety implications. 
On the other hand, the possible interaction of a transferrin fusion protein with 
its specifi c receptor could theoretically alter the internalization process and the 
subsequent endosomal acidifi cation release of transported iron. The impact of 
this type of conjugate on the distribution and availability of iron throughout 
the body has not been reported. Thus the potential does exist for some protein 
scaffold therapeutics to have safety implications that would require specialized 
testing (i.e., monitoring of normal physiological activities) to accurately assess 
the preclinical safety of the new therapeutic agent. 

 Consistent with the case - by - case paradigm, the potential direct or secondary 
effect(s) of any scaffold should be carefully considered and monitored if judged 
necessary. An additional issue with these natural scaffolds is that each of these 
fusion proteins could be considered  “ foreign ”  by the immunological surveil-
lance network. While the complex structure of these macromolecules may 
disguise the active pharmacophore moiety to some extent, it is still possible 
for immunogenicity and hypersensitivity reactions to result from this alteration 
of the scaffold. The extent to which this occurs will, in all likelihood, be depen-
dent on the individual molecule and will not necessarily be entirely predictable 
for a particular scaffold. The inability to predict animal or human immunoge-
nicity of these agents has been already been demonstrated by the diversity of 
antigenicity responses to various human protein therapeutics  [2,3] .  

28.2 SAFETY ASSESSMENT PROGRAM STRATEGY DEVELOPMENT 

 The strategies to develop the preclinical safety assessment programs for 
biotechnology - derived therapeutics have often been characterized as case by 



case. Historically this customization has resulted from the need for fl exible 
strategy designs from a variety of different challenges that have included rapid 
metabolism, inappropriate tissue distribution, poor chemical stability, and 
absence of the target or lack of effi cacy in the animal species that were planned 
for use in the pharmacology or toxicology studies. In contrast, the preclinical 
toxicology and drug metabolism studies necessary for the regulatory approval 
of new drug candidates for small molecules (NCEs) have been standardized 
for decades  [4] , in part, the result of the perceived chemical and biological 
similarity of these molecules. Since 1991 these developmental strategies and 
study designs have been the subject of International Conference on Harmo-
nization (ICH) activities  [5] . Guidances have been issued for a number of 
toxicological, pharmacokinetic, and drug metabolism   studies that are con-
ducted for small molecule NCEs. In contrast, only the   ICH S6 guidance for 
biotechnologically related molecules has been published  [6] . 

 As previously discussed, the common goal for protein scaffold therapeutics 
is to extend the duration of pharmacologic action of the pharmacophore 
by increasing the circulating half-life. The development strategies required 
for regulatory submission and approval of these fusion molecules could 
represent a combination of the studies conducted for traditional small 
molecule NCEs and biopharmaceuticals. These programs may be expected, 
however,   to be relatively similar to biopharmaceuticals for the pharmacologi-
cal, ADME/PK (absorption, distribution, metabolism, excretion/pharmacoki-
netics), and toxicological characteristics of the various components of the 
molecule.  

28.3 CHOICE OF ANIMALS 

 A number of considerations can alter the design of the preclinical safety 
program for new pharmaceuticals whether they are traditional small - molecule 
NCEs or biotechnology derived. One of the earliest choices that can be made 
is the selection of animal species for the toxicology program. This decision can 
often be made a number of months prior to the fi ling of the IND. For the 
development of small - molecule NCEs the general criteria for selecting the 
rodent and nonrodent toxicology species include the presence of the pharma-
cological target, demonstration of effi cacy, and a similarity to humans (in vitro) 
for ADME and PK characteristics. In an effort to develop more successful 
small - molecule drug candidates, many pharmaceutical companies now expend 
considerable effort in identifying new drug candidates for which the ADME 
and PK characteristics have been optimized prior to selection of a lead candi-
date for development. The predictability of this research over the last few 
years has become increasingly successful thanks to tremendous advances in 
analytical methodologies, pharmacokinetic modeling capabilities, and the 
increased availability of animal and human tissues  [7] . As a result a consider-
able knowledge base of ADME and PK characteristics will have often been 
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established for small - molecule NCEs in several animal species by the time that 
the IND is fi led. 

 Based on the primary objective of improving the pharmacokinetic profi le, 
a new protein scaffold therapeutic candidate will also have generally been 
selected for development following optimization of ADME and PK charac-
teristics. Other critical candidate selection issues may also include the potential 
immunogenicity of the therapeutic molecule, the possible induction of autoim-
munity, and the comparability between animals and humans for tissue cross -
 reactivity. The immunogenicity potential of a new therapeutic agent can be 
viewed as a potential mechanism for increased clearance, which could result 
in the dramatically reduced exposure to the drug during a multiple - dose toxic-
ity study (e.g., subchronic studies of one to six months in length). This type 
of response could effectively disqualify an animal species from longer term 
toxicology testing because of the reduced drug exposure. It is also possible for 
the expression of antidrug antibodies to have other profound toxicologic 
effects that can theoretically include deposition of immune complexes in the 
kidney. 

 Considerable efforts are often expended on the quantifi cation and charac-
terization of the ability of the toxicology test species to build an antibody 
response to biopharmaceuticals. While this may help explain some effects seen 
in animal toxicology studies, these antigenicity results are often extended to 
an attempt to predict the response in humans. However, the immunogenicity 
of human proteins in animals is not a perfect predictor for the production of 
human antihuman antibodies in clinical studies  [2,8] . While altered physiologi-
cal states in humans, including disease - induced immunosuppression, may play 
a role in this lack of correlation, it does remain that antigenicity in humans is 
a poorly understood process. Therefore the observation of rodent antihuman 
antibodies or primate antihuman antibodies may have more relevance to the 
interpretation of the results from the animal toxicology studies than the poten-
tial to predict immunogenicity in humans. 

 The choice of animals for the toxicology testing of protein scaffold thera-
peutics therefore may depend on a potentially complex case - by - case decision -
 making process. All relevant information related to the expected (or known) 
effi cacy against the target, ADME/PK characteristics, immunogenicity, and 
toxicity of these molecules must be utilized in the design of the toxicology 
program. This informational database should include all that is known about 
the chemistry and biological actions of the macromolecular scaffold and the 
pharmacophore. For successful regulatory development, it is expected that all 
new candidate drugs use both a rodent and nonrodent species in the preclinical 
safety programs  [4,9] . For small NCE drug candidates, the most commonly 
used rodent species is the rat, with the beagle dog being the most frequently 
used nonrodent  [9,10] . These two species are usually chosen based on a com-
bination of factors that include ease of use, widespread availability, economics, 
historical database of toxicological and pathological parameters, historical 
predictability of animal to human toxicities  [10] , and as previously indicated, 



their pharmacological appropriateness and ADME/PK comparability to 
humans. 

 Since several of the scaffolds for protein scaffold therapeutics are based on 
endogenous proteins, the potential for antigenicity is anticipated to be low in 
humans  [8] . However, since these scaffolds are based on human molecules, 
they are expected to be immunogenic in animals particularly in rodents. While 
rats are commonly used in most safety assessment programs, they often develop 
antibodies to human - derived proteins  [8] . Therefore their use in a preclinical 
safety assessment program, as previously discussed, could be seriously com-
promised by the reduction in systemic drug exposure. Nevertheless, rats are 
always given serious consideration as a species for use in pre clinical safety 
assessment because of their well - described historical database, relatively 
modest size (and reduced need for bulk drug) and their ease of use and 
care. 

 At the beginning of a new drug development program, it will probably be 
necessary to conduct some multiple - dose studies in rats to evaluate the immu-
nogenic potential of the new molecule. If the result is positive, then the option 
to use another rodent species could include mice as the choice for subchronic 
or chronic toxicity studies. Although mice are infrequently used as the second 
species in preclinical safety assessment programs, they are often utilized in the 
effi cacy studies for biotechnology - derived molecules. While animal husbandry 
issues may be somewhat challenging for some strains of mice, their small size 
can make them a potentially valuable species for safety assessment. As with 
rats the potential would seem to be high for mice to develop anti bodies to a 
human - based protein. It would therefore be valuable to conduct the appropri-
ate studies prior to including mice in a safety assessment program. On the 
other hand, if neither rats nor mice are considered appropriate, it may then 
be justifi ed that only nonrodents be used in the toxicology program. 

 When considering the potential challenges with using rodents for protein 
scaffold therapeutics, it is clear that the preferred species will probably be 
nonhuman primates. The primary species currently used is the cynomolgous 
monkey, although rhesus monkeys have been used in a number of toxicology 
programs. Either species would seem appropriate provided that they respond 
pharmacologically to the drug. Protein scaffold therapeutics should also   have 
the potential for reduced immunogenicity in primates, since the protein scaf-
folds and pharmacophores are directly derived from, or are similar to, those 
found in humans. The dramatically improved access to healthy captivity - raised 
cynomolgus and rhesus monkeys over the past two decades have supported 
the dramatic upturn in their use for biological molecule testing. However, due 
to continuing concerns about the contagious diseases carried by nonhuman 
primate species and the high bulk drug product requirements, the search has 
continued for primate toxicology species that carry fewer dangerous conta-
gions, are easier to handle, and have lower body weights. Marmosets have been 
of interest in this regard but a commercially viable breeding program has not 
yet been established that could meet the needs for the worldwide development 
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of even a few new biological products. Their relative lack of availability has 
not allowed a comprehensive data base to be developed that could be used to 
evaluate their more widespread use in toxicology development programs. It 
should also be noted that dogs are seldom used in the toxicity testing for bio-
pharmaceuticals for a variety reasons that include their perceived propensity 
to develop antihuman antibodies and high susceptibility to anaphylaxis. In 
addition there is a scarcity of immunologic reagents available for dogs, and 
their large body weight would require signifi cantly higher quantities of the 
active pharmaceutical ingredient. 

 The species selection process for targeted biopharmaceuticals such as 
monoclonal antibodies and protein scaffold therapeutics may use tissue cross -
 reactivity studies as a critical component in the decision - making process. 
These studies can be conducted using a variety of tissues from humans and 
the toxicology program animal species  [11] . The objective of these studies is 
to determine the potential presence of target - based binding and to gain at 
least a semiquantitative estimation of the degree of binding in these tissues. 
Additionally the results observed in the animals are compared to those 
found in human tissues. Based on the knowledge and experience of the 
researchers, these results may be extended to hypothesize upon the potential 
mechanism(s) of pharmacological and/or toxicological action of the agent. 
Whether this binding results from a direct and specifi c interaction with an 
intended receptor/epitope or against unintended targets may need to be deter-
mined by subsequent experiments. It is important to remember that these 
studies can often produce results for which the human relevancy is not well 
understood, so substantial challenges can exist for projecting the safety of the 
new molecule in humans when the importance of these studies is too heavily 
weighted  [11] . 

 Tissue cross - reactivity experiments should be initiated with caution, as they 
may add only minimal scientifi c value to the safety assessment process but 
may create considerable challenges. Clearly, the choice of the primary animal 
species for protein scaffold therapeutics should be one that expresses the 
appropriate receptor/epitope. This could be established by a variety of 
effi cacy - based experiments both in vivo and/or in vitro. The tissue cross - 
reactivity studies of a new therapeutic agent would then be conducted in the 
preferred toxicology species, with the results being compared to the binding 
seen in normal human tissues. One of the primary challenges with these studies 
can be that the pharmacologic target may, or may not, be found in the animal 
models of human disease or in the normal animals that would be used for 
toxicology studies. For a species to be considered appropriate in a toxicology 
program, the presence of target - directed binding in animals would be expected. 
In an appropriately qualifi ed species, off - target binding could be interpreted 
as being suggestive of the potential for toxicity. However, apparent off - target 
binding should not be used as an unequivocal indicator of toxicity. Instead, it 
may be benefi cial to further explore the potential nature of this binding in 
various animal models so that this observation can be placed in its proper 
perspective. 



 It is also possible that some targets may only be expressed in humans, and 
then any binding observed in animals would be off - target related. In these 
circumstances animal toxicology studies could, and should, still be conducted. 
However, this type of program would not be ideal as it would only be able to 
provide a generalized toxicity assessment before the human clinical studies 
are conducted. Depending on the nature of any effects seen in animals (and 
their reversibility), it should still be possible to conduct human phase 1 trials 
provided that these studies are carefully and thoughtfully designed. Some 
important factors that could improve the clinical study design for this scenario 
might include a low starting dose, dosing only one patient at a time, and having 
ready access to emergency medical equipment and staff  [12] . 

 If an appropriate species cannot be identifi ed based on the lack of the target 
or poor effi cacy, it has also been proposed that toxicology studies could be 
conducted using homologous molecules. This type of experiment has proved 
quite useful for anti - sense molecules  [13] . However appealing this approach 
might be, it should not be universally applied to all types of biopharmaceuti-
cals. Because of the high potential for this type of study to produce misleading 
or poorly understood results, it would seem that this strategy should only be 
used if the pharmacology of the homologous molecule is very well understood. 
While endogenous pharmacophores may be highly conserved across various 
species, the biological control mechanisms could be substantially different 
from one animal species to another. This could include scenarios where the 
pharmacology of the agent is similar but the balance of signaling and control 
pathways would be substantially different. Alternatively, it is possible that an 
individual pharmacophore could have completely different biochemical or 
physiological roles in different animal species. It would seem that unless the 
overall biological control of the pharmacophore system is well understood, or 
can be determined without exhausting time and resources, these studies could 
prove to be of very little practical value. 

 In summary, the choice of animal species to use for the toxicological testing 
of protein scaffold therapeutics will continue to be a complex decision - making 
process. In general, rats and monkeys will probably continue to be the initial 
species to be considered for the safety assessment program for a protein scaffold 
therapeutic provided that they possess the appropriate pharmacological target. 
However, because of potential immunogenicity issues in rodents, the primary 
species for testing will continue to be the nonhuman primate. The choice of a 
second species for toxicology testing, or an alternative strategy such as homolo-
gous pharmacophores, must be given careful consideration as an incorrect 
choice could provide the potential to signifi cantly hinder or delay the safety 
assessment process.  

28.4 DURATION AND TYPES OF STUDIES 

 One of the practical challenges in developing a new therapeutic (pharmaceuti-
cal or biopharmaceutical) is to conduct the appropriate length and type of 
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toxicology study that will support an ongoing clinical program. Numerous cost 
pressures exist for all new pharmaceutical agents so that only those candidate 
drugs with the highest potential for success should proceed into and through 
development. Some of these economic factors also produce challenges to time 
lines for the conduct and reporting of toxicology studies. The fi rst animal toxi-
cology studies for the development of new pharmaceuticals are usually acute 
and/or short - term dose - range fi nding studies. After these initial studies are 
completed, the IND - enabling studies are initiated to support the regulatory 
submissions. The four week (i.e., one - month) study is usually the fi rst conducted, 
and it is used to support the phase 1 or 2 human clinical studies for which the 
duration of continuous dosing must be equal to or less then four weeks. If stan-
dard development programs are conducted, the four - week animal toxicology 
study is then followed by studies that are three and six months in length. 

 As a new drug advances through the development process it is necessary 
for the animal toxicology studies to be equivalent, or longer, in duration than 
the human clinical studies. This strategy is generally referred to as the one - for -
 one dosing duration concept, and it can be a challenge for an aggressive human 
clinical research program that can easily outpace the ongoing animal toxicol-
ogy studies. This is particularly true for the extension of dosing for human 
patients in phases 1 and 2. Because of the lengthy time required to order 
animals and conduct these toxicology studies, the proper planning and com-
munication with clinical research teams and project management can ensure 
that these human clinical trials are not delayed. If a new agent is promising, 
and appropriate resources (e.g., bulk pharmaceutical product) can be identi-
fi ed, it may be desirable to accelerate the conduct of the three -  or six - month 
toxicology studies by conducting them in parallel with the one - month study. 
From an operational viewpoint, the two studies can be conducted using a 
single protocol with the one - month study being an  “ interim ”  necropsy. Each 
of these studies incorporates the appropriate number of animals as if these 
studies were conducted separately. Therefore while these studies may provide 
some minimal cost savings from an administrative view, this strategy does 
require some  “ front loading ”  of resources, which includes the often limited 
supplies of the bulk active pharmaceutical ingredient. This strategy also incurs 
more initial risk, so it can be challenging for smaller companies or for any 
whose resources are limited or carefully controlled. In a recent Oncologic 
Drugs Advisory Committee meeting, a senior Food and Drug Administration 
offi cial indicated that three - month toxicology studies would be suffi cient to 
support a clinical program of new drugs prior to approval   provided there are 
no overriding safety concerns  [14] . This strategy could provide some advan-
tages for promising new drugs, including protein scaffold therapeutics, that are 
being developed for critical diseases for which there are no currently available 
cures. 

 Another important consideration is whether developmental and reproduc-
tive toxicity studies and carcinogenicity studies should be conducted for 
protein scaffold therapeutics. As discussed in ICH S6, the decision to conduct 



these studies should be based on the nature of the product, its biological/
pharmacological actions, the clinical indication, and the intended patient popu-
lation  [6] . In addition the challenges elicited by the potential immunogenicity 
of the new drug in animals would be an important consideration. Because 
antidrug antibodies have the potential to decrease the circulating drug levels 
during the multiple day - dosing paradigms required for development or repro-
ductive safety assessment studies, this can seriously complicate the interpreta-
tion of these studies; in fact it would question their value in the overall risk 
assessment process. Additionally the studies should not be required unless 
there are specifi c biological, pharmacological, or toxicological alerts that are 
suggestive of toxicity to the fetus, neonate, or mother. 

 Other factors that could impact the potential conduct of these studies may 
include the potential for class labeling. Recently the antidiabetic agent Byetta  ® 

was designated as a class C pregnancy hazard  [15] . While the mechanisms for 
these effects on fetal development have not been reported, it is possible that 
there will ramifi cations for future therapeutic agents in this class. As with all 
types of safety assessment studies, the scientifi c rationale for the developmen-
tal and reproductive toxicity program should be carefully considered for 
protein scaffold therapeutics. Appropriate studies can then be conducted so 
that direct discussions with regulatory agency scientists can be held to achieve 
consensus. 

 The conduct of most in vitro genetic toxicology studies for biopharmaceuti-
cal molecules would generally not be necessary as indicated in ICH S6  [6] . 
Simply based on their size and physicochemical properties, it would not be 
expected that protein scaffold therapeutics would interact with genetic or 
chromosomal materials. Unless there are specifi c structural alerts, cellular or 
organ - specifi c toxicities, or other factors that increase concern, genetic toxicol-
ogy tests should not, per se, be required for protein scaffold therapeutics. These 
same criteria would also apply for the animal carcinogenicity testing of protein 
scaffold therapeutics.  

28.5 DOSAGE SELECTION 

 The dosage selection process can be challenging for any type of toxicology 
program, whether it be for small - molecule NCEs or biopharmaceutical derived 
molecules. The primary goals of such studies include identifi cation of target 
organs, the no effect dosage level (NOEL), no adverse effect level (NOAEL), 
and the maximally tolerated dosage (MTD). For orally administered small -
 molecule NCEs it is often necessary to demonstrate that absorption and 
distribution are suffi ciently adequate to allow the characterization of the 
toxicological potential of the molecule. In cases where the absorption is poor, 
it is often necessary to administer very high dosages to achieve reasonable 
safety multiples for systemic exposure (i.e., blood AUC levels). Most biophar-
maceuticals will not be administered orally, so simple questions of absorption 
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are not relevant. However, more challenging questions related to the disposi-
tion of a biopharmaceutical may come into play especially when novel paren-
teral dosage forms or routes are used. That is, the molecule could encounter 
bioavailability challenges from the site of injection due to differential dissolu-
tion or solubility characteristics that could be exacerbated by high drug con-
centrations in the formulation. 

 Ultimately the fundamental question for all classes of molecules may even-
tually become  “ how much is enough ” ? That is, for any relatively nontoxic 
molecule it may not be possible to achieve toxicologically signifi cant evidence 
of effects, including toxicity, even after very high and even heroic dosages. 
However, simple physicochemical characteristics such as test article solubility 
can limit the amount of active agent that can be administered via parenteral 
administration. It is also possible that a poorly soluble test article may require 
the need to exceed the maximum volume of vehicle that can be safely admin-
istered during the conduct of an animal toxicology study. While this limitation 
can be at least partially overcome by multiple daily administrations, or even 
continuous daily infusion, it is still possible to reach a point at which no higher 
dosages of the drug or vehicle can be given. For low toxicity small - molecule 
drugs, a suggested limit of 25 - fold over the clinical human exposure has tradi-
tionally been used. The magnitude of this safety factor would certainly seem 
reasonable as it would ensure that the potential of signifi cant toxicities would 
be explored in animals. If any effects were to be observed, they could then be 
used to help establish the maximally suggested starting dosage in humans. 

 Because of the pharmacological specifi city that is designed into protein scaf-
fold therapeutics, it can be anticipated that any toxicities would be minimal 
and/or would probably be related to exaggerated pharmacology. It is possible 
that any observed biological effects may be directly related to the desired 
effects of the compound, or they may result from secondary effects. Pharmaco-
dynamic effects may even play a greater role in establishing the toxicology 
dosages for protein scaffold therapeutics than what has been used for small -
 molecule NCEs. A potential complication may be that the normal animals used 
for toxicology experiments may only minimally express the necessary targets 
integral for the pharmacological mechanism of action. In these cases it may be 
necessary to require that arbitrary safety factors be reached to establish the 
upper limits of guided therapeutic toxicology studies. Whether this should be 
established via a body surface area normalized dosage or via anticipated sys-
temic exposure (i.e., AUCs), it would seem reasonable to continue to use a 25 -
 fold safety factor as the maximum limit. It is ironic to note that the  “ safer ”  (i.e., 
less overtly toxic) agents may need to be tested at substantially higher concen-
trations or dosages than compounds that are  “ less safe. ”  

 In conclusion, the ability to defi ne the dosages of a protein scaffold thera-
peutic to be used in toxicology studies may prove to be diffi cult. Because the 
potential exists for these compounds to produce minimal toxicity, the dose 
selection process may rely more heavily on exaggerated pharmacodynamic 
effects than traditional small molecules have historically used.  



28.6 METABOLISM AND PHARMACOKINETICS 

 To fi le an IND for a small - molecule NCE drug candidate, it is expected that 
the ADME (absorption, distribution, metabolism, and excretion) and PK char-
acteristics would be generally understood prior to the human phase 1 study. 
At this early stage of drug development, these studies would be conducted in 
the animal species that were used for the pharmacology and toxicology studies. 
Typically the pharmacokinetics of small molecules would be determined in the 
relevant rodent and nonrodent species by the administration of nonradiola-
beled drugs via both the intravenous and oral (if intended) routes of admin-
istration. These studies would allow the comprehensive determination of many 
PK characteristics including half - life ( T1/2 ), volume of distribution ( Vd ), time 
to maximum blood levels ( Tmax ), bioavailability ( F ), exposure (AUC), and 
potentially the route of excretion. Additional data could also have been 
gathered on the metabolic pathways of these new compounds using 14 C -  or 
3 H - radiolabels, animal and human tissues, and new techniques in qualitative 
and quantitative mass spectrometry. 

 For biopharmaceuticals, the pharmacokinetic and drug metabolism expec-
tations for fi ling an IND are much less extensive than for small molecules. The 
pharmacokinetic studies should utilize the same route of administration and 
include the animal species used in the pharmacology and toxicology studies. 
The basic pharmacokinetic characteristics from the intravenous route should 
include; alpha and beta  T1/2 ,  Cmax , AUC, and  Vd . If other parenteral routes of 
administration are used (i.e., subcutaneous, intramuscular), it would also be 
important to determine the Tmax  and bioavailability. For biopharmaceuticals it 
is possible that various formulations would need to be investigated to defi ne 
the effect on PK parameters. This could also necessitate the conduct of phar-
macokinetic bridging studies in the selected toxicology species to ensure 
equivalent exposure that would result from sustained or delayed release 
formulations. 

 If all of the components of a protein scaffold therapeutic are naturally 
occurring or endogenous (e.g., proteins), then no classic drug metabolism, 
disposition, biotransformation or excretion studies would generally be 
required. That is, the metabolism, distribution, and excretion of these materials 
would be well understood and would not require further experimentation. 
Similarly, if some of these fundamental components (e.g., amino acids) are not 
naturally occurring but the metabolic disposition has been well - described, 
then no additional ADME studies should be necessary. However, this   decision 
would depend on the chemical, physiological, and potential toxicological 
nature of the component. Because of their macromolecular nature, protein 
scaffold therapeutics would generate myriad metabolites, and the technical 
complexities involved in their analysis would require substantial resources 
with minimal scientifi c gain. Therefore, if the parent molecules are stable in 
the presence of serum or the appropriate tissue matrix, then the need to char-
acterize the potentially innumerable metabolites would generally not warrant 
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the potentially considerable expenditure of scientifi c or labor resources 
required. The impact of nonnaturally occurring components on the safety 
assessment of protein scaffold therapeutics would require a careful assessment 
of the scientifi c needs. For instance, if the candidate molecule contained non-
natural amino acid components but the parent was stable in the presence of 
blood or tissues, then the need for traditional ADME studies would seem to 
be unnecessary. However, structural alerts and/or signifi cant instability of the 
molecule with the subsequent potential release of these components would 
necessitate the need for a more detailed examination of ADME characteris-
tics, particularly as the development of the compound proceeded. An impor-
tant consideration in determining the necessity for additional studies being 
conducted would be the actual dose of these nonnatural components. Since 
these macromolecules will be quite large, it is probable that any single non-
natural amino acid or other component would be dosed at a vanishingly low 
amount that would be without biological consequence.  

28.7 BIOMARKERS AND INDICATORS OF TOXICITY 

 The ability to successfully detect and quantify toxicity in animal studies is a 
critical goal for the safety assessment of pharmaceuticals and biopharmaceu-
ticals. Generalized or target organ specifi c toxicities in animals have typically 
been evaluated by a variety of different parameters, including clinical observa-
tions, body weight, food consumption, hematology, clinical chemistry, urinaly-
sis, tissue histopathology, specifi c organ system functionality, and target - specifi c 
biochemical/organ markers. Based on safety concerns and resource utilization 
issues, it is advantageous to identify an undesirable drug as early as possible 
in a discovery or development program. The ability to predict or detect toxici-
ties has dramatically changed over the past decade as advancements in analyti-
cal chemistry, molecular pathology, genomics, and proteomics have become 
widely available. However, the continuing need in drug discovery and develop-
ment remains to minimize the false negative or false positive drugs so that 
resources can be successfully directed to the best candidate compounds. There-
fore expanding the use of new technologies should be encouraged to better 
screen for animal toxicities and to identify undesirable candidate therapeutics 
early in the discovery phase before regulatory - based studies are initiated. As 
the screening and predictive capabilities of these technologies are improved 
for animals, it would obviously be valuable to develop the ability to extrapo-
late these data to better prediction of human toxicities. 

 Protein scaffold therapeutics represent a wide variety of chemical families 
and pharmacological classes. As such, it is diffi cult to propose a  “ one size fi ts 
all ”  guiding strategy for assessing their safety. The monitoring of traditional 
parameters or markers of toxicity and pathology should continue to be used 
as the primary screening tools for assessing the safety of protein scaffold 
therapeutics. However, because of their nature, protein scaffold therapeutics 
may produce few classic manifestations of toxicity except for exaggerated 



pharmacology. This will necessitate the need to establish the dosages for the 
toxicology studies based on pharmacological effects that would then require 
monitoring of the appropriate pharmacodynamic marker(s). These data would 
be used to support or validate the dose - limiting effects in the actual toxicology 
study. Depending on their nature and composition, protein scaffold therapeu-
tics should also be examined for specifi c scaffold based toxicity. For example, 
monoclonal antibody scaffolds might require an assessment of effector func-
tion in vitro and/or an appraisal of all of the appropriate target tissues during 
a complete histopathological assessment in an animal toxicology study. Other 
scaffolds such as albumin or transferrin molecules would focus on an examina-
tion for disturbances of fl uid or electrolyte balance or alterations in iron 
storage or metabolism, respectively. 

 It may be inappropriate or misleading to conduct some standard toxicology 
assays for protein scaffold therapeutics. For instance, the hERG assay is a 
common screening assay that is used to determine the potential for small -
 molecule NCEs to prolong the QT interval. However, this assay is sensitive to 
changes in protein and buffer concentrations  [16] . Since many protein scaffold 
therapeutics are high molecular weight protein fusion or conjugate molecules, 
it would be diffi cult to adequately control for the addition of these large quan-
tities of protein in this assay. It would probably be of greater value to   monitor 
instead the cardiovascular system by conducting ECGs and doing blood 
pressure measurements during the nonrodent (e.g., primate) good laboratory 
practice toxicity study. It is also possible to monitor a number of additional 
physiological systems in nonhuman primates during a toxicology study, includ-
ing the central nervous system (clinical signs), autonomic control (body tem-
perature), and lung function (respiration rate) as would provide a generalized 
assessment of the safety pharmacology of this molecule. 

 The choice of assays or biomarkers that are used for assessing the safety of 
protein scaffold therapeutics should only be made after careful and thoughtful 
review. Specialized testing should be conducted for the scaffold or pharmaco-
phore only after careful consideration has been given to the chemical struc-
tures and/or potential physiologic or pharmacologic actions.  

28.8 CONCLUSIONS

 In summary, protein scaffold therapeutics represent a new class of   drugs that 
has been designed to improve the pharmacokinetic profi le of smaller and more 
rapidly metabolized pharmacophores. As a result of the unique chemical and 
pharmacological nature of these therapeutic agents the case - by - case custom-
ized design of toxicology and ADME/PK studies will continue to be an evolv-
ing area of experimental design. The development strategies of each new drug 
will require a careful individual evaluation so that the appropriate experi-
ments can be conducted. As the knowledge base increases for individual 
therapeutic agents and/or various compound classes, the preclinical program 
may require frequent adjustments to improve the risk assessment process for 
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the human patient. One example is that some compound or pharmacological 
classes may require similar preclinical study strategies for regulatory approval, 
which would include monitoring common markers and conducting similar 
studies and assays. At the other extreme, most compounds for the foreseeable 
future will probably require a case - by - case assessment that will best be 
designed by a fully integrated collaboration with regulatory scientists. It would 
therefore be encouraged for each sponsor company to have frequent and 
detailed communications with scientists at the regulatory agencies to ensure 
the successful development of new therapeutic agents.  
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29.1 INTRODUCTION

 Chemotherapy represents the most common approach in the treatment of 
cancer. However, the overall clinical success of chemotherapeutics is often 
limited by drug resistance and nonselective targeting resulting in dose - limiting 
toxicities. The preference for highly potent anticancer molecules that specifi -
cally target tumor cells while demonstrating minimal toxicity toward normal 
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tissue guides the rational design of the next generation of anticancer 
therapeutics. 

 Cancer immunotherapy became possible with the identifi cation of tumor -
 associated antigens as well as the discovery of monoclonal antibodies (MAbs) 
that have the intrinsic properties of high affi nity and specifi city for their target 
antigen  [38] . Antibodies exert their biological effector functions (e.g., antibody -
 dependant cellular toxicity (ADCC) or complement - dependant cellular 
toxicity (CDC)) once the antibody has bound to its target antigen. Despite 
the unique specifi city of MAbs, in many cases the clinical benefi t has been 
marginal prompting the search for more potent tumor - selective drugs that 
possess a different mechanism of action. The coupling of a cytotoxin to a MAb 
(or Mab fragment) has resulted in the generation of immunotoxins that derive 
their unique specifi city from the antibody and impart a potent cell death signal 
to the targeted cells. Immunotoxins are emerging as important therapeutic 
agents for the treatment of a number of carcinomas and haematologic cancers 
 [28] . In addition they are also being investigated for other diseases such as HIV 
 [39,53] , graft versus host disease  [62] , and autoimmune diseases  [63] . 

 This chapter will outline the development of immunotoxins and describe 
the preclinical development required for advancing VB4 - 845, an anti - EpCAM 
targeting scFv linked to a truncated form of Pseudomonas  exotoxin A(252 -
 608), into the clinic.  

29.2 IMMUNOTOXIN DEVELOPMENT 

 The potency of an immunotoxin is dependent on the biochemical properties 
of both the antibody and toxin moieties. Of paramount importance are the 
characteristics of the target antigen and the antibody affi nity for that antigen, 
rate of internalization into the cell, as well as the effi ciency of the intracellular 
processing and the type of toxin. 

29.2.1 Target Antigens 

 The development of a successful immunotoxin is clearly dependent on the 
choice of the antigen  [7] . Prerequisites would be an antigen having a medium 
to high density of expression and a relatively homogeneous distribution on 
the tumor cell surface. As most toxins exert their mechanism of action in the 
cytosol by catalytically disrupting protein synthesis, an internalizing antigen is 
a necessity. Antigens that are shed from the cell surface, such as the carcino-
embryonic antigen (CEA) and the non - Hodgkin ’ s lymphoma (NHL) idiotype, 
do not represent optimal targets as free antigen would be competing with 
antigens displayed on cancer cells for the immunotoxin  [64] . If shedding anti-
gens are to be targeted, higher doses of drug would be required to remove the 
competing antigen from the circulation  [36,45] . 

 A number of solid tumor targets that are preferentially expressed on cancer 
cells have been identifi ed such as the epithelial cell adhesion molecule 
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(EpCAM), HER2/neu (c - erbB - 2), EGFR, cytokine receptors, mesothelin, as 
well as the carbohydrate - associated antigens such as LewisY that are highly 
expressed in many epithelial tumors  [52] . Similarly many differentiation anti-
gens have been identifi ed for hemapoietic malignancies, including CD19, 
CD22, CD25, CD30, CD33, and CD56  [28] .  

29.2.2 Toxins

 Certain plants, fungi, and bacteria produce pathogenic peptide toxins that are 
able to kill mammalian cells. Examples of these include ricin, gelonin, saporin, 
bryodin, pokeweed antiviral protein, and bouganin derived from plants, the 
fungal - derived toxins such as restrictocin and mitogillin, and the bacterially 
derived toxins diptheria toxin (DT) and Pseudomonas  exotoxin A (ETA/PE). 
Although many of these toxins, as well as several other more exotic varieties, 
have been used for the construction of immunotoxins, the ones most com-
monly used have been ricin  [32,33]  from castor bean ( Ricinus communis ), 
diptheria toxin  [23,61]  from  Corynebacteriun diphtheria , and  Pseudomonas
exotoxin A  [46,47]  from  Pseudomonas aeruginosa . Toxins such as DT and ETA 
are extremely potent in killing tumor cells, and they exert their effect in the 
cytosol by interrupting protein synthesis, resulting in cell death  [27] .   

29.3 RATIONAL DESIGN OF IMMUNOTOXINS 

 In general, fi rst - generation immunotoxins consisted of chemically conjugating 
toxins to full - length antibodies. However, many of these toxins, such as ricin, 
naturally contain a cell - binding domain that targets normal tissue and proved 
unsuccessful in both animal models and in the clinic due to their nonspecifi c 
binding to normal tissue. In one case the attachment of ETA to the intact 
anti - TAC antibody that binds to CD25 on T cells and T cell malignancies 
resulted in severe liver toxicity in a phase 1 trial  [16,46] . 

 The design of immunotoxins has become more sophisticated, and efforts 
have been made to engineer safer, more effi cacious molecules through a better 
understanding of the biochemistry of the toxins and antibodies as well as the 
physiological limitations surrounding effective delivery. For example, immu-
notoxins have been constructed with the cell - binding domain removed  [25,55] , 
thereby reducing toxicity and ensuring targeting through the antibody moiety. 
In addition genetically engineered fusion constructs containing antibody frag-
ments with increased stability have been generated to enhance tumor penetra-
tion and to maximize serum half - life. 

29.3.1 Immunogenicity and Toxicity 

 Despite the recent advances in immunotoxin design, there remain two major 
obstacles still to be resolved, namely immunogenicity and toxicity. Although 
the humanized or fully human antibody moiety of an immunotoxin has limited 
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recognition by the immune system, toxins are highly immunogenic and rapidly 
elicit an immune response upon administration to patients. Further many 
people have been immunized against diptheria and already possess neutraliz-
ing antibodies against the toxin. Up to 20% of the general population 
possesses anti -  Pseudomonas  antibodies as a consequence of  Pseudomonas
infections, and this number can be as high as 80% in long - term hospitals 
patients (VBI, unpublished data). Similarly patients who have been exposed 
to castor oil may have developed anti - ricin antibodies. Although considerable 
success has been achieved in the treatment of patients with leukemias and 
lymphomas  [48]  due in part to the immunosuppressive nature of these dis-
eases, this is not the case for immunocompetent patients with solid tumors 
who may rapidly develop antibodies precluding repeat systemic administra-
tion of the immunotoxin  [20,26,44] . 

 Another serious side effect of immunotoxin treatment and a consideration 
in designing a preclinical program for immunotoxins is vascular leak syndrome 
(VLS). VLS is a nonspecifi c, non – antigen - related toxicity characterized by 
fl uid leakage from the capillaries into the tissue resulting in low blood pressure 
and reduced blood fl ow to internal organs. Major symptoms are low blood 
pressure, edema, and low levels of albumin. VLS symptoms have been observed 
in many immunotoxin trials, and although these symptoms are generally man-
ageable, reports of vascular collapse have been reported with certain ricin -
 based immuntoxins  [14] . In order to abrogate vascular damage, several ricin 
A chain constructs, with mutations in the VLS - associated motif, have been 
engineered and are currently being evaluated  [3,59] .  

29.3.2 VB4-845

 VB4 - 845 is a recombinant fusion protein consisting of a tumor - targeting 
humanized single - chain antibody fragment, 4D5MOCB, specifi c for epithelial 
cell adhesion molecule (EpCAM) linked to a truncated form of  Pseudomonas
exotoxin A (ETA) that lacks the cell - binding domain, ETA(252 - 608). EpCAM 
is a cell surface marker that is highly expressed on carcinoma cells of epithelial 
origin, but has limited expression on normal cells  [37,51,65] . Once inside the 
cell, ETA is a potent inhibitor of protein synthesis that induces cell death  [15] . 
VB4 - 845 is a single 70   kDa protein, produced in E104  E. coli  cells and is being 
developed for intratumoral injection for patients suffering from squamous cell 
carcinoma of the head and neck (SSCHN). 

 As with other immunotoxins, immunogenicity and toxicity are two of the 
major challenges that limit the use of VB4 - 845 in the clinic. Direct administra-
tion of VB4 - 845 into the tumor offers a number of advantages over systemic 
delivery. The intratumoral route provides a higher concentration of drug to 
the tumor than could be achieved by intravenous injection. Moreover, since 
the interstitial protein concentration is minimal relative to the circulation, in 
particular for protein in excess of 60   kDa, the concentration of antibodies 
preexisting or generated over the course treatment would be low relative to 
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the administered dose, thereby minimizing the neutralizing effects of an anti-
immunotoxin response. As well, since immunotoxin uptake by the tumor 
should be maximized due to intratumoral injection, this route of delivery is 
predicted to limit the interaction of the immunotoxin with nontarget tissue 
and thus minimize the likelihood of dose - limiting toxicity.  

  29.3.3   Mechanism of Action 

 It has been wellestablished that ETA irreversibly inhibits protein synthesis in 
mammalian cells by adenosine di - phosphate (ADP) - ribosylation of elongation 
factor 2  [29,49] . To demonstrate that the activity of VB4 - 845 is consistent with 
that of ETA by the inhibition of protein synthesis, the uptake of [3H]leucine 
was measured in EpCAM positive and EpCAM negative tumor cell lines, fol-
lowing the addition of VB4 - 845 to the cell cultures. VB4 - 845 inhibited protein 
synthesis in EpCAM positive SW2 cells with an IC 50  of 0.01   pM but not in the 
EpCAM negative control cell line RL over the range of concentrations tested 
(0.0001 – 100   pM)  [12] . The activity of VB4 - 845 was shown to be due to the 
inhibition of protein synthesis and is consistent with the mechanism of action 
of ETA (Figure  29.1 ). Results also indicate that EpCAM is required on the 
cell surface for treatment with VB4 - 845 to result in pharmacological activity 
(VBI, unpublished data).   

 To examine the requirements to take an immunotoxin into the clinic, the 
preclinical developmental strategy of VB4 - 845 is described to examine the 
challenges encountered to progress this antibody from bench to clinic by fol-
lowing the ICH S6 guidelines.   

    Figure 29.1     Mechanism of action of VB4 - 845. See color insert.  
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29.4 IMMUNOTOXIN EVALUATION USING THE ICH S6 GUIDELINES 

 Each immunotoxin is evaluated in a series of stages. These include assessment 
of specifi city, cytotoxicity, and serum stability; selection of a relevant animal 
species and route of drug administration; and fi nally safety evaluation. 

29.4.1 Specifi city, Cytotoxicity, and Serum Stability 

 Initially immunotoxins are tested in vitro for specifi city, cytotoxicity, and serum 
stability. The specifi city of VB4 - 845 for EpCAM expressing tumor cells was 
demonstrated by fl ow cytometry and cell growth analyses of various epithelial -
 derived tumor and normal cell lines originating from different tissue types. 
VB4 - 845 showed strong cell surface reactivity to EpCAM positive tumor cell 
lines such as Cal 27, a squamous cell carcinoma of the tongue, but not to the 
colon - derived, EpCAM negative cell line, Colo - 320. The specifi city of VB4 - 845 
was further highlighted by assessing cytotoxicity against a panel of cell lines 
exhibiting varying degrees of EpCAM expression. As predicted by the binding 
data, all EpCAM positive tumor cell lines were sensitive to killing by VB4 - 845, 
with IC 50  values ranging from 0.001 to 1.84   pM. Normal cell lines, on the other 
hand, either were not affected by VB4 - 845 (IC 50   >  500   pM) or were anywhere 
between 50 -  to 1000 - fold less sensitive to VB4 - 845 than their counterpart 
tumor cell lines. For example, VB4 - 845 displayed potent activity against the 
bladder tumor cell line, TCCSUP (IC 50   <  0.005   pM) but displayed no activity 
against the normal bladder cell line, HMVEC - bd (IC 50   >  500   pM). This differ-
entiation was also demonstrated in EpCAM positive and negative effi cacy 
models  [12] . 

 Because immunotoxins are specifi cally targeted therapies, toxicities due to 
binding to receptors/antigens present on normal tissues occur at a much lower 
frequency than toxicities experienced with other anticancer drugs such as 
chemotherapy. According to FDA specifi cations  [13] , all antibodies are 
required to be tested for immunoreactivity against a human tissue panel of 33 
normal frozen human tissues using immunohistochemistry (IHC). The in vitro 
immunoreactivity binding pattern of VB4 - 845 was membrane - associated in 
epithelial tissues, as is consistent with the detection of EpCAM expression by 
other antibodies  [4] . Although normal epithelial cells express EpCAM, it is 
generally restricted to the basolateral portion of the cell  [42] , and therefore 
minimal in vivo binding is expected by VB4 - 845. To further ensure minimal 
patient toxicity, VB4 - 845 will be directly administered into SCCHN tumors. It 
should be noted that although tumor - reactive antibodies preferentially target 
cancer cells, they often cross - react with certain normal tissues that have limited 
expression of the target antigen, giving rise to signifi cant toxicities. This does 
not preclude the use of such molecules as therapeutics. However, it under-
scores the requirement for testing the immunotoxin in a suitable animal model 
to determine its degree of interaction with critical normal tissues in the 
body. 



 Serum stability is another important attribute of immunotoxins as each 
immunotoxin must be suffi ciently stable to progress from the blood into the 
tissues and be capable of penetrating into a tumor in a suffi cient concentration 
to result in tumor cell death  [8,12] . Examination at 37    ° C showed that VB4 - 845 
was a stable immunotoxin  [12] . 

 Although extensive in vitro testing is performed on each immunotoxin to 
assess its cytotoxicity and specifi city, it is animal model studies that ultimately 
determine the serum half - life, serum stability, as well as the effi cacy of an 
immunotoxin. A compilation of the in vitro and in vivo data enables a decision 
to be made on the potential of each immunotoxin to be an effective and safe 
therapeutic and to determine whether human clinical trials are warranted.  

29.4.2 Selection of Animal Model and Route of Administration 

 As part of evaluating a new biopharmaceutical, the drug should be adminis-
tered in a relevant animal species in which it is pharmacologically active. For 
an immunotoxin the drug should bind to the intended receptor or epitope 
expressed in the animal model. However, this result may not always be possi-
ble. In the case of VB4 - 845, cross - reactivity using IHC was examined in several 
animal species commonly used for toxicology studies: mouse, rat, dog, cyno-
molgus and rhesus monkeys, as well as the chimpanzee. No cross - reactivity 
was observed in any tissues of animals normally used for toxicology studies. 
Some cross - reactivity was observed in chimpanzee tissue, but because the 
pattern was not the same as that observed in human tissues, it was not consid-
ered to be a relevant species. 

 The use of nonrelevant animal species is discouraged as the results of such 
studies may be misleading (per ICH S6). Therefore the next option, when 
available, is to substitute a relevant transgenic animal model for a pharmaco-
logically relevant species. Transgenic animal models for human EpCAM have 
been developed, but they either have a different tissue expression pattern 
from that seen in humans  [41,43]  or the model has not been validated  [40] , 
making them unsuitable for the evaluation of the safety of anti - EpCAM 
immunotherapeutics. 

 While safety evaluation programs require studies to be conducted in two 
species to characterize drug toxicity, should no viable option exist for a rele-
vant species to conduct toxicology studies, the FDA suggests that toxicity be 
assessed in a single species  [13] . Although no animal model system was avail-
able to examine possible binding of VB4 - 845 to EpCAM receptors, numerous 
studies have examined ETA - conjugated immunotoxins. It is well documented 
that the intravenous administration of ETA immunotoxins to rats results in 
symptoms that resemble VLS as seen in human immunotoxin trials  [20,57] . 
Thus the choice of the Sprague – Dawley rat for toxicological testing was made 
for the well - known effects of immunotoxins in this animal model. 

 The route and treatment regimen in toxicology studies are expected to be 
as close as possible to that in the clinic. Single - dose studies aid in selecting the 
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route of administration for a toxicology study if the intended human route of 
administration can not be mimicked in the animal. For VB4 - 845, the chosen 
route of administration in the clinic was intratumoral. While intratumoral 
administration was successfully demonstrated in a preclinical effi cacy mouse 
model  [12] , this mode is not a viable option in toxicology studies. Therefore 
intradermal drug administration was used as a surrogate route of administra-
tion. Intravenous dosing, although not intended in the clinic, was used in the 
toxicology study with the rat as a comparison to examine the possible  “ worst 
case ”  effect of systemic exposure.  

29.4.3 Safety Assessment 

Single-Dose Toxicology Studies   Drug dosage in an animal model should 
be conducted so that a dose – response relationship may be examined. This may 
range from a no observed effect level (NOEL) and no observed adverse effect 
level (NOAEL) all the way to a maximum tolerated dose (MTD) of the drug. 
The dose response in a single - dose study will assist to determine the dose 
levels to be selected for a repeated - dose toxicology study. These levels will 
also aid in determining the fi rst - dose level of the drug in humans as well as 
the therapeutic index and the margin of safety when dosing humans. When 
considering dosage in test animals, the volume must also be considered. Ethical 
maximum volumes have been determined for different species, which may 
mean that if there is a limitation to the drug concentration, a maximum feasi-
ble dose will be determined instead of an MTD. 

 Clinical signs noted in the dose - ranging study conducted in Sprague – Dawley 
rats administered VB4 - 845 locally (intradermal, ID) and systemically (intra-
venous, IV) were related to injection site lesions that exhibited a dose - 
dependent effect. There were no other fi ndings in animals locally dosed. 
Animals that were systemically dosed had an increase in red blood cell param-
eters, total red blood cell counts, hemoglobin, and hematocrit and a decrease 
in albumin, total protein, and albumin – globulin ratio. While all these fi ndings 
were dose dependent, these variations were within the normal physiological 
range. 

 Single - dose studies also help to determine whether dosing modifi cations 
are required based on the bioavailability or pharmacokinetics of the drug in 
the test species. Route of administration may also be modifi ed if the drug has 
limited bioavailability by the chosen clinical route, or else treatment regimen 
may be changed to compensate for high clearance or low drug exposure.  

Repeated-Dose Toxicology Studies   The repeated - dose toxicity study is 
expected to be a toxicology study under GLP conditions  [17] , which examines 
clinical signs, hematology, clinical biochemistry, urinalysis, and bone marrow 
to evaluate the effect of the drug during and after administration. Additional 
animal groups are required so that drug effect can be examined immediately 
after dosing in one group of animals and then later in another group of animals 



to determine whether any observed effects are reversible or in some cases 
whether the drug effects are delayed. Safety pharmacology, toxicokinetics, and 
immunogenicity may also be examined in this study for immunotoxins. 

 Based on the injection site reactions in the single - dose studies, it was antici-
pated that there would be diffi culties dosing the Sprague – Dawley rat via the 
ID route. Therefore a subcutaneous (SC) route of administration was used as 
another representative route of local administration. Injection site reactions 
(slight erythema, edema, superfi cial necrosis, ulcerations, and scab formation) 
attributable to VB4 - 845 that were dose - related and noted at or above 5.0    μ g/kg 
in most cases had resolved by the end of the observation period. Dose - 
dependent but transient changes were noted in hematology, coagulation 
parameters, and serum chemistry and were most likely due to acute tissue 
injury and infl ammation at the injection sites. Liver enzyme levels were ele-
vated in rats at upper - dose levels but returned to the normal physiological 
range by the end of the observation period. Systemic administration of VB4 -
 845 (77.8    μ g/kg) in rats resulted in microvascular injury and pulmonary edema, 
with subsequent hypoxia; these fi ndings were consistent with VLS previously 
observed in rats exposed to ETA - based immunotoxins  [22,56] . 

 Examination of the various parameters may identify markers that vary with 
dose and may be used to examine drug effects in human studies. For example, 
although few effects were attributable to the local administration of VB4 - 845 
in Sprague – Dawley rats, liver enzyme levels were elevated in rats at upper -
 dose levels. This provides a marker to follow drug response in clinical patients. 
As there was no evidence of toxicity following local administration at any of 
the dose levels tested, no NOAEL was attained at the highest dose tested 
(77.8    μ g/kg), and it can be assumed that higher doses may be possible. In 
contrast, the animals treated systemically with VB4 - 845 experienced lethal 
toxicity at the same dose (77.8    μ g/kg), thus illustrating a lower NOAEL for 
this route of delivery. 

 While animal studies are used for safety assessment prior to administration 
to humans, preclinical testing may not always predict human effect. For 
example, continuous - infusion therapy with 260F9 monoclonal antibody -
 recombinant ricin A chain resulted in severe neurotoxic effects in humans that 
were not demonstrated in monkey toxicology studies  [21] . In such cases where 
suitable animal models are not available for safety testing it is important to 
consider the application of an appropriate safety factor to provide a margin 
of safety for protection of humans receiving the initial clinical dose  [11,18] .  

Immunogenicity   Immunogenicity is a signifi cant complicating factor sur-
rounding the administration of immunotoxins to humans  [19] . Immunogenic-
ity can arise from either the antibody or toxin portions if they are foreign 
proteins. The shift from murine to humanized or human antibodies has reduced 
the immune response due to the antibody portion  [10,35] . However, immune 
responses are still expected because the toxins employed are either of bacterial 
or plant origin and are thus inherently highly immunogenic. 
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 The immune responses to VB4 - 845 by both the intended local route and 
systemic route of administration were investigated. Not surprisingly, a dose -
 dependent anti - drug antibody response was observed to both the antibody 
and toxin portions of the construct and a similar level antibody titer was 
induced regardless of sex. The VB4 - 845 titer following local administration 
was signifi cantly higher than that observed after systemic administration at 
the same dose level, a phenomenon that has been demonstrated to be due to 
the use of different routes of delivery  [50] . 

 Although relatively high serum antibody titers were produced against VB4 -
 845, this is not expected to have a negative impact on drug administration. 
Local administration of drug is expected to ensure a high local drug concentra-
tion in the tumor before coming into contact with anti - VB4 - 845 antibodies in 
the circulation. This point was illustrated with scFv(FRP5) - ETA, where a 
patient had a complete clinical response to intratumoral treatment (second 
administration) even though an immune - response was generated that com-
pletely neutralized the immunotoxin  [2] .  

Drug Exposure Evaluation   Immunotoxin exposure is largely dependent 
on the antibody portion used for targeting  [10] . While whole IgGs may have 
half - lives up to 36 hours  [5] , scFv single - chain fragments can have a half - life 
as short as an hour or less. Although larger antibody portions are more stable 
and may prolong drug exposure, a larger sized molecule has more diffi culty in 
tumor penetration  [1] . A smaller sized antibody portion may not have as long 
a half - life, but it may permit better access to tumor cells and is able to leave 
the circulatory system more quickly, thereby reducing the exposure time of 
the endothelia to the toxin, and perhaps decrease VLS toxicity. F ab  antibody 
fragments or pegylation of the molecule increases the protein size, making it 
more stable but still small enough for cell entry. 

 As no relevant species exists, biodistribution studies were conducted in 
xenograft mice bearing EpCAM positive and negative tumors. This study 
confi rmed that VB4 - 845 was retained in EpCAM positive tumors  [12] . 
Although there was some detection in EpCAM negative tumors, this was most 
likely due to increased tumor vascularization. The biodistribution study also 
indicated that other organs may be targeted. However, toxicology studies did 
not result in any toxicity fi ndings, indicating that the accumulation of radioac-
tivity did not refl ect binding or internalization of the immunotoxin within 
these tissues  [12] . 

 Toxicokinetic (TK) analysis of VB4 - 845 indicated that there was no gender 
difference. Nevertheless, different profi les were generated based on the mode 
of administration. Local administration resulted in a maximum VB4 - 845 
plasma concentration of 50   ng/ml 4   h after administration (Figure  29.2 ). The 
subcutaneous dose appeared to be incompletely absorbed into the circulation, 
resulting in low bioavailability (13%) upon sampling (Table  29.1 ). Systemic 
administration resulted in a maximum VB4 - 845 plasma concentration of 
1000   ng/ml after 10 minutes. The disappearance profi le following the systemic 



    Figure 29.2     Mean plasma concentration - time curves following either systemic (intra-
venous) or local (subcutaneous) administration of VB4 - 845 on day 1. VB4 - 845 was not 
detected at 24 hours in either mode of drug administration.  
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 TABLE 29.1     Toxicokinetic profi le of  VB 4 - 845 administered  SC  or  IV  in Sprague –
 Dawley rats 

  Route    C max  (ng/ml)  
  AUC 0 - inf  
(ng · h/ml)  

  k 
(h   −1 )  

  Ka 
(h  − 1 )  

  t 1/2  
(h)  

  CL 
(ml/kg/h)  

  V d  
(ml/kg)    %F  

  SC    50 at 4   h    421    NC    0.31    NC    NC    NC    13  
  IV    1000 at 10   min    3242    0.3    NC    2.3    24    80    NC  

   Abbreviations:   AUC 0 - inf    =   area under the curve, CL   =   clearance, C max    =   maximum plasma concen-
tration, %F   =   bioavailability, k or Ka   =   elimination constant, NC   =   not calculated,  t  1/2    =   half - life, 
 V  d    =   volume of distribution. The pooled data set from male and female rats was used for 
calculations.   

dose was consistent with a one - compartment distributional model and fi rst -
 order elimination with a half - life of 2.3 hours.     

 Comparison of plasma concentrations between days 1 and 7 showed no 
difference with local injections. However, concentrations following systemic 
injections were much lower on day 7 as compared to day 1. A dramatic en-
largement of the distribution space, or possibly an unspecifi ed bioadaptation 
is suggested, or more likely, the observed immune response depleted the blood 
plasma concentration. As mentioned earlier, an immune response raised 
against immunotoxins can affect the TK profi le of a drug. The antibodies raised 
against the response bind to the antibody portion of the immunotoxin, causing 
it to be cleared at a quicker rate. This can decrease the half - life of the drug 
and, in most cases, is the stopping point for re - administration of the drug. Low 
bioavailability after local administration will not be an issue as VB4 - 845 is 
directly targeted to the tumor but rather indicates that there will be low sys-
temic exposure to the immunotoxin. 
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 Toxic effects of metabolites from drug degradation do not need to be moni-
tored for immunotoxins (per IHC S6). As a recombinant protein, immunotox-
ins entering the human body are quickly degraded to small peptides and amino 
acids in the blood by proteases that specifi cally target foreign proteins and are 
cleared by the kidney.  

Safety Pharmacology   Safety pharmacology is important to assess the 
drug ’ s effect on physiological functions through in vitro and in vivo assessment 
of central nervous, cardiovascular, and respiratory systems. These studies are 
required for biotechnology - derived biopharmaceuticals and assist to establish 
the type of monitoring parameters that may be required in clinical studies. 
However, because immunotoxins are specifi cally targeted drugs, these studies 
do not need to be conducted as individual studies but may be combined with 
toxicology studies that evaluate safety pharmacology endpoints. 

 Clinical signs observed in VB4 - 845 toxicology studies allowed for an in vivo 
assessment of the central nervous system and functional ability of the dosed 
rats. Animals dosed locally exhibited normal behavior, whereas those dosed 
systemically exhibited neurological symptoms (wobbly gait) and respiratory 
diffi culties (dyspnea). Full safety pharmacology studies have not been con-
ducted with VB4 - 845 because they are not required prior to the fi rst adminis-
tration in humans for anticancer drugs examined in end - stage cancer patients 
(per ICH S7A). VB4 - 845 has progressed to pivotal clinical trials, and therefore 
safety pharmacology studies examining cardiovascular and respiratory 
response are planned.  

Immunotoxicity Studies   Immunotoxicology studies are required for phar-
maceuticals that may affect the immune system through suppression, enhance-
ment, or sensitivity (per ICH S8). In general, immunotoxins do not have an 
effect on the immune system, and standard testing batteries are not recom-
mended for biotechnology - derived pharmaceuticals. However, examination of 
hematology results together with detailed histopathological assessment of 
immune organs from single -  or repeated - dose toxicology studies are routinely 
performed with biopharmaceuticals, and these evaluations provide initial 
information on whether the immune system has been affected.  

Reproductive Performance and Developmental Toxicology Studies   The 
assessment of reproductive performance and developmental toxicity is depen-
dent on the clinical indication and patient population. The majority of immu-
notoxins in development are currently used for the treatment of cancer, a 
patient population that tends to be an older, nonreproductive population. As 
well, potential reproductive concerns for the patients in ongoing clinical trials 
are usually addressed in the clinical trial protocols. 

 Although VB4 - 845 will never be administered systemically and does not 
bind to human placenta, studies are planned as a step for marketing registra-
tion. Because a relevant species has not been identifi ed, and the rat is unsuit-



able for use because it cannot be dosed systemically, embryofetal development 
will be examined in time - mated female rabbits to determine placenta binding 
and potential for transplacental passage. A formal study will not be conducted 
unless fetal effects are observed.  

Genotoxicity Studies   While the majority of the principles of the ICH S6 
apply to immunotoxins, because they are a biotechnology - derived biopharma-
ceutical, certain tests such as genotoxicity and carcinogenicity studies do not 
directly apply. 

 Examination of genotoxicity of pharmaceuticals is required to assess the 
interaction of the drug with DNA. These studies are generally not applicable 
to immunotoxins. Unlike chemotherapeutics that cause cell death through 
DNA interaction, immunotoxins mediate cell death by preventing protein 
synthesis. However, immunotoxins use a linker to connect the toxin to the 
antibody that may need to be examined if it is an organic linker and has the 
ability to bind DNA (per ICH S6). The majority of immunotoxins use either 
a nonreducible thioether linker for intact toxins or a disulfi de bond for A 
chains and ribosome - inactivating proteins and do not interact with DNA.  

Carcinogenicity Studies   Immunotoxins, in general, do not have the ability 
to transform cells or promote the growth of transformed cells. Therefore 
carcinogenicity bioassays are considered inappropriate. This is in contrast to 
toxins fused to growth factors that may promote tumor growth under certain 
circumstances if, for example, a less than toxic dose were administered. Should 
the immunotoxin interact with growth factors or cytokines, in vitro studies may 
be required to examine whether growth is promoted in transformed cells.    

29.5 PROGRESS OF IMMUNOTOXIN THERAPEUTICS 

 Cancers of hematologic origin are more accessible to immunotoxin therapy 
and thus more amenable to treatment than solid tumors. One of the most 
promising immunotoxins, currently in development is BL22 used for the treat-
ment of hairy cell leukaemia. BL22 is comprised of an anti - CD22 dsFv linked 
to truncated PE, and it has been evaluated in a phase 1 clinical trial of patients 
with B cell malignancies  [31]  and ongoing in phase 2 clinical trials  [30] . Of the 
32 patients treated in the phase 1 study, 16 hairy cell leukaemia patients 
responded with 11 patients having a complete remission and 2 having a partial 
remission. Neutralizing antibodies were only observed in 4 of the 16 patients. 
Although VLS was observed in some patients, the dose - limiting toxicity was 
the cytokine release syndrome. A variety of immuntoxins have undergone 
clinical testing, and the testing has been comprehensively reviewed by 
Kreitman  [28]  and Schaede and Reiter  [54] . 

 Currently two immunoconjugates have been approved by the FDA for 
clinical use in the treatment of cancer. Mylotarg ®  (Gemtuzumab ozogamicin, 
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Wyeth - Ayerst Laboratories) is a CD33 antibody conjugated to a calicheami-
cin, a cytotoxic antibiotic and Ontak ®  (denileukin diftitox, Ligand Pharma-
ceuticals, Inc.) is an IL - 2 cytokine conjugated to the toxin DT. Both drugs 
target hematological cancers. While Mylotarg ®  is not conjugated to a toxin, it 
provides a good example of the progress of an antibody immunoconjugate 
from preclinical development to regulatory approval for market. 

 The targeted antigen, CD33, of Mylotarg ®  is not expressed in any other 
species besides humans and large primates; therefore a cross - reactive species 
was not available for Mylotarg ®   [9] . Instead, repeated - dose toxicology studies 
were conducted in Sprague – Dawley rats and cynomolgus monkeys that indi-
cated hepato, renal, and hematopoietic toxicities due to drug administration. 
Mylotarg ®  was more immunogenic in rats than monkeys and had a slow clear-
ance rate in both species, three and seven days, respectively. Safety pharmacol-
ogy conducted in dogs resulted in minor changes in blood pressure and cardiac 
output that were noted at 16 - fold above human starting dose with changes in 
ECG and heart rate noted at 52 - fold above human dose. Reproductive toxicol-
ogy was not conducted; however, histopathological changes were noted in rat 
testes and atrophy in the mammary gland. Developmental toxicology studies 
conducted in rats showed dose - related development effects with decreases in 
fetal weights, increases in embryo/fetal mortality, and fetal digital malforma-
tions, with reabsorptions at the highest dose. The cytotoxic antibiotic used in 
Mylotarg ® , calicheamicin, kills cells by interacting with DNA and causing 
breakage. Therefore genotoxicity studies were conducted using an in vivo 
mouse micronucleus assay and confi rmed that it was clastogenic. Mylotarg ®  
was determined to have an acceptable toxicity profi le in clinical trials and few 
patients developed antibodies to the drug. Infusion reactions were observed 
that sometimes occur with monoclonal antibody infusions. Preclinical studies 
predicted the liver toxicity observed in patients, which for the most part was 
transient and reversible  [9] . The preclinical studies together with the response 
rate in clinical trials were satisfactory for approval of Mylotarg ®  for CD33 
positive acute myeloid leukemia patients in fi rst relapse who are 60 years of 
age or older. Since then, additional studies indicate further use of Mylotarg ®  
with combination therapy  [58]  as well as other population groups  [6] .  

29.6 SUMMARY

 Immunotoxins continue to be actively investigated as viable alternatives to 
conventional therapies for a variety of diseases. An array of different recom-
binant, antibody formats are now available for use in immunotoxins. While 
these design changes have improved the overall in vitro and preclinical in vivo 
effi cacy of immunotoxins, increased potency does not address either of the two 
major concerns for drugs of this type: immunogenicity and toxicity. As such, 
immunotoxins in their current form may have limited application other than 
to those disease conditions either where the patients are immunocompro-



mised, as in the case for leukemia, or where the drug can be delivered directly, 
as was demonstrated for VB4 - 845 in the treatment of SCCHN and transitional 
cell carcinoma of the bladder. In order to expand the utility of immunotoxins 
to achieve a comparable safety profi le, design considerations will be required 
to minimize immunogenicity and toxicity. To this end, pegylation  [34,60]  or T 
and/or B cell epitope depletion  [24]  from the toxin portion of the immunotoxin 
may be an alternative means to minimize an immune response while the dis-
covery of newer toxins with better safety profi les may minimize nonspecifi c 
toxicities. In addition increasing the safety profi le of immunotoxins through 
the discovery of new and more selective tumor targets will only serve to 
broaden their clinical use in the treatment against cancer.  
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30.1 INTRODUCTION

 The historical development of blood products, in particular, plasma deriva-
tives, refl ects the development of  “ traditional ”  biological products. The early 
products were derived from donated blood. Their development through the 
1960s and  ’ 70s   consisted primarily of refi ning purifi cation techniques. Because 
they are necessarily sourced from human materials, the issue of disease trans-
mission has always been a concern. Along with improvements in purifi cation 
came better donor selection, better donor testing, and manufacturing methods 
designed to separate and inactivate infectious agents. Later the implementa-
tion of manufacturing steps introduced specifi cally to reduce possible viral 
contaminants became important. The biotechnology revolution using cell 
culture methods allowed the consistent production of large amounts of 
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products without the concern of human - derived infectious agents. The fi eld 
has further progressed with advancing science to the consideration of gene 
therapy applications for many of the disorders that were previously treated 
using replacement therapy. Although current products under development 
primarily address diseases associated with single gene mutations or a single 
protein ’ s lack of activity, the possibility of curing individuals using a biological 
therapy seems possible. 

 The Offi ce of Blood Research and Review (OBRR) in CBER has a long 
history of review and approval of biological products. Many of the earliest 
blood products were not evaluated using what is now considered to be con-
ventional preclinical and toxicological evaluations. This is in part because the 
Bureau of Biologics and its predecessor, Division of Biologics Control (trans-
ferred from NIH to FDA in 1972)  [1]  regulated products under a different 
mandate and in part because the blood products are often meant to replace 
or supplement levels of existing biologic factors. Albumin, fi brinogen, and 
gamma globulin were fi rst purifi ed from plasma using ethanol fractionation 
described by Cohn in 1940  [2] . It has been the assumption that the supplement-
ing of normal plasma derivatives, with material isolated from plasma, does not 
cause classical toxicity. That is not to say that these products were not evalu-
ated for harmful effects but that evaluation was most often linked to determi-
nation of effects of inherent activity or activity associated with changes in 
molecular structure. Changes such as cleavage of proteins in the product could 
result in generation of enzymatic activity. For example, such activity might 
subsequently result in lack of stability, increase in pro - thrombotic potential, 
or other effects caused by active fragments. An important case of such an 
incident was the association of hypotension with the administration of purifi ed 
protein derivative, a product composed primarily of albumin  [3] . Currently 
such molecular changes are evaluated and, as in all biological products, the 
issue of immunogenicity is also addressed and will be discussed. 

 The use of animals for the preclinical evaluation of blood derivatives pri-
marily encompassed evaluation for activity  [4] , and later for viral contamina-
tion  , but little from the perspective of actual toxicological endpoints. Many of 
the hemophiliacs who were treated with early versions of antihemophilic 
factor (AHF) and Factor IX became infected with hepatitis  [5] . This provided 
the major reason for developing viral inactivation methods for AHF concen-
trates. The hepatitis agents were referred to as non - A, non - B hepatitis (NANB). 
The preclinical demonstration that the active virus had been inactivated 
required the use of chimpanzees, which were injected with the AHF concen-
trate. During the early 1980s plasma fractionators used chimpanzee studies to 
demonstrate the effectiveness for the reduction of HBV and NANB hepatitis 
infectivity  [6] . Ultimately, previously untreated patients were evaluated in 
clinical trials that demonstrated the utility of a number of viral reduction 
methods for what was by then known as hepatitis C  [7] . 

 More recently some of the focus of preclinical evaluation of blood products 
has shifted to toxicological evaluations. This has come with the development 
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of recombinant materials or biochemically modifi ed molecules to address 
specifi c disease states. In the case of the hemoglobin - derived oxygen carriers, 
with extensive toxic characteristics, many aspects of preclinical assessment 
have been employed as will be discussed below. 

 Conventional preclinical studies are those using principles similar to those 
for toxicological assays of traditional drug products and used to determine 
such parameters as absorption, distribution, metabolism and excretion 
(ADME), no adverse effect level (NOAEL), maximum tolerated dose (MTD) 
levels, and determination of relevant animal species. These studies are gener-
ally conducted in concentrations based on multiples of the proposed human 
dose. Evaluation endpoints usually include mortality, clinical signs, body 
weight, food consumption, clinical chemistry, hematology, gross pathology, and 
histopathology. 

 The FDA refers to a few offi cial documents for guidance in accomplishing 
a valid preclinical development program. These include International 
Conference on Harmonization (ICH) accepted guidances as well as US FDA 
guidance documents: 

 •   Guidance for Industry: S6 Preclinical Safety Evaluation of Biotechnology -
 Derived Pharmaceuticals (1997)  

 •   Guidance for Industry: M3 Nonclinical Safety Studies for the Conduct of 
Human Clinical Trials for Pharmaceuticals (1997)  

 •   Guidance for Industry and Reviewers: Estimating the Safe Starting Dose 
in Clinical Trials for Therapeutics in Adult Healthy Volunteers    

 Additional biological product specifi c advice is provided in other 
documents: 

 •   Points to Consider in the Manufacture and Testing of Monoclonal Anti-
body Products for Human Use (1997)  

 •   Guidance for Industry: Guidance for Human Somatic Cell Therapy and 
Gene Therapy (1998)  

 •   Guidance for Industry and Reviewers: Estimating the Safe Starting Dose 
in Clinical Trials for Therapeutics in Adult Healthy Volunteers    

 The ICH S6 document should be used in conjunction with the ICH M3 guid-
ance, which provides the appropriate timing and duration of general toxicol-
ogy studies as they relate to the proposed clinical trials. The principles and use 
of these various guidance documents are discussed in depth elsewhere in this 
volume. The intent in this chapter is to describe some of the preclinical pro-
grams that are publicly known and to offer suggestions for the development 
of plans for various groups of products regulated in the Offi ce of Blood and 
Blood Products, the CBER, and the FDA.  
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30.2 HEMOGLOBIN-BASED OXYGEN CARRIERS 

 Although often referred to as blood substitutes, the major intent of 
hemoglobin - derived products has been for use as oxygen carriers. The hemo-
globin - based oxygen carriers (HBOCs) represent a unique, and what has 
proved to be a diffi cult, class of blood product. The majority of products in 
this class have used the oxygen - binding characteristic of hemoglobin while 
attempting to avoid the toxicities associated with the molecule when not pre-
sented in the red cell. Early clinical studies using stroma - free human hemo-
globin showed renal dysfunction, hypertension and severe abdominal pain  [8] . 
This class of products demonstrated extreme toxicity in initial studies and 
changes to formulation and molecular structure have been made in attempts 
to address the toxicity  [9] . One of the primary challenges to the developers of 
novel hemoglobin products is this demonstration of lack of toxicity. 

 Because there are a variety of methods that attempt to address the toxicities 
of hemoglobin  [10] , each novel material requires investigations into all of the 
various toxicities. Since it is known that hemoglobin causes renal, neural, and 
cardiac toxicity, a novel modifi cation that is intended to remove or reduce 
these toxicities must be tested to address the effects on each of these target 
organs. 

 Although the HBOCs have attempted to fi nd utility in different clinical 
settings where the risk – benefi t profi les are different than for use as  “ blood 
substitutes, ”  many aspects of the toxicities must still be addressed. For all of 
these reasons the most extensive requirements for preclinical safety informa-
tion for therapeutics regulated as blood products have been for the hemoglo-
bin - derived products. Because the hemoglobin - based oxygen carriers are 
viewed as a class, the FDA has taken the approach that each hemoglobin 
therapeutic candidate should address the issues of the others. The FDA draft 
guidance lists numerous toxicities that should be addressed  [11] . These include 
vasoactivity, gastrointestinal toxicity, neurotoxicity, and cardiac toxicity as well 
as activity in vascular tone, oxidative stress, synergy with endotoxin, and enzy-
matic indications of pancreatic and liver toxicity. The guidance is very prescrip-
tive regarding physicochemical characterization, estimation of in vitro activity, 
as well as some of the animal models that should be used to address particular 
toxicities. As in most preclinical safety tests, doses suffi cient to observe toxicity 
are suggested, and at least one study in large animals should be used. The FDA 
draft guidance also encourages the use of animal models of disease to address 
many of the possible toxicities for a  “ complete safety profi le. ”  For example, a 
fully instrumented animal model study resembling the proposed clinical use 
should be used to measure cardiac, renal, and pulmonary function. Also rec-
ommended is an extensive list of laboratory data to be collected during these 
studies, such as effects on microvasculature, enzymes, histological and physical 
tests to evaluate renal function, and a collection of clinical chemistry parame-
ters. One example of a preclinical program included studies on cardiovascular 
effects (3 species), genotoxicity (3 in vitro models), gastrointestinal effects 



(3 species), hemorrhagic shock (3 species), hemostasis (1 specie), toxicology 
(5 studies in 3 species), oxygen delivery (1 specie), PK (1 specie), renal 
effects (1 specie), and reproductive toxicology (1 specie).  

30.3 THERAPIES FOR DISEASES OF GENETICALLY 
DEFICIENT PROTEINS 

 As mentioned above, one of the primary uses of plasma - derived products 
is to replace missing proteins, in particular, genetic defi ciencies such as 
hemophilia or immune defi ciency. These products are administered intrave-
nously. The development program for most of these products has not included 
extensive preclinical animal evaluation. Often animal models have been 
used to demonstrate product effectiveness prior to clinical trials. However, 
other more recent development programs have included toxicology assess-
ments. For example, in the case of one particular non - enzyme plasma - deriva-
tive product defi cient in some individuals, the toxicology program that was 
recommended included single -  and multiple - dose toxicity studies. These were 
to be evaluated in rodents. The single - dose study incorporated a determination 
of the maximum tolerated dose as well as clinical observations and complete 
histopathology. 

 Another program recently recommended for a product with novel modifi -
cations included single - dose studies in a rodent and a nonrodent as well as 
another study in a higher mammal as a means to enter phase 1 trials. However, 
multiple - dose animal studies would be necessary and could probably be done 
in parallel to the single - dose human trials. 

 Although coagulation factor defi ciency such as factor VIII and Factor IX 
is found only in males, any product that might be administered to females 
should include reproductive toxicology studies and follow the ICH S5A outline 
for segment 2 evaluation. Because defi cient products are normally proteins, 
fertility and perinatal reproductive toxicology studies can be seen scientifi cally 
as extremely unlikely to provide any information. Teratology studies might 
reveal effects on organogenesis that occur as a result of complement or 
coagulation system changes or immunologic mediators, so such studies are 
recommended. 

 Homologous recombinant proteins have had to undergo a more extensive 
evaluation preclinically. For example, a recombinant factor VIII product was 
evaluated in acute and subacute studies in mice, rats, rabbits, dogs, and nonhu-
man primates over a range of concentrations and dose frequency  [12] .  

30.4 IMMUNE GLOBULINS 

 Although there is no specifi c FDA document that provides guidance for pre-
clinical studies for immune globulins, there is a draft guidance for safety, 
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effi cacy, and pharmacokinetic clinical trials to support licensure of intravenous 
immune globulin  [13] . The guidance recommends that in clinical trails safety 
data be collected to include capture of adverse effects (AEs) regardless of 
determination of association with the product (temporal association is primary 
consideration). The characteristics of the particular infusion associated with 
an AE, as well as statistical consideration for evaluation of all AEs, should be 
included in any marketing application. 

 The effi cacy of the product should be determined using the subject ’ s bacte-
rial infection rates and the pharmacokinetics of product, including the rela-
tionship of PK and infection. The ability of many of these products to block 
infection has been demonstrated. 

 In the future the FDA may develop guidance for preclinical toxicology 
studies but one has not been published at this time. The guidance recommend-
ing design of clinical studies can be used to model animal studies to support 
the various clinical trials. 

 A recent presentation by an FDA reviewer noted that for a number of 
immune globulin products surveyed, no preclinical animal studies were pre-
sented in the INDs  [14] . The immune globulins surveyed included immune 
globulin (intravenous), as well as hyperimmune globulins both intravenous 
and intramuscular forms. This situation is likely due to the long history of these 
products and the similarities in their manufacturing. 

 Regarding the use of hyperimmune globulins such as used for treatment of 
bacterial, viral, or toxin diseases, the safety data from other immune globulins 
from the same manufacturer provide most of the information and assurance 
of safety. If one manufacturer has an approved immune globulin, the material 
isolated for a hyperimmune most likely will be manufactured in the same way 
except that a larger portion of the source plasma will have the specifi c immune 
globulin. As such, there is a high degree of confi dence in the safety of the 
material from the previous nonspecifi c immune globulin. 

 In contrast, a literature report of a new IGIV discusses limited animal 
studies in preparation for human trials  [15] . The development of this product, 
produced by Baxter, has used a series of preclinical animal testing methods to 
address concerns for the use of a plasma derivative. Although it would not be 
considered a  “ classical ”  toxicology program, acute toxicity was evaluated along 
with the application of a number of models in order to gain insight into the 
in vivo characteristics of the product. An in vivo assay was used to show pro-
tection from Klebsiella pneumoniae  and  Streptococcus pneumoniae . Broncho-
spastic activity in anesthetized guinea pigs was chosen to evaluate the potential 
for anaphylactoid reactions after rapid arterial injection, and the potential for 
changes in blood pressure was evaluated in the hypotensive rat model. Dog 
studies were used to evaluate possible cardiovascular, respiratory, and coagula-
tion reactions. Thrombogenicity was measured in rabbits. Pharmacokinetic 
characteristics were studied in rats. Acute toxicity studies in mice and rats were 
used to determine the NOAEL. 



30.5 COAGULATION FACTORS FOR REPLACEMENT THERAPY 

 As mentioned above, preclinical pharmacology and toxicology for plasma 
derivatives has not included preclinical assessments commonly employed for 
small - molecule drug products. Most preclinical development involves com-
parative pharmacokinetics and the use of animal models has been an impor-
tant component of this evaluation. The coagulation factors have shown the 
potential for effi cacy in animal models such as the von Willebrand swine and 
hemophilic dog  [16,17] . 

 These animal models of disease should be considered early on as potentially 
providing some of the data necessary for initiation of human studies. Besides 
utility as proof of concept, they can add to understanding dose response as 
well as help evaluate some safety endpoints. New products resulting from 
improved manufacturing can be compared with previously produced material 
using pharmacokinetic parameters. 

 In one  “ second - generation ”  recombinant factor VIII product, ReFacto ® , 
hemophilic dogs were used to demonstrate utility for bleeding time correction, 
association with von Willebrand ’ s factor, and evaluating pharmacokinetics 
 [18] . A plasma - derived factor VIII was used for comparison. In another study 
that used a dog model, a recombinant von Willebrand factor was evaluated 
 [19] . Pharmacokinetic data were collected as well as pharmacodynamic mea-
surements of platelet aggregation support (ristocetin cofactor activity) and 
cuticle wound blood fl ow. An important component of these studies was the 
suitability of the model. These models were chosen because of the biochemical 
defi ciency of the particular factors and the parallel clinical syndromes. Such in 
vivo data can help in determining activity and dosing when such a product is 
fi rst used in human trials. The Refacto ®  molecule was also studied in rats and 
monkeys to determine its no observed adverse effect level, that was more than 
10 times normal circulating levels. The major toxicity observed was the devel-
opment of antibodies to the molecule that blocked activity and resulted in an 
acquired hemophilia syndrome. Similar fi ndings were demonstrated when 
plasma - derived material was injected into monkeys  [20] .  

30.6 IMMUNOGENICITY

 Current regulatory concerns with protein therapies include the possibility of 
induction of autologous antibodies that interact with the therapeutic agent or, 
worse, with the subject ’ s own residual analogous factor  [21 – 23] . With the use 
of some bovine thrombin products, there has in fact been an association with 
coagulopathies and autologous antibodies  [24 – 26] . Therefore the immuno-
genic potential needs to be addressed in the development program of every 
new product as well as manufacturing changes or with changes in excipient. 
The concern of immunogenicity has been expressed by US   and European 

IMMUNOGENICITY 675



676 PRECLINICAL SAFETY EVALUATION OF BLOOD PRODUCTS

authorities and the Australian authorities have accepted the EMEA position 
 [27 – 29] . Even prior to the development of recombinant affector proteins, an 
important consideration for the safety of the subjects using the plasma - derived 
coagulation factor therapies was the development of  “ inhibitors ”  to coagula-
tion enzymes  [30 – 32] . The development of these inhibitors, so named because 
of their ability to block activity and not initially known to be antibodies, was 
a serious event. The induction of this immune response was tragic for hemo-
philiacs because it drastically changed the ability to treat bleeding episodes or 
to provide prophylactic therapy  [33] . 

 Because of the unknown component of biotechnologically derived factors, 
evaluation of the development of such inhibitors was an important concern in 
their development  [34,35] . In some cases, the hematopoietic compounds 
induced autologous antibodies, not only toward the biological drug but also 
toward the patient ’ s own biological factor, leaving them with severe anemia 
 [17 – 19] . 

 Major regulatory agencies have developed guidance to specifi cally address 
immunogenicety in preclinical studies, if possible. Certainly sponsors should 
collect and present data on immunogenicity from clinical trials  [36] . The FDA 
has particularly addressed the issue of antibodies to clotting factors at a public 
meeting  [12] . The discussion at that meeting suggested possible future use of 
mouse models for inhibitor testing, including transgenic mice and hemophilia 
mice. In other venues the FDA has encouraged the development of in vitro 
immunological response testing  [37] . Other methods for establishing an esti-
mate of immunogenicity have included the use of immunochemical (ELISA) 
assays to compare response and to evaluate cross - reactivity for products that 
have changed formulation or manufacturing. The FDA has accepted the use 
of such immunochemical evaluations in some cases as part of product charac-
terization. However, to date, the best method of detecting changes in immu-
nogenicity of novel products or improved manufacturing is a clinical study 
with previously treated patients. Certainly some estimation of antigenicity 
should be done preclinically. Immunogenicity has also been a concern for gene 
therapy studies as mentioned below (also see Chapters  16 and 20  in this 
volume addressing immunogenicity).  

30.7 RECOMBINANT BIOTECHNOLOGY -DERIVED
COAGULATION FACTORS 

 The fi rst therapeutic recombinant DNA - derived coagulation protein licensed 
by the FDA was factor VIII for treatment of hemophilia A in 1992  [38] . This 
step forward was a landmark in hemophilia therapy. This biotechnology process 
reduced the theoretical risk of human - derived viruses and seemed to provide 
for an unlimited market supply although other human and animal proteins 
were often used in the manufacturing and formulation of many recombinant 



products. Plasma - derived factors are still manufactured for a number of 
reasons, including cost and availability, but the use of recombinant factors is 
recommended by the Medical and Scientifi c Advisory Council of the Hemo-
philia Foundation  [39] . The current virus reduction methods for plasma - derived 
concentrates are considered extremely safe and have virtually eliminated 
product-derived infections of HIV and hepatitis  [40] . Additional manufactur-
ing methods are also effective in reducing the chances of a parvovirus infec-
tion. Nevertheless, the use of recombinant coagulation factors has revolutionized 
not only manufacturing but patient therapy  [41 – 43] . 

 As discussed above, animal models have played an important part in char-
acterizing recombinant molecules. Nevertheless, more classical toxicological 
evaluations are being applied in the preclinical setting. Research continues on 
the recombinant factor VIII and Factor IX using molecular techniques to 
improve the molecules as therapeutics  . Modifi cations that increase activity, 
increase half - life, and increase expression are being investigated. In fact modi-
fi cations that would make these genes better candidates for gene therapy are 
also being evaluated  [44 – 46] .  

30.8 GENE THERAPY FOR THE TREATMENT OF 
COAGULATION DISORDERS 

 The concept of a cure for hemophilia has been a goal of scientists and practi-
tioners for many years and studies are currently underway to address this goal 
 [47] . As in the history of these products, the use of animal models as a proof of 
concept has been central to preclinical testing  [48,49] .The specifi c aspects of 
the toxicology evaluation of gene therapy, in general, is addressed in Chapter 
 32 , but some discussion of these animal models as they relate to hemophilia 
is pertinent here. As in all current studies, the issue of immunogenicity is 
an important consideration whose evaluation should be included in gene 
therapy product studies. In animal models, some have demonstrated the induc-
tion of an immune reaction to the expressed protein even after delivery of 
the gene by adenovirus  [50] . Increased expression, decreased toxicity from viral 
elements, and decreased immunogenicity of the expressed proteins had been a 
formidable goal and has shown some progress as evaluated in animal models 
 [51 – 54] .  

30.9 CONCLUSION

 The preclinical assessment of blood products has been based on studies 
designed to answer specifi c questions on product - specifi c attributes with a 
consideration of the intended patient population. In many cases relevant 
animal models of the disease have been used to assess safety in addition to 
providing proof - of - concept information to support clinical development.  
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31.1 INTRODUCTION

 For nearly a century vaccines have proved to be one of the most important 
and effective medical treatments. Because of successful vaccination the 
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smallpox virus has been virtually eradicated  . In addition to smallpox, vaccines 
continue to prevent millions of deaths worldwide and protect children from a 
variety of serious diseases such as diphtheria, pertussis, measles, tetanus, rubella, 
and mumps  [1] . As effective as currently marketed vaccines are, diseases caused 
by other viruses such as human immunodefi ciency virus type 1 (HIV - 1), human 
papillomavirus (HPV), and hepatitis C virus (HCV) are not presently con-
trolled by vaccination, and they clearly represent a signifi cant unmet medical 
need. For example, according to the United Nations program on AIDS, approx-
imately 40 million people worldwide were living with HIV by the end of 2006, 
approximately 4 million were newly infected and 3 million had lost their lives 
to AIDS  [2] . It is believed that at least 20 million people have died of AIDS 
since the fi rst cases of AIDS were identifi ed in 1981    [2,3] . 

 The purpose of this chapter is to review and discuss the preclinical safety 
evaluation strategy for vaccine approaches to the prophylaxis and treatment 
of viral diseases. This chapter will discuss the newer approaches to vaccination 
and will include recombinant proteins, peptides, polysaccharides, DNA plas-
mids, and viral vectors with and without adjuvants. It is outside the scope of 
this chapter to discuss whole cells expressing immunogens, live attenuated 
viruses, bacteria, or parasites.  

31.2 BACKGROUND

 Billions of doses of vaccines were safely administered over the last century to 
millions of infants, children, and adults  [1,4] . Vaccine - associated adverse events 
were nevertheless identifi ed in a minority of patients. Many of the adverse 
events were directly related to the vaccine; others as in the case of MMR have 
not been substantiated with data but still cause considerable public unease  [1] . 
One documented case is that of vaccination with a formalin - inactivated respi-
ratory syncytial virus (RSV) that, when given prophylactically, caused enhanced 
disease after exposure to the virus and resulted in the death of some children 
 [1,4,5] . An increased incidence of Guillain – Barr é  syndrome appeared to be 
associated with a swine fl u vaccine that was tested in humans in the late 1970s 
 [1,6] . Guillain - Barr é  syndrome has also been associated with other vaccines 
including those for polio, measles, and hepatitis B  [6] . 

 Successful vaccination requires both aspects of adaptive (or acquired) 
immunity: specifi city and memory. The primary purpose of a vaccine is to 
prime the host ’ s immune system with an infectious agent that has been modi-
fi ed so that it is no longer infectious but still immunogenic enough that the 
host can mount an immune response before the agent produces its adverse 
effects  [7] . Prior to advances in molecular technology that allowed for genetic 
manipulation of the virus and/or toxoids, the main types of vaccines developed 
were live attenuated vaccines, inactivated vaccines, and chemically altered 
exotoxins  [7] . The virulence of live attenuated vaccines (e.g., oral polio virus 
and cholera) was eliminated by various methods, including treatment with heat 
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and chemicals or enzymes, or through multiple passages of the virus in culture 
 [1,7] . Although effective and safe in most individuals, these vaccines were not 
recommended for people with impaired immune systems, and in rare cases 
reversion to virulence was noted. For example, after the introduction of oral 
polio virus sporadic cases of vaccine - associated paralytic polio were observed. 
It was thought that the few attenuating mutations present in one vaccine strain 
caused the live polio virus to revert to virulence  [1] . However, it was a rare 
occurrence, and given the risk of polio and the perceived benefi t, the vaccine 
continued to be used until it was replaced by an inactivated or killed vaccine. 
Although the killed vaccines were associated with fewer adverse effects, they 
were less effective  [7] . The third major type of vaccine at that time was for-
malin - inactivated toxoids (e.g., pertussis, diphtheria, and tetanus). Since these 
vaccines, such as those against whooping cough, developed in the 1940s dem-
onstrated good effi cacy and safety, they were combined with diphtheria and 
tetanus toxoids. Similar to the single vaccines, these vaccines exhibited a good 
safety profi le. However, some adverse reactions such as seizures and infantile 
spasms, observed in the 1970s, caused suffi cient public concern that the use of 
these vaccines declined dramatically  [1,8,9] . Not surprisingly, their decline in 
use was associated with an increased incidence in those diseases  [1] . 

 The development of recombinant DNA, large - scale cell culture technolo-
gies, and advances in synthetic DNA and protein chemistry introduced a wide 
range of potential pharmaceutical products including cytokines, receptor ago-
nists/antagonists, hormones, growth factors, monoclonal antibodies, and gene 
therapy products. These advances enabled the development of the next gen-
eration of vaccines: recombinant protein, DNA plasmid, and recombinant viral 
vectors.  

31.3 CURRENT TECHNOLOGIES 

31.3.1 Recombinant Protein Vaccines 

 Improvements in genetic engineering facilitated the identifi cation, construc-
tion, and production of novel recombinant antigens  [1] . This approach was 
particularly successful for HBV as it reduced the risk that the formulation 
could be contaminated with residual viral particles  [6,10] . Instead of purifying 
HBV from urine of infected individuals, the segments of the HBV that encode 
for hepatitis B surface antigen (HBsAg) were inserted into a yeast plasmid 
using DNA recombinant technology. At fi rst the administration of HBV 
vaccine was restricted to individuals at high risk of exposure to HBV, but as 
the vaccine proved to be effi cacious and safe, its use increased to the point 
that it became common practice in some countries to vaccinate all infants. 
Although reactions were infrequent in adults and rare in infants and children, 
some reactions were considered signifi cant. A review of all the safety reports 
with HBV vaccine found that the vaccine - associated reactions included 
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immediate (anaphylaxis and urticaria), delayed (e.g., systemic lupus erythema-
tosus, glomerulonephritis), hematologic, ophthalmic, and neurologic toxicities 
 [11] . Given the temporal relationship to vaccination, the similarity between 
the serious reactions to the vaccine and the extrahepatic effects of infection 
with HBV and the potential induction of soluble antigen – antibody complexes 
indicated that although rare, these reactions were related to vaccination. As 
the benefi t of HBV vaccine far outweighs the potential risks, this vaccine 
continues to be used  [11] . 

 While recombinant protein technology eliminated some of the potential 
risks associated with vaccine therapy (i.e., reversion to virulence), these 
vaccines still require adjuvants that can produce adverse local reactions and 
hypersensitivity on occasion. These newer vaccines will share some of the 
other potential risks of vaccines such as enhancement of disease or infection, 
antigenic competition, and cross - reactive antibodies  [6] . Toxicity due to molec-
ular mimicry in which antibodies to the viral antigen cross - react with other 
tissues in the body has been a regulatory concern for many years  [4,6,11,12] . 
Cross - reactive antibodies were a particular issue for the development of 
vaccines against groups A and B Streptococcus (GAS, GBS), Lyme disease 
and group B meningococcus  [4,13 – 15] . In one example, rheumatic heart disease 
developed after vaccination to GAS. It was found that the antigen presented 
by GAS was similar enough to a host ’ s cardiac antigen that the antibodies 
attacked the cardiac valve  [12] .  

31.3.2 Virus-like Particles 

 Structural proteins derived from viruses such as HBV have the ability to 
spontaneously assemble into particles called virus - like particles (VLPs). These 
VLPs are similar to virions and consist of highly repetitive and ordered struc-
tures, but unlike recombinant protein vaccines, VLPs can elicit both humoral 
and cellular responses  [16] . In addition these particles are easily purifi ed and 
can be produced in large quantities  [16] . Several VLPs are in clinical trials and 
have shown to be effective. This strategy has been particularly successful for 
HPV, and one product has been recently approved by the FDA for prophy-
lactic use  [17] .  

31.3.3 DNA Vaccines 

 Interest in the potential for DNA vaccines was increased after a number of 
publications reported that bacterial plasmids could produce immune responses 
following administration to vertebrates  [18] . DNA vaccines consist of a bacte-
rial DNA plasmid that contains a gene encoding the antigen of interest, a 
strong viral promoter, and a terminator sequence to ensure that the gene will 
be expressed in mammalian cells  [18 – 20] . When injected by various routes of 
administration (e.g., intramuscularly and intradermally), DNA vaccines are 
transcribed, translated, and the encoded protein is presented by an antigen -
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 presenting cell (APC) in the context of a self major histocompatibility complex 
(MHC)  [21,22] . DNA vaccines have been found to generate all types of immu-
nity including cytotoxic T cell (CTL) responses, T helper cells, and antibodies 
 [20] . It is thought that DNA vaccines can elicit a CTL response while recom-
binant proteins cannot because the antigen can be delivered into the cell, 
allowing the antigen to enter the intracellular processing pathway and result-
ing in the presentation of its relevant peptides on MHC class I molecules to 
stimulate a CTL response. Recombinant protein vaccines on the other hand, 
tend to be taken up by the endolysosomal system where it degrades into pep-
tides and associates with MHC class II molecules that stimulate T helper cells 
rather then cytolytic T cells  [20] . 

 There are potential safety issues with DNA vaccines, some similar to other 
vaccine strategies and some unique to DNA vaccines. These concerns include 
induction of autoimmunity, potential integration of plasmid DNA into the host 
genome, induction of immunological tolerance, immunotoxicity, and altered 
immune responsiveness to other vaccines and infection  [21,23,24] . 

Induction of Autoimmunity   The bacterial elements of a DNA plasmid can 
contribute to its immunogenic potency. It is well known that oligonucleotides 
having the sequence purine - purine - CG - pyrimidine, in which the CpG sequence 
is unmethylated, can activate antigen - presenting cells in vitro and exert 
immune stimulating effects in vivo  [25 – 27] . It has also been shown that these 
CpG motifs can stimulate polyclonal T, B, and NK cells that can release immu-
nomodulatory cytokines such as IL - 2, TNF α ,  γ  - interferon, and IL - 6  [21,26,28,29] . 
The safety concern is that the promotion of immune activation could lead to 
anti - DNA antibodies, which may then contribute to   and/or accelerate the 
development of autoimmunity  [21, 23] . Additionally bacterial, but not mam-
malian, DNA can stimulate production of IgG anti - DNA autoantibodies that 
can lead to glomerulonephritis in mice  [21,30,31] . To assess this risk, the effect 
of vaccination of several DNA vaccines was investigated in normal Balb/c 
mice and mice prone to lupus (NZB/W). A threefold increase in the number 
of B cells secreting IgG antibodies against mammalian DNA was induced 
when Balb/c mice were repeatedly vaccinated whereas the serum anti - DNA 
antibody titers only rose   35% to 60%  [21] . No effect on the onset or severity 
of autoimmune disease was observed in either the normal or lupus - prone mice, 
and therefore these fi ndings indicated that this modest level of autoantibody 
production was not suffi cient to induce autoimmunity  [21] . These fi ndings are 
consistent with other reports where no autoimmune - mediated pathology or 
development of systemic autoimmune response was observed in normal 
animals after DNA vaccination  [22,23,32,33] . Furthermore other studies per-
formed in a number of species, including rodents, rabbits, and nonhuman pri-
mates, have not reported any anti - DNA antibodies  [22,23,33,34,35,36] .  

Integration into Host Genome   DNA plasmid needs to enter the cell 
to produce an immune response. Therefore a safety concern is whether 
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integration of the plasmid DNA into the host genome occurs, and if so, will 
the risk of genetic instability or cell growth dysregulation, mutagenesis, and 
carcinogenicity increase  [23,24] . Results from biodistribution and persistence 
studies have typically shown that although plasmid DNA can be detected in 
many organs shortly after injection, DNA plasmid could only be detected at 
the injection site several weeks after injection.  [23] . Long - term persistence 
may facilitate the integration, and in one study, when DNA plasmid was 
injected intramuscularly in mice, it was still present in the muscle 19 months 
later  [23,37] . However, in this and other studies, no integration was observed; 
the plasmids were predominantly extrachromosomal  [23,37,38,39] . Neverthe-
less, in one study investigators using a newly developed PCR assay to assess 
integration identifi ed four independent integration events upon plasmid injec-
tion followed by electroporation of the injected muscle in vivo. Electropora-
tion of the injection site was considered to have increased plasmid DNA 
delivery into cells and increased plasmid integration frequency  [23,40] . Bio-
distribution studies are also useful for assessing for distribution to the gonads, 
but again studies have found that although plasmid can be detected in the 
gonads shortly after injection, they do not persist  [23] .  

Immunological Tolerance   Most preclinical studies (for both effi cacy and 
safety) utilize healthy adult animals. However, there is a concern that the risk 
for certain clinical populations with reduced immune function, including 
infants, children, and elderly, is not adequately assessed  [21] . Evidence suggests 
that recognition of foreign determinants is acquired at distinct stages of matu-
ration ranging from early gestation until days or weeks after birth. Since the 
protein encoded by a DNA vaccine is produced endogenously and expressed 
in the context of self MHC, the potential exists for the neonatal immune 
system to recognize the vaccine antigen not as foreign but as  “ self, ”  resulting 
in tolerance  [21] . Experiments with DNA plasmids in neonatal mice showed 
long - lasting neonatal tolerance (persisting for more than nine months) when 
newborn Balb/c mice were injected with a DNA plasmid  [21] . However, in 
other experiments treatment with DNA plasmids did not induce tolerance in 
neonatal mice  [23] . Experiments in aged mice demonstrated a diminished 
immune - response relative to younger animals but cytokine and antibody 
production increased following repeated administrations suggesting that 
age - related changes could be overcome with additional dosing  [21,23] . 

 A number of DNA vaccines have progressed into clinical trials for the 
prevention and/or treatment of HIV, malaria, cytomegalovirus (CMV) and 
hepatitis B and C  [23,24] . So far the DNA vaccines have been well tolerated 
in clinical trials  [23]  and have produced both humoral and cellular responses 
in some trials  [41] , but overall the potency has been disappointing  [20] . 
Although DNA is typically injected intramuscularly, alternative delivery 
systems have been evaluated. One such system that has been tested clinically 
for hepatitis B involves coating plasmid DNA onto gold beads, which are then 
propelled into the epidermis using a needle - free delivery system  [20,42,43] . 
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One such delivery system known as PMED (particle - mediated epidermis 
delivery) was the fi rst to show that DNA vaccines could produce a humoral 
response in human trials  [44,45] . Also this method was associated with an 
increased response in patients that had not responded to the HBV protein 
vaccine  [20,45,46] .   

31.3.4 Virus-Based Vectors 

 In gene therapy where the goal is to replace a malfunctioning gene with a 
normal gene viral vectors were initially considered to be an effi cient method 
of ensuring integration into the genome. However, early clinical trials proved 
to be largely unsuccessful, primarily due to immune reactions to the vector 
 [47,48] , and in one case an immune reaction is believed to be the cause   of the 
death of a volunteer in a clinical trial for ornithine transcarbamylase (OTC). 
The high dose of the vector, which was administered by direct infusion into 
an hepatic artery, apparently produced a cytokine cascade that led to dissemi-
nated intravascular coagulation, acute respiratory distress, and multi - organ 
failure  [49] . Second, it has been shown that the production of neutralizing 
antibodies, even at moderate doses of vector, decrease the uptake of adenovi-
ral vectors by cells, including antigen - producing cells  [47,50] . Therefore forma-
tion of neutralizing antibodies can clearly restrict the number of repeat doses 
given in a clinical trial. However, what is considered to be a negative for gene 
therapy may be seen as a positive for vaccine therapy, since viral vectors can 
produce both innate and adaptive immune responses  [47,48] . A number of 
vectors are based on viruses, including variola, vaccinia, avipoxivirus, adeno-
virus, and alphaviruses  [51] . 

 Initially adenoviruses were chosen for several reasons: (1) they cause mild 
disease in humans, (2) their genome has been well characterized (3) they are 
relatively easy to manipulate genetically, and (4) they exhibit a broad tropism 
transducing different cell types  [47] . Adenovirus are double - stranded DNA 
viruses with a genome of approximately 34 to 43   kb; they are species specifi c, 
and they include a number of distinct serotypes. There are about 51 known 
human serotypes and 27 simian serotypes including 7 from chimpanzees  [47] . 
Adenoviruses are made replication defective by removing the E1 gene, but 
there are vectors with other genes such as E3 and E4 that can also be removed 
 [47] . 

 A number of experiments in mice, rabbits, and nonhuman primates have 
demonstrated the potential utility of adenoviral vectors in producing immune 
responses against various viral pathogens, as reviewed by Tastis  [47] . While a 
number of preclinical models have demonstrated the potential utility of these 
vectors, preexisting immunity against human adenoviruses will still likely 
curtail the number of clinical administrations of the vector. Moreover neutral-
izing antibodies against the vector can reduce the potential effi cacy upon 
repeated dose  [47] . Investigators have started to evaluate other species, and 
there are several examples of chimpanzee - derived adenoviruses that have 
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been evaluated in preclinical models. A vector produced from the chimpanzee 
AdC68 virus shares almost 90% homology with the human adenovirus 4  [52]  
and, similar to the HuAd5 virus, enters the cell via the coxsackie adenovirus 
receptor (CAR), so this vector should exhibit similar tropism to humans  [47] . 
Although greater than 80% of chimpanzee sera will be positive for neutraliz-
ing antibodies, humans tested so far do not have neutralizing antibodies for 
AdC68  [52,53] . 

 As with any vaccine technology the adenoviral vectors share some of the 
same potential safety issues already discussed. Like DNA vaccines, adenoviral 
vectors may integrate into the genome and may produce unacceptable immu-
notoxicity. In addition there is a risk that a viral vector could combine with an 
endogenous virus to form a chimera. Administration of a viral vector could 
produce both an innate immune reaction (at high doses) and an antigen - 
specifi c response (at lower doses). However, for vaccine treatment, the vector 
will typically be administered intramuscularly or intradermally so that the 
systemic exposure is less than for intravenous administration, which is a 
common route of administration for gene therapy. Figure  31.1  illustrates these 
two responses.   

    Figure 31.1     Potential immune - responses following administration of a viral vector. 
DIC: disseminated intravascular coagulation; SIRS: systemic infl ammatory response 
syndrome. Image courtesy of Sarah Taplin.  
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 The risk of adenoviral vector - induced oncogenicity is another potential 
safety concern as human adenoviruses are known to be oncogenic in rats. 
However, in humans it is considered to be a low risk, for extensive analysis 
has failed to fi nd human adenovirus DNA associated with human tumors  [54] . 
Therefore the use of in vivo carcinogenicity assays for adenoviruses may be 
uninformative given the lack of any association of adenoviruses with human 
malignancy. Also the known oncogenic component (E1 region) of the nonhu-
man primate (NHP) adenoviral vectors has been deleted from the product. 
However, other potential oncogenes may be present, and therefore it may be 
necessary to assess the oncogenicity of the vector.  

31.3.5 Mixed Modality Paradigms 

 Most of the technologies discussed above have been used as single entities. 
However, because the potency of DNA vaccines in clinical trials has been 
disappointing and because neutralizing antibodies to adenoviral vectors may 
restrict the number of administrations in the clinic, investigators have devel-
oped a regimen in which a priming dose of a DNA vaccine is followed by a 
boost using a different modality such as recombinant protein or recombinant 
viral vector. This prime/boost regimen is currently being evaluated in a number 
of animal models  [18,20] . In one study rhesus macaques were immunized using 
a heterologous prime/boost regimen of different adenoviral vectors using a 
combination of human group C Ad6 or Ad5 vectors with a rare human sero-
type belonging to subgroup D AD24, or two chimpanzee adenoviruses, C32 
and C33. These data showed that the prime/boost regimen increased the HCV 
T cell responses two -  to threefold and that boosting could be delayed for over 
two years after priming, and thus indicating that there is long - term mainte-
nance of resting memory cells  [55] . Another study assessed DNA prime fol-
lowed by a protein boost. In this study mice were immunized with HIV1084 
env  - coding DNA and then boosted with homologous 1084i gp160. Results 
showed that although immunization with gp160 produced high - titer antibod-
ies, it required two inoculations, whereas in mice primed with DNA, antibodies 
were produced after a single boost  [56] .   

31.4 ADJUVANTS AND IMMUNOMODULATORS 

 Advances in immunology have delivered more specifi c targeted types of 
vaccine, such as subunit, peptide, and DNA plasmids rather than inactivated 
whole organisms. These new types of vaccine represent the result of intensive 
research into epitope mapping, T and B cell receptor binding, and antigen 
selection. Unfortunately, the refi nement has resulted in a reduction in immu-
nogenicity  [57] . Nonliving vaccines generally have proved ineffective at induc-
ing potent cell - mediated immune (CMI) responses, particularly of the Th1 
type. Although live vaccines can induce an effective CTL response, they also 
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risk causing disease in immunosuppressed patients who in chronic diseases, 
for example, HIV and HCV, often form the target patient population. In addi-
tion some viruses fail to grow in culture (e.g., HCV) making the development 
of attenuated viruses diffi cult. Achieving effective cellular immune - responses 
while using rationally designed recombinant, peptide, or DNA vaccines is the 
holy grail of modern vaccine development. 

 To supplement immunogenicity, adjuvants are required. Adjuvants can be 
defi ned as  “ agents that act nonspecifi cally to increase the specifi c immune -
 response or responses to an antigen. ”  Therefore a particular adjuvant should 
work with a wide range of antigens. While a great deal of effort is paid to 
antigen design and mechanism of action, traditionally there has been less 
effort spent on discovering new adjuvants and understanding their mecha-
nisms of action. 

 A wide range of unrelated substances can act as adjuvants, including sur-
factants, oil emulsions, mineral gels  , and bacteria - derived substances. Alumin-
ium adjuvants have been in widespread use for over 70 years  [58] . Although 
the exact mechanism of action is still not understood, it is clear that physical 
association of the antigen with aluminium is required. Usually aluminium 
hydroxide or aluminium phosphate gels are used. These adjuvants have his-
torically been used as part of bacterial or viral vaccines to help stimulate 
neutralizing antibodies. However, alum is a weak adjuvant for antibody induc-
tion to recombinant protein vaccines, and it induces a Th2 rather than a Th1 
response. Alum is also not effective at producing mucosal IgA antibody 
responses, but it does upregulate costimulatory signals on monocytes and 
produces a release of IL - 4. These adjuvants are not effective at stimulating 
CMI responses, which are now understood as being important in clearing 
persistent infections, such as hepatitis C, tuberculosis, and HIV. In these cases 
a Th1 response consisting of IFN γ  production and B cell IgG2a secretion is 
considered more effective than a Th2 response consisting of IL - 4 and IL - 5 
production and B cell production of IgG1 and IgE. In the laboratory this 
problem can be overcome by using Freunds complete antigen (FCA), which 
induces Th1 responses. However, this adjuvant produces injection site necrosis 
and disseminated granulomatous infl ammation that precludes its use in the 
clinic. Infl ammation at the site of vaccination results in the release of cytokines 
(e.g., TNF α ) that induce dendritic cell activation and stimulate the CMI 
response. Despite the recognized link between local tissue reaction and adju-
vant effi cacy, there is a need for novel adjuvants that have the effi cacy of FCA 
but the safety profi le of aluminium adjuvants. A list of different types of adju-
vant which have been tested for use in infectious disease vaccines is provided 
in Table  31.2 .   

 Adjuvants can be classifi ed into two main groups based on their mechanism 
of action. The fi rst group are particulate materials that act as vaccine delivery 
systems and target associated antigens into APC. These include emulsions, 
microparticles, iscoms, and liposomes. The second group are immunostimula-
tory and are derived mainly from pathogens. These include lipopolysaccharide 



 TABLE 31.1    Selection of regulatory guidelines addressing preclinical safety testing 

  Vaccine Class    Guideline    Date  

  All vaccines    European Medicines Evaluation Agency (EMEA) 
notes for guidance of preclinical pharmacological 
and toxicological testing of vaccines 

  1997  

  Combination vaccines    EMEA notes for guidance on pharmaceutical and 
biological aspects of combined vaccines 

  1998  

  Viral vector and DNA 
vaccines

  EMEA note for guidance on the quality, preclinical, 
and clinical aspects of gene transfer medicinal 
products

  2001  

  Cell - based vaccines    EMEA points to consider on the manufacture and 
quality control of human somatic cell therapy 
medicinal products 

  2001  

  Smallpox vaccines    EMEA note for guidance on the development of 
vaccinia virus - based vaccines against smallpox 

  2002  

  Infl uenza vaccines    EMEA points to consider on the development of 
live attenuated infl uenza vaccines 

  2003  

  Adjuvanted vaccines    EMEA guideline on adjuvants in vaccines for 
human use  

  2005  

  Recombinant protein/ 
peptide vaccines 

  US Food and Drug Administration (FDA) points to 
consider in the production and testing of new 
drugs and biologics produced by recombinant 
DNA technology  

  1985  

  Viral vector and cell -
 based vaccines 

  FDA guidance for industry: guidance for human 
somatic cell therapy and gene therapy 

  1998  

  Vaccines for pregnant 
women and women 
of child - bearing 
potential

  FDA guidance for industry, considerations for 
reproductive toxicity studies for preventative 
vaccines for infectious disease indications 

  2000  

  DNA vaccines    FDA guidance for industry, considerations for 
plasmid DNA vaccines for infectious disease 
indications

  2007  

  All vaccines    World Health Organisation (WHO) guidelines on 
nonclinical evaluation of vaccines 

  2003  

  Includes vaccines but 
more relevant to 
other biologics 

  International Conference on Harmonization (ICH) 
S6: preclinical safety evaluation of biotechnology -
 derived pharmaceuticals 

  1997  

  All vaccines    ICH S7A: Safety pharmacology studies for human 
pharmaceuticals

  2000  

Source :   Adapted from LeBron et al. 2005  [62] .   

(LPS), monophosphoryl lipid A, and CpG DNA. These substances contain 
pathogen - associated molecular patterns (PAMPs) that are recognized by and 
stimulate cells of the immune system. Many of these substances, for example, 
LPS, have been discovered to act as ligands for Toll - like receptors (TLR). These 
receptors are expressed on APC, recognize highly conserved motifs on bacteria 
and viruses, and mediate APC activation. Vaccine developers are now focusing 
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on the rational design and selection of adjuvants that act on TLR. A useful way 
to consider the role of adjuvants in recombinant vaccines is that because the 
fi nal product   resembles infection closely enough to initiate an effective immune -
 response, they ensure the biological consequences of the vaccine. 

 The acceptable level of toxicity for an adjuvant will depend on its applica-
tion. For adjuvants intended for use in therapeutic vaccines the level will be 
higher than for those intended for prophylactic vaccines in healthy individuals. 
This is particularly true of therapeutic vaccines intended for treatment of 
cancer patients or life - threatening infectious disease. 

 Preclinical evaluation of vaccine adjuvants is normally carried out within 
toxicity studies that also evaluate the whole vaccine. The injection site is evalu-
ated macroscopically and scored for local reaction (e.g., erythema, edema, skin 
sloughing) at intervals following dosing (e.g., 1, 2, 3 and 14 days). Photographs 
of the skin sites may be useful for internal use within companies but are not 
required by regulatory authorities. In addition all of the other traditional 
endpoints (e.g., haematology, pathology) are assessed. Novel adjuvants need 
to be evaluated for toxicity in the absence of other vaccine components. In 
most cases for biotechnology - derived adjuvants, such as DNA plasmid encod-
ing a human cytokine, this can be achieved by adding an additional group of 
animals to the toxicity studies evaluating the fi nal product. However, a novel 
chemical - based adjuvant should be treated as a new chemical entity and there-
fore requires a classical toxicological programme as outlined in the EMEA 
guideline on adjuvants (Table  31.1 ). This will consist of acute and repeat - dose 
toxicity studies in two species, pharmacokinetic (PK) and tissue distribution 
studies, genotoxicity testing and testing for hypersensitivity, anaphylaxis and 
pyrogenicity. Immunological assays are often included as part of the toxicity 

 TABLE 31.2    Adjuvants that have been tested for stimulating the immune response 
to vaccines 

  Class of Adjuvant    Examples  

  Mineral Salts    Aluminium hydroxide, *  aluminium phosphate, *  calcium 
phosphate *   

  Immunostimulatory 
adjuvants

  Saponins (e.g., QS21), MDP derivatives, bacterial DNA 
(CpG oligos), LPS, MPL and synthetic derivatives, 
lipopeptides, cytokines (e.g., GM - CSF, IL - 2, IL - 12)  

  Lipid particles    Liposomes, virosomes, *  iscoms, cochleates, emulsions (e.g., 
Freunds adjuvant, SAF, MF59 * )     

  Particulate adjuvants    Poloxamer particles, virus - like particles, PLG microparticles 
  Mucosal adjuvants    Cholera toxin (CT), mutant toxin (e.g., LTK63, LTR72), heat 

labile enterotoxin (LT), microparticles, polymerized 
liposomes, chitosan  

Source :   Adapted from Singh and O ’ Hagan.  [57] .  

Note :   All of these adjuvants have been evaluated in clinical trials with the exception of cochleates 
and polymerized liposomes. Only those adjuvants marked  *  are currently licensed as adjuvants 
in approved vaccine products.   



assessment and are helpful to demonstrate the benefi t of the adjuvant. In some 
studies different potential adjuvant – antigen combinations can be compared 
for both immunogenicity and toxicity  [59] .   

 No adjuvant is licensed as a medicinal product in its own right, but only as 
a component of a particular vaccine. Therefore preclinical and toxicology 
studies need to be designed on a case - by - case basis to evaluate the safety 
profi le of the adjuvant and adjuvant/ vaccine combination  [60] . Evaluation in 
preclinical studies is important for identifying the optimum composition and 
formulation process and also for allowing development of tests for quality 
control  [61] . Data from these studies also helps plan protocols for subsequent 
clinical trials from which safety and effi cacy in humans can be evaluated.  

31.5 CONSIDERATIONS FOR PRECLINICAL SAFETY EVALUATION 

 The wide range of different types of biotechnology - derived vaccines has 
resulted in the publication of a diverse range of regulatory guidelines. These 
take the form of a guidance note or points to consider. Rapid changes in 
technology have required a similarly rapid response from regulators on new 
requirements for assessing safety (Table  31.1 ). The relationship between 
vaccine companies and regulators has been constructive, and input into guid-
ance from all sources has been solicited. The expectation is that toxicity studies 
will be conducted in animal species on all new vaccines prior to fi rst adminis-
tration to humans. Exceptions to this rule include combined vaccines contain-
ing known antigens. A conservative approach is merited because most vaccines 
are intended for prophylactic use in healthy humans. The risk – benefi t evalua-
tion requires that new vaccines have minimal risk of toxicity. Therapeutic 
vaccines that are intended for use in patients, frequently with life - threatening 
diseases such as HIV or hepatitis C infection, have a different risk – benefi t 
evaluation. Thus an effective new vaccine for these diseases might be approved 
even with a low level of acceptable adverse effects. 

 Reading the published guidelines represents an important fi rst step in 
designing a suitable package of toxicity studies. However, early communica-
tion with the regulatory authorities is encouraged, and this represents a valu-
able opportunity for companies to receive feedback on preclinical and clinical 
plans. The benefi t of this dynamic regulatory environment is that it permits 
companies to design a preclinical development program that does not rely 
wholly on the published guidelines but rather on scientifi c justifi cation for each 
study and endpoint measured. Preclinical safety studies should be performed 
in compliance with good laboratory practice (GLP) regulations. 

31.5.1 Quality Control Testing of Material Intended for GLP Studies 

 There is a requirement that the test material used in GLP preclinical studies 
should resemble the same quality of product that will be tested in the clinic. 
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Therefore quality control (QC) testing of vaccines normally includes the fol-
lowing assays, which must be passed prior to material being released for use 
in preclinical toxicology studies: sterility, endotoxin, general safety, identity, 
mass, potency, purity, and stability  [62] . These assays should be performed on 
the fi nal product using the clinical formulation. 

 Ideally the test material used in the toxicology studies should come from 
the vaccine lot, produced according to cGMP, that is intended for the FIH 
clinical trial. However, frequently this is not possible, and non - GMP material 
may be used subject to demonstrating the comparability of this vaccine lot to 
the intended clinical lot. For those vaccines that incorporate antigens or adju-
vants that are biologically active in limited species, it may be necessary to 
perform some or all of the testing using homologues. For example, a plasmid 
expressed cytokine may form part of the adjuvant for a novel vaccine. This 
expressed cytokine may only be biologically active in humans and chimpan-
zees. In this situation there will be an ethical case or biological case (e.g., simi-
larity to human skin for dermally applied vaccine) for selecting a lower species 
and using a homologue form of the cytokine. So suitable QA testing must also 
be applied to the plasmid encoding the homologue protein prior to its use in 
preclinical studies. However, there is a regulatory expectation that the fi nal 
clinical product will also be tested. The formulation should be identical to the 
intended clinical formulation. Stability of the vaccine is determined before 
and after the GLP study to ensure adequate stability during storage prior to 
dosing.  

31.5.2 Testing for Viral Contamination 

 Vaccines produced using eukaryotic cells have the potential to be contami-
nated with either endogenous or exogenous viruses resulting from accidental 
introduction at some stage of the process. A battery of analytical and safety 
tests is applied to the cell banks (master and working), virus seeds (master and 
working), and vaccine batches to address this concern. These tests are per-
formed in vitro, in vivo, and by laboratory analysis. The range of tests required 
will depend on species and tissue source of the cells, history of the cells and 
original virus isolate, and the culture media ingredients.  

31.5.3 Immunogenicity Evaluation within Toxicity Studies 

 Evaluating the immune response to the vaccine at the same time as evaluating 
toxicity is recommended in a 2003 WHO guideline (Table  31.1 ). This makes 
good sense because any toxicity observed with vaccines is frequently related 
to the immune response, and correlation of these two endpoints provides a 
fuller explanation of the test results. Assays to measure the immune response 
include those which measure antigen - specifi c antibody responses (e.g., ELISA) 
and cell - mediated responses (e.g.,  γ  - interferon — ELISPOT). Developing these 



assays can be a challenge for certain species. Therefore the choice of relevant 
animal model for toxicity testing ideally should be the same as the animal 
model selected for immunogenicity or effi cacy testing. Recent FDA guidance 
state that preclinical studies to specifi cally assess if DNA vaccination causes 
autoimmune disease are no longer required (Table  31.1 ). This follows experi-
ence that any anti - DNA antibodies produced following vaccination are usually 
at such a low level as to be insuffi cient to cause disease in normal animals or 
accelerate disease in autoimmune - prone mice. Similarly the absence of an 
immune - response against cells expressing the vaccine - encoded antigen (includ-
ing muscle cells and dendritic cells) suggests that an autoimmune response 
directed against tissues in which such cells reside is unlikely. It is also recom-
mended that prior to use of a DNA vaccine in children or newborns, the 
vaccine be fi rst tested for safety and immunogenicity in adults and appropriate 
animal models be used to evaluate the potential of the vaccine to induce neo-
natal tolerance. Preclinical testing to evaluate the risk of hypersensitivity is 
problematic because this type of response is rare and idiosyncratic in the clinic. 
Conventional endpoints evaluated in the repeat - dose toxicity study provide a 
screen for the development of hypersensitivity in the animal studies. However, 
the low number of animals used and the important genetic variability inherent 
in the human population are important factors in weakening the predictive 
power of current preclinical studies.  

31.5.4 Species Selection 

 Immunologists will have selected the most appropriate species for establishing 
immunogenicity of the vaccine. Frequently they will have used animal models 
of, for example, tolerance or in the case of cancer targets, xenograft models. 
Usually naive animals that respond to all constituents of the vaccine will also 
have been used and assays developed for use in this species. For a live viral 
vaccine, infection and protection studies might have been performed in a 
species susceptible to infection with the wild - type virus. Regulatory guidelines 
allow for a single species to be used for the toxicology assessment. The key 
requirement is that the species chosen should develop a similar immune 
response to that expected for humans postvaccination  [63] . In practice, either 
rodents or rabbits are often used. However, if elements of the vaccine are 
inactive in these species, such as plasmid encoding human cytokines, then 
either an alternative sensitive species, such as a nonhuman primate or a non-
human homologue of the cytokine, should be used. Which is the correct 
approach? This is an ambiguous regulatory area for those developing vaccines. 
On the one hand, there are sound ethical reasons for avoiding the use of non-
human primates in safety testing, and their use must be justifi ed in each case. 
On the other hand, there is an expectation by the regulatory authorities that 
the clinical product should be evaluated in a sensitive species. In the case of 
a plasmid encoded human cytokine that is only active in nonhuman primates 
this presents a dilemma. Animal use ethical committees will scrutinize a 
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preclinical study and ask why a homologue of the cytokine cannot be used 
enabling the use of, for example, rodents instead. However, there remains 
uncertainty as to whether a safety package developed using a nonhuman 
homologue would be currently acceptable to regulators for use in risk assess-
ment prior to human studies. This is an area where improved regulatory guid-
ance is clearly required. An example where a murine homologue was used in 
preclinical toxicity studies is provided by Vical Inc., which tested murine GM -
 CSF in a repeat - dose toxicity study in mice  [32] . However, it is not known if 
this safety package was acceptable in the absence of testing the clinical product, 
plasmid DNA encoding multivalent malaria antigens and human GM - CSF, 
in a nonhuman primate. With increasing species specifi city of vaccines incor-
porating human cytokines, it seems likely that under the current regulatory 
environment there will be increasing use of nonhuman primates in safety 
assessment. In any case, studies should be carefully designed to optimize the 
information obtained with as few animals as possible, especially if nonhuman 
primates are used. 

 Phylogenetically, macaques are closely related to humans and, as such, are 
often used to evaluate vaccine safety and immunogenicity  [64] . Vaccine 
responses in rhesus macaques, as opposed to rodents, have been found to be 
better predictors of human responses to several malaria vaccine candidates 
 [59] . The rhesus macaque has substantial class II and to a lesser extent class I 
MHC homology with humans  [65] , and it has proved useful in selecting malaria 
vaccine formulations with improved clinical immunogenicity and effi cacy  [66] . 
In addition the nonhuman primate allows cutaneous immunologic endpoints, 
such as delayed - type hypersensitivity (DTH) responsiveness to vaccine - related 
antigens to be measured. This is an important consideration because for vac-
cines the possible adverse effects  “ immunotoxicity ”  are generally related to 
the immunological response rather than to any inherent toxicity of the com-
ponents within the fi nal product.  

31.5.5 Design of Safety Assessment Studies 

 For each vaccine candidate a tailored package of safety assessment studies 
should be performed. The package will refl ect the type of vaccine. As a 
minimum these should include repeat - dose toxicity, local tolerance, and repro-
ductive and development toxicity. Local tolerance is evaluated by visual assess-
ment of the dosing sites, and the skin reaction is scored according to the Draize 
method for erythema and oedema formation  [67] . Epithelial sloughing can 
also be scored. Plasmid DNA or adenoviral vectors require studies of biodis-
tribution and integration (Table  31.1 ), whereas live viral vaccines require viru-
lence and potentially neurovirulence testing. Additional separate studies might 
include single - dose toxicity and safety pharmacology. In many cases these 
endpoints can be obtained from the repeat - dose study. This represents an 
effi cient use of animals and enables comparisons among different endpoints 
for the same animal. 



Carcinogenicity and Genotoxicity Tests   Carcinogenicity studies and 
genotoxicity assays are generally not considered appropriate for testing 
vaccines and are therefore not required. Exceptions to this arise if a 
new chemical - type adjuvant is included in the formulation, if the vaccine 
includes components that may be considered a risk for mutagenicity and/or 
tumorigenicity by virtue of their novel nature (e.g., new adenovirus - derived 
vectors)   or if the production process for the vaccine has used a cell line with 
a potential risk. Since adjuvants are intended for infrequent use at low dose, 
the EMEA considers the direct risk of tumor induction by these as negligible 
and does not require long - term carcinogenicity tests (Table  31.1 ). Viral vectors 
may also have the potential to recombine with wild - type viruses, revert to 
virulence, and cause oncogenic mutations or suppress immune function  [68] . 
Biodistribution studies should be conducted to establish disposition of viral 
DNA, and separate assays should evaluate if the viral vector is itself patho-
genic. If a DNA vaccine contains a vector with extensive homology to the 
human genome or known oncogenic potential, then close attention must be 
paid to the results of the biodistribution study, and if positive results are 
obtained, an integration assay may be needed.  

Single-Dose Study   Although single - dose studies are advised in the EMEA 
guideline, they are generally not particularly useful for products intended for 
repeat dosing in the clinic. Many of the endpoints, such as clinical signs, body 
weight, and macroscopic observations of the dosing site can be obtained fol-
lowing the fi rst dose during a repeat - dose study. However, if they are needed, 
for example, for a vaccine designed for single dosing in the clinic, a 14 - day 
period following dosing to study termination is a normal period that enables 
development of the primary immune response.  

Repeat-Dose Study   The route of administration, dose, and dosing intervals 
used in the preclinical safety assessment studies should refl ect the intended 
clinical study as closely as possible. If a particular dosing device is to be used 
in the clinic, then this device should also be used in preclinical studies. In 
contrast to the development of small molecules, administering the full clinical 
dose is acceptable for vaccine candidates, generally in a nonrodent species, 
rather than large multiples of the clinical dose. In some cases, for example, in 
small species, it may not be possible to administer the entire clinical dose or 
use the clinical dosing device. In these situations agreement prior to study start 
should be reached with regulators. 

 If immunogenicity studies demonstrate that a similar immune response is 
obtained at intervals shorter than the proposed clinical dosing interval (e.g., 
4 – 6 weeks), then a truncated dosing interval (2 – 3 weeks) can be used in the 
repeat dose safety studies. The FDA recommends that one more dose than the 
clinical dosing regimen ( N ) be used in animal studies. This is termed the  N    +  
 1 rule  [61] . The number of animals used per group should be suffi cient to detect 
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a treatment - related change. In practice, the number of animals used depends 
on the species selected for practical and ethical reasons. For example, a rat 
study might have 10 animals per sex per group. In contrast, a nonhuman 
primate study might have 3 per sex per group. There are no fi xed guidelines 
for this and group sizes should be justifi ed. 

 Repeat - dose toxicity studies include a wide range of antemortem and post-
mortem evaluations. Antemortem evaluations usually include mortality, clini-
cal signs, body weights, food consumption, ophthalmology, urinalysis, serum 
biochemistry, haematology, coagulation, and blood for immunogenicity assays. 
Necropsies typically take place at two time points following the fi nal vaccine 
dose. The fi rst time point at 2 to 7 days evaluates acute changes, both at the 
fi nal dosing site and systemically. An advantage of waiting until 7 days is that 
it enables development of an immune response to the fi nal dose which can be 
assayed. In addition any pathology related to the peak immune response is 
more likely to be detected at this time point. In contrast, a necropsy at 2 days 
enables histological evaluation of the acute response at the injection site and 
systemically. In most cases a judgment can be made on the relative importance 
of these different aspects to the safety assessment. The second time point at 2 
to 4 weeks evaluates delayed toxicity and recovery of any treatment - related 
effects observed at the earlier time point. At necropsy, gross examination of 
all major tissues, organ weights, and a complete list of tissues is collected. 
Selection of tissues for microscopic examination depends to some extent on 
the type and route of vaccination. However, in all cases major organs and the 
site of vaccination should be evaluated. 

 Treatment - related effects are generally related to the development of an 
immune response and consist of local skin or muscle infl ammation, enlarged 
draining lymph nodes, and potentially increased spleen weight. Effects are also 
frequently seen in haematology parameters. Since they relate to the expected 
immune response, these changes are generally not considered adverse. In 
certain cases additional endpoints to these studies should be added. For 
example, when testing certain vectors that target the liver such as recombinant 
adenovirus serotype 5, it may be of use to evaluate effects on hepatic enzymes  , 
because P450 enzymes have been demonstrated to be reduced following 
dosing and this could affect drug interactions  [69] .  

Safety Pharmacology Studies   Safety pharmacology studies test for treat-
ment - related changes in key physiological functions, such as respiratory, central 
nervous, and cardiovascular systems. WHO guidance suggests that if there are 
components of the vaccine (e.g., toxoids) that may infl uence these body 
systems, then safety pharmacology studies should be performed. However, in 
those cases where the pharmacology is well characterized and the systemic 
exposure is low, there may not be a requirement to perform these tests (Table 
 31.1 ; ICH S7A). A case - by - case approach is usually followed, and if it is con-
sidered that these evaluations are required, then frequently the endpoints can 
be incorporated into the repeat - dose study. This approach is particularly valu-
able when a large animal model is being used.  



Reproductive Toxicology Studies   Most vaccines are destined to be used 
in a population that includes women of child - bearing potential. Therefore 
most vaccines need to be tested for adverse effects on reproduction and devel-
opment  [70] . The general approach taken is that the benefi t of vaccination 
among pregnant women usually outweighs the risk for potential adverse 
effects on the mother or developing offspring when the risk for disease expo-
sure is high, infection poses a special risk to mother or fetus  , and the vaccine 
is unlikely to cause harm  [71] . For example, live virus vaccines are not recom-
mended for use in pregnant women because of the risk of viral transmission 
to the fetus. There is a continuing medical need for maternal immunization 
with vaccines that could prevent serious disease in the newborn, for example, 
group B streptococcal disease. 

 Currently, unless the vaccine is specifi cally indicated for maternal immuni-
zation, no data are collected regarding the vaccine ’ s safety in pregnant women 
prior to licensing. Pregnant women are normally excluded from clinical trials, 
and therefore risk assessment for adverse effects on development is based on 
developmental toxicity studies in animals. The potential for adverse effects on 
fertility can also be assessed by careful examination of the reproductive tract 
tissues in the repeat - dose toxicity studies. Such preclinical data are used to 
inform the vaccine labeling regarding its use during pregnancy. FDA draft 
guidance on reproductive toxicity studies for prophylactic vaccines requires 
that the following be assessed: antibody production in the pregnant animal, 
antibody transfer from the pregnant female to the fetus, and the persistence 
and effects of the antibody response in the newborn. The FDA has issued 
guidance on study design and recommends an embryofetal development pro-
tocol that tests effects on the pregnant/lactating female, embryonic and fetal 
development, and pre -  and postnatal development up to weaning (Table  31.1 ). 
For embryofetal toxicity studies it is recommended to include a group with 
immunizations prior to mating in order to achieve antibody exposure during 
the entire embryofetal period  [63] . Vaccination should also take place during 
pregnancy. Postmating immunization is recommended for females that are not 
submitted to caesarean for fetal examination. Pups from these immunized 
dams are necropsied at the end of the lactation period. 

 The FDA is proposing to amend its labeling regulations and require that a 
summary assessment of the risks of using a product during pregnancy and 
lactation be included. This summary would enable a wider discussion of the 
animal and any human data available.  

Biodistribution and Integration Assays   An additional specialized GLP 
study is normally required to evaluate the dissemination and persistence of 
DNA plasmid and viral vector - based vaccines. These are termed biodistribu-
tion studies, and they track the levels of vector in a panel of tissues at varying 
times following dosing of vaccine on a single occasion by the clinical route. 
Mouse, rabbit, and minipig have been used for this purpose  [72] . Necropsies 
are performed at staggered timepoints (e.g., 1 day, 14 day, 28 day, 56 day, and 
140 day) and need to be carefully carried out following special precautions to 
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avoid cross - contamination of residual plasmid between tissues  [73] . A recom-
mended panel of tissues to be collected as frozen specimens is now provided 
in the recent FDA guidelines for DNA vaccines and includes blood, heart, 
brain, liver, kidney, bone marrow, ovaries, testes, lung, draining lymph nodes, 
spleen, and muscle or skin at the site of administration and subcutis at the 
injections site (Table  31.1 ). 

 Briefl y, DNA is extracted from these tissues, and the copy number of vector 
per microgram of genomic DNA is determined by a sensitive assay, for example, 
quantitive PCR (Q - PCR). For many of these types of products, wide dissemi-
nation to many organs is expected via the blood. This results in low levels of 
vector being detected at early time points (e.g., days 1 – 2) in many tissues, 
including blood, heart, liver, and reproductive organs  [74] . However, at later 
time points (e.g., day 30  ) these tissues are generally negative as judged by 
a particular threshold of vector concentration (e.g., 100 copies/ μ g genomic 
DNA). In this case there is not considered to be any safety concern. However, 
persistence above this threshold level at the last time point of the study   (e.g., 
day 140) in any tissue including administration site raises the possibility that 
the vector will have integrated into genomic DNA at signifi cant levels and 
thus caused insertional mutagenesis. An alternative explanation is that the 
vector is persisting episomally and does not represent a risk of mutagenesis. 
To distinguish between these two explanations, companies are requested to 
test for integration if plasmid persists in any tissue at levels exceeding 30,000 
copies/μ g genomic DNA by study termination. Developing a robust and sensi-
tive assay has proved diffi cult, and there are a number of imperfect options 
from which to select. In principle, the simplest assay consists of gel purifi cation 
of genomic DNA using size exclusion in an effort to remove low molecular 
weight DNA, which contains nonintegrated vector  [39] . To confi rm a positive 
result in this assay that is due to integrated vector and not contamination with 
free vector, an additional assay, the repeat - anchored integration - capture 
(RAIC) PCR, can be used to confi rm genomic insertion sites  [40] . To enable 
risk assessment, the copy number of plasmid persistence should be compared 
to the spontaneous mutation rate. Literature and regulatory agency experi-
ence is developing in this area, and there is now an improved understanding 
of the biological signifi cance of persistent plasmid DNA.  

Virulence and Potency Testing   Live attenuated viral vaccines are consid-
ered to have a theoretical risk of reversion to virulence that needs to be tested. 
This is done by monitoring genetic or phenotypic markers of attenuation or 
virulence and can include in vitro and in vivo potency tests  [62] .    

31.6 CASE STUDIES FOR POTENTIAL HIV THERAPIES 

 While many infectious diseases are controlled by vaccination, there are other 
diseases where novel and safe vaccines are urgently required. The obvious 



example is HIV where no proven vaccination exists. Vaccination for HIV is a 
diffi cult prospect for several reasons: (1) it was never considered to be safe 
enough to trial a live - attenuated virus, (2) effective vaccination requires   other 
approaches than envelope - only constructs, (3) because of the genetic drift of 
the virus it is unlikely that single variants will be effective, (4) transmission of 
infection tends to occur from cell to cell contact rather than by free virus par-
ticles, and fi nally (5) there are no relevant animal models  [75] . A number of 
potential vaccine strategies have been evaluated both preclinically and clini-
cally and are discussed below. 

31.6.1 Synthetic Peptide 

 An HIV - 1 p17 - based synthetic peptide (HGB - 30) coupled to a carrier protein 
(KLH, keyhole limpet hemocyanin) has been administered with alum as an 
adjuvant  [75] . The potential toxicity of HGB30 - KLH/alum (HGB - 30) was 
assessed in a number of species. In mice, guinea pigs, and goats the safety 
evaluation was limited to clinical observations. In chimpanzees, in addition to 
clinical observations, clinical pathology was also assessed, and in rabbits, dogs 
and cynomolgus monkeys, autopsies were conducted in addition to the other 
parameters mentioned above. In general, animals were immunized subcutane-
ously at doses ranging from 20 to 1000    μ g/kg HGB - 30 at 2 -  to 8 - week intervals 
for a total of 2 immunizations. No toxicity or mortality was observed in any 
of the species. In some cases when the vaccine was administered in Freund ’ s 
adjuvant, abscesses and/or hypersensitivity reactions occurred and were con-
sidered to be related to this adjuvant, particularly as no skin reactions were 
observed when alum was substituted for Freund ’ s adjuvant. A longer term 
study (up to 1 year) was carried out in cynomolgus monkeys and chimpanzees. 
No toxicity was seen following a total of 6 to 8 immunizations. The immune 
response to the vaccine was also evaluated, and antibodies to HGB - 30 were 
observed in all species by 4 weeks after a booster immunization. T 
cell proliferative responses to HGB - 30 in mice were variable but did reach 
statistical signifi cance in at least one experiment and CTL responses were 
inconsistent. 

 The phase 1 clinical trial for HGB - 30 consisted of 18 seronegative healthy 
volunteers (6/group) who were administered 10, 20, or 50    μ g of the vaccine at 
0, 6, and 14 weeks. Physical examinations and blood analyses were performed, 
and all subjects were followed for 1 year. Initial results indicated that the 
vaccine was not associated with any adverse effects. Similarly to that observed 
in mice and chimpanzees, antibodies to HGP - 30 were observed in volunteers. 
Since T cell proliferative responses are considered to be optimal with fresh 
cells, extensive studies were carried out on one volunteer ’ s peripheral blood 
lymphocytes. Increased T cell proliferation was observed. The T cell prolifera-
tion was maximal 6 weeks after the third immunization but then declined at 
6 months after the third immunization.  
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31.6.2 DNA Plasmid 

 Another strategy for HIV vaccination is the use of DNA plasmid encoding 
various HIV - 1 genes. Different plasmids ranging from the simplest encoding 
for the Clade B gag gene only, to a combination of six plasmids including Clade 
B env gene, Clade B gag - pol - nef genes, Clade C gag - pol - nef fusion protein, 
env protein for Clade C, gag - pol - nef fusion protein for Clade A, and env 
protein for Clade A were evaluated in repeat - dose toxicity and biodistribution 
studies  [12,76] . These clades represent different HIV subtypes and are preva-
lent in different areas. For example, Clade C is the most prevalent subtype and 
predominates in sub - Saharan Africa and Asia  [56] . One of the HIV DNA 
plasmids also contained a cytokine adjuvant (IL - 2). In addition plasmids for 
Ebola, the severe acute respiratory syndrome (SARS) virus, and the West Nile 
virus were also evaluated in this report. 

 The repeat - dose toxicity and biodistribution studies were designed to 
support a phase 1 clinical trial in human subjects. The DNA plasmid was intra-
muscularly injected using a device called the Biojector 2000 at doses of up to 
8   mg/dose DNA plasmid at 3 intervals (0, 1, and 2 months). The Biojector is a 
needle - free injection system for intramuscular (IM) and subcutaneous (SC) 
injections of liquid medications including vaccines. In general, rabbits were 
injected (using the Biojector) with either 3 (to mimic the clinical plan) 
or 4 immunizations   ( N    +   1 in line with current FDA regulatory standards). 
The dose levels were either 4 or 8   mg, and the rabbits were dosed with one of 
the different HIV DNA plasmids every 4 weeks. The standards parameters 
(clinical observations, body weight and food consumption determination, oph-
thalmoscopy, clinical pathology, organ weight measurements, and gross and 
microscopic pathologic evaluations) were included in the repeat - dose toxicity 
study. Animals were necropsied approximately 2 weeks after the fi nal immu-
nization. Treatment - related fi ndings were limited to the injection site and 
consisted of mild to moderate irritation or infl ammation and were recoverable. 
All other changes were considered to be incidental and not related to 
treatment. 

 The biodistribution study evaluated the same DNA plasmids. In one series 
of studies, 6 -  to 7 - week - old Hsd:ICR (CD - 1) mice were administered 100    μ g 
DNA plasmid vaccine by either the IM or intravenous (IV) route. Animals 
were dosed once and then necropsied (5/sex/group for treated and 1/sex/group 
for control) on study days 8 and 50. A number of organs including gonads, 
liver, heart, brain, kidney, lymph nodes, injection site (muscle), lung, bone 
marrow, and heart were collected for Q - PCR analysis. In a second series of 
studies, 12 -  to 13 - week old New Zealand white rabbits (same number/group 
as with the mouse study) were dosed with 2   mg of DNA plasmid delivered IM 
by the Biojector device. Animals were terminated approximately 1 week and 
1 and 2 months after a single injection. A number of organs (similar to the 
mouse study but including adrenal glands and thymus) were collected for Q -
 PCR analysis. In a third study, 6 -  to 7 - week - old CD - 1 mice were inoculated 



with 100    μ g DNA plasmid intramuscularly, and 28 days later injected muscles 
were harvested and assessed for possible integration of the DNA plasmid. 
Results showed that for the most part, plasmids remained at or near the injec-
tion site and did not distribute widely throughout the body. Sporadic low - level 
signals (hundreds to at most thousands of copies) were detected in other 
tissues in some rabbits, whereas tens of thousands to millions of copies/ μ g 
DNA were seen at the injection site. The signal at the injection site steadily 
decreased 1 and 2 months postdose to a few hundred copies/ μ g DNA at the 
2 - month time point. This distribution pattern was observed for all of the 
different DNA plasmids (including Ebola, SARs, and West Nile virus) tested 
regardless of backbone, promoters, or gene inserts. Finally no integration was 
noted in the integration study. These fi ndings show that DNA plasmids are 
well tolerated, do not distribute widely, and do not appear to integrate into 
the genome.  

31.6.3 Mixed Modality 

 Investigators are currently assessing the potential safety and effi cacy of a 
mixed modality treatment regimen (i.e., combining a DNA vaccine with a viral 
vector). In this example preclinical toxicity and biodistribution studies were 
conducted in mice using a DNA vaccine in combination with a modifi ed 
vaccinia virus Ankara based HIV vaccine to support a phase 1 trial in healthy 
HIV - 1 - uninfected volunteers  [77,78] . 

 In this example the DNA vaccine (pTHr · HIVA) is based on a novel direct 
gene transfer vector pTH  [77] , and the second component, MVA - HIVA, is 
based on a modifi ed vaccinia virus Ankara. Both of these components contain 
most of the HIV - 1 clade A  gag  protein coupled to conserved HIV - 1 clade A 
CTL epitopes arranged in a polypeptide string that served as the immunogen 
 [77] . 

 Balb/c mice about 6 to 7 weeks old were selected. Because the CTL epitope 
is recognized by this strain, Balb/c mice are considered a biologically relevant 
strain and species. A CTL response was confi rmed in all mice following admin-
istration. Four groups of mice were assessed for toxicity (10/sex/group) and 
persistence (10/sex/group for treated mice and 3/sex/group for vehicle group). 
Mice were administered   the vehicle, 2 doses (50    μ g/dose) of DNA plasmid 
intramuscularly on days 29 and 43, 2 doses (10 6    pfu/dose) MVA intradermally 
on days 29 and 43, or a combination of DNA (on days 1 and 14, same dose) 
followed by 2 doses of MVA on days 29 and 43 at the same dose. The dose 
levels selected represented a safety margin of 1750 - fold and 70 - fold over the 
proposed clinical dose for DNA and MVA, respectively, based on body mass. 
All mice for the toxicity evaluation were necropsied on day 49/50. Parameters 
tested included mortality, clinical observations, local tolerance, ophthalmos-
copy, body weight and food consumption, clinical pathology, organ weights, 
and gross and microscopic evaluation. In the persistence study, one vehicle -
 treated/sex and three vaccine - treated/sex were evaluated on days 46 and 78. 
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Remaining animals in the persistence study were retained for possible further 
assessment. 

 Treatment with DNA alone, MVA alone, and in combination was well toler-
ated in mice. Some of the local reactions observed were considered to be 
related to the injection procedure rather than to the vaccine components. 
Other fi ndings were considered to be incidental in nature and not related to 
the vaccine treatment. Persistence was assessed by PCR, and results showed 
that positive signals were observed at the injection sites on both days 46 and 
78. Equivocal positive results were observed in some mice (including vehicle 
controls) in a few other tissues, and these were most likely due to contamina-
tion and the high sensitivity of the PCR method. Since there was no persis-
tence in any other tissue except for the injection site, no integration assays 
were carried out. 

 In summary, administration of DNA plasmid alone, MVA alone, and in 
combination revealed no adverse fi ndings, and furthermore, with the exception 
of the injection sites, no persistence was noted in any organ including the 
gonads. For safety testing in the clinic, healthy HIV - 1 - uninfected volunteers 
(male and female) were recruited into one of three trials  [78] . Women of child -
 bearing potential were included in the trial if they were not pregnant (con-
fi rmed by urine test), were not lactating, and were willing to use an approved 
method of contraception from screening until four months after fi nal vaccina-
tion. The contraceptive regimen was required for male volunteers as well. 

 Twenty - six volunteers were recruited. In the fi rst trial, 18 volunteers received 
either a 100    μ g or 500    μ g dose of plasmid THr.HIVA DNA intramuscularly on 
two occasions (days 0 and 21). In the second trial, 8 volunteers were adminis-
tered two intradermal injections on days 0 and 21 with 5 ×  10 7    pfu MVA - HIVA, 
and then in the third trial, 9 volunteers from the fi rst trial were boosted with 
two doses of MVA - HIVA (21 days apart) 9 to 14 months after their last vac-
cination with DNA. All volunteers were followed for up to six months to two 
years after the last vaccination. 

 In all three trials, the candidate vaccines were well tolerated alone and in 
combination. Clinical signs were limited to reactions (soreness, redness, etc.) 
at the intradermal injection site, and no adverse events were considered to be 
related to vaccine treatment.   
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  32.1   INTRODUCTION 

 New discoveries in the fi eld of gene therapy are occurring at a rapid pace, 
resulting in the identifi cation of genes that contribute in some way to a par-
ticular disease or abnormal medical condition. Although marketed therapies 
may exist for many of these diseases, such as hemophilia or some forms of 
cancer, these pharmaceuticals can only treat the symptoms of the disease but 
cannot cure it. The hope of those working in the fi eld of gene therapy is that 
the products that result from these discoveries will ultimately result in effec-
tive treatments, even cures, for many diseases or conditions that arise due to 
defective genes. The goal is the development of novel vectors engineered to 
express the  “ good ”  genes and delivered to the appropriate targets in the 
human body, where they will hopefully correct the medical condition for the 
person ’ s lifetime or for a short period of time, as needed. 

 There is a scientifi c process by which to achieve this goal. This pathway 
involves the application of in vitro and in vivo preclinical studies (Figure  32.1 ) 
to generate data to support use of these novel therapeutic agents in humans. 
Preclinical studies for any experimental pharmaceutical agent, including gene 
therapy products, are conducted to provide better scientifi c insight into the 
potential pharmacologic and toxiologic effects that may result from the admin-
istration of the agent in humans. These studies are critical for helping to defi ne 
the risk – benefi t ratio of the experimental agent of interest in the desired clinical 
population, both prior to initiation of a clinical trial   and throughout the devel-
opment program for the pharmaceutical agent. Early - phase clinical trial design 

    Figure 32.1     Critical path development of gene therapy products in the United 
States.  
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can be constrained by inadequate preclinical testing of the investigational 
product. This chapter provides a perspective of the preclinical assessment of 
gene therapy products intended for clinical use in therapeutic indications.    

32.2 DEFINITION OF GENE THERAPY 

 Gene therapy is a medical intervention based on the modifi cation of the 
genetic material (DNA or RNA) of living cells. This intervention can involve 
the ex vivo modifi cation of autologous, allogeneic, or xenogeneic cells, using 
replication - defi cient viral vectors or nonviral vectors (e.g., plasmid DNA) for 
subsequent administration into humans, or the intervention may involve the 
direct in vivo administration of the gene therapy product into humans  [1] . 
According to the scientifi c literature, experimental human gene therapy is 
currently being tested for the treatment of various genetic disorders, among 
these (1) diseases due to inborn errors in a single defective gene, such as severe 
combined immunodefi ciency (SCID), hemophilia, or muscular dystrophy; (2) 
polygenic diseases, such as diabetes mellitus or coronary heart disease; and (3) 
acquired genetic diseases, such as cancer or rheumatoid arthritis. Theoretical 
approaches to correcting faulty genes include (1) insertion of a normal gene 
into a nonspecifi c location on the genome to replace a nonfunctional gene, (2) 
exchanging an abnormal gene for a normal gene through homologous recom-
bination, (3) repair of the abnormal gene through selective reverse mutation 
that returns the gene to its normal function, or (4) the regulation of a particular 
gene (i.e., turning  “ on ”  or  “ off ” ). 

 Only oncolytic viruses that carry a heterologous transgene are defi ned as 
gene therapy products. Other oncolytic viruses, such as the naturally attenu-
ated and genetically modifi ed viruses, are classifi ed as viral therapy; these 
viruses will be briefl y discussed in this chapter. The desired property for all 
oncolytic viruses is the potential to lyse the target tumor cells, although some 
oncolytic viruses may display other biological effects due to the expressed 
transgene. All oncolytic viruses are designed or modifi ed to selectively repli-
cate in tumor cells, but with an attenuated viral life cycle in normal cells. This 
mechanism is usually achieved through the mutation of the viral coding genes 
that are critical for viral replication in normal cells, but spared in tumor cells, 
or through the control of viral early gene expression by using tumor - specifi c 
promoters. The cellular targets for oncolytic viruses can be cell surface mole-
cules and antigens that are recognized by these viruses for viral entry as well 
as intracellular components that are responsible for the host interaction with 
the viral components involved in the viral life cycle  [2] .  

32.3 MODE OF GENE TRANSFER 

 Two basic modes of gene transfer currently exist for gene therapy products, 
namely ex vivo or in vivo gene transfer. Ex vivo gene transfer is achieved by 
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administering cells that are transduced with vectors that express the desired 
transgenes or tumor - associated antigens. A wide variety of somatic cells and 
hematopoietic cells can be transduced with viral vectors such as adenoviral 
and retroviral vectors. Certain types of somatic cells can be pulsed with naked 
DNA plasmid or transduced via a lipid/ligand DNA complex. Somatic cells 
can also be transduced with microorganism - based vectors, such as bacterial 
or yeast vectors. The transduced cells can then be administered via a route 
designed to deliver the gene therapy to the anatomic location where gene 
expression and the related biological activity are desired. In vivo gene transfer 
is the direct delivery of biological vectors and vector - based vaccines to the 
animal or patient. Direct injection can be in situ, which constitutes local deliv-
ery such as intratumoral injection, subcutanous injection, and others, or in vivo, 
which is direct systemic delivery (usually intravenous administration) into the 
individual.  

32.4 DISTINCTIONS BETWEEN PREVENTIVE (PROPHYLACTIC) 
VIRAL AND PLASMID DNA VACCINES AND THERAPEUTIC GENE 
THERAPY PRODUCTS 

 Gene transfer products are used as therapeutic agents and as preventive vac-
cines. A preventive vaccine, consisting of a live - attenuated microorganism or 
virus, or plasmid DNA - based, is administered to elicit an immune response(s) 
that results in the prevention of infectious diseases in humans. On the other 
hand, a therapeutic vaccination with a gene therapy product is the transfer of 
a molecule with the intent to generate or intensify a host immune response to 
an antigen that is related to a disease already present in the patient. For thera-
peutic vaccines the immune response to the viral particles (i.e., neutralizing 
antibodies) should be avoided in order to achieve the desired effect in humans 
that is also safe. Although many of the scientifi c principles in this chapter can 
also be applied to viral or plasmid DNA vaccines used to prevent infectious 
diseases, the focus of this chapter is on the therapeutic gene therapy products 
that are being developed to treat established diseases   (infectious or 
malignant).  

32.5 HISTORICAL BACKGROUND OF GENE THERAPY PRODUCTS 

 The fi rst gene therapy clinical trials in the United States began in the late 1980s 
with the ex vivo transduction of tumor - infi ltrating lymphocytes (TIL) with a 
retroviral vector that carried the marker gene NeoR, administered to mela-
noma patients  [3,4] . Another trial quickly followed in 1990, with the injection 
of autologous lymphocytes that were ex vivo transduced with a retroviral 
vector expressing the ADA gene into a child with ADA - defi cient SCID  [5] . 
The fi rst trial involving the direct injection of a DNA plasmid occurred in 1992 
with administration of plasmid expressing HLA - B7 into HLA - B7 positive 



tumors  [6] . The fi rst clinical trial using adenovirus vector occurred in cystic 
fi brosis patients in 1993  [7] , and was extended to the use of adeno - associated 
vectors (AAV) in this patient population in 1995  [8] . This was followed by 
accelerated numbers of clinical trials with a variety of vectors, peaking in 1999. 
However, with the death of Jesse Gelsinger, a teenager with a mild ornithine 
transcarbamylase (OTC) defi ciency, in September 1999 following the intrahe-
patic infusion of an adenoviral vector expressing a normal OTC gene and 
the subsequent regulatory and public scrutiny, the number of new gene 
therapy clinical trials initiated in the United States was notably reduced 
(Figure  32.2 ).   

 Following this incident, numerous public meetings were held in the United 
States to discuss inadequacies in the scientifi c, ethical, and regulatory oversight 
of clinical trials involving gene therapy. As a result in the United States these 
study protocols now have more regulatory oversight by FDA/CBER, as well 
as wider assurance of public exposure and scientifi c and ethical discussions 
regarding this area of medical research through the Offi ce of Biotechnology 
Activities (OBA) at NIH. Many of these research protocols are discussed in 
a public forum by the NIH Recombinant DNA Advisory Committee (RAC; 
 http://www4.od.nih.gov/oba/RAC/RAC_FAQS.htm ). The gene therapy fi eld 
began to recover when reports of some of the early clinical trials, such as the 
use of an AAV vector expressing factor IX for hemophilia  [9]  and an adeno-
viral oncolytic vector for the treatment of head and neck cancer  [10]  showed 
some preliminary evidence of activity. However, many gene therapy trials have 
ended at an early stage, primarily due to the lack of a lasting biological effect 
with few products reaching phase 3 clinical trials in the United States. With 
the exception of one gene therapy product, an adenoviral vector expressing 
the p53 gene (rAd -  p53 ; Gendicine) that was approved in China in 2003 for the 

    Figure 32.2     Number of applications submitted to the FDA for the conduct of clinical 
trials using gene therapy products for therapeutic indications (fi scal year encompasses 
October of the previous year to October of the next year).  
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treatment of head and neck cancer  [11]  and a recombinant oncolytic adeno-
virus (H101; Oncorine) that was approved in China in 2005 also for the treat-
ment of head and neck cancer  [12] , there are currently no marketed products 
in the world. 

 Elsewhere the success of the administration of autologous hematopoietic 
cells transduced ex vivo with retrovirus expressing the γ c gene for the treatment 
of children with SCID - X1 disease was reported in 2000 in a clinical trial in 
France  [13] . Unfortunately, several years after administration of the gene 
therapy product, several children developed a leukemia - like syndrome that was 
attributed to the combination of the integrating retrovirus and the γ c gene itself 
 [14] . As in the aftermath of the Gelsinger death, many public dis cussionswere 
held in the United States, both by the NIH ( http://www4.od.nih.gov/oba/RAC/
SSMar05/index.htm ) and by the FDA (February 28, 2003 —  http://www.fda.
gov/ohrms/dockets/ac/cber03.html#BiologicalResponseModifi ers ; and March 
4, 2005 —  http://www.fda.gov/ohrms/dockets/ac//05/transcripts/2005 - 4093T2_02.
htm ). Although these events conclusively demonstrated the biological complex-
ity of the gene therapies and the real potential for adverse effects in the clinical 
population, it did not halt the progression of other clinical trials that used other 
gene therapy approaches, and in fact catalyzed a move forward with the engi-
neering and testing of potentially safer vectors based on the knowledge that 
was gained from analysis of these adverse events.  

32.6 WORLDWIDE REGULATION OF GENE THERAPY PRODUCTS 

 As evidenced by the marketing approval of the gene therapy product Gendi-
cine in China, clinical trials of gene therapy products is extending worldwide. 
Many regulatory bodies are now responsible for evaluating the safety and 
effectiveness of gene therapy products. In Europe, the European Medicines 
Agency (EMEA) plays a vital role in the marketing procedure for medicines 
in the European Union   through the Committee for Medicinal Products for 
Human Use (CHMP). The EMEA/CHMP coordinates the evaluation and 
supervision of medicinal products via both  “ centralized (community) ”  and 
 “ decentralized (mutual - recognition) ”  mechanisms. One of the CHMP working 
parties, the Gene Therapy Working Party (GTWP), is responsible for provid-
ing recommendations to the CHMP on all matters that relate to gene therapy, 
including the development of regulatory guidance ( http://www.emea.europa.
eu/htms/human/genetherapy/genetherapy.htm ). 

 Other European agencies that play a role in the regulation of gene therapy 
products in member states include the French Agency for the Sanitary Safety 
of Health Products (AFSSAPS;  http://agmed.sante.gouv.fr/ ), the Gene Therapy 
Advisory Committee (GTAC) in the United Kingdom ( www.doh.gov.uk/
genetics/gtac/index.htm ), and the Paul Erlich Institute in Germany ( www.pei.
de/themen/gentherapie/gene_therapy_reg.htm ). 



 Regulatory bodies in Asia that evaluate gene therapy products include the 
Ministry of Health, Labour and Welfare (MHLW) ( www.mhlw.go.jp/english ) 
and the Pharmaceuticals and Medical Devices Agency ( www.pmda.go.jp/
index - e.html ) in Japan, the Korean Food and Drug Administration (KFDA) 
in South Korea ( www.kfda.go.kr ), and the State Food and Drug Administra-
tion (SFDA) in China ( www.sfda.gov.cn/eng ). 

 The International Conference on Harmonisation (ICH) has offi cially rec-
ognized the rapidly progressing area of gene therapy through the creation of 
the Gene Therapy Discussion Group (GTDG), which is made up of regulatory 
and industry representatives from the United States, European Union, and 
Japan, as well as experts from Health Canada, WHO, and the European Free 
Trade Association (EFTA). This group is charged with the monitoring of 
emerging scientifi c issues related to gene therapy and communicating princi-
ples that may benefi t the harmonization of the regulation of gene therapy 
products through public ICH workshops, and a publicly accessible ICH gene 
therapy web page containing ICH press statements, GTDG meeting minutes, 
ICH documents related to gene therapy and links to other major gene therapy 
public workshops. ( http://www.ich.org/cache/html/1386 - 272 - 1.htm ). In addi-
tion the World Health Organization (WHO) has also published guidelines for 
the nonclinical safety of DNA vaccines ( http://www.who.int/ ).  

32.7 COMPLIMENTARY ROLES OF THE FOOD AND DRUG 
ADMINISTRATION ( FDA) AND RECOMBINANT DNA ADVISORY 
COMMITTEE ( RAC) IN GENE THERAPY 

 The FDA and the National Institutes of Health (NIH) in the United States 
have complimentary responsibilities with respect to the regulation of human 
gene therapy. The NIH, through the Offi ce of Biotechnology Activities (OBA), 
is mandated by Congress to review all clinical trials conducted using gene 
therapy (1) if the sponsor of the research or the institution where the trial will 
be conducted receives any money from NIH for DNA research and/or (2) if 
the institution that develops the product receives funding from NIH for recom-
binant DNA research. The DNA Recombinant Advisory Committee (RAC), 
under the purview of OBA, consists of a review panel of up to 21 experts and 
serves an advisory role to the NIH director and to OBA. The RAC holds 
regular public meetings to discuss proposed gene therapy trials and issues, 
focusing on the scientifi c, safety, and ethical issues involved. Material submit-
ted to the RAC are available for public view  [15] . The RAC has no regulatory 
oversight; this function is held exclusively by the FDA. 

 The FDA is mandated by US statue as the regulatory body that is respon-
sible for the oversight of pharmaceuticals (including biologics)  [16,17] . FDA ’ s 
primary role is to ensure that manufacturers produce high - quality, safe, and 
effi cacious biologics, drugs, and devices that are properly studied in human 
subjects prior to approval for commercial marketing. The FDA Center for 
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Biologics Evaluation and Research (CBER) is responsible for the regulatory 
review of gene therapy products. All clinical trials conducted in the United 
States that involve the administration of investigative gene therapy products 
must be reviewed by CBER. Sponsors of experimental gene therapy products 
must fi le a  “ Notice of Claimed Investigational Exemption for a New Drug ”  
(IND)   with the FDA. This regulatory body is responsible for determining 
whether a particular gene therapy product may be administered to humans as 
defi ned by the proposed clinical trial protocol  [18] . FDA requires the submis-
sion of preclinical data to support the planned clinical trial (21 CFR 312.23), 
which allow the FDA reviewers to conduct independent reviews to assess the 
safety of each respective gene therapy product. Unlike the RAC review, the 
FDA ’ s review is not conducted in a public forum and all information submitted 
to FDA is confi dential ( http://www.fda.gov/cber/gene.htm ).  

32.8 VECTORS USED IN GENE THERAPY PRODUCTS 

 Gene therapy is one of the most rapidly evolving areas of clinical research. 
There are a large and increasing number of different vector types that are 
currently being studied in animals and/or in humans. Many of these vectors 
are engineered to carry specifi c genetic material into the cells or tissues of 
individuals with a myriad of diseases, while others are designed to kill cancer 
cells by their pathogenic nature alone. The fundamental challenges to generat-
ing an effective gene therapy vector for treating diseases are accomplishing 
effi cient gene delivery, obtaining biologically relevant levels of transgene 
expression in the desired target cell(s), and maintaining expression of the 
transgene without interfering with host gene expression. 

 Presented below are summary descriptions of gene therapy vector 
types that are most representative of the products administered in clinical 
trials. 

32.8.1 Nonviral Vectors 

 A nonviral vector consists of  “ naked ”  plasmid (plasmid DNA alone) or plasmid 
DNA formulated with other entities designed to assist cell entry of the DNA 
complex via various mechanisms such as endocytosis; frequently these formu-
lations include an artifi cial lipid sphere with an aqueous core (liposomes), 
basic proteins, receptor ligands, or polymers. Generally, nonviral vectors have 
shown safety advantages over viral vectors because of the reduced cytotoxicity, 
pathogenicity, and potential for insertional mutagenesis. Potential safety 
concerns for nonviral vectors include (1) DNA tissue biodistribution and any 
subsequent adverse biological effects, (2) the potential for insertional muta-
genesis mediated by the elements incorporated in the plasmid backbone 
sequence, (3) clinical toxicities from the formulated plasmid DNA product, (4) 
toxicities due to the delivery procedure of the plasmid DNA, and (5) toxicities 



resulting from the expressed protein, such as autoimmunity. While the poten-
tial for insertional mutagenesis for plasmid vectors is a safety concern, it 
remains theoretical as there have been no reports of the occurrence of such 
an event as a result of the administration of nonviral gene therapy products 
in animals or humans. This is likely due to the mechanism of episomal replica-
tion mediated by the plasmid vector backbone, which contains elements that 
confer the two essential requirements for extrachromosomal stability: replica-
tion of the DNA during the cell cycle and segregation to daughter cells during 
mitosis  [19] . Some characteristics of plasmid DNA as vectors are presented in 
Figure  32.3 .   

 Plasmid DNA vectors are delivered mainly via direct injection, as the 
injected DNA can be taken up by a variety of targeted somatic cells, such as 
skeletal muscle and cardiac muscle. Despite direct injection the injected 
plasmid DNA retains the ability to distribute via hematogenous spread to 
nontarget tissues. This DNA biodistribution profi le is usually assessed in pre-
clinical studies. Persistence of the injected plasmid DNA at the injection site 
in rodents for greater than one year following intramuscular injection without 
chromosome integration has been reported  [20] . Several physical methods 
have been developed to enhance the transfection of plasmid DNA delivered 
to local tissue. For example, electroporation, which is commonly used, involves 
the application of controlled electric pulses via a medical device delivered 
to the DNA injection site following plasmid administration in order to enhance 
the transfection of plasmid DNA and to contain the DNA at the injection site. 
The electroporation procedure itself can cause local toxicity such as muscle 
degeneration, thus the safety of the complete delivery procedure (i.e., device 
settings) should be assessed in animals. 

 The plasmid DNA is provided in a vehicle formulation to enable direct 
injection of the product in vivo. This vehicle may be as simple as phosphate -

    Figure 32.3     Characteristics of plasmid DNA nonviral vectors.  

Nonviral Vectors—Plasmid DNA

Advantages
• Cells do not have to be dividing for transduction

• Episomal replication; low risk of insertional
mutagenesis

• Can be directly transferred to host 

• Can accommodate large genes 

Disadvantages
• Transduction efficiency usually low—need lipid or 

other transfer technique (i.e., electroporation)

• Duration of expression is low (degradation of 
gene in cytoplasm

• Potential interaction with normal cells

• Expression of foreign proteins—concern for 
autoimmunity
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 buffered saline, or it can be more complex; for example, cationic lipid – DNA 
complexes have been widely used in clinical trials. The potential toxicities of 
these formulations depend on the physical and chemical properties of the 
liposome(s) and on the potential interaction of these lipids with the plasmid 
DNA. Yew and Scheule reported that the body ’ s response to cationic lipid –
 DNA complexes is highly dependent on both the dose level and the route of 
administration. High - dose levels of a cationic lipid – DNA complex adminis-
tered intravenously in mice can activate the innate immune response, resulting 
in the induction of proinfl ammatory cytokines and immune cell activation, 
with lethality as the worst - case outcome. These investigators found that some 
of these reactions appeared to be related to the structure of the plasmid DNA 
that was formulated with the lipid  [21] . Safety assessment is dependent on the 
type of lipid(s) that constitute the fi nal DNA complex, the stability of the 
complex, the route of administration of the complex, and the dose levels 
administered.  

32.8.2 Replication-Defi cient Viral Vectors 

Adenoviral Vectors   Adenoviral vectors (Ad) are one of the most exten-
sively used viral vectors for ex vivo and in vivo gene transfer that have been 
studied for use in a diversity of diseases, including cancer. This is mainly due 
to the advantages these double - stranded DNA viruses have over other viral 
vectors, such as their high infectivity in certain species including humans, lack 
of direct virally mediated pathogenesis in their natural hosts including humans, 
and transduction of a wide spectrum of both proliferating and quiescent cell 
types. In addition the adenoviral genome remains episomal in the transduced 
cell, and thus does not have a propensity to integrate, greatly reducing the 
concerns of insertional mutagenesis. The replication - defi cient state of fre-
quently used Ad vectors is established by the deletion of critical viral regula-
tory genes such as E1 and E3. The deletion of these viral early genes also 
allows the vectors to accommodate signifi cant lengths of heterologous trans-
gene and promoter sequences to achieve the desired transgene expression. 
Several generations of replication - defi cient Ad vectors have been developed, 
and the manufacturing process for some of them has been successfully scaled 
up for clinical use. The  “ fi rst - generation ”  Ad vectors have the deletion of the 
early genes: E1 - deleted or E1 and E3 - deleted. The  “ second - generation ”  Ad 
vectors have the deletion of E2 and/or E4 genes, in addition to the deletion 
of E1 or E1 and E3. Helper - dependent Ad vectors have most of the Ad coding 
sequences deleted. These gutless vectors can be classifi ed as  “ third - generation ”  
Ad vectors. 

 Potential safety concerns for Ad vectors include (1) DNA tissue biodistribu-
tion and any subsequent adverse biological effects and (2) signifi cant immune 
response and infl ammatory response to the vector. Some characteristics of 
Ad vectors are presented in Figure  32.4 . The use of nonhuman Ad vectors to 
circumvent the drawbacks of using human Ad vectors, such as an immune 



response and an infl ammatory response to the protein capsid that coats the 
virus and/or to the viral genes that are expressed by target cells, is emerging 
 [22] . The safety and viral biodistribution for each type of Ad vector should be 
established prior to use in humans.    

  Adeno - associated Viral Vectors ( AAV )     Wild - type AAV is a member of 
the  dependovirus  genus of the family  Parvoviridae , and is a nonpathogenic 
human DNA virus. Multiple serotypes of these single - stranded DNA viruses 
have been identifi ed, and neutralizing antibodies against the AAV capsid 
proteins are frequently detected in human serum. Recombinant AAV vectors 
(rAAV) contain no viral - coding sequence. In particular, they do not express 
Rep proteins that play a key role in the DNA replication, site - specifi c integra-
tion, and cellular growth inhibitory effects of AAV. Thus the transgene and the 
virus capsid are the only source of foreign antigens. The documented spread 
of rAAV to the gonadal tissues of various animal species and the presence of 
rAAV DNA in semen, peripheral blood, and sputum of human subjects 
injected with rAAV2 vectors raises the concern regarding the risk of rAAV 
dissemination to various human tissues, especially the reproductive organs 
 [23] . 

 Although AAV remains episomal in the transduced cell, thus reducing the 
concerns of insertional mutagenesis, the potential to randomly integrate into 
host DNA exists. There have been no reports of insertional mutagenesis and 
resulting tumorigenicity from human trials using rAAV - based gene therapy. 
Although tumors reported in a murine disease model were attributed to 
rAAV - based gene transfer, tumors in humans attributable to injected AAV 
vectors have not occurred  [24] . The observed persistence of rAAV DNA 
sequences in human biological samples also raises concerns regarding the 
potential for horizontal transmission from the subjects injected with the vector 
and their family members and health care providers. 

    Figure 32.4     Characteristics of adenoviral vectors.  

Adenoviral Vectors

Advantages

• Cells do not have to be dividing for transduction

• Able to target cells bearing capsid receptors

• Wide range of tissue and host infectivity 

• Episomal replication; low risk of insertional

mutagenesis

Disadvantages

• Inflammatory immune response: capsid proteins, 
viral genes expressed by target cells

• Potential for recombination/complementation
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 Potential safety concerns for AAV vectors include (1) DNA tissue biodis-
tribution and any subsequent adverse biological effects, (2) the potential for 
insertional mutagenesis and any subsequent adverse biological effects, and (3) 
the immune response to the vector. Some characteristics of AAV vectors are 
presented in Figure  32.5 .    

  Retroviral and Lentiviral Vectors     Recombinant retroviral vectors 
( gammretrovirus  genus,  Retroviridae  family) can only transduce actively divid-
ing cells such as hematopoietic cells and stem cells. Although engineered to 
be replication defi cient, retroviral vectors can provide long - term expression 
because they effi ciently and stably integrate into the host genome after the 
infection of host cells. However, safety concerns regarding the pathogenic 
potential of retroviral vectors exist: (1) the production of a replication com-
petent retrovirus (RCR) and (2) the potential for insertional mutagenesis, 
resulting in oncogene activation. An instance where vector contaminated with 
RCR was injected into monkeys resulted in the development of a T cell lym-
phoma, presumably due to oncogene activation  [25] . The recent fi ndings in the 
clinical trial using ex vivo retrovirus transduced hematopoietic cells for the 
treatment of X - linked SCID, have provided the proof that (1) retroviral vector -
 derived DNA integrated into the cellular DNA of several subjects and (2) this 
integration resulted in several oncogenic events [ 26 ; NIH Recombinant DNA 
Advisory Committee Meeting, March 11, 2008]. Much scientifi c discussion on 
vector engineering to decrease the probability of recombination and inser-
tional mutagenesis is ongoing. Considerations include (1) the use of self - inac-
tivating (SIN) vectors that delete most of the U3 region of the 3 ′ LTR (long 
terminal repeat) because this site harbors the major transcriptional functions 
of the retroviral genome, (2) development of vectors from non - oncogenic 

    Figure 32.5     Characteristics of adenoviral - associated viral (AAV) vectors.  

AAV Vectors

Advantages
• Cells do not have to be dividing for transduction

• No known pathology of wild-type AAV 

• Able to target multiple cell types

• Episomal replication; low risk of insertional mutagenesis

• Long-term gene expression
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• Limitations in accommodating the size of heterogeneous 

sequence

• Potential for recombination and/or complementation

• Potential for immune response to capsid protein

• Unable to halt gene expression if toxicity occurs

• Potential for dissemination and germline transfer



retroviruses (e.g., lentivirus), and (3) the incorporation of insulator sequences 
 [27] . Additional potential safety concerns for retroviral vectors include (1) 
DNA tissue biodistribution and any subsequent adverse biological effects and 
(2) the potential for germline integration following in vivo gene transfer. Some 
characteristics of retroviral vectors are presented in Figure  32.6 .   

 Lentiviruses ( lentivirus  genus,  Retroviridae  family) can originate from fi ve 
serogroups: primates, sheep and goats, horses, cats, and cattle. The replication -
 defective, attenuated lentiviral vectors that have been administered to humans 
thus far are HIV based. The use of HIV as a basis for lentiviral vectors is 
attractive because it infects dividing, nondividing, and terminally differenti-
ated cells; it can accommodate long sequences that are stably expressed due 
to integration into the cell chromosome; and it appears to be less immuno-
genic. With retroviral vectors, the product used to  “ treat ”  many diseases (e.g., 
severe combined immunodefi ciency) is the ex vivo manipulation of stem cells 
because actively dividing cells are a prerequisite for successful retroviral vector 
transduction. However, this process is not necessary for lentiviral vectors; they 
can be administered by direct in vivo injection into humans. Lentiviral vectors 
carrying a specifi c transgene have been associated in the scientifi c literature 
with possible use in many diseases, such as metabolic diseases, cancer, and 
neurological diseases, among many others. For example, injection of a lentivi-
ral vector expressing glial cell - derived neurotrophic factor (GDNF) into the 
striatum and substantia nigra of a rhesus monkey Parkinson disease model 
resulted in improvement of neurological function and prevention of nigros-
triatal degeneration  [28] . 

 The lentiviral vectors have safety concerns similar to the retroviral vector -
 based gene therapy products: (1) the production of a replication competent 
lentivirus (RCL) during manufacturing and (2) the potential for insertional 
mutagenesis, resulting in oncogene activation. One concern unique to the 
lentiviral vectors is the possibility that the vector can be mobilized in vivo, 

    Figure 32.6     Characteristics of retroviral vectors.  

Retroviral Vectors

Advantages
• Able to transduce dividing cells
• Stable, long-term gene integration into host 

genome

• High levels of gene expression

Disadvantages
• Target cells have to be actively dividing; low 

percentage of cells transduced
• Potential for contamination by RCR

• Potential for insertional mutagenesis
• Potential for germline transfer
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resulting in infection of the injected subject with newly recombinant or wild -
 type HIV. Various safety modifi cations are being considered by researchers, 
including (1) production of the vector using a packaging plasmid that does not 
contain HIV genes with the potential for facilitating viral recombination and 
replication, (2) vectors that are self - inactivating (SIN), and (3) testing for 
specifi c internal promoters that regulate gene expression but do not introduce 
the potential for mediating undesired gene expression such as oncogenes. In 
addition the use of other lentiviruses, such as equine infectious anemia virus 
(EIAV), is being considered as a strategy to circumvent the issue of host infec-
tion. Additional potential safety concerns for these vectors include (1) DNA 
tissue biodistribution and any subsequent adverse biological effects and (2) 
the potential for germline integration. Some characteristics of lentiviral vectors 
are presented in Figure  32.7 .     

  32.8.3   Other Viral Vectors 

 Other types of replication - defi cient viral vectors that have been used in the 
gene therapy fi eld include  Herpes simplex  viral (HSV) vectors that (1) are able 
to transduce nondividing cells and (2) are highly infective for neurologic tissue 
and   vaccinia vectors. Vaccinia vectors in turn (1) are able to transduce nondi-
viding cells and (2) have the ability to effi ciently infect many types of cells. 
The primary safety concerns for HSV vectors are the potential for tropism 
to the CNS and the potential for latency and reactivation. Vaccinia vectors 
contain the same backbone as the smallpox vaccine, thus the available safety 
databases for vaccinia administration in humans consist primarily of preven-
tive vaccination in a healthy population. Principal safety concerns with the use 
of vaccinia vectors include (1) their ability to replicate in humans and possibly 

    Figure 32.7     Characteristics of lentiviral vectors.  

Lentiviral (HIV-based) Vectors

Advantages
• Infects dividing, nondividing, terminally differentiated cells

• Highly attenuated, SIN constructs

• Inserts into host genome like HIV; stable integration and long- 
term gene expression

• Less immunogenic
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• Generation of replication-competent virus (RCL)

• Viral mobilization in vivo; infection of human subject
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site-specific integration to HIV) 

• Potential for germline transfer



the production of a replication competent vaccinia (RCV), (2) the potential 
for germline integration, and (3) the potential for toxicity in immune - 
compromised populations such as cancer patients. Any safety concerns regard-
ing the route of administration and dosing regimens for therapeutic vaccinia 
vectors should be addressed before the vector is used in humans.  

32.8.4 Replication-Competent Oncolytic Vectors 

 The oncolytic viruses include adenovirus, measles, reovirus, vesicular stomatitis 
virus (VSV), HSV, poxvirus, and vaccinia. Specifi c examples include (1) ONYX -
 015, which is an adenoviral oncolytic virus, administered to patients with liver 
metastases of colorectal cancer and pancreatic cancer  [29] , (2) Reolysin, which 
is an oncolytic reovirus administered to patients with glioma  [30] , and (3) MV -
 CEA, which is an oncolytic measles virus expressing carcinoembryonic antigen, 
administered to patients with ovarian cancer  [31] . Some oncolytic viruses are 
wild type and are apparently not pathogenic in humans, such as the Newcastle 
disease virus (NDV), which is an RNA   avian paramyxovirus. PV701, a natu-
rally attenuated, replication - competent strain of NDV, has been administered 
to patients with advanced solid tumors  [32] . The applicability of oncolytic 
viruses as a therapy for clinical oncology trials is due to their potential selec-
tivity: the ability to kill tumor cells but not normal cells. However, the level of 
attenuation of viral replication in normal cells is limited for most oncolytic 
vectors. 

 The desired properties of these viruses include (1) stable and effi cient viral 
replication in tumor cells in vivo, (2) lateral spread of virus to surrounding 
tumor cells (i.e.,  “ bystander effect ” ), (3) tumor - selective killing, also called 
 “ controlled ”  tropism, and   (4) avoidance of early detection/ “ neutralization ”  by 
the immune system. Potential safety concerns for this vector class include (1) 
the potential for viral tropism to normal human cells, (2) increased viral spread 
and replication in nontarget tissues in immunosuppressed individuals, (3) syn-
ergistic potential for viral replication in nontarget tissues when administered 
in combination with radiation, chemotherapy, prodrugs, and other agents, and 
(4) any toxicities due to an added transgene. One major challenge for safety 
assessment of these products is the selection of an animal species that refl ects 
the biology of the respective oncolytic virus in humans (e.g., the use of trans-
genic mice expressing one of the receptors, CD46, for measles virus) and the 
availability of adequate tumor - bearing models that can be used to assess 
antitumor activity.   

32.9 USE OF ADJUVANTS WITH THERAPEUTIC GENE 
THERAPY PRODUCTS 

 Similar to prophylactic vaccines, many of the therapeutic gene therapy 
products are administered in conjunction with adjuvants in order to enhance 
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the immune system to respond in a vigorous manner to the injected antigen. 
The adjuvants can include aluminum salts (aluminum hydroxide, aluminum 
phosphate, and potassium aluminum sulfate), QS - 21 (a saponin extract from 
the Quillaja saponaria  [soapbark] tree), bacterial adjuvants, liposomes, and 
the newer MF59 (an oil - in - water emulsion manufactured by Chiron) and 
ISCOMATRIX(r) (a saponin - based adjuvant manufactured by CSL Limited). 
Recombinant proteins such as granulocyte - monocyte colony stimulating factor 
(GM - CSF), interleukin - 2 (IL - 2) and interleukin - 12 (IL - 12), which also serve 
to stimulate the immune system, have been administered in combination with 
many therapeutic gene therapy products. The adjuvant list is continually 
growing as a result of the development of new therapeutic and preventive 
vaccines that may require novel adjuvants. 

 The use of an adjuvant concurrent with a gene therapy product could result 
in toxicity due to the molecular mimicry between a vaccine antigen and a self 
antigen  [33] . By their intended action of increasing the immune response, 
adjuvants administered with a gene therapy product can potentially exacer-
bate some toxicities because of an inappropriate immune response. In addition 
the adjuvants can be toxic, depending on their intrinsic chemical properties. 
Safety concerns regarding the adjuvant alone can include (1) the potential for 
proinfl ammatory effects of immunomodulatory adjuvants like cytokines, (2) 
the induction of hypersensitivity and autoimmunity, and (3) the intrinsic toxic-
ity of these compounds  [34] . General strategies to assess the safety of thera-
peutic gene therapy vaccines administered with adjuvants should include 
evaluation of the intended clinical formulation (gene therapy product plus 
adjuvant) when administered via the intended clinical immunization regimen 
using a relevant animal species. A major challenge for gene therapy vaccine –
 adjuvant combination is safety assessment using animal species that display a 
response similar to the human host response to both the vaccine and the 
adjuvant. This consideration is more complex in diseased individuals, who may 
be more vulnerable to any potential risks of therapeutic vaccination compared 
to normal human populations. For a general scientifi c discussion and toxicol-
ogy testing principles for adjuvants, the reader is referred to the adjuvant 
guideline published by the EMEA  [35] .  

32.10 PRECLINICAL STUDIES FOR GENE THERAPY PRODUCTS 

 Preclinical studies for any experimental pharmaceutical agent are conducted 
to provide better scientifi c insight into the potential pharmacologic and toxi-
ologic effects that may result from the administration of the agent in humans. 
These studies are critical as they help defi ne the risk – benefi t ratio of the 
experimental agent of interest in the desired clinical population, both prior to 
initiation of a clinical trial and throughout the development program for the 
pharmaceutical agent. 
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32.10.1 Demonstrating Proof of Concept 

 The initial defi nitive fi rst step in the movement from the  “ bench ”  to the 
 “ bedside ”  is the supportive scientifi c justifi cation of the use of a particular 
agent to substantiate an appropriate rationale for use in a specifi c disease 
indication (Figure  32.1 ). This rationale, termed proof - of - concept (POC) studies, 
focuses on assessing the bioactivity and pharmacology profi le of a particular 
gene therapy product to understand the ability of that product to induce the 
desired biologic effect via both in vitro (e.g., the trophic effect of an expressed 
transgene on a specifi c receptor or cell population) and in vivo (e.g., the use 
of an animal disease model) systems in order to enable advancement to fi rst 
use of the product in humans. These POC studies are the initial translation 
step, as they help establish the basis for conducting the desired clinical trial 
through the generation of data to show (1) the biological feasibility of the use 
of the gene therapy product in the target disease, (2) the level of gene expres-
sion resulting from administration of the product (the  “ pharmacokinetic ”  
effect), and (3) the extent of the morphological and functional correction (the 
 “ pharmacodynamic ”  effect) that results from administration of the product. 
In addition these POC studies help defi ne a pharmacologically active dose 
range, with establishment of an optimal biological dose (OBD) and a mini-
mally effective dose (MED), determine a potentially optimal route for product 
administration, and provide guidance regarding a possible dosing regimen/
schedule for the fi rst clinical trial. This pharmacological effect may translate 
to correction of a genetic defect, such as with an inborn error of metabolism; 
the amelioration or slowed progression of a disease, such as cancer; or lessened 
severity/frequency of some of the symptoms of a particular disease, such as 
Parkinson ’ s disease. 

 For gene therapy products, the selection of the vector system is put to the 
test initially in the POC studies. These studies provide the fi rst in vitro assess-
ment of the choice of the viral or nonviral vector, the cell population to be 
used (if applicable), as well as the selection of a therapeutic transgene (if 
applicable) to treat a specifi c disease. 

Consideration of Relevant Animal Species   One very important goal of 
the POC studies for a gene therapy product is to establish at least one biologi-
cally relevant animal species (if one exists). This selection process can entail 
assessment of the permissiveness/susceptibility of various animal species to 
replication by viral vectors, the pharmacological responsiveness to the trans-
gene, the sensitivity of the species to the actions of the administered popula-
tion of cells, and the comparative physiology of the animal species to humans. 
Relevancy determination may not stop at the species level as, for example, the 
responsiveness of particular strains of mice to the gene therapy product of 
interest may also need to be evaluated. For instance, Mazzolini et al. showed 
that following systemic injection of AdCMVmIL - 12, heterogeneous toxicity 
was evident in different strains of mice depending on the levels of gene trans-
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duction achieved in the livers of these various strains  [36] . For some gene 
therapy products, the relevant species may not be considered a  “ standard ”  
laboratory animal species for preclinical testing, such as the applicability of 
cotton rats in the evaluation of the activity and safety of adenovirus  [37]  or 
the use of Syrian hamsters to assess oncolytic adenovirus  [38] . The expressed 
transgene also needs to be considered when determining a relevant animal 
species, as many of the recombinant human protein products have been shown 
to be biologically active in a restricted number of species, such as human 
interferon activity in nonhuman primates. For some POC studies that are 
conducted in rodents the analogous animal transgene (i.e., murine interferon) 
is used. In these instances additional characterization of the human product 
and the animal product would be conducted to determine the similarities and 
differences between the human and animal investigational materials. There 
are many other examples in the scientifi c literature, both for the vectors and 
for the expressed transgenes. 

 The injection of cells ex vivo transduced to express a specifi c transgene, 
such as autologous CD8 +  cells transduced with lentiviral vector to express an 
anti - sense HIV envelope (env) gene  [39]  or hematopoietic stem cells trans-
duced with retrovirus to express the FAA gene  [40] , highlights another aspect 
of the biological relevancy of animals. The injection of human cells into immune 
competent animals cannot be accomplished due to the immune response of 
the animal to the foreign cells that will occur. Therefore, for the conduct of 
POC studies using human transduced cells, the use of immune - incompetent 
animals, such as genetically immunodefi cient rodents (SCID mice, nude rats) 
or chemically immunosuppressed rodents and large animals (e.g., using cyclo-
sporine), is necessary in order to prevent or slow the rejection of the cells. 
Another approach that has been used is the administration of the animal cel-
lular analogue, which has been transduced with the clinical vector to express 
the human transgene into immune competent animals. POC studies have also 
been conducted using the animal cellular analogue, transduced with the clini-
cal vector encoding the animal transgene, notably in instances where a rodent 
species has been used in which the human protein was not biologically active. 
One such example is human autologous bone marrow derived stromal cells 
(hBMSCs) transduced with plasmid expressing human IL - 12 (hIL - 12) for 
peritumoral injection into patients with glioblastoma. Some POC studies were 
performed using tumor - bearing immune - competent rodents injected with 
rBMSCs transduced with plasmid expressing mIL - 12  [41] . In this situation 
characterization of the human product — cells and transgene — and the animal 
product would be conducted to determine signifi cant differences. The degree 
of understanding of the relationship between an animal cell and its human 
correlate is an important factor in determining the strength of the extrapola-
tions from fi ndings in animals to human risk assessment. 

 Another factor that may enter into the selection paradigm for the most 
appropriate species for evaluation of a specifi c gene therapy product is the 
route/method of product administration. For example, if the delivery of the 
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gene therapy product incorporates a system that is more complicated than a 
needle and syringe (i.e., catheter - pump device delivery system or intracoro-
nary infusion by a cardiac catheter), then the use of a pharmacologically 
responsive large animal species (if one exists) can also be considered in order 
to adequately evaluate the activity of the gene therapy product when dis-
pensed according to the anticipated delivery procedure for humans. At times, 
however, a large animal species may be necessary if an untested delivery 
device is contemplated for clinical use, in order to evaluate the resulting activ-
ity, such as vector spread and resulting transduction pattern in the targeted 
tissue due to the administration procedure itself. 

 Knowledge of a product ’ s mechanism of action that is acquired in preclini-
cal trials can be benefi cial in the design and conduct of the clinical trials. 
Ideally the pharmacological response of the species to the gene therapy 
product will mimic the response seen in humans — which will only be verifi ed 
following initiation of a clinical trial.  

  Animal Models of Disease     For many of the diseases that are under con-
sideration for treatment with a gene therapy product, a corresponding animal 
model of disease exists, which to some extent, may refl ect the pathophysiology 
of the disorder. Figure  32.8  depicts some examples of animal models of disease 
that have been used to study the pharmacological activity of various gene 
therapy products intended for treatment of a specifi c human disorder. Exist-
ing models include spontaneous disease models such as hemophilic dogs, 

    Figure 32.8     Examples of animal models of disease that have been used to study 
potential gene therapy agents.  

Animal Models of Disease to Study 

Potential Gene Therapies

Animal Model Disease
CLAD dogs Leukocyte adhesion deficiency

Gusb mice MPS VII; Sly disease

mdx mice                                        Muscular dystrophy

Canine X-linked MD (GRMD) Duchennes MD

db/db mice                                        Diabetes

Factor IX-deficient dog Hemophilia B

PDAPP Tg mice Alzheimers disease

Aged marmosets Alzheimers disease

rcd1 dogs Retinitis pigmentosa

W/Wv mice Fanconi’s anemia

Hbbth3/+ mice ß-thalassemia

Murine tumor xenografts Cancer

Spontaneous tumors in 

companion animals Cancer
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nonspontaneous disease models (chemically, surgically, immunologically 
induced) such as the MPTP nonhuman primate model of Parkinson ’ s disease, 
and genetically modifi ed disease models (transgenics, knockouts, knock - ins) 
such as the transgenic murine HER - 2 model for breast cancer  [42] .   

 POC studies using an animal model of disease can then be designed in a 
manner that reasonably mimics the planned clinical protocol, including the 
gene therapy product administration schedule and the parameters (both activ-
ity and safety) monitored. For example, in a porcine myocardial infarct model, 
product administration considerations could include the timing of product 
delivery (using the clinical delivery system) relative to the appearance of the 
infarct, the number and location of the injections of product into the heart and 
the product concentration, volume, and rate of administration. The parameters 
monitored could include functional assessments such as ECGs  , echocardiog-
raphy, and/or SPECT and morphological endpoints such as hematology, serum 
biochemistry, and cardiac markers (i.e., troponin, LDH, and CPK/CPK - MB) 
and a comprehensive microscopic examination of the heart. A preclinical study 
designed in such a manner, using several vector dose levels, would provide 
insight into the determination of an optimal biological dose level, as well as a 
no - effect dose level, which would then help to guide the rationale for selection 
of the dose levels for the subsequent toxicology studies, as well as for the 
human trial. 

 While the use of preclinical disease models offers many advantages, such 
as the potential for identifi cation of biomarkers for clinical trials and a direct 
estimation of the therapeutic index, there are also disadvantages to this 
approach. The disadvantages can include a paucity of historical/baseline data 
and inherent variability of the model, the technical feasibility of using a par-
ticular disease model, the onset/severity of the injury in the animals as this 
may be different from humans, and the fact that the model may only emulate 
select aspects of the human pathophysiology of the disease  [43] . It is important 
to use behavioral models that have adequate sensitivity and specifi city to allow 
for correlation with morphological and biochemical fi ndings, as in the area of 
spinal cord injury.   

32.10.2 Toxicology Assessment 

 According to the paradigm depicted in Figure  32.1 , the next step on the critical 
pathway to use of a gene therapy product in a human disease population is 
the evaluation of the safety of the product of interest through the conduct of 
toxicology studies. These studies are intended to provide an acceptable risk –
 benefi t ratio to the patients that will receive a particular gene therapy product. 
While the preclinical studies focus on goals that are similar for small - molecule 
agents or for traditional biotechnology - derived products (e.g., monoclonal 
antibodies, cytokines, growth factors), gene therapy products are complex and 
preclude a standard design of preclinical studies, which is consistent with the 
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 “ case - by - case ”  approach to the safety assessment of biotechnology - derived 
pharmaceuticals. 

Relevant Animal Species/Models   The evaluation of the potential toxicity 
of each gene therapy product should build on the previously conducted POC 
studies. Important factors for continued product development such as the 
animal species, the route and procedure for product administration, the poten-
tially effective dose range, and the dosing regimen will have been established 
from the POC results, providing the rationale for proceeding into preclinical 
toxicology studies. The collection of toxicity endpoints in the disease models 
that are used to assess pharmacologic activity is scientifi cally justifi ed because, 
if a relevant disease model exists and is readily accessible, the contribution of 
the disease - related changes in physiology and/or the underlying pathology to 
any toxicities observed with the use of a particular vector and/or the expressed 
transgene can be determined. It is important to determine whether administra-
tion of the gene therapy product results in exacerbation of the existing disease/
disease symptoms or even the induction of a new disease. Caution should be 
extended, however, in the interpretation of the toxicities that are observed in 
animal models of disease for the reasons previously stated regarding the POC 
evaluation in these models. A preclinical study designed to evaluate both activ-
ity and toxicology endpoints in a biologically responsive animal model of 
disease has also been called a  “ hybrid ”  study. 

 Normal, pharmacologically relevant animal species are also often used in 
toxicology studies to evaluate the safety of gene therapy products. As dis-
cussed for the POC studies, many factors of the gene therapy product of inter-
est are considered in the selection of the most appropriate animal species, 
including vector class, cell population (if applicable), and expressed transgene. 
The species used should ideally be sensitive not just to infection of the vector 
but also to the pathological consequences of infection that may be induced by 
the replication competent virus related to the vector. In some cases lower 
animal species may be transformed into  “ humanized ”  models that express the 
human target receptor(s) that may not be present or be only partially present 
in the animals. For example, the use of CD155 transgenic mice, which are 
engineered to express the CD155 receptor — which is the target for poliovirus 
 [44]  or Ifnar (KO)    ×  CD46 transgenic mice that express human CD46 with 
human - like tissue specifi city for the measles virus infection  [45]  — could be 
considered biologically applicable animal models for use in evaluation of the 
potential toxicity of the respective gene therapy product. 

 The utilization of relevant animal species/models that can mimic the human 
physiology as closely as possible is critical in order to provide an activity and 
a safety profi le for the gene therapy product of interest. This way measurable 
boundaries can be obtained for an acceptable risk – benefi t ratio that will allow 
for the administration of the gene therapy product into the desired human 
population (i.e., bench to bedside translation; Figure  32.9 ). There should be a 
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justifi able use of the animal resources employed to assess the pharmacology 
and safety of the gene therapy product.     

32.10.3 Overall Toxicology Study Designs 

 The toxicology assessment of a gene therapy product should be comprehen-
sive enough to identify, characterize, and quantify the potential local and sys-
temic toxicities (Figure  32.10 ). Outcomes measured are acute/chronic toxicities, 
reversibility of toxicities, delayed toxicities, and any dose – response effects on 
these various outcomes. The approach used to ascertain a safety profi le for a 
gene therapy product is novel; therefore the preclinical studies that are 
designed and conducted for these products are unique. For example, broad 
safety concerns for both the ex vivo and the in vivo administration of a gene 
therapy product originate from multiple factors, including (1) the potential for 
adverse reactions such as immunogenicity, to the ex vivo transduced cells, (2) 
vector and transgene toxicities, and (3) the potential risks of the delivery pro-
cedure. Direct injection of transduced cells or vector to vital organs such as 
the brain and heart generate questions regarding not only the potential toxic-
ity of the gene therapy product but also the risks associated with the delivery 
procedure and the delivery device. While certain aspects of the overall scien-
tifi c principles of internationally recognized guidelines such as those spon-
sored by the International Conference on Harmonisation (ICH), notably the 
S6 document,  “   Preclinical Safety Evaluation of Biotechnology - Derived Phar-
maceuticals ”   [46] , can be used, traditional toxicology programs are of minimal 
value in the determination of safety for gene therapy products. Many times 
the preclinical testing methodology is developed specifi cally for the gene 
therapy product of interest with the incorporation of novel technologies. Guid-
ances for various gene therapy products released by different scientifi c and 
regulatory bodies can be utilized, as appropriate, for evaluation of a particular 
gene therapy product.   

Ex vivo Transduced Cells   The toxicological assessment of the cellular 
component   of ex vivo transduced cells may include endpoints that are similar 
to those evaluated for somatic cellular therapies. Depending on the cell popu-
lation that is transduced, the following considerations should be incorporated 
for safety assessment: local environmental infl uence on cell survival, differen-
tiation/phenotype expression, cell migration, host immune response, local and 
systemic reactions, and tumorigenicity. In addition the potential for induction 
of an immune response to the transduced cells can result in unwanted toxici-
ties. For example, the expression of surface antigens on the transduced cells 
may be altered, potentially leading to an autoimmune response. Design of the 
preclinical studies should include assessment of the induction of autoimmunity 
or other immune responses. The considerations for the preclinical toxicology 
assessment of ex vivo transduced cells follow the same pathway as for gene 
therapy products that are administered directly into the recipient. 
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 The development of clonal T cell proliferation in several children with X -
 SCID postadministration of autologous hematopoietic cells transduced ex vivo 
with retrovirus expressing the  γ c gene raised the awareness of the gene therapy 
scientifi c community regarding the potential safety concerns of an integrating 
vector from theoretical to actual  [26,47] . The FDA has issued a draft guidance 
document that discusses the potential risks of delayed adverse events following 
exposure to gene therapy products as a consequence of persistent biological 
activity of the genetic material or other components of the products used to 
carry the genetic material, which could result in adverse effects on normal cell 
function. As listed in the guidance, factors that are likely to increase the risk of 
delayed adverse events in humans include persistence of the viral vector, inte-
gration of genetic material into the host genome, prolonged expression of the 
transgene, and altered expression of the host ’ s genes  [48] .  

    Figure 32.9     Translational studies from preclinical to clinical trials.  
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    Figure 32.10     Overall paradigm for the assessment of the safety of a gene therapy 
product.  
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In vivo Administration of a Gene Therapy Product 

Vector Considerations   For the design of the most clinically applicable 
toxicology studies the route of administration, and the dosing schedule, 
knowledge of the planned clinical use of the gene therapy product regarding 
the dose level range, is important. Most gene therapy products are given either 
as a single administration or as a minimal number of repeat administrations 
over a relatively limited time interval. The route of administration and the 
dosing schedule for each gene therapy product in animals should mimic 
the intended clinical scenario as closely as possible. The presence and persis-
tence of the vector in target and nontarget tissues, termed biodistribution, 
can help to provide insight toward extrapolation of the safety and rationale 
for the timing of multiple injections in humans. This evaluation, discussed in 
more detail later in this chapter, is analogous to the determination of a phar-
macokinetic profi le for a biological pharmaceutical in the instance of a recom-
binant human protein. 

 In parallel with an understanding of the injected vector ’ s biodistribution 
profi le should come an understanding of its potential toxicities. Adverse effects 
in animals can be dependent on the vector class and the route of administra-
tion. For example, the infl ammatory reactions in response to adenovirus capsid 
proteins are well documented in the scientifi c literature. Intravenous admin-
istration of adenovirus in normal C57Bl/6 mice resulted in an acute infl amma-
tory response in the liver  [49] , and direct instillation into the lungs of cotton 
rats resulted in a dose - related infl ammatory reaction in the bronchioles  [50] . 
In addition the toxicities observed in an animal model of disease given the 
same vector type can be potentially different. For example, the altered biodis-
tribution of adenoviral vectors following intravascular administration in cir-
rhotic rats resulted in pulmonary hemorrhagic edema due to the presence of 
pulmonary intravascular macrophages resulting in notable vector biodistribu-
tion to the lungs    [51] . 

 It is well documented that humans generate neutralizing antibodies to 
select adenoviral and AAV vector serotypes (e.g., Ad5 and AAV2) following 
administration. These neutralising antibodies can prevent vector distribution 
to target tissue, accelerate clearance of the virus, and decrease transgene 
expression/persistence of expression  [52] . In addition to reducing the kinetic 
and activity profi le of the gene therapy product, induction of autoimmunity 
or other adverse immune effects may occur. The potential for stimulating an 
immune response (humoral and/or cellular) to the nucleic acid, the viral 
protein, or other parts of the vector construct is always a possibility and thus 
should be appropriately assessed. 

 The nature of the vector under investigation should be considered in the 
design of preclinical studies. For example, for preclinical evaluations of vectors 
that have a documented potential to integrate, such as gammaretrovirus and 
lentivirus, or possess the potential for latency and reactivation, such as the 
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Herpes virus, there could be used instead a tiered approach consisting of an 
assessment of the vector persistence followed by vector integration, latency, 
and/or reactivation, depending on the vector type.  

Transgene Considerations   The safety of the expressed transgene should be 
evaluated in appropriately designed preclinical studies as well. In most cases, 
the same animal species that is biologically sensitive to the vector of interest 
is also responsive to the translated protein. However, in some instances, the 
transgene product, such as human interleukin - 12 or interferon, is biologically 
active only in humans and nonhuman primates, potentially necessitating the 
use of monkeys in toxicology studies. In other instances where published toxi-
cology data exist for a transgene product that is active only in humans or 
nonhuman primates, another species analogue, such as murine IL - 12, may 
suffi ce for the transgene product  [53] . 

 Similar to the recombinant human proteins, the potential for an immune 
response (cellular or humoral) to the expressed transgene exists. For example, 
delivery of transgenes that encode various endogenous enzymes, receptors, 
and structural proteins may elicit antibodies against both the transgene and 
the endogenous components expressed in normal cells and tissues, resulting 
in an autoimmune response. Similarly clinical delivery of transgenes that 
express fusion or chimera proteins can theoretically be immunogenic because 
of to their foreign nature. Thus the potential development of an immune 
response (humoral or cell mediated) for each gene therapy product should be 
investigated, as appropriate. 

 While persistent transgene expression may be a desired endpoint for some 
gene therapy products, toxicity can be an undesired outcome of transgene 
overexpression and/or a delayed abnormal immune response. Prolonged 
expression of transgenes such as growth factors, growth factor receptors, or 
immunomodulating agents may be associated with long - term risks due to from 
unregulated cell growth and malignant transformation, autoimmune reactions 
to self - antigens, or other unanticipated adverse effects. Long - term preclinical 
studies should be considered to evaluate these concerns. 

 The relationship between the dose level of the gene therapy product admin-
istered and the level and persistence of transgene expression in specifi c tissues 
and any toxicities that are observed should be determined. These data are 
important to ascertain, as they will affect the clinical monitoring and planned 
dose escalation in the clinical trials.    

32.10.4 General Considerations 

 The design of the preclinical toxicology studies incorporates the basic tenets 
  used in toxicology study designs for biological and small - molecule pharma-
ceuticals. The design should allow for the inclusion of appropriate control 
groups (may be more than one group, e.g., untreated controls, sham controls, 
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null vector controls, vehicle controls), several dose groups, adequate numbers 
of animals per gender in each group for each sacrifi ce time point, and a clini-
cally relevant route of administration. The controls could consist of the vehicle 
formulation, a sham control if the administration procedure is unique or an 
unknown delivery device is used, or an empty vector if a novel vector system 
is used. Several groups of animals that will be given the gene therapy product 
at dose levels that bracket and exceed the intended dose level range in humans, 
if possible, should be included. The multiples of the human dose required to 
determine an adequate safety margin can vary with the vector class, the  “ equiv-
alency ”  of the injection route used in animals to the clinical route (i.e., intra-
tumoral in human vs. subcutaneous or intramuscular in animals), and the 
relevance of the animal species/model to humans. The duration of each study 
conducted is dependent on the product, the dosing scheme, and the subject 
population of interest. The biodistribution and persistence profi le of the vector 
and the expression profi le of the transgene often guide the duration of the 
toxicology studies and the time intervals selected for sacrifi ce of animals. 

 The inclusion of safety endpoints such as clinical signs, physical exams, body 
weights, food consumption/appetite, serum chemistry, hematology, coagula-
tion, urinalysis, organ weights, gross pathology, histopathology, and anti - vector/
anti - transgene antibody measurements are considered routine for preclinical 
toxicology studies for gene therapy products. Other endpoints specifi c for the 
assessment of potential adverse effects due to the class of vector (e.g., neuro-
pathology for Herpes virus), due to the transgene product (e.g., undesired cell 
proliferation due to a growth factor), or due to the proposed clinical popula-
tion (e.g., diabetes or cancer) can include ECGs and other cardiac parameters, 
ophthalmology exams, immunotoxicity assessment, behavioral assessment, 
neurotoxicity evaluation, specialized histopathology (i.e., immunohistochem-
istry, special stains)  , as well as other parameters. 

 The traditional carcinogenicity study as described in the ICH S1B guideline 
and the standard battery of genotoxicity studies as described in the ICH S2 
guidelines are generally not applicable to gene therapy products  [54 – 56] . As 
previously discussed, the concern for insertional mutagenesis of the vector is 
an important potential safety issue that should be addressed, and the tumori-
genic potential of an expressed transgene of concern should be evaluated in 
adequately designed preclinical studies.  

32.10.5 Good Laboratory Practice ( GLP)

 In the United States preclinical toxicology studies performed in support of the 
use of gene therapy products in clinical trials should be conducted in compli-
ance with good laboratory practice (GLP) as per the US regulation, 21 CFR 
part 58. Preclinical in vivo pharmacology studies (i.e., proof of concept) and in 
vitro pharmacology studies are not expected to be conducted under GLP. In 
the early stages of the development program for a gene therapy product the 
preclinical studies are not always conducted in full compliance with GLP. The 



PRECLINICAL STUDIES FOR GENE THERAPY PRODUCTS 739

FDA has agreed that these preclinical studies can be conducted at a facility that 
is capable of complying with a prospectively designed study protocol. Non -
 GLP studies are acceptable as long as they are performed in accordance with 
a prospectively designed protocol and the data are of suffi cient quality and 
integrity to support the proposed clinical trial. The study report that is submit-
ted to FDA should identify any areas that deviate from the prospectively 
designed protocol and the potential impact of these deviations on study integ-
rity. Many times initial preclinical toxicology data for these products are col-
lected in proof - of - concept studies conducted using an animal model of disease, 
which may require unique animal care issues; thus complete compliance with 
GLP may be diffi cult. The expectation is that pivotal toxicology studies submit-
ted to support a marketing application will be conducted under GLP.  

32.10.6 Non-GLP Studies 

 In addition to the GLP toxicology studies and well - controlled non - GLP studies 
conducted for various gene therapy products, published information in peer -
 reviewed scientifi c journals, as well as from public presentations and discus-
sions, can   be consulted to support the safety of the gene therapy product of 
interest. For example, all information regarding a specifi c gene therapy product 
that is submitted to the NIH Recombinant DNA Advisory Committee (RAC), 
located in the Offi ce of Biotechnology Activities (OBA), is considered to be 
in the public domain. Thus the toxicology information for one vector serotype 
in a class (e.g., adeno - associated viruses) may help in the safety evaluation of 
another serotype in the same vector class. If extensive preclinical or clinical 
safety data for the same or similar vector type exist, toxicity assessment of the 
gene therapy product of interest may be less extensive, depending on such 
factors as the dose levels, dosing regimen, route of administration, and expres-
sion cassette that were previously used. Depending on the extent of the change 
to a particular vector that has been administered to humans, in vitro or small 
in vivo bridging studies may suffi ce. 

 The data generated from the toxicology studies should allow a determina-
tion of a no - observable - adverse - effect - level, or NOAEL, and should charac-
terize the relationship of the documented toxicities to the dose of the gene 
therapy product that is given. The extrapolation of this NOAEL to the clinical 
arena is accomplished in several ways, including body weight, body surface 
area, and organ weight/volume. An understanding of the association of the 
dose levels employed in the toxicology studies to the resulting toxicities, as 
well as the effect of administration route and dosing schedule on any toxicities 
observed in the animals, is the desired goal.  

32.10.7 Biodistribution Considerations 

 While the determination of the overall safety of an experimental agent is a 
desired common objective for all pharmaceutical agents, the approach used 
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to achieve this goal for a gene therapy product is distinct from the approach 
used for small - molecule products, as well as for the traditional biologic ther-
apies (e.g., monoclonal antibodies and recombinant cytokines). A specifi c 
difference is refl ected in the determination of the pharmacokinetic profi le 
of a gene therapy product. While standard absorption, disposition, metabo-
lism, and excretion (ADME) studies are conducted for small - molecule prod-
ucts and pharmacokinetic assessment is applied for biologics, the localization 
or biodistribution of the vector is assessed in animals. Following administra-
tion via (ideally) the planned clinical route, the determination of the dis-
semination of the vector to the intended therapeutic site(s), as well as to 
nontarget tissues, provides an important part of the overall safety profi le of 
each gene therapy product (Figure  32.11 ). Such data should guide the toxi-
cology   further study designs, with respect to dose levels, dosing schedule, and 
route of administration. The biodistribution study should include appropriate 
control animals and groups of animals given dose levels of the gene therapy 
product that overlap the dose levels used in the toxicology studies. Multiple 
sacrifi ce intervals are also included in order to capture a comprehensive 
kinetic profi le to show peak vector levels and to characterize the persistence 
of vector signal in certain tissues and biological fl uids (i.e., blood, semen) 
over time.   

 Biodistribution analysis is conducted at the molecular level. The current 
gold standard is a quantitative polymerase chain reaction (Q - PCR) assay 
that detects the number of vector copies per microgram of genomic DNA. 
Biological fl uids and tissue samples are carefully harvested (to avoid cross -
 contamination) from control and gene therapy product - injected animals at 

    Figure 32.11     Considerations for the assessment of vector biodistribution.  
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several time points postadministration. Usually a default panel of tissues is 
collected and analyzed, including blood, injection site(s), gonads, brain, liver, 
kidneys, lung, heart, and spleen. Depending on the vector type and the trans-
gene expressed, as well as the route of administration, other tissues should be 
analyzed (i.e., draining lymph nodes and contralateral sites of injection, bone 
marrow, and eyes)  [48] . 

 Another very important outcome of this analysis is the determination of 
vector presence in the germline (Figure  32.5 ). For every biodistribution study 
conducted, samples of gonadal tissue (testes or ovaries) from each animal 
should be harvested and analyzed. If a signifi cant, persistent positive signal is 
detected using the state - of - the - art methodology, then a more extensive testing 
paradigm may be necessary. Further studies to determine the cell type that is 
positive for vector presence (i.e., germ cells, stromal cells, leukocytes) should 
be the next step. If the outcome continues to implicate inadvertent germline 
transfer, then the conduct of reproductive and developmental toxicology 
studies may be needed in order to assess the potential for vertical transmission 
of the gene sequences. The ICH S5(R2) guideline should be consulted for the 
overall design of these studies  [57] . The risk of inadvertent germline transmis-
sion and the subsequent potential for integration are currently the major focus 
of the ICH GTDG. This group has released a consideration paper on this issue 
entitled  “ General Principles to Address the Risk of Inadvertent Germline 
Integration of Gene Therapy Vectors ”  (for more information, refer to the ICH 
Web site for details,  http://www.ich.org/cache/html/1386 - 272 - 1.htm ). 

 The presence of a vector sequence in nontarget tissues at signifi cant levels 
should suggest the need for further analysis of the tissue to determine the 
levels of transgene expressed. These data, coupled with results of other safety 
endpoints, such as clinical pathology and histopathology evaluation, will deter-
mine whether vector presence or gene expression is correlated with any det-
rimental effects on the tissue. 

 Instances in which the biodistribution studies are conducted prior to use in 
humans can include the following: when the gene therapy product belongs to 
a new vector class, when there is little or no published data on the vector or 
the transgene of interest, if there is a change in the vector backbone for an 
established vector, if there is a change in formulation, if there is a change in 
the route of vector administration, or if there is a known or suspected potential 
for the transgene to induce toxicity   that may be aberrantly expressed in 
nontarget tissues. For example, Cearly and Wolfe showed that injection 
of AAV 7, 8, 9, and rh10 vectors containing the same genome into the same 
area of rodent brains resulted in distinctly different transduction patterns due 
to the different capsid proteins. These differences translate into potential 
effects on (1) product activity if each vector displays unique capabilities at 
transducing different substructures of the brain and on (2) product toxicity if 
overexpression occurs in unwanted areas of the CNS to which the vector has 
disseminated  [58] . 
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 If biodistribution studies are not performed prior to initiation of clinical 
trials, these studies should be incorporated in the development program of the 
gene therapy product so that data are generated prior to beginning any large 
pivotal studies in humans.  

32.10.8 Later Stage Product Development 

 As the gene therapy product development program continues into the later 
phase clinical trials and toward the ultimate goal of a marketed product 
(Figure  32.1 ), additional consideration has to be given to the components of 
a product label (i.e., the package insert) that require data from preclinical 
  studies, on mutagenicity, carcinogenicity, and reproductive toxicity. The intent 
of the label is to convey information on the safety and effectiveness of the 
approved product to the patient population receiving the respective product 
and to communicate any associated or perceived risk to both the physician 
and to the patient. Sponsors of gene therapy products should consult with the 
applicable regulatory agencies early in the product development program to 
ensure that the timing and design of the necessary preclinical studies are in 
place in accordance with the regulators ’  expectations.   

32.11 CONCLUSION

 Included on the Web site of the American Society of Gene Therapy (ASGT) 
is a section entitled  “ Brief History of Gene Therapy. ”  This synopsis is a snap-
shot of the notable advances and setbacks in this fi eld since 1966. Although 
these biologics are complex, rapid advances have been made with the discov-
ery of new and novel viruses, as well as with the re - engineering of existing 
viruses  . Without preclinical studies that are appropriately designed to provide 
insight on dose/activity and dose/toxicity relationships for the gene therapy 
products that are to be used in predetermined disease settings, early phase 
clinical trial designs are limited. Careful and thorough evaluation of the bio-
logical plausibility and safety of a gene therapy product is an essential fi rst 
step on the critical pathway to a successful clinical product development 
program  [59,60] . Unique and comprehensive preclinical testing approaches 
using biologically relevant animal species/models are critical elements in risk 
assessment of such novel products. The preclinical study designs will need to 
consider the vector system, the expressed transgene, the transduced cell type 
(as applicable), and the clinical indication to adequately assess the potential 
risks of each gene therapy product. Since risk assessment leads to risk com-
munication, the preclinical data provide an effective means of risk communica-
tion to the physicians that manage the clinical trials, as well as to the individuals 
consenting to receive these experimental therapies. Ultimately any such risk 
communication will transfer to the marketed label for the approved gene 
therapy product.  
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  33.1 INTRODUCTION

 The sixteenth - century German - Swiss physician, Philippus Aureolus Theo-
phrastus Bombastus von Hohenheim ( “ aka Paracelsus ” ) may be credited with 
the earliest references to cell therapy. Although Paracelsus is probably best 
recognized as the  “ father of toxicology ”  for his pioneering work in systematiz-
ing the study of effects of chemicals and drugs, he spoke of healing of the heart 
with heart, lung with lung, spleen with spleen — indeed as  “ like heals like ”  in 
his 1536 book Der grossen Wundartzney   [1] . Four centuries later, the Swiss 
physician. Paul Niehans would, by chance, become known as  “ the father of cell 
therapy ”  after treating a patient, whose parathyroid was accidentally removed 
by a fellow physician, with a homogenate of the parathyroid gland of an ox. 
Niehans claimed that he could cure illnesses through injection of live cells 
extracted from healthy organs. He believed that adding new tissue stimulated 
rejuvenation and recovery (see Table  33.1 ).   In the 1960s the use of cells and 
tissue extracts from young or fetal animals,  “ fresh cell therapy, ”  was still 
popular in Germany, and this practice lasted until the late 1990s when it was 
fi nally banned following increases in severe immune - mediated allergic dis-
eases resulting from repeated injections of heterologous antigenic materials.   

 Today, with the exception of bone marrow for hematopoietic reconstitution, 
therapeutic cellular transplantation is an emerging technology. In recent years 
novel approaches in the potential restoration of function through cellular 
transplantation have included the use of fetal human or xenogeneic neural 
tissue for Parkinson ’ s disease, ectopically implanted pancreatic islets for dia-
betes, Schwann cells and olfactory ensheathing glia for spinal cord injury, 
encapsulated chromaffi n cells for pain, and various types of stem cells for the 
treatment of diabetes, cardiac disease, and central nervous system injuries or 
disease  [2] . There have also been trials of encapsulated cells to provide enzymes 
that either remove  “ toxic ”  products or provide activation of prodrugs to thera-
peutics, usually anticancer derivatives. 

 Today the fi eld of  “ regenerative medicine ”  refers to the broad range of 
disciplines adopted by groups working toward a common goal of replacing or 
regenerating damaged or diseased cell   populations or tissues. There are 
approximately 270 cell types in the human body  [3] . Understanding the biology 
as well therapeutic potentials of the many cell types is an important reason 
for pursing research on embryonic stem cells. Theoretically embryonic 
stem cells represent a source of cells capable of development into normal 



 TABLE 33.1    Selected milestones in the fi eld of cell - based therapies 

  1931   First injection of living cells (parathyroid cells from an ox) 
  1937   Implantation of cerebral cells 
  1949   First injection of lyophilized cells 
  1956   Successful engraftment of bone marrow cells in mice following irradiation  
  1963   Self - renewing cells discovered in mouse bone marrow 
  1964   Single cell in teratocarcinoma isolated and remained undifferentiated in 

culture
  1968   First successful bone marrow transplantation between two siblings 
  1978   Hematopoietic stem cells discovered in human cord blood 
  1981   Murine embryonic stem cells derived from mouse inner cell mass 
  1983   Fetal cells reported to repair spinal cord injury 
  1988   Isolation of murine hematopoietic stem cells 
  1988   Fetal pancreatic cells used in diabetic patients 
  1991   Fetus - to - fetus cell therapy 
  1992   Neural stem cells cultured in vitro as neurospheres 
  1995   Law to prohibit federal funds for research where human embryos are 

created or destroyed 
  1997   Cloning of Dolly the sheep by somatic cell nuclear transfer (SCNT) 
  1997   Isolation of putative progenitor endothelial cells 
  1997   Fresh cell therapy banned in Germany 
  1998   First human embryonic stem cell line derived (hESC) 
  1998   First established culture of human embryonic germ cells (hEGC) 
  1998   Bone marrow derived dendritic cells fi rst described 
  1999   Cardiac tissue formation after bone marrow transplantation 
  2000   Development of neurons from bone marrow 
  2001   Cloning of fi rst early (4 to 6 cell) human embryos for purpose of generating 

hESCs
  2001   hESCs differentiated into early - stage neuronal cells 
  2001   Muscle tissue formation after bone marrow transplantation 
  2001   Stem cells from adipose tissue produce cartilage, bone, muscle  
  2001   Restriction of US federal funding for hESC research (use of approved cells 

only)
  2003   Children ’ s primary teeth as new source of stem cells 
  2005   Cord blood derived embryonic - like stem cell derived from umbilical cord 

blood
  2006   hESC lines derived from single blastomeres 
  2007   Discovery of new type of stem cell in amniotic fl uid  
  2007   hESC - based progenitor cells produce multiple nerve growth factors 

differentiated cells that, when properly engineered can replace diseased tissues 
and restore normal function. In addition to selection of the most appropriate 
cell type, several different modes of transfer may be used to deliver cells to 
optimize therapeutic benefi t. Cells may be directly infused, surgically implanted, 
or contained within an encapsulating membrane. Cells can be delivered 
through catheters, implanted in devices, or delivered through extracorporeal 
devices. In some cases genes can also be introduced into the cells to improve 
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the effi cacy and/or safety of the various types of cell - based therapies. The 
combination of cell and gene therapy using both nonviral and viral gene trans-
fer vectors is beyond the scope of this chapter (see Chapter  32 ). 

 Over 500 companies are currently involved in cell therapy technology, and 
of these 121 are involved in stem cell therapies  [4] . Clinical proof of principle 
has been demonstrated across several diseases for transplanted cells including 
multipotent fully differentiated cells in culture, cells for in vivo terminal dif-
ferentiation, mixtures of multipotent and differentiated cells, and pluripotent 
cells for restoring function. No single source of cells is best or even suitable 
for all disease indications. In addition more than one source of cells may be 
used for the same indication; for example, adult bone marrow derived cells, 
endothelial progenitor cells, resident cardiac cells, and embryonic stem cells 
are all being studied for cardiac repair  [3,6 – 8] .   In diabetes sources of new  β
islet cells have included fetal pancreas, ex vivo expansion of endogenous pro-
genitors β  cell from adult pancreas, xenotransplants, umbilical cord blood, 
adult bone marrow, and embryonic stem cell lines  [9,10]  (see Table  33.2 ).   

 Most applications for cell - based therapies are still in the experimental 
research and clinical trial stages. As novel cell - based therapies move from 
discovery research to the clinic, developers and regulators will face new and 
continually evolving issues and uncertainties involving long - term effi cacy and 
safety. The success of cell - based therapy will depend on optimal selection, 
manufacture, and survival of the implanted cells. However, because of the 
heterogeneity in cell types and scope of indications, the preclinical develop-
ment, strategies, clinical development, and evaluation requirements are 
expected to be optimized according to product attributes and clinical indica-

 TABLE 33.2    No single source of cells is suitable for all indications 

   Intervention      Indication      Types of Cells 

  Hematopoietic, 
immune
replacement

  Cancer    Lymphocyte - based therapies, 
autologous tumor cell vaccines, 
blood, bone marrow, UCB stem cells, 
HSCs, hMSCs, etc.  

  Autoimmune disorders 
  Immunodefi ciencies  

  Metabolic 
replacement. 
support

  Ophthalmic disorders    Human retinal stem cells, tissue - derived 
stem cells, islet cells, bioartifi cial 
kidney, bioartifi cial liver, hepatocytes, 
etc.  

  Diabetes  
  Lysosomal storage 

diseases
  Renal/liver failure 

  Tissue repair, 
regeneration

  Cardiovascular disorders    hMSCs, cardiomyocytes, tissue - derived 
stem cells including olfactory cells 
neural cells, osteoblasts, 
chondrocytes, keratinocytes, dermal 
fi broblasts, hESCs, etc.  

  Neurological/
neurodegenerative
Disorders

  Bone and joint disorders 
  Wound healing a

a The FDA has approved several cell therapy products as devices for skin replacements; for the 
treatment of acute (e.g., burns) and chronic (e.g., diabetic ulcers) infl ammatory skin disorders.   



tion. As is true for other novel biopharmaceuticals, the diversity of potential 
products coupled with uncertainties about unique product specifi c attributes 
creates a challenge for toxicologists responsible for predicting and character-
izing their safety and estimating potential risks. However, knowledge gained 
from traditional biopharmaceuticals developed and approved throughout the 
1980s and 1990s can be applied to novel cellular therapies. The challenges in 
moving cell therapy to the clinic is to understand what aspects of the results 
obtained with animal models can be easily translated to therapy and where 
caution must be exercised in extrapolating animal studies to ultimate human 
treatment  [5] .  

33.2 REGULATION OF CELL -BASED THERAPIES IN 
THE UNITED STATES AND EUROPE 

 The FDA regulates cellular products as biological products. The Center for 
Biologics Evaluation and Research (CBER) is designated as the agency with 
primary jurisdiction for the pre - market review and regulation. Cellular prod-
ucts intended for use as somatic cell therapy are subject to regulation pursuant 
to the PHS Act (42 USC 251) and also fall within the defi nition of drugs (21 
USC 312 (g)). Somatic cell therapy products are defi ned as autologous (i.e., 
self), allogeneic (i.e., intraspecies), or xenogeneic (i.e., interspecies) cells that 
have been propagated, expanded, selected, pharmacologically treated, or 
otherwise altered in biological characteristics ex vivo to be administered to 
humans and applicable to the prevention, treatment, cure, diagnosis, or mitiga-
tion of disease or injuries  [11] . Specifi c examples of cellular products regulated 
by FDA as biological cellular products include (1) autologous or allogeneic 
lymphocytes activated and expanded ex vivo including lymphokine - activated 
killer cells (LAK) and tumor infi ltrating lymphocytes (TIL cells); (2) encap-
sulated autologous, allogeneic, or xenogeneic cells or cultured cell lines 
intended to secrete a bioactive factor or factors (e.g., insulin, growth hormone, 
neurotransmitters); (3) autologous or allogeneic somatic cells including geneti-
cally modifi ed cells (e.g., hepatocytes, myocytes, fi broblasts, bone marrow -  or 
blood - derived hematopoietic stem cells, lymphocytes that have been geneti-
cally modifi ed; (4) cultured cell lines; and (5) autologous or allogeneic bone 
marrow transplants using expanded or activated bone marrow cells  [12] . Trans-
plantation of minimally manipulated bone marrow and vascularized whole 
organs is regulated by the Health Resource Services Administration (HRSA), 
and allogeneic unrelated bone marrow transfer falls under the authority of the 
National Bone Marrow Donor Program standards under HRSA. 

 In accordance with the statutory provisions, cellular products must be in 
compliance with CFR part 312 regardless of whether the fi nished product is 
shipped across state lines; this is due to the use of ancillary products used in 
manufacture. Ancillary products (e.g., bioreactors and cell culturing systems; 
components of culture media; agents used to purge, select, or stimulate specifi c 
cell populations) are not intended to be present in fi nal products, but they may 
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have an impact on the safety, purity, or potency of the products. At the inves-
tigational stage these products must be in compliance with part 312. Therefore 
clinical trials are to be conducted under INDs. Although products regulated 
by FDA as biological products must also meet drug or device requirements, 
the agency does not require duplicate pre - market approvals. 

 Prior to 1993 the FDA did not require pre - marketing approval for many 
types of transplantation, including bone marrow transplants. To the extent that 
some bone marrow transplantation products are subject to extensive manipu-
lation prior to transplantation, they are treated the same as somatic cell 
therapy and gene therapy products. FDA defi ned  “ manipulation ”  as the ex 
vivo propagation, expansion, selection, or pharmacological treatment of cells, 
or other alteration of their biological characteristics (11). Over the past two 
decades the FDA has published a number of guidance documents outlining 
various expectations for ensuring the safety of cellular therapies (13) (see 
Table  33.3 ).   

 The fi rst guidance document relating to regulatory expectations for a 
cellular therapy product was entitled Points to Consider in the Collection, 
Processing, and Testing of Ex vivo Activated   Mononuclear Leukocytes for 
Administration to Humans, and published in August 1989. In February 1996, 
FDA published a guidance for manipulated autologous structural (MAS) cells, 
which are autologous cells manipulated and then returned to the body for 
structural repair or reconstruction. Manipulation required for MAS cell prod-
ucts is more than that required for autologous bone marrow, where the source 
of material is harvested but otherwise undergoes minimal manipulation. 
Therefore MAS cell products were considered to fall within the defi nition of 
cellular therapy products. One year later the FDA published A Proposed 
Approach to the Regulation of Cellular and Tissue - Based Products. 

 The regulatory framework of the Proposed Approach document is a tiered 
risk - based approach: Products thought to present greater risk receive more 
regulatory oversight, and require more extensive control in manufacturing and 
clinical studies as well as more product characterization. The approach focuses 
on three general areas: (1) prevention of use of contaminated tissues or cells 
with the potential for transmitting infectious disease; (2) prevention of 
improper handling or processing that might contaminate or damage tissue or 
cells, and (3) assurance that clinical safety and effectiveness is demonstrated 
for tissue or cells that are highly processed, are used for other than their 
normal function, are combined with nontissue components, or are used for 
metabolic purposes. The manufacturing issues for cells lie in the preparation 
of the cell cultures and the assurance that cells are free of microbial contami-
nation, such as mycoplasma (if cultured), or otherwise sterile. Appropriate 
screening/testing of donor tissue for communicable disease is essential as 
such criteria are necessary for accepting donor source materials to initiate 
production. 

 Consistency in lot - to - lot preparation of cells is paramount in the demon-
stration of manufacturing control. Critical manufacturing controls include 



TABLE 33.3 Key FDA regulatory guidance documents relating to cell - based therapies

  Points to Consider in the Collection, Processing, and Testing of Ex vivo Activated 
Mononuclear Leukocytes for Administration to Humans (August 1989) 

  Guidance on Applications fro Products Comprised of Living Autologous Cells 
Manipulated Ex vivo and Intended for Structural Repair and Reconstruction 
(May 1996). 

  FDA Proposed Approach to Regulation of Cellular and Tissue - Based Products 
(February 1997) 

  Guidance for Industry: Guidance for Human Somatic Cell Therapy and Gene 
Therapy (March 1998) 

  PHS Guideline on Infectious Disease Issues in Xenotransplantation. OMB Control 
No.0910 - 0456 (January 2001) 

  Guidance for Industry: Source Animal, Product, Preclinical, and Clinical Issues 
Concerning the Use of Xenotransplantation Products in Humans (fi nal guidance) 
(April 2003) 

  Guidance for Reviewers: Instructions and Template for Chemistry, Manufacturing, 
and Control (CMC) Reviewers of Human Somatic Cell Therapy Investigational 
New Drug Applications (INDs) (draft guidance) (August 2003) 

  Guidance for FDA Review Staff and Sponsors: Content and Review of Chemistry, 
Manufacturing, and Control (CMC) Information for Human Gene Therapy 
Investigational New Drug Applications (INDs) (draft guidance) (November 2004)  

  Current Good Tissue Practices for Human Cell, Tissue, and Cellular Tissue - Based 
Product Establishments; Inspection and Enforcement (November 2004) 

  Guidance for Industry: Minimally Manipulated, Unrelated, Allogeneic Placental/
Umbilical Cord Blood Intended for Hematopoietic Reconstitution in Patients 
with Hematologic Malignancies. (draft guidance) (December 2006) 

  Guidance for Industry: Cell Selection Devices for Point of Care Production of 
Minimally Manipulated Autologous Peripheral Blood Stem Cells (PBSCs) 
(July 2007)  

  Guidance for Industry: Preparation of IDEs and INDs for Products Intended to 
Repair or Replace Knee Cartilage (draft guidance) (July 2007) 

  Guidance for Industry: Eligibility Determination for Donors of Human Cells, 
Tissues, and Cellular and Tissue - Based Products (HCT/Ps) (August 2007)  

  Guidance for FDA Reviewers and Sponsors: Content and Review of Chemistry, 
Manufacturing, and Control (CMC) Information for Human Somatic Cell Therapy 
Investigational New Drug Applications (INDs) (April 2008) 

Note :   See  http://www.fda.gov/cber/guidelines.htm.    

standardization and optimization of reagents and processing criteria. Product 
characterization and development of acceptance criteria is also important, 
including (1) establishing specifi c characteristics to ensure product integrity, 
(2) identifying product parameters that anticipate adverse events, (3) develop-
ing analytical approaches for evaluating proposed acceptance criteria for in -
 process intermediates and fi nal cellular product, and (4) controlling purity and 
impurity profi les of the fi nal cellular product. Impurities arising from the scale -
 up of manufacturing such as host - cell contaminants, endotoxin contamination, 
and residual DNA levels are all potential safety concerns. Stability of the 
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protein sequence and posttranslational modifi cations are additional concerns 
for cell - based gene therapy products. Use of bovine serum is acceptable in the 
United States provided on that the source of the serum is demonstrated to be 
from herds reared for the entirety of their lives in certifi ed BSE - free countries, 
although concerns have been expressed for use of bovine materials. Karyo-
typic analysis for determining genetic stability is also important for cells 
cultured for a long time. 

 In 2001 FDA put in place a comprehensive system consolidating the regula-
tion of human cells, tissues, and cellular and tissue - based products (HCT/Ps) 
into one regulatory program. The defi nition of human cells, tissues, and cellular 
and tissue - based products (HCT/Ps) includes a broad range of cell -  and tissue -
 based therapies and is intended to cover HCT/Ps at all stages of their manu-
facture, from recovery through distribution. The fi nal new part 1271 regulation 
of chapter  21  is made up of six subparts. Subpart part A includes general pro-
visions pertaining to the scope and applicability of part 1271, defi nitions and 
subpart B includes registration and listing procedures. The donor - suitability 
proposed rule contains subpart C of part 1271, and the GTP proposed rule 
contains subparts D, E, and F (see Table  33.3 ). 

 In Europe, the Council of Ministers approved the EC Regulation on 
Advance Therapy Medicinal Products in May 2007. Directive 2001/83/EC 
covers genetic medicinal products and somatic cell therapy medicinal prod-
ucts. Additional requirements are laid down in Regulations (EC)No726/2004 
and a series of other European Commission Directives. The Advanced Therapy 
Medicinal Product (ATMP) regulations are amendments to Directive 2004/23/
EC that provide quality and safety rules for the donation, testing, processing, 
preservation, storage, and distribution of human cells and tissues. All member 
states support the Regulation, which was implemented across the European 
Union at the end of 2007.   The regulation governs production, distribution, and 
use of advanced therapies, including stem cell therapies for treating or pre-
venting disease in humans. The Regulation also brings all innovative therapies 
into a single legislative framework and sets up a centralized marketing autho-
rization procedure for such treatments. 

 The United Kingdom   was fi rst in Europe to introduce legislation covering 
human embryo research in 1990 following passage of the Human Fertilisation 
and Embryology (HFE) Act. The HFE Act included provisions in connection 
with human embryos and any subsequent development of such embryos pro-
hibiting certain practices with embryos and gametes and the establishment of 
a Human Fertilisation and Embryology Authority. Currently in the United 
Kingdom the regulatory framework for human stem cell research is split into 
two, governing storage and use of human embryos and storage and use of 
human tissues and somatic cells. In July 2007 new regulations further imple-
menting the EU Tissues and Cells Directive came into force in the United 
Kingdom. The Human Tissue (Quality and Safety) Regulations 2007 and the 
Human Fertilisation and Embryology (Quality and Safety) Regulations 2007 
amend the current regulations governing the licensing of facilities in carrying 
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out work in relation to human tissues and cells intended to be used in human 
applications. The Regulations 2007 set out requirements for obtaining a license 
from the relevant authority, either the Human Fertilisation and Embryology 
Authority (HEFA) or the Human Tissue Authority (HTA) in order to carry 
out the various acts covered by the Directive in relation to human derived 
tissue and cells that are intended for use in human applications. In September 
2007, following considerable debate that will likely continue among experts 
over the next few years, the HFEA decided to permit the creation of hybrid 
or chimera embryos (human – animal) for research purposes.  

33.3 TYPES OF CELL -BASED THERAPIES 

33.3.1 Ex vivo Activated Mononuclear Leukocytes 

 Adoptive immunotherapy is a general term describing the transfer of immu-
nocompetent cells to a tumor - bearing host. The major research challenge in 
advancing adoptive immunotherapies has been to develop immune cells with 
specifi c antitumor reactivity that can be generated in large enough quantities 
for transfer to tumor - bearing patients. Examples of passive nonspecifi c immu-
notherapy include transfer of lymphokine - activated killer (LAK) cells or 
tumor - infi ltrating lymphocytes (TIL), activated in vitro by interleukin 2 (IL 2) 
or other lymphokines. Examples of passive specifi c immunotherapy include 
transfer of specifi c immune cells, such as NK cells, draining lymph node cells 
or  “ antigen - loaded ”  pulsed dendritic cells. The pulsed dendritic cells function 
as potent immunostimulators of native T cells. A key safety issue for these 
various cellular therapies is related to potential contamination with autolo-
gous malignant cells and the selection of immunoresistant malignant cells by 
the ex vivo activation procedure. The potential for cells cultured through many 
passages to transform to an exogenous growth factor - independent phenotype 
should also be addressed. 

 Initial studies of systemic administration of autologous LAK cells and rIL2 
in patients with advanced cancer were reported by Rosenberg and others in 
the early to mid - 1980s  [14 – 16] . The regimen was based on animal models in 
which the systemic administration of LAK cells plus rIL2   mediated the regres-
sion of established pulmonary and hepatic metastases from a variety of murine 
tumors in several strains of mice. Patients showed some benefi t; however, LAK   
cells had to be generated form lymphocytes obtained through multiple leuka-
phereses  [17,18] . Methods have subsequently been developed to shorten the 
culture period and increase the proliferation of cells to improve the cell 
yield. 

 Infusion of tumor - infi ltrating lymphocytes (TIL) isolated from tumor 
samples and expanded in vitro with rIL2 resulted in a more effi cient tumor 
reduction in animal models  [19]  and showed activity in clinical studies  [20] . A 
signifi cant impediment to generating therapeutic TILs resides in the inherent 
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limitations of the immunogenicity of the tumor from which the TILs are 
derived. In animal models using poorly immunogenic tumors, the therapeutic 
effi cacy of TILs is limited. Tumors genetically engineered to produce certain 
cytokines have been found to contain TILs with enhanced in vitro and in vivo 
antitumor activity. Studies have shown that effi cacy has been improved with 
TILs that are characterized by less time in tissue culture, longer telomeres, and 
a less differentiated phenotype. 

 In 1996 Celluzi et al. reported that active immunization strategies using 
antigen - pulsed dendritic cells were useful for inducing tumor - specifi c immune 
responses  [21] . The authors showed that the major histocompatability complex 
class I – presented peptide antigen pulsed onto dendritic antigen - presenting 
cells (APCs) induced protective immunity in mice to   lethal challenge by a 
tumor transfected with the antigen gene. The immunity was antigen specifi c, 
requiring expression of the antigen gene by the tumor target, and its elimina-
tion by in vivo depletion of CD8 - T lymphocytes  [21] . The fi rst therapeutic 
tumor antigen vaccine evaluated by the FDA was Sipuleucel - T (Provenge(r)), 
a peptide - pulsed dendritic tumor cell vaccine manufactured by Dendreon for 
treatment of men with asymptomatic metastatic androgen independent pros-
tate cancer (AIPC). Dosing is based on a minimal number of total nucleated 
cells in the starting material, which contains T, B, and NK cells and monocyte 
populations and a minimum number of CD45+ cells in the fi nal product. The 
proposed mechanism of action of Sipuleucel - T is presentation of prostatic acid 
phosphatase (PAP) antigen by activated APCs to stimulate tumor - specifi c T 
cells in the patient  [22] . Following a favorable advisory committee review in 
March 2007, the FDA issued an  “ approvable letter ”  in May requesting addi-
tional data from the sponsor in order to support a fi nal approval. 

 In July 2007, a US biotech fi rm, Northwest Biotherapeutics, received 
approval form the Swiss Institute of Public Health to market to selected 
centers in Switzerland the fi rst brain cancer vaccine, DCVax - Brain  ®  , an 
autologous patient - specifi c dendritic cell based vaccine.  

33.3.2 Living Autologous Cells Manipulated Ex vivo Intended for 
Structural Repair or Reconstruction ( MAS Cells) 

 MAS cells are derived from a patient ’ s tissues. The cells are manipulated ex 
vivo and then implanted into the same patient with the intent of providing 
repair or reconstruction of a structure rather than via systemic action of the 
cells. The manipulation of MAS cells involves dissociation of the selected 
tissue into individual cells, which are then propagated and expanded into large 
numbers of cells using tissue culture methods. Since MAS cells are implanted 
within an enclosed space, they are considered to be more similar to tissue and 
device products. Examples of MAS cells include chondrocytes for repair of 
focal cartilage defects, autologous fat cells for cosmetic augmentation, and 
autologous keratinocytes for dermal wound healing. In 1997 FDA approved 
the fi rst MAS cellular therapy product under an accelerated approval 
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procedure, Carticel  ®   manufactured by Genzyme Tissue Repair, which involves 
the autologous transfer of healthy chondrocytes into damaged knee joints 
following ex vivo cell culture and proliferation.  

33.3.3 Adult Stem Cells (Somatic Stem Cells) 

 Adult stem cells are cells found in a number of differentiated tissues that can 
self - renew and differentiate (with certain limitations) to give rise to the spe-
cialized cell types of the tissue. Adult stem cells may also be able to give rise 
to specialized cell types of a completely different tissue, a phenomenon known 
as transdifferentiation or plasticity. However, the presence of pluripotent adult 
stem cells remains a subject of scientifi c debate. 

 Identifi cation of stem cells from different sources has broadened the pros-
pects for clinical applications. The types of stem cells that can be isolated from 
adult bone marrow include hematopoietic stem cells, endothelial progenitors, 
and mesenchymal stem cells. The adult brain contains neural stem cells that 
can generate the brains three major cell types of the brain, namely nerve cells 
(neurons) and nonneural cells, astrocytes, and oligodendrocytes. Epithelial 
stem cells in the lining of the digestive tract can give rise to a number of cell 
types, including absorptive cells, goblet cells, and enteroendocrine cells. Skin 
stem cells in the basal layer of the epidermis can give rise to keratinocytes, 
and follicular stem cells at the base of the hair follicle can give rise to both 
the hair follicle and the epidermis. 

 There are two characteristics that distinguish stem cells from other types of 
cells: stem cells can self renew, and they can differentiate into other types of 
cells. Stem cells renew themselves for long periods through cell division, and 
given certain conditions, they can be induced to become cells with special 
functions.  

33.3.4 Hemapotopoietic Stem Cells 

 Hematopoietic stem cells (HSCs) can be derived from bone marrow, umbilical 
cord blood, placenta, or mobilized peripheral blood. The hemapoietic tissues 
may have cells with long -  and short - term regeneration capacities and commit-
ted multipotent, oligopotent, and unipotent progenitors. HSCs give rise to all 
the blood cell types including myeloid and lymphoid lineages as wells as some 
dendritic cells. There is a growing body of evidence suggesting that HSCs are 
plastic and that, at least under certain circumstances, HSCs may participate in 
the generation of tissues other than those of the blood system. HSCs are phe-
notypically identifi ed by their small size and certain surface markers. Murine 
HSCs have been demonstrated to be negative for lineage markers (Lin - ), 
including myeloid and B and T cell lineages, and positive for c - kit, Sca - 1, and 
CD34  [17] . The cell markers used to characterize the commonly accepted type 
of human HSCs include CD34 + , CD59 + , Thy/CD90 + , CD38 lo/− , C - kit − /lo , and 
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lin -   [23] . However, not all HSCs are covered by these combinations; for 
example, some cells lack CD34  [24,25] .  

33.3.5 Endothelial Progenitor Cells ( EPCs)

 Adult endothelial progenitor cells were fi rst described by Asahara and col-
leagues showing that a purifi ed subpopulation of CD34 - expressing cells iso-
lated from the blood of adult mice could differentiate into endothelial like 
cells in vitro  [26] . Endothelial progenitor cells derived from bone marrow have 
the ability to differentiate into endothelial cells (cells that line blood vessels). 
These progenitor cells have been reported to express CD34, CD133, CD31, 
VE - cadherin, VEGFR2, and c - Kit. CD133 and CD34 are often used as markers 
for selection and purifi cation because CD133 is not found on mature endo-
thelial cells, and CD34 is not found on the undifferentiated stem cells from 
which endothelial progenitor cells derive  [27,28] . 

 Endothelial progenitor cells have been shown to participate in a number 
of regenerative activities. They contribute to pathologic angiogenesis such as 
that found in retinopathy and tumor growth. There is evidence that circulating 
EPCs play a role in the repair of damaged blood vessels after a myocardial 
infarction. Higher levels of circulating endothelial progenitor cells detected 
in the bloodstream predict better outcomes and fewer repeat heart attacks 
 [29] . Recently tissue - resident stem cells have been isolated from the heart, 
and they are capable of differentiating to the endothelial lineage  [30] . 
There is also increasing evidence suggesting that there are additional bone 
marrow derived cell populations (e.g., myeloid cells and mesenchymal cells) 
and non – bone marrow derived cells that can give rise to endothelial cells  [28] . 
Although the role of EPCs in neovascularization has been convincingly shown 
by several groups, their precise function in neovascularization remains 
undefi ned.  

33.3.6 Mesenchymal Stem Cells ( MSCs)

 Mesenchymal stem cells represent a rare population of bone marrow derived 
cells that do not express CD34 or CD133. Under defi ned in vitro and in vivo 
conditions mesenchymal cells can differentiate into a variety of cell types, 
including osteoblasts, chondrocytes, adipocytes, myocytes, and stromal fi bro-
blasts  [31,32,33] . Human MSCs have high expansion potential, genetic stability, 
and reproducible characteristics as has been proved in many laboratories. They 
have the ability to migrate to sites of tissue injury and to modify the response 
of immune cells. The later characteristic may support the development of 
allogeneic stem cell approaches when autologous stem cells are not readily 
available  [34] . Because MSCs can produce important growth factors and cyto-
kines, they may also be able to exert their effect without direct participation 
in long - term tissue repair. MSCs have not been shown to be capable of regen-
erating or maintaining a whole tissue compartment as has been shown for 
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hematopoietic stem cells (HSCs). Although MSCs can engraft and differenti-
ate to some extent in host tissue, they do not have an ability comparable with 
the de novo tissue - forming ability of embryonic stem cells in embryoid 
bodies.  

33.3.7 Human Embryonic Stem Cells ( hESC)

 Human embryonic stem cells (hESCs) were fi rst derived from the inner cell 
mass (ICM) from the blastocyst stage ( ∼ 100 – 200 cells) of embryos generated 
by in vitro fertilization  [35,36] . In humans the blastocyst is an early - stage 
embryo, approximately 4 to 5 days old. The blastocyst can be formed by means 
of either in vitro fertilization or somatic cell nuclear transfer, in which 
the nucleus of a somatic cell is combined with an enucleated oocyte. Methods 
have been developed to derive hESCs from the late morula stage (30 – 40 
cells) and from arrested embryos (16 – 24 cells incapable of further 
development), and more recently from single blastomeres isolated from 8 - cell 
embryos  (37) . 

 Human embryonic stem cells are defi ned by the presence of several tran-
scription factors and cell surface proteins. The transcription factors oct - 4, 
nanog, and sox2 ensure the suppression of genes that lead to differentiation 
and the maintenance of pluripotency  [38] . The cell surface proteins most com-
monly used to identify hESCs are the glycolipids SSEA3 and SSEA4 and the 
keratin sulfate antigens Tra - 1 - 60 and Tra - 1 - 81  [39] . The characteristic features 
of hESCs include their proliferative and self - renewing properties and their 
ability to differentiate into derivatives of all three primary germ cell layers: 
ectoderm, endoderm, and mesoderm. hESCs maintain pluripotency through 
multiple cell divisions. Although hESCs can form all somatic tissues, they 
cannot form all of the other  “ extraembryonic ”  tissues necessary for complete 
development, such as the placenta and membranes, so they cannot give rise to 
a complete new individual  [40] . The only other cells with proven pluripotency 
similar to that of hESCs are embryonic germ cells (hEGCs) derived from pri-
mordial germ cells  [40] . Biologically hEGCs have many properties in common 
with hESCs  [41] . In humans, hEGCs were fi rst established in culture in 1998 
from tissue derived from an aborted fetus  [42] . 

 As of October 2006, 500 hESC lines had been reported in the literature 
(including posters and meeting abstracts). Of these, 455 were normal, no -
 disease - related cell lines and 45 were disease related  [43] . In response to con-
cerns regarding the ethics of deriving hESCs from early - stage embryos, the 
US federal government initiated a moratorium on the use of federal funds to 
derive and/or work on hESCs after August 9, 2001  [44] . At this time, a total of 
71 hESC lines were identifi ed as being acceptable for study using US govern-
ment funds. Only 15 of the 27 hESCs lines that are eligible are fully character-
ized and available for research to scientists around the world  [43] . All hESCs 
derived after August 9, 2001, are considered by the US government to be 
ineligible for NIH funding. As of October 2006, 384 of these lines were derived 
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from normal embryos. Of these, 73 have been fully characterized, karyotyped, 
shown to express hESC  “ stemness ”  markers, demonstrated to differentiate 
into derivatives of all three germ cell layers both in vitro and in vivo, and fully 
described with respect to derivation and propagation methods  [43] . 

 As long as embryonic stem cells in culture are grown under certain condi-
tions, they can remain undifferentiated (unspecialized). But if cells are allowed 
to clump together to form embryoid bodies they begin to differentiate spon-
taneously into specifi c cell types (muscle cells, nerve cells, etc.). To generate 
cultures of specifi c types of differentiated cells, various growth factors are used 
in the culture media  [45] . 

 The scope of current stem cells research is larger than providing cells for 
transplantation. Cultured pluripotent stem cells are also being used in toxicity 
testing, identifying drug targets, studying cell differentiation, and understand-
ing the prevention and treatment of birth defects.  

33.3.8 Xenogeneic Cells 

 Xenogeneic cell therapy refers to live cells or tissues from a nonhuman animal 
source administered to a human recipient in vivo or ex - vivo. The main interest 
for using xenogeneic cells and tissues is the insuffi cient supply of human cells 
or organs. While attempts have been made to implant xenogeneic cells or 
tissues into patients, these attempts have often failed due to immunological 
incompatibility. From the public health point of view, the risk of cross - species 
transmission of infectious agents remains the most serious obstacle for using 
xenogeneic cells in humans.   

33.4 CASE-BY-CASE APPROACH BASED ON PRODUCT 
ATTRIBUTES AND INDICATION 

 Ideally cell - based therapy products should (1) proliferate suffi ciently to gener-
ate desired quantity of cells, (2) differentiate into desired cell type(s), (3) retain 
normal chromosomal complement, (4) survive in recipient after transplanta-
tion, (5) integrate into the surrounding tissue after transplantation, (6) exhibit 
controlled proliferation, (7) function appropriately for the duration of the 
recipient ’ s life, and (8) avoid harm to the recipient. The source of cells in addi-
tion to the clinical indication infl uence the type and level of concern regarding 
safety  [46]  (see Table  33.4 ). While some concerns can be generalized across 
various cell types — such as about the migratory potential of transplanted cells 
in vivo and the possibility of infectious contamination — concerns regarding 
genetic instability, inherent or culture - induced tumorigenic potential, and the 
potential immunogenicity of host versus graft and graft versus host are more 
specifi c to the particular cell types. The remainder of this chapter will focus on 
the preclinical development considerations related to adult and embryonic 
stem cell based therapies to enable clinical trials.    
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33.5 PRINCIPLES OF PRECLINICAL SAFETY EVALUATION FOR 
STEM CELL BASED THERAPIES 

 Stem cells are a dynamic biological entity and are intended to persist in the 
transplant environment for prolonged periods. They respond to their environ-
ment and undergo changes that are dependent on extrinsic signals as well as 
their intrinsic cellular properties and are thus more complex than defi ned 
metabolic pathways of drugs. However, the principles of preclinical safety 
evaluation for stem cell based therapies are similar to those of small - molecule 
drugs and closely parallel biopharmaceutical products. Studies are expected 
to defi ne a safe starting dose and dose escalation scheme for clinical trials, to 
provide information to support the route of administration and the application 
schedule, to identify target organs of toxicity and parameters to use in moni-
toring clinical trials and the extent of follow up, and to determine populations 
that may be at greater risk for toxicity  [47 – 52] . 

 Study designs should take into consideration the type of cells that will be 
evaluated, selection of a relevant animal model, including a model that mimics 
the intended clinical population or disease state, and the treatment regimen, 
including route of administration. In most cases animal models of disease 
will be the most relevant model to assess not only proof of concept but also 
safety. 

 Two approaches have been used for predicting how stem cells will behave 
after transplantation into humans. Either human cells are transplanted into 
animals (generally rodents) with or without immune suppression or labeled, 
or unlabeled analogous cells are transplanted into the respective animal 
species. Both approaches have their limitations since transplantation is 
regulated by a species - specifi c network of biologically active molecules 
such as growth factors, cytokines, cell adhesion molecules and receptors, 
and extra cellular matrices that may differ among species and thus infl uence 
engraftment  [5] . 

 Cells derived from humans at the same stage of development with the same 
overall characteristics may also differ signifi cantly, as humans show a high 
frequency of allelic variability, which may be greater than the transplant 
models that frequently use inbred strains. In addition human cells tested in 
animal models may behave differently than human cells transplanted into 
humans because of provoked immune responses and/or intrinsic differences 
in cell properties or host environments for which limited information is avail-
able  [5] . Although the overall properties may seem similar when analogous 
products are compared, there may be signifi cant biological differences in cells 
isolated at similar stages of development in terms of developmental patterns, 
environmental cues, and growth factor dependence in culture as well as expres-
sion of specifi c markers for more restricted precursors that makes isolation 
and purifi cation of subsets of progenitors more diffi cult  [5] . 

 When the data from analogous cell products are used to guide clinical trials, 
in - depth comparison between the animal and human cells is needed. The 



concerns with determining product comparability are not unlike those raised 
when using homologous or analogous proteins  [49] . Potential processing, for-
mulation, and storage may be different; cellular morphology, phenotype, and 
the level of engraftment and persistence may differ; and the cells may have 
different function or regulation (e.g., species - specifi c signaling may be present). 
Limited characterization of the animal product may also introduce uncertainty 
for extrapolation (e.g., potentially different impurities/contaminants). 
Ensuring comparability is even more important when assessing toxicity, 
as extrapolation of an initial safe starting dose is generally based on safety 
rather than activity in animals.  

33.6 PHARMACOLOGY

 Before initiating clinical studies, it is essential to demonstrate that cell prepara-
tions possess well - defi ned biological activity. Studies should be adequate to 
demonstrate the intended pharmacological activity in relevant in vitro and in 
vivo models. Initially in vitro studies, addressing cell and tissue morphology, 
proliferation, phenotype, heterogeneity, and the level of differentiation may 
be used to support pharmacological activity  [52] . Relevant animal model selec-
tion is based on the biological and structural goal of the study, the disease 
under study, the animal ’ s anatomy and physiology and size, availability, housing 
requirements, cost and technical feasibility, as well as historical experience 
with the model. 

 Animal transplant models of human disease support a rationale for con-
ducting the initial clinical trials in patients. These studies provide information 
concerning the feasibility of the treatment and explore the establishment of a 
dose – response relationship between the cellular product and activity out-
comes. The studies are also designed to understand the basic mechanisms of 
structure and function, host – implant interface, and systemic effects after trans-
plantation. Such observations are particularly important for products that 
contain cells that are not terminally differentiated at the time of transplanta-
tion. Since most human diseases do not occur spontaneously in animals, animal 
models of human disease that are generally created by chemical, surgical, or 
immunological methods are often imperfect  [5] . In all cases the abilities and 
limitations of each animal model including level of characterization of the 
model should be considered for extrapolating fi ndings to humans. 

 Ideally biomarkers of activity should be identifi ed at various times over the 
course of the study to support the pharmacodynamic activity (e.g., normaliza-
tion of insulin, improvement in beta cell function as measured by C - peptide 
level, or control of glucose following transplantation of  β  pancreatic islet cells);   
improvement of motor coordination in mice with spinal cord damage follow-
ing transplant of neurons; or repair of heart function (e.g., functional measures 
such as LV ejection fraction, pressure volume loops, ventricular pressure and 
heart wall thickness). Such markers may also be useful in subsequent clinical 
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trials. If the intended use is to restore function of defi cient cells (tissue regen-
eration) functional tests should be implemented to demonstrate that function 
is restored. If the intended use is adoptive immunotherapy or vaccination in 
cancer patients, immune assays to assess immunological effects should be used 
 [52] . Studies should also be designed to determine the optimal amount of cells 
needed to achieve the desired effects and the extent that immunosuppressive 
agents act synergistically in promotion of graft survival. (see Table  33.5 )    

33.7 SAFETY PHARMACOLOGY 

 Cells by themselves or by secreting pharmacologically active substances may 
have effects on the CNS, cardiac, respiratory, renal, or GI systems. Safety 
pharmacology should therefore be considered on a case - by - case basis depend-
ing on the specifi c characteristics of the cell - based product  [52] . In general, 
specifi c assessments are made as part of the toxicology assessments rather than 
as stand - alone studies consistent with the assessments made with protein -
 based biopharmaceuticals  [50] . The fundamental physiological differences 
(e.g., total blood volume, pulmonary capillary surface area, and volume) should 

 TABLE 33.5    In vivo preclinical demonstration of POC: Stem - cell based cellular 
therapies 

•  Identify which cell(s) will be used.  
•  Characterize cell population(s) using multiparametric analytical testing.  
•  Establish comparability of cellular products if an analogous product is being 

evaluated. 
•  Perform studies in animal transplant model of human disease (consider cell 

biology, anatomy, pathophysiology, biomechanics, etc; immunosuppression regimen, 
identify limitations).  

•  Consider reasonable group size such as 10/group or 5/sex/group for rodents; total 
of 3 to 5/group for large animals (consider attrition based on surgical procedures, 
concomitant treatments, historical information on the model, etc.; consider 
incorporation of various controls including placebo, sham, and positive controls).  

•  Explore dose – response relationship (determine minimal or optimal cell number, 
maximum feasible dose).  

•  Assess feasibility of intervention (timing of lesion by chemical or surgical insult, 
location of cell transplant, route of administration, biocompatibility of delivery 
device, etc.).  

•  Determine biomarkers of activity.  
•  Defi ne functional activity (desired effect), and justify timing and frequency of 

assessments (assessors should be blinded to treatment groups).    
•  Assess early response and durability of response (justify timing).  
•  Identify possible incorporate safety endpoints.  
•  Establish comparability of clinical material over the course of clinical development.  
•  Consider more than one species to enhance knowledge of cell placement and dose 

extrapolation. 



be considered when extrapolating across species as well as specifi c attributes 
of the cells including viability and potential cell aggregates. Flow rate is par-
ticularly important when administering cells by the intravenous route. Assess-
ment of CNS effects will be more relevant to therapeutic interventions to the 
nervous system.  

33.8 EXPOSURE ASSESSMENT 

 Although the practices for conventional PK/ADME studies are not relevant 
for cell - based therapies, the principles of understanding exposure are relevant 
to determining optimal dose and understanding cell localization and migra-
tion. Various noninvasive (nonterminal) imaging modalities including positron 
emission tomography (PET), single - photon emission tomography (SPECT), 
or magnetic resonance imaging (MRI), fl uorescence, and bioluminescence 
imaging provide visualization of grafted cells, evaluation of targeting of trans-
plants to specifi c areas, and monitoring the regenerative process changes after 
cell therapy. Ensuring accurate cell delivery to the correct physiological site is 
fundamental to determining the activity and safety of cell - based products. 
Therefore studies are conducted to determine spatiotemporal information 
about cellular traffi cking patterns, tissue distribution (biodistribution), and 
persistence. It is also important to characterize the dynamics of cell prolifera-
tion, growth, alterations in phenotype, and the kinetics of cell death. If there 
is no effect after cell transplantation, it is important to determine if that is due 
to incorrect cell function or to improper cellular targeting. In addition the 
unintended migration of the cells including release of bioactive products to 
 “ ectopic sites ”  may result in adverse effects. 

 Various strategies are used for cell labeling and tissue visualization. Ideally 
labeling techniques should not perturb the target cell, be able to quantify the 
cell number, have minimum transfer to nontarget cells, and be compatible with 
histochemical methods used for morphological analysis. Examples of labeling 
strategies include radioisotopes, fl uorescent dyes, and 5 - bromo - 2 - deoxyuridine 
(BrdU). BrdU binds to DNA during its synthesis and labels the nucleus. It 
can be identifi ed in both frozen and paraffi n - embedded sections by either 
immunostaining as brown staining (peroxidase) or red staining (alkaline 
phosphatase) after treatment with an appropriate anti - BrdU antibody  [53] . 
Chloromethylbenzamido - DiI - derived (cm - DiI), a red autofl uorescent dye that 
binds to the cell membrane, can be identifi ed in frozen sections  [54] . 

 While these techniques are sensitive, they can be hampered by cytotoxic 
side effects of the labeling procedures and can be limited by dilution and loss 
of the marker over time as a result of cell division  [55] . Thus, while useful 
for measuring the effi ciency of acute delivery, these techniques may offer 
minimal long - term information regarding cell survival, proliferation, and 
differentiation  [56] . 

 Use of viral transduction methods allows stable integration of reporter 
genes — such as green (GFP) or yellow (YFP) fl uorescent proteins, lacZ, 
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alkaline phosphatase, or fi refl y luciferase — permitting the evaluation of viable 
cells by fl uorescence microscopy and fl ow cytometry. Reporter gene imaging 
can be used to track long - term cell survival, migration, division, and differen-
tiations, and this method provides information on location and numbers of 
cells  [57,58] . Cells can also be labeled via in situ hybridization for Y chromo-
some showing survival of male donor cells into female recipients  [59] . Human 
cells can further be tracked in animal tissue by qPCR for human specifi c 
sequences. The disadvantages of reporter gene, Y chromosome, and qPCR 
methods is the requirement of a biopsy or animal sacrifi ce for the performance 
of the cell tracking in tissues  [60] . 

 Magnetic resonance imaging (MRI) can be used to track cells labeled with 
contrast materials. The two classes of contrast material that are generally used 
as MRI imaging labels are gadolinium chelates and iron oxide nanoparticles 
 [61] . Iron oxide particles are a class of superparamagnetic MRI contrast agents. 
The particles range from tens of nanometers in diameter, termed ultrasmall 
superparamagnetic iron oxide (USPIO), to 100   nm (superparamanetic iron 
oxide [SPIO]), to some larger than 1    μ M, known as micrometer - sized iron 
oxide particles (MPIOs). These compounds consist of magnetite (iron oxide) 
cores that are coated with dextran or siloxanes encapsulated by a polymer or 
further modifi ed to facilitate internalization. They can confi rm cell delivery 
and monitor short - term migration into surrounding tissues and can also be 
used in larger animals and humans  [61 – 64] . MRI methods are, however, unable 
to distinguish between viable and nonviable cells. Nuclear labeling techniques, 
such as 18 F, can theoretically be used in combination with tracking methods to 
evaluate the anatomy of the transplant in relation to its function  [60,65] . 

 Ultimately multiple imaging modalities as well as newer more sensitive 
approaches to track live cells may be needed for complete functional monitor-
ing of the various cellular repair processes.  

33.9 GENERAL TOXICITY 

 Although guidance documents have been issued by regulatory agencies to 
provide assistance in the preclinical safety of cellular products  [51,52] , toxi-
cologists should recognize that the ultimate study designs including appropri-
ate animal models may be product specifi c (see Table  33.6 ). Ideally toxicology 
studies designed to support product safety are fully GLP compliant.   

 However evaluation of safety in animal models of disease may be diffi cult 
to conduct with strict adhere to current good laboratory practices (cGLPs) 
due to novel routes of administration, limited animal numbers, uniqueness of 
the animal model of disease, and/or novel surgical procedures. In such cases 
the principles of the regulation can still be followed, and where deviations 
occur, they should be evaluated for their impact on the expected clinical 
application and discussed. An in - depth discussion should be provided to 
support a regulatory submission. 



 TABLE 33.6    In vivo preclinical safety evaluation: Stem - cell based cellular therapies 

   Exposure assessment 

•  Determine cellular fate/ biodistribution and persistence (cell migration/traffi cking, 
engraftment, differentiation, cell phenotype, fusion, tissue integration, proliferation, 
survival). Use of noninvasive (nonterminal) imaging modalities and special 
histological stains (terminal). Determine presence of ectopic foci. Justify multiple 
time points (e.g., 1 week, 1 month, 3 months, 6 months or 12 months).  

   General toxicity assessment 

•  Select one or more available relevant models (e.g., age of animal, relevance to 
human disease).  

•  Select test article (human cells or comparable analogous cells).  
•  Determine whether immunosuppressive agents are needed and their affect on 

activity.  
•  Justify number of animals/sex/group (e.g., 10/group or 5/sex/group for rodents; total 

of 3 to 5/group for large animals per time point).  
•  Justify dose levels (include minimum effective dose, multiples of proposed human 

dose; consider negative and positive controls).  
•  Justify route and timing of administration (if device is used, assess biocompatibility 

with cells).  
•  Determine general health status.  
•  Assess daily food consumption.  
•  Assess weekly body weights.  
•  Assess clinical laboratory parameters (hematology, coagulation, serum chemistry).  
•  Assess local tolerance (infusion toxicity, implant site reaction, local 

microenvironment, release of paracrine factors).  
•  Assess host immune response (infl ammatory response in target/nontarget tissue, 

auto - antibodies, sensitized cells against normal tissues/organs).  
•  Assess morphologic response in target/nontarget tissue.  
•  Identify functional and other laboratory endpoints (assessors should be blinded to 

treatment groups).  
•  Identify target tissues.  
•  Characterize toxicities (delayed toxicity/ reversibility of toxicity).  
•  Assess macroscopic pathology (gross observations) at justifi ed sacrifi ce intervals.  
•  Assess microscopic pathology (histopathology) at justifi ed sacrifi ce intervals; 

analyze multiple sections from site of transplantation. Consider specifi c IHC 
staining in addition to standard staining.  

   Tumorigenicity assessment 

Established cell lines, embryonic pluripotent stem cells, adult tissue derived multipotent 
stem cells - extended culture
•  Determine one relevant animal model (chemically immunosuppressed rodent, 

genetically immunocompromised/immunodefi cient rodent species).  
•  Confi rm cellular engraftment in animal model via intended clinical route of 

administration. 
•  Justify number of animals/sex/group (e.g., minimum of 20/group; 10/sex/group). 
•  Justify dose level(s) (consider maximum feasible dose, positive and negative 

controls). 
•  Justify study duration (minimum of 6 months up to 12 months).  
•  Assess microscopic pathology (interpretation of fi ndings — frequency of tumor 

formation, inappropriate proliferation without malignant formation, etc.).  
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 When preclinical studies are conducted  “ in house ”  or are reported in peer -
 reviewed journals and intended to support clinical trials, they should be well -
 controlled and designed to answer specifi c toxicological questions. The data 
should also be available in suffi cient detail to allow an independent review of 
the studies. Ideally study designs include not only effi cacy but toxicological 
endpoints such as defi ned clinical laboratory parameters, macroscopic, and 
microscopic evaluation of tissues. 

 As is true for all biopharmaceuticals, toxicity studies should be performed 
in relevant animal models. For cellular therapies these models are often in 
animal models intended to mimic the human disease. When possible the intended 
human cells are utilized for assessments with or without low - dose immunosup-
pressants (e.g., 10   mg/kg, i.p. dose of cyclosporine A in rats). The immunosup-
pressive drug is generally administered prior to the cell dose and extended for 
a specifi ed period after the transplant. In cases where it is not feasible to use 
the intended clinical material, largely due to the inability of the cells to engraft 
suffi ciently into the host, analogous cells can be used to assess preclinical safety 
and activity. In such cases it is important to understand the potential impact of 
any differences between the analogous product and the clinical product in order 
to improve extrapolation of safe and active cell doses to humans. 

 In many cases, only one relevant animal model of disease may be available 
to assess activity and/or safety; in other cases, more than one model may be 
available and suffi ciently characterized to allow for meaningful extrapolation. 
Two species, including larger animal species, can be used to assist extrapolation 
of dose to humans and/or to test the safety of cell - based product with the 
intended clinical delivery device. In the latter case, it is important to assess not 
only biocompatibility of the cells with the delivery device but the delivery 
reproducibility, namely the quantitative recovery of cells after injection based 
on the formulation and concentration to be used. 

 Usually three dose levels are assessed, including the minimal effective dose 
and a maximum feasible dose. It is also good to look at previous preclinical 
and clinical experience with similar products for estimating clinical dose. Doses 
are extrapolated based on body weight, body surface area, or target organ 
volume, depending on the route of administration. The rate of delivery is 
especially important for cells administered intravenously. Other considerations 
include cell concentration and delivery volume, the number of injections, and 
cell viability. Cell viability is generally equal or greater than 70%. 

 Multiple time points are included in study designs to assess acute and late 
effects as well as the reversibility of any adverse effects. The route of admin-
istration should refl ect the intended clinical use. Repeated - dose toxicity studies 
are only relevant if the clinical use includes multiple dosing. For example, in 
the case of β  pancreatic islet cells, toxicity studies should mimic the clinical 
scenario of retransplantation assessment of acute toxicities and cumulative 
effects that would preclude retransplantation. 

 The potential for autoimmunity should be considered when cells are used 
for immunotherapy purposes  [52] . The basic local alignment search tool 



(BLAST) is generally used to identify the potential cross - reactivity with 
endogenous molecules which could signal an autoimmune concern  [66] .  

33.10 REPRODUCTIVE AND DEVELOPMENTAL TOXICITY 

 The need for reproductive and developmental toxicity studies is dependent on 
the product, the clinical indication, and the intended patient population  [50,52] . 
Consideration is based on the nature of any expressed products and/or inap-
propriate biodistribution. Effects to the reproductive system that were identi-
fi ed in exposure and general toxicity assessments that suggest a cause for 
concern must be addressed in these more specifi c studies. If studies are neces-
sary, study designs will likely need to be altered to accommodate selection of 
relevant animal model, dose selection, and dosing frequency.  

33.11 GENOTOXICITY

 Similar to protein - based biopharmaceuticals, the standard battery of genotox-
icity studies is not considered to be relevant for cell - based therapies unless 
there is a specifi c cause for concern regarding the nature of any expressed 
products that would indicate a potential interaction directly with DNA or 
other chromosomal material  [50,52] . The conduct of genotoxicity studies for 
assessing the genotoxic potential of process related contaminants is also not 
considered to be appropriate  [50] .  

33.12 TUMORIGENICITY

 One of the greatest concerns about using undifferentiated stem cells is their 
potential to develop tumors  [67,68] . The investigation of immortalization, 
malignant transformation, and tumorigenicity, however, are unlikely to be 
addressed by conventional rodent bioassays for carcinogenicity or the alterna-
tive short - term transgenic mouse assays (see Table  33.7 ).     

 Human stem cell lines are actually defi ned by their formation of benign 
tumors (teratomas) following injection of cells into an ectopic site in immu-
nocompromised mice. The teratomas are comprised of differentiated tissue 
originating from all three embryonic germ layers, thus confi rming the ability 
of the cell lines to give rise to all cell types in the body  [45] . To date, tumor 
formation has not been reported in animal or human studies with stem cell 
therapies when passaged for standard periods such as 6 to 8 weeks. However, 
there has been at least one report of late - passaged mesenchymal stem cells 
(16 – 20 weeks) developing chromosomal abnormalities and spontaneous can-
cerous transformation in vitro  [69] . 
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 TABLE 33.7    Dose extrapolation for FIH dose: Stem - cell based cellular therapies 

   Points to consider 

•  Comparability to clinical product if analogous product is used (processing, cellular 
morphology, phenotype, species - specifi c signaling, impurities, contaminants, 
formulation and storage) 

•  Response to cytokines, chemokines, growth factors, adhesion molecules, and their 
receptors

•  Inherent limitation of animal model compared to human disease (e.g., etiology, 
progression, phenotype, pathology; acute vs. chronic disease) 

•  Infl uence of host environment of human recipient (age, disease, medical history) 
•  Allelic variability in humans (compared to inbred animal strains) 
•  Transplant and surgical technique impacting diffusion and growth of cells 
•  Timing of transplantation 
•  Physiological and biological in the response of the transplanted cells to the local 

environment
•  Immune response 
•  Dose administration (concentration, volume, rate of delivery, location of injection, 

number of injections, cell stability, delivery device) 
•  Scaling factor (e.g., body weight, body surface area, volume of target organ) 
•  Cross species validation (if more than one animal model is available) 

 The need for assessment of tumorigenic risk should therefore be considered 
based on the cell type (including cell source and  “ stemness ”  of the cells) as 
well as the degree of post collection ex vivo manipulation. Analysis may 
include assessments of proliferative capacity, dependence on exogenous 
stimuli, and response to apoptosis stimuli or genomic modifi cation. 

 When needed, a tumorigenicity study should be performed with cells that 
are at the limit or beyond routine cell culturing. Generally, tumorigenicity is 
evaluated in genetically immunodefi cient or chemically immunosuppressed 
rodents (mice or rats), 20 animals per group, via the intended clinical route of 
administration for at least 6 months duration. Although in some cases, based 
on specifi c product attributes, cells may be minimally detectable at 6 or 12 
months even in the presence of immunosuppressive regimes. Ideally the study 
should be designed to include both negative and positive control groups. A pilot 
study is often performed to confi rm cell engraftment. One dose group may be 
suffi cient, if it is the maximum feasible dose. Tissues found to contain cells or 
expressed products during the biodistribution studies should also be analyzed 
with special emphasis during the tumorigenicity study  [52] .  

33.13 LOCAL TOLERANCE 

 One of the goals of preclinical evaluation is to improve effi cacy and safety 
by optimizing both the method of cell delivery and the site of cell delivery 



(transplantation site). Thus many novel routes of delivery have been employed 
based on specifi c product attributes and intended clinical indication. For 
example, various sites have been successful for transplantation of  β  islet 
cell - based therapies in experimental animal models, including intraportal, 
kidney subcapsule, intrasplenic, intrathymic, intraperitoneal, anterior chamber 
of the eye, subcutaneous, intra - abdominal, and omental pouch. Other unique 
routes of dosing include autologous adult olfactory neuroepithelial - derived 
neuronal progenitor cells for spinal cord repair delivered via the intralesional 
route, allogeneic adult bone marrow derived MSC for acute myocardial 
infarction via the intravenous route, and human fetal - derived progenitor 
cells for treatment of myelodegenerative CNS disease via the intracerebral 
route. 

 As a result of these unique delivery routes, there is an increased potential 
for toxicity to tissues at or near the injection site. Assessment of local tolerance 
and tissue compatibility of the clinical formulation is usually evaluated as part 
of the animal model of effi cacy and/or general toxicity study, thus obviating 
the need for separate local tolerance studies. There may be additional concerns 
in cases where analogous products are used including potential differences in 
formulation, stability, and so forth.  

33.14 EXPECTATIONS FOR PRE -PREIND FILING IN 
THE UNITED STATES 

 The Offi ce of Cell Tissue and Gene Therapy (CBER/FDA) has historically 
encouraged sponsors that are developing products in an emerging fi eld to 
engage in early dialogue to better understand the current regulatory concerns 
and expectations. The information necessary to engage in early discussions 
with the agency includes (1) a summary description of the intended clinical 
product; (2) a summary outline (e.g., one page) of the proposed clinical trial, 
to include the subject population, possible dose levels, dosing regimen, route 
of administration, dosing procedure (devices, if intended for delivery of the 
product), and parameters that will be assessed; (3) a comprehensive summary 
of all preclinical (in vitro and in vivo) activity/proof - of - concept and toxicity 
studies conducted and the results obtained, including relevant publications; (4) 
a detailed discussion, with protocol outlines, regarding what additional pre-
clinical studies (toxicity/safety and proof of concept) are planned to adequately 
address the safety of the product; and (5) specifi c questions relating to phar-
macology and toxicology issues/assessments. While the comments made during 
these early discussions with FDA are nonbonding, they are intended to help 
in preparing the subsequent pre - IND submission. The agency, however, dis-
courages the conduct of pivotal preclinical studies if there are signifi cant ques-
tions related to the proposed approach. The general issues and specifi c 
considerations are provided in the  Appendix .   In the EU, the scientifi c advice 
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procedures in various countries and at the EMEA level are also useful in 
guiding sponsors developing novel therapies.  

33.15 THE TRANSITION INTO CLINICAL TRIALS 

 As novel cell - based therapies move from preclinical studies into the clinic, 
researchers and regulators face new and evolving issues and uncertainties 
involving long - term safety and effi cacy. Justifi cation for proceeding with clini-
cal trials is based on establishment of a rational scientifi c basis, demonstrated 
proof of concept, and an adequate demonstration of safety in relevant animal 
model(s). In comparison to pharmaceuticals, cell therapies require an increased 
coordination and logistical consideration to implement the clinical trial. It is 
obviously important to be vigilant against ex vivo contamination of the cell -
 based products. 

 The fi rst in human trial (FIH) for cell - based therapies is in patients 
often with no available alternative therapies rather than in normal volunteers. 
These are also populations where clinical effects are less easy to manifest 
themselves and where adverse events may be diffi cult to distinguish from 
disease - associated events. The surgical procedures and use of immunosuppres-
sants may also contribute to the adverse event profi le. Therefore it is even 
more important to understand the nature and extent of the pathological 
process underlying the disease symptoms of the patients enrolled in the early 
clinical trials. 

 The timing of the transplant as well as location of the transplant are impor-
tant considerations in the trial design. Dose extrapolation algorhythms differ 
from conventional pharmaceuticals  [52] . In many cases the highest dose in 
animals may be limited to a maximum feasible dose. Extrapolations need to 
take into consideration the cell concentration and number of cell injections 
and expected cell migration due to potential differences in anatomy and physi-
ology. Fewer dose groups are generally employed (e.g., 3 to 4) to defi ne an 
optimal biological dose rather than a maximum tolerated dose. A review of 
published clinical trials with similar products and indications is therefore 
useful to support initial dose and dose escalation schemes. If an analogous 
product has been used to support preclinical evaluations, comparability assess-
ment is needed to reduce the uncertainty of extrapolations. 

 Although it may be diffi cult to defi nitively assess location and function at 
a cellular level, a variety of nonivasive technologies are currently being 
explored to track cells and to observe changes in metabolic activity in specifi c 
tissue areas, such as monitoring glucose metabolism using PET in stroke 
patients. The potential for immune reactions against implanted cells is also 
closely monitored and may depend not only on the source of cells but on the 
extent of tissue damage or bleeding at the implantation site(s). 

 Other aspects of trial design including randomization, acceptability of 
sham operation in a placebo arm, appropriate statistical approaches, as well 



as stopping rules and duration of follow - up. The duration of follow - up to 
monitor for complications and any delayed effects including, in some cases, 
detection of possible malignant change or chromosomal abnormalities will 
differ based on the specifi c product or product class and indication.  

33.16 CONCLUSIONS

 During the past two decades there have been rapid and exciting advancements 
in cell therapy research. Today stem cell - based therapy is a therapeutic possi-
bility. A number of cell - based therapy products have transitioned into clinical 
development for a range of applications including genetic diseases, cancer, 
cardiac disorders, diabetes, diseases of the nervous system, bone and joints, 
and wounds of the skin and soft tissues. While a single source of cells may not 
best or even suitable for all indications, some cells may have the potential to 
be defi nitive therapies for replacement, restoration of function, or reconstruc-
tion of various tissues. Current manufacturing technologies also have the 
potential to provide an unlimited number of defi ned and standardized cells 
for transplantation, but rigorous characterization is needed to address biologi-
cal heterogeneity, variability, and incomplete cellular defi nition. 

 Cell - based products present similarities as well as complex issues not 
encountered with  “ traditional biologicals. ”  Innovative uses of animal models 
have contributed to advances toward clinically applicable treatment options 
based on studies designed to answer specifi c questions. Novel models and 
experimental paradigms are best considered as a case - by - case approach 
applied to each specifi c product. Noninvasive imaging methods play a 
critical role in cell therapy by identifying how many cells reach the desired 
target and, if they survive, divide and differentiate to fulfi ll their intended 
function. 

 Successful translation of cell - based therapies into clinical benefi t, however, 
still faces many challenge, including developing more effi cient methods for 
differentiation into the desired cell type(s), maintaining genetic stability during 
long - term culture, ensuring the absence of potentially tumorigenic cells, opti-
mizing the implantation medium to reduce infusion toxicity, and optimizing 
the surgical delivery procedures (see Table  33.8 ). Process and analytical 
methods as well as defi nition of the fi nal product will likely evolve throughout 
the clinical trials, and therefore assessing safety will be an ongoing iterative 
process during clinical development.   

 Regulatory and ethical issues are often inextricably linked with novel thera-
pies. Since cell - based therapy is a rapidly evolving fi eld for both researchers 
and regulators, it is essential that each potential new cellular therapy be con-
sidered individually and that researchers maintain frequent and personal 
contact with regulatory agencies. Developers and regulators need to identify 
the issues that must be considered in order to best evaluate the risks and the 
benefi ts.  
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APPENDIX PHARMACOLOGY/TOXICOLOGY CONSIDERATIONS 
REGARDING SOMATIC CELL PRODUCTS 

General Questions to Ask Regarding the Completed and Planned 
Preclinical Studies 

 •   Do toxicological data derived from preclinical models provide informa-
tion for the clinical management of potential toxicities?  

 •   How predictive will be the preclinical activity/toxicity data for the human 
response?

 •   What will be the impact of the preclinical data on clinical development?     

Product Used in Preclinical Studies: 

 Data should be provided to show the comparability of the product lot used in 
the POC studies, the toxicology studies, and the cell traffi cking studies to the 
intended clinical lot. When possible, the intended clinical product should be 
used to conduct the pivotal preclinical toxicology studies. Immune tolerance 
to human cells (genetically or chemically immunosuppressed animals) allows 
use of the intended clinical product. In cases where analogous animal cells are 
used, comparability to the human product should be provided.  

Product Delivery Issues 

 Ideally preclinical safety evaluation studies should be designed based on the 
intended clinical route of administration using the intended clinical delivery 
device (if applicable).  

 TABLE 33.8    Current challenges of stem - cell based cellular therapies 

•  Understanding cell specialization (biological signals to differentiate cells into 
specifi c cell types required for normal organ function) 

•  Understanding cell cycle control (regulation/control of cell division/differentiation)  
•  Establishing specifi c cell characteristics to ensure product integrity 
•  Ensuring availability of clinical grade ancillary products (cytokines, growth factors, 

transcription factors) 
•  Improving cell scalability 
•  Optimizing cell preservation techniques 
•  Ensuring long term genetic stability of cells 
•  Optimizing cell delivery 
•  Improving evaluation and understanding of cell – host interactions for improving 

graft retention and survival 
•  Understanding potential risks if undifferentiated or partially differentiated stem 

cells are needed to show benefi t  
•  Identifying exogenous controls if inappropriate function of cells or unregulated 

cell growth (malignant cells) 
•  Minimizing ethical and political constraints while encouraging proper control of 

the sources and procedures 



Animal Species/Models 

 Studies should be designed in a relevant model. Consideration should be given 
to the usefulness/ability of existing models to (1) mimic the disease/human 
population (activity/effi cacy) and (2) predict safety (toxicity) in the context of 
the similarity in anatomy and pathophysiology. A discussion of whether the 
disease status of the animal has an impact on pharmacologic/toxicologic activ-
ity and whether the investigative therapy has an impact on the disease status 
of the animal should be provided. 

 While toxicology studies can be conducted in healthy animals, consider-
ations should be given to hybrid pharmacology - toxicology study designs when 
possible for incorporation of both activity and toxicity endpoints. In any case, 
adequate numbers dose groups should be used, and time points should be 
justifi ed. In most cases both genders should be used.  

Cellular Fate Post Transplantation 

 The fate of the cells should be determined, including comprehensive histo-
pathological evaluation of cell traffi cking/migration, engraftment/survival 
posttranslation (e.g., differentiation, plasticity, transdifferentiation and/or 
fusion), as well as unwanted expression or alteration of phenotypes.    

Tumorigenicity Potential 

 Tumorigenicity should be considered based on product attributes and intended 
clinical indication. If performed, the clinically relevant route of administered 
should be used, and the appropriate animal species, including the appropriate 
study design and duration, should be justifi ed.   

ACKNOWLEDGMENTS

 The author would like to thank Mercedes Serabian, MS, Dr. Richard Lewis 
and Professor Anthony Dayan for their critical reading of this chapter and 
their thoughtful comments.  

REFERENCES

  1.       Kuettner   H  .  Verimpfung an stelle der transplantation hochwertiger organe .  Zentral-
blatt fu ü r Chirugie   1912 ; 1 : 390  –  7 .  

  2.       Sagen   J  .  Cellular therapies for spinal cord injury: What will the FDA need to 
approve moving from the laboratory to the human ? J Rehab Res Dev   2003 ; 40 :
 71  –  80 .  

  3.       LeBlanc   K  ,   Pittenger   MH  .  Mesenchymal stem cells: progress toward promise . 
Cytotherapy   2005 ; 7 : 36  –  45 .  

  4.      Cell Therapy — Technologies, Markets and Companies . Strategic Report Cell 
Therapy Technologies, Markets and Companies. Jain PharmaBiotech,  2007 ;1 – 690 

REFERENCES 777



778 CONSIDERATIONS IN DESIGN OF PRECLINICAL SAFETY EVALUATION PROGRAMS

( http://pharmabiotech.ch/reports/celltherapy/ )  http://www.piribo.com/publications/
drug_delivery/cell_therapy.html   

  5.       Ginis   I  ,   Rao   MS  .  Toward cell replacement therapy: promises and caveats .  Exp
Neurol   2003 ; 184 : 61  –  77 .  

  6.       Honold   J  ,   Addmus   B  ,   Lehman   R  ,   Zeiher   AM  ,   Dimmeler   S  .  Stem cell therapy of 
cardiac disease: An update .  Nephrol Dial Transplant   2004 ; 19 : 1673  –  7 .  

  7.       Lewis   RM  ,   Gordon   DJ  ,   Poole - Wilson   PA  ,   Borer   JS  ,   Zannad   F  .  Similarities and 
differences in design considerations for cell therapy and pharmacologic cardiovas-
cular trials .  Cardiology   2008 ; 110 : 73  –  80 .  

  8.       Boyle   AJ  ,   Schulman   SP  ,   Hare   JM  .  Is stem cell therapy ready for patients? Stem cell 
therapy for cardiac repair ready for the next step .  Circulation   2006 ; 114 : 339  –  52 .  

  9.       Skyler   JS  .  Cellular therapy for type 1 diabetes. Has the time come ? JAMA   2007 ;
 297 : 1599  –  600 .  

  10.       Burns   CJ  ,   Persaud   SJ  ,   Jones   PM  .  Stem cell therapy for diabetes: So we need to 
make beta calls ? J Endocrinol   2004 ; 183 : 437  –  43 .  

  11.      Application of Current Statutory Authority to Human Somatic Cell Therapy Prod-
ucts and Gene Therapy Products. Federal Register   1993 ;58(197): 53248  –  51 .    

  12.       Brady   RP  ,   Newberry   MS  ,   Girard   VW  .  The Food and Drug Administration ’ s Statu-
tory and Regulatory Authority to Regulate Human Pluripotent Stem Cells. In 
Ethical Issues  in Human Stem Cell Research, vol. 1. Report and Recommendations 
of the National Bioethics Advisory Commission, Appendix D, pp.  93  –  8 .  

  13.       Halme   DG  ,   Kessler   DA  .  FDA regulation of stem - cell - based therapies .  N Engl J 
Med   2006 ; 355 : 1730  –  5 .  

  14.       Grimm   EA  ,   Mazumder   A  ,   Zhang   HZ  ,   Rosenberg   SA  .  Lymphokine - activated killer 
cell phenomenon: lysis of natural killer resistant fresh solid tumor cells by inter-
leukin - 2 activated autologous human peripheral blood lymphocytes .  J Exp Med
 1982 ; 155 : 1823  –  41 .  

  15.       Rosenberg   S  .  Lymphokine activated killer cells: a new approach to the immuno-
therapy of cancer .  J Cancer Inst   1985 ; 75 : 595  –  603 .  

  16.       Lafreniere   R  ,   Rosenberg   SA  .  Successful immunotherapy of murine experimental 
hepatic metastases with lymphokine - activated killer ceils and recombinant inter-
leukin - 2 .  Cancer Res   1985 ; 45 : 3735  –  41 .  

  17.       Rosenberg   SA  ,   Lotze   MT  ,   Muul   LM  ,   Leitman   S  ,   Chang   AE  ,   Ettinghausen   SE  , 
  Matory   YL  ,   Skibber   JM  ,   Shiloni   E  ,   Vetto   JT  , et al.  Observations on the systemic 
administration of autologous lymphokine - activated killer cells and recombinant 
interleukin - 2 to patients with metastatic cancer .  N Engl J Med   1985 ; 313 : 1485  – 
 92 .  

  18.       Bar   MH  ,   Snzol   M  ,   Atkins   MB  , et al.  Metastatic malignant melanoma treated with 
combined bolus and continuous infusion interleukin - 2 and lymphokine activated 
killer cells .  J Clin Oncol   1990 ; 8 : 1138  –  47 .  

  19.       Rosenberg   SA  ,   Spiess   P  ,   Lafreniere   R  .  A new approach to the adoptive immuno-
therapy of cancer with tumor infi ltrating lymphocytes .  Science   1986 ; 233 : 1318  –  21 .  

  20.       Kradin   FL  ,   Lazarus   DS  ,   Dubinett   SM  , et al.  Tumor infi ltrating lymphocytes and 
interleukin - 2 in treatment of advanced cancer .  Lancet   1989 ; 2 : 577  –  80 .  

  21.       Celluzzi   CM  ,   Mayordomo   JI  ,   Storkus   WJ  ,   Lotze   MT  ,   Faolo   LD ,  Jr  .  Peptide - pulsed 
dendritic cells induce antigen - specifi c CTL - mediated protective tumor immunity . 
J Exp Med   1996 ; 183 : 283  –  7 .  



  22.      Sipuleucel - T , Dendreon (BLA - STN 125197) Indicated for the Treatment of Men 
with Asymptomatic Metatatic Hormone Refractory Prostate Cancer. Cellular, 
Tissue and Gene Therapies Advisory Committee Meeting March 29,  2007 .  http://
www.fda.gov/ohrms/dockets/ac/cber07.htm#CellularTissueGeneTherapies   

  23.       Berger   JA  ,   Spoo   A  ,   Dwenger   A  ,   Burger   M  ,   Behringer   D  .  CSCR4 chemokine recep-
tors (CD184) and alpha4beta1 integrins mediate spontaneous migration of human 
CD34+ progenitors and acute myeloid leukaemia cells beneath marrow stromal 
cells (pseudoemperipolesis) . Br J Haemat   2003 ; 122 : 579  –  89 .  

  24.       Bhatia   M  ,   Bonnet   D  ,   Murdoch   B  ,   Gan   OI  ,   Dick   JE  .  A newly discovered class of 
hematopoitic cells with SCID - repopulating activity . Nat Med   1998 ; 4 : 1038  –  45 .  

  25.       Gou   Y  ,   Lubbert   M  ,   Engelhardt   M  .  CD34 - Hematopoietic stem cells: current con-
cepts and controversies .  Stem Cells   2003 ; 21 : 15  –  20 .  

  26.       Asahara   T  ,   Murohara   T  ,   Sullivan   A  ,   Silver   M  ,   Van der   Zec   R  ,   Li   T  ,   Witzenbichler  
 B  ,   Schatteman   G  ,   Isner   JM  .  Isolation of putative progenitor endothelial cells for 
angiogenesis .  Science   1997 ; 275 : 964  –  7 .  

  27.       Hristov   M  ,   Erl   W  ,   Weber   PC  .  Endothelial progenitor cells: isolation and character-
ization .  Trends Cardiovas Med   2003 ; 13 : 201  –  6 .  

  28.       Urbich   C  ,   Dimmeler   S  .  Endothelial progenitor cells. Characterization and role in 
vascular biology. Circulation   Res   2004 ; 95 : 343  –  53 .  

  29.       Werner   N  ,   Kosiol   S  ,   Schiegl   T  ,   Ahlers   P  ,   Walenta   K  ,   Link   A  ,   Bohm   M  ,   Nickenig   G  . 
 Circulating endothelial progenitor cells and cardiovascular outcomes .  N Engl J 
Med   2005 ; 353 : 999  –  1007 .  

  30.       Beltrami   AP  ,   Barlucchi   L  ,   Torella   D  ,   Baker   M  ,   Limana   F  ,   Chimenti   S  ,   Kassahra   H  , 
  Rota   M  ,   Musso   E  ,   Urbanek   K  ,   Leri   A  ,   Kajstura   J  ,   Nadal - Ginard   B  ,   Anversa   P  .  Adult 
cardiac stem cells are multipotent and support myocardial regeneration . Cell   2003 ;
 114 : 763  –  76 .    

  31.       Caplan   AI  .  Mesenchymal stem cells .  J Orthopedic Res   9 : 641  –  50 .  
  32.       Prockop   DJ  .  Marrow stromal cells as stem cells for nonhematopoietic tissues . 

Science   1997 ; 276 : 71  –  4 .  
  33.       Pittenger   MF  ,   Mackay   AM  ,   Beck   SC  , et al.  Multilineaege potential of human mes-

enchymal stem cells for nonhematopoietic tissues .  Science   1999 ; 284 : 143  –  7 .  
  34.       Le   Blanc   K  ,   Pittenger   MF  .  Mesenchymal stem cells: progress toward promise . 

Cytotherapy   2005 ; 7 : 36  –  45 .  
  35.       Thomson   JA  ,   Itskovitz - Eldor   J  ,   Shapiro   SS  ,   Waknitz   MA  ,   Swiergiel   JJ  ,   Marshall   VS  , 

  Jones   JM  .  Embryonic stem cell lines derived from human blastocysts .  Science   1998 ;
 282 : 1145  –  7 .  

  36.       Reubinoff   BE  ,   Pera   MF  ,   Fong   CY  ,   Trounson   A  ,   Bongso   A  .  Embryonic stem cell 
lines from human blastocysts: somatic differentiation in vitro .  Nat Biotech   2000 ;
 18 : 399  –  404 .  

  37.       Klimanskaya   I  ,   Chung   Y  ,   Becker   S  ,   Lu   S - J  ,   Lanza   R  .  Human embryonic stem cell 
lines derived from single blastomeres .  Nature   2006 ; 444 : 481  –  4 .  

  38.       Boyer   LA  ,   Lee   TI  ,   Cole   MF  , et al.  Core transcriptional regulatory circuitry in 
human embryonic stem cells .  Cell   2005 ; 122 : 947  –  56 .  

  39.       Adewumi   O  ,   Afl atoonian   B  ,   Ahrlund - Richter   L  , et al.  Characterization of human 
embryonic stem cells by the International Stem Cell Initiative .  Nat Biotech   2007 ;
 25 : 803  –  16 .  

REFERENCES 779



780 CONSIDERATIONS IN DESIGN OF PRECLINICAL SAFETY EVALUATION PROGRAMS

  40.       de   Wert   G  ,   Mummery   C  .  Human embryonic stem cells: research, ethics and policy . 
Hum Reprod   2003 ; 18 : 672  –  82 .  

  41.       Schamblott   MJ  ,   Axelman   J  ,   Littlefi eld   JW  ,   Blumenthal   PK  ,   Huggins   GR  ,   Cui   Y  , 
  Cheng   L  ,   Gearhart   JD  .  Human embryonic germ cell derivatives express a broad 
range of developmentally distinct markers and proliferate extensively in vitro .  Proc
Nat Acad Sci USA   2001 ; 98 : 113  –  8 .  

  42.       Shamblott   MJ  ,   Axelman   J  ,   Wang   S  ,   Bugg   EM  ,   Littlefi eld   JW  ,   Donovan   PJ  ,   Blumen-
thal   PK  ,   Huggins   GR  ,   Gearhart   JD  .  Derivation of pluripotent stem cells form 
cultured human primordial germ cells .  Proc Nat Acad Sci USA   1998 ; 95 : 13726  –  31 .  

  43.       Strulovici   Y  ,   Leopold   PL  ,   O ’ Connor   TP  ,   Pergolizzi   RG  ,   Crystal   RG  .  Human embry-
onic stem cells and gene therapy .  Mol Ther   2007 ; 15 : 850  –  66 .  

  44.      National Institutes of Health . Information on eligibility criteria for federal funding 
of research on human embryonic stem cells. Stem Cell Information,  2001 .  http://
stemcells.nih.gov/policy 

  45.       Hentze   H  ,   Graichen   R  ,   Colman   A  . Cell therapy and the safety of embryonic 
stem cell - derived grafts. Elsevier ( www.sciencedirect.com ),  2006 .  http://www.
aseanbiotechnology.info/Abstract/21020806.pdf 

  46.       Schletter   J  .  Regulatory requirements for stem cell - based therapies . Regul Affairs J
 2003 ; 14 .    

  47.       Vogel   G  .  Read or not? Human ES cells head toward the clinic .  Science   2005 ;
 308 : 1534  –  8 .  

  48.       Parson   A  .  The long journey from stem cells to medical product . Cell   2006 ;
 125 : 9  –  11 .  

  49.       Cavagnaro   JA  .  Preclinical safety evaluation of biotechnology - derived pharmaceu-
ticals . Nat Rev Drug Discov   2002 ; 1 : 469  –  75 .  

  50.     ICH S6 Preclinical Safety Evaluation of Biotechnology - derived Pharmaceuticals. 
 http://www.fda.gov/cder/guidance/index.htm     

  51.      Guidance for Industry . Guidance for Human Somatic Cell Therapy and Gene 
Therapy, March  1998 .  http://www.fda.gov/cber/guidelines.htm 

  52.     CHMP Guideline on Human Cell - Based Medicinal Products EMEA/CHMP/
410869/206, January  2007 .  http://www.emea.eu.int   

  53.       Horan   PK  ,   Melnicoff   MJ  ,   Jensen   BD  ,   Slezak   SE  .  Fluorescent cell labeling for in 
vivo and in vitro cell tracking . Methods in  Cell Biol   1990 ; 33 : 469  –  90 .  

  54.       Fukuhara   S  ,   Tomita   S  ,   Nakatani   T  , et al.  Comparison of cell labeling procedures for 
bone marrow cell transplantation to treat heart failure: long - term quantitative 
analysis .  Transplant Proc   2002 ; 34 : 2718  –  21 .  

  55.       Lyons   AB  .  Analyzing cell division in vivo and in vitro using fl ow cytometric mea-
surement of CFSE dye dilution . J Immunol Meth   2000 ; 243 : 147  –  54 .  

  56.       Edinger   M  ,   Cao   Y - A  ,   Verneris   MR  ,   Bachman   MH  ,   Contag   CH  ,   Negrin   RS  .  Reveal-
ing lymphoma growth and the effi cacy of immune cell therapies using in vivo 
bioluminescence imaging .  Blood   2003 ; 1010 : 640  –  8 .  

  57.       Tohill   MP  ,   Mann   DJ  ,   Mantovani   CM  ,   Wiberg   M  ,   Terenghi   G  .  Green fl uorescent 
protein is a stable morphological marker for Schwann cell transplants in bio-
engineered nerve conduits .  Tissue Eng   2004 ; 10 : 1359  –  67 .  

  58.       Brazelton   TR  ,   Blau   HM  .  Optimizing techniques for tracking transplanted stem 
cells in vivo .  Stem Cells   2005 ; 23 : 1251  –  65 .  



  59.       Shen   LH  ,   Li   Y  ,   Chen   J  ,   Cui   Y  ,   Zhang   C  ,   Kapke   A  ,   Lu   M  ,   Savant - Bhonsale   S  ,   Chopp  
 M  .  One - year follow - up after bone marrow stromal cell treatment in middle - aged 
female rats with stroke .  Stroke   2007 ; 38 : 2150  –  6 .  

  60.       Boersma   HH  ,   Tromp   SC  ,   Hofstra   L  .  Stem cell tracking: reversing the silence of the 
lamb .  J Nucl Med   2005 ; 46 : 200  –  3 .  

  61.       Rogers   WJ  ,   Meyer   CH  ,   Kramer   CM  .  Technology insight: in vivo cell tracking by 
use of MRI .  Nat Clin Pract Cardiovas Med   2006 ; 3 : 554  –  62 .  

  62.       Jendelova   P  ,   Herynek   V  ,   Urdzikova   L  , et al.  Magnetic resonance tracking of trans-
planted bone marrow and embryonic stem cells labeled by iron oxide nanoparitcles 
in rat brain and spinal cord . J Neurosci Res   2004 ; 76 : 232  –  43 .  

  63.       Bulte   JWM  ,   Zhang   S - C  ,   van   Gelderen   P  ,   Herynek   V  ,   Jordan   EK  ,   Duncan   ID  ,   Frank
 JA  .  Neurotransplantation of magnetically labeled oligodendrocyte progenitors: 
magnetic resonance tracking of cell migration and myelination . Proc Nat Acad Sci 
USA   1999 ; 96 : 15256  –  61 .  

  64.       Barnett   BP  ,   Arepally   A  ,   Karmarkar   PV  ,   Qian   D  ,   Gilson   WD  ,   Walcak   P  ,   Howland   V  , 
  Lawler   L  ,   Lauzon   C  ,   Stuber   M  ,   Kraitchman   DL  ,   Bulte   JWM  .  Magnetic resonance -
 guided, real - time targeted delivery and imaging of magnetocapsules immunopro-
tecting pancreatic islet cells .  Nat Med   2007 ; 13 : 986  –  91 .  

  65.       Ma   B  ,   Hankenson   K  ,   Dennis   J  ,   Caplan   A  ,   Goldstein   S  ,   Kilbourn   M  .  A simple 
method for stem cell labeling with fl uorine 18 .  Nucl Med Biol   2005 ; 32 : 701  –  5 .  

  66.      NIH BLAST .  http://0 - www.ncbi.nlm.nih.gov.catalog.llu.edu/BLAST/   
  67.       Vogel   G  .  Ready or not? Human ES cells head toward the clinic .  Science   2005 ;

 308 : 1534  –  8 .  
  68.       Brickman   JM  ,   Burdon   TG  .  Pluripotency and tumorigenicity .  Nat Genet   2002 ; 32 :

 557  –  8 .    
  69.       Rubio   D  ,   G - C   J  ,   Martin   MC  ,   de la   Fuente   R  ,   Cigudosa   JC  ,   Lloyd   AC  ,   Bernad   A  . 

 Spontaneous human adult stem cell transformation . Cancer Res   2005 ; 65 : 3035  –  9 .     

REFERENCES 781





783

CHAPTER 34

Preclinical Safety Evaluation of Biopharmaceuticals: A Science-Based Approach to Facilitating 
Clinical Trials, edited by Joy A. Cavagnaro
Copyright © 2008 by John Wiley & Sons, Inc.

Preclinical Safety Evaluation of 
Biopharmaceuticals: Combination 
Products (Biologic/Device) 

BRUCE BABBITT, PhD, and BARRY SALL

  Contents 

    34.1     Introduction   784  
  34.2     Defi nition of Combination Products   784  
  34.3     General Points Applicable to All Device - Biologic Combination Products   786  

  34.3.1     Functionality of the Biologic   786  
  34.3.2     Functionality of the Device   787  
  34.3.3     Properties of the Combined Product   787  
  34.3.4     Regulatory Issues   788    

  34.4     Model Combination Product: Antibody - Coated Stent   789  
  34.5     Preclinical Testing Considerations   789 

   34.5.1     Biologic Orientation on the Device   790  
  34.5.2     Potential Elution (Biologic) Species   791    

  34.6     Pharmacological/Toxicological Assessment   792 
   34.6.1     Defi nition of New Terms   793  
  34.6.2     Choice of Animal Species/Pharmacology Studies   794  
  34.6.3     Toxicology Testing   795    

  34.7     Device Considerations   797 
   34.8     Regulatory Considerations   797  
     References   798           



784 PRECLINICAL SAFETY EVALUATION OF BIOPHARMACEUTICALS

34.1 INTRODUCTION

 Combination products include a wide variety of products that merge medical 
devices, pharmaceuticals, and/or biologics. Combinations can be physical, such 
as a drug - coated coronary stent  [1,2]  where a drug is applied to the implant-
able device, or they can involve specialized delivery devices for either phar-
maceuticals or biologics where contact between the device and biologic is 
brief. Such delivery devices can include intravascular catheters, pen injectors, 
or even nebulizers and inhalers. In some of these cases the linkage between 
the biologic and the device may be through labeling, rather than physical 
contact. As these examples indicate, the range of combination products is very 
wide, involving a nearly limitless number of technical, clinical, and regulatory 
challenges. New technologies such as tissue - engineering (see Chapter  35 ) and 
nanotechnology are already in development, and they will add to this complex-
ity as they move closer to the clinic. 

 The preclinical testing program for a biologic - device combination product 
should adequately address safety issues associated with device components 
and those that involve the biologic. However, these two topics can not be 
considered in isolation. The device component and associated manufacturing 
processes have the potential to affect the biologic, and vice versa. This interac-
tion forces those responsible for developing the preclinical testing program to 
utilize a multidisciplinary approach  [3] . One of the many challenges involved 
in this effort is the fact that the technical people are usually familiar with either 
device or biologic testing, but not both. Combining ICH mandated testing 
requirements with ISO 10993 testing requirements and adding other special-
ized testing in a cost - effective and timely manner is the challenge that this 
chapter will examine. 

 This chapter discusses the key issues that should be considered when pre-
paring a preclinical development plan for a combination product that includes 
components generally regulated as medical devices and biologics. It is intended 
to provide the reader with examples of major elements of a preclinical devel-
opment plan along with a discussion of the rationale for selecting particular 
options. Key issues that should be addressed for any biologic - device combina-
tion product are discussed in general terms. Then a strategy for a specifi c 
hypothetical product is explored in detail.  

34.2 DEFINITION OF COMBINATION PRODUCTS 

 The FDA defi nes combination products in 21 CFR 3. Four types of combina-
tion products are described:



   types of combination products     biologic/device example  

  A product comprised of two or more regulated 
components; i.e., drug/device, biologic/device, 
drug/biologic, or drug/device/biologic, that are 
physically, chemically, or otherwise combined 
or mixed and produced as a single entity  

  Antibody coated coronary 
artery stent  

  Two or more separate products packaged 
together in a single package or as a unit and 
comprised of drug and device products, 
device and biological products, or biological 
and drug products  

  BMP putty and spinal 
cage

  A drug, device, or biological product packaged 
separately that according to its investigational 
plan or proposed labeling is intended for use 
only with an approved individually specifi ed 
drug, device, or biological product where both 
are required to achieve the intended use, 
indication, or effect and where upon approval 
of the proposed product the labeling of the 
approved product would need to be changed; 
e.g., to refl ect a change in intended use, 
dosage form, strength, route of 
administration, or signifi cant change in dose  

  A novel biologic 
administered using a 
510(k) cleared pen 
injector

  Any investigational drug, device, or biological 
product packaged separately that according 
to its proposed labeling is for use only with 
another individually specifi ed investigational 
drug, device, or biological product where both 
are required to achieve the intended use, 
indication, or effect  

  Gene therapy agent and 
delivery catheter  

 Combinations of two biologics or two devices are not considered combination 
products in this context. 

 Once a Sponsor determines that their product fi ts one of the defi nitions of 
a combination product, the sponsor then must determine the lead Center 
within the FDA that will assume regulatory responsibility for the product. This 
determination is made by considering the primary mode of action (PMOA) 
 [4]  of the product. In simple terms, if the main function of the product is a 
device function, then it is likely that the Center for Devices and Radiological 
Health (CDRH) will have primary responsibility for the product. On the other 
hand, either the Center for Biologics Evaluation (CBER) or the Center for 
Drug Evaluation and Research (CDER) will be assigned primary review 
responsibility based on whether the PMOA of the product is dependent on 
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the pharmacological effects of a synthetic drug or a well - characterized biologic 
(CDER) versus other more complex biologics (CBER). Responsibility means 
that the Center managing the regulatory review uses its regulatory mecha-
nisms to authorize the clinical trial and, ultimately, commercialization of the 
product. If CDRH is responsible for the product, it would follow the Investi-
gational Device Exemption (IDE) and PreMarket Approval (PMA) pathways. 
If CBER is the lead Center, an Investigational New Drug Application (IND) 
and Biologic License Application (BLA) would be necessary, whereas if 
CDER has primary responsibility, then an IND and New Drug Application 
(NDA) would be the regulatory pathway. In many cases, precedents created 
with other similar products will provide clear direction as to the responsible 
Center. In other cases, jurisdiction is less clear such that the Sponsor may 
choose to submit a Request for Designation (RFD)  [5]  to the Offi ce of Com-
bination Products (OCP). The RFD contains a description of the product, 
available data on its use and mechanism of action, as well as a suggested 
product designation. OCP will review the RFD and inform the Sponsor of 
their decision. Some redacted decision letters are available at the OCP 
Web site ( http://www.fda.gov/oc/combination/rfd.html ). Once the responsible 
Center is identifi ed, the Sponsor can then begin to assess preclinical data 
requirements and determine the scheduling for the necessary studies.  

34.3 GENERAL POINTS APPLICABLE TO ALL DEVICE -BIOLOGIC
COMBINATION PRODUCTS 

 Developers of combination products should rigorously evaluate their product 
in order to construct a preclinical testing plan that is scientifi cally and medically 
sound and take into account business objectives. Often biologic - device combi-
nation product development efforts involve collaborations between a biotech 
company and a more traditional device company. Each organization brings its 
own technical and business expertise and expectations to the project. Biologic 
developers are accustomed to designing comprehensive, multi - species preclini-
cal testing programs that by themselves may take two or more years to com-
plete. This is in large contrast to many device companies whose entire product 
life cycle, from development through end - of - commercial sales, typically takes 
little more than two years. Furthermore, preclinical testing for biologic prod-
ucts follows CBER/CDER and ICH guidances that are quite different from the 
medical device ISO 10993 standard. Therefore, the preclinical development 
team for a biologic - device combination product needs to address  “ cultural ”  as 
well as technical issues. The following sections describe in general terms the 
broad issues that should be considered when designing the preclinical develop-
ment program for a biologic - device combination product. 

34.3.1 Functionality of the Biologic 

 Whether a biologic is directly physically associated with the surface of a device 
(via some type of chemical cross - linking or simple adsorption), or alternatively, 



embedded in some type of matrix that is used to coat the device, it is very 
likely that the pharmacology/toxicology profi le of the biologic will be altered 
when compared to administration of the biologic as a single agent. 

 If the physical association of the biologic with the device causes even small 
changes in the structure of the molecule (either while bound to the device or 
upon release into the local environment), then it is possible to decrease or 
even eliminate its intrinsic receptor binding activity and downstream physio-
logical effects. Alternatively, the possibility exists to increase the overall 
binding affi nity and resultant pharmacological and/or toxicological effects of 
the biologic, in vivo, if multivalent binding (e.g., of an antibody to its cognate 
antigen) results from the presence of high - density clusters of the molecule on 
the surface of the device. 

 A major challenge for both developers and regulators of biologic/device 
combination products is the potential need to re - defi ne certain key parame-
ters, for example,  “ dose ” /exposure, distribution, and persistence, that have 
historically formed the basis for a comprehensive preclinical characterization 
of the pharmacology/toxicology profi le of stand - alone biologics. As is the 
case with most biological drug products, while the basic principles of toxico-
logical assessment are much the same, actual practices may vary from the tra-
ditional drug approach. It is likely in certain cases that new animal models or 
analytical methods will be needed in order to adequately defi ne potential 
human toxicities and/or safe starting doses and an appropriate dose escalation 
scheme.  

34.3.2 Functionality of the Device 

 If the device component of the biologic/device combination product has 
already been cleared or approved as a stand - alone product, some aspects of 
device functionality will be known. However, the effect of the biologic will 
need to be investigated  . In the case where the device and biologic are physi-
cally associated with each other, the process used to join the two components 
can affect device performance in a variety of ways. Easily determined param-
eters such as dimensions and clearances must be confi rmed. More subtle issues 
arise when physical performance and durability are assessed. Additional man-
ufacturing procedures associated with the antibody coating could, at least in 
theory, alter the properties of the entire device. In some cases, test methods 
that have been successfully employed for stand - alone devices may need to be 
modifi ed to accurately assess all relevant parameters that must be considered 
for the combination product.  

34.3.3 Properties of the Combined Product 

 While it is important to evaluate the component parts of the combination 
product, the fully integrated fi nished product(s) must be evaluated as well. 
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Devices that have long histories of reliability as stand - alone products may 
behave differently when associated with a biologic. Conversely, when a bio-
logic is associated with a device, a variety of chemical, physical, or conforma-
tional modifi cations could occur and alter its biologic activity in some manner. 
In the preclinical development phase, proof - of - concept (POC) testing is used 
to make a preliminary effi cacy determination and is often designed to generate 
safety data. 

 Combining the device and biologic will almost certainly affect stability. 
Packaging systems may frequently be altered in signifi cant ways. The form of 
the biologic may also change from, for example, a lyophilized powder to a 
form bound to a solid surface or entrapped in a matrix. Furthermore, the 
manufacturing methods used to combine the two components may signifi -
cantly affect the biologic ’ s stability. In any case, stability studies should be 
conducted with product that has undergone the full manufacturing, packaging, 
and sterilization processes. 

 Sterilization methods should be carefully considered. Many medical devices 
undergo terminal ethylene oxide (EtO) or radiation sterilization. Both of these 
processes can alter a biologic component, either through chemical modifi ca-
tion or radiolysis. Whatever sterilization method or bioburden limit is selected, 
it must balance the competing needs of product safety and product integrity. 
Preclinical testing will need to utilize a product that has undergone all process-
ing steps, including sterilization and packaging, to ensure that preclinical 
testing uses test articles that have been exposed to all the product stresses 
encountered in the commercial manufacturing process.  

34.3.4 Regulatory Issues 

 The overall regulatory approach for a combination product is governed by 
several considerations. First, one must consider which Center has primary 
jurisdiction for the product and if the other Center will participate in a col-
laborative or consultative role. Once these parameters are defi ned, the Sponsor 
will know the type of submissions necessary to gain approval for the clinical 
trial(s), and ultimately, for the marketing application. Second, if either or both 
of the components (biologic and device) are already approved in the case of 
the biologic or cleared in the case of the device, the Sponsor should obtain 
authorization to cross - reference data in those submissions and determine 
which data are relevant to the combination product. As discussed in the fol-
lowing specifi c example (see below), not all data from component parts are 
relevant to the combination product. Several FDA guidance documents  [6,7]  
should be reviewed when preparing the initial regulatory evaluation. Last, 
regulatory staff should contact the FDA, either the responsible Center or OCP, 
early in the process and confi rm that their plans are consistent with FDA 
expectations. Such contacts, while important, are not a substitute for a formal 
pre - IDE or a type B pre - IND meeting  [8,9]  (CDRH types of meetings)  , but 
they do address key questions early in the development process.   



34.4 MODEL COMBINATION PRODUCT: ANTIBODY -COATED STENT 

 In order to present clearly and specifi cally the unique preclinical testing chal-
lenges associated with the early - stage development of biologic/device combi-
nation products, an antibody - coated stent will be used as a model. For this 
particular case study the antibody chosen for manufacturing has either not yet 
been approved for use in humans or, if it has, not for the newly targeted indi-
cations. In addition, the combination product utilizes a previously approved 
stent and delivery system. 

 The rationale for selection of a monoclonal antibody (mAb) as the biologic 
component of our model biologic - device combination product is based pri-
marily on the following two major factors: (1) there seems to be a high degree 
of interest in these next - generation type of products due to the potential for 
very high affi nity interactions with specifi c targets (antigens), in vivo, with the 
potential for a much more favorable risk – benefi t ratio of the therapy as com-
pared to the use of more conventional  “ nonspecifi c ” drugs, and (2) antibodies 
represent a very well - characterized class of biologics from a manufacturing, 
preclinical, clinical, and regulatory standpoint. 

 Another reason for focusing on antibody - coated stents throughout the 
remainder of this chapter is that discussion of preclinical strategy covering the 
very broad range of biologic - device combination products currently under 
development would, by defi nition, require both the writers and readers to have 
a solid working knowledge of the basic science aspects of a broad array of 
biologics (living cells, genes, etc.). (See Chapters  32  and  33  for a discussion 
of specifi c considerations for developing gene and cellular therapies, 
respectively.)  

34.5 PRECLINICAL TESTING CONSIDERATIONS 

 One of the fi rst decisions to be made in order to formulate an adequate pre-
clinical testing strategy for biologic - device combination products is to deter-
mine a relevant form(s) of the product to test in selected animal species 
for assessment of potential pharmacological and toxicological effects in 
humans. In general, one can approach an analysis of the potential in vivo 
effects of a device - biologic combination product from the following two mech-
anistically distinct standpoints: (1) local effects arising from the direct interac-
tion of living cells and/or soluble factors with the device or the antibodies 
bound to the surface of the device, and (2) local or systemic effects arising 
from the interaction of living cells or soluble factors with any of a variety of 
antibody - containing species capable of eluting off of the surface of the 
implanted device. In addition, it may be necessary to consider evaluation of 
the mAb alone in addition to assessing the combination product, based on 
intrinsic attributes of the mAb as well as the availability of relevant preclinical 
and clinical safety and effi cacy data. 
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 Finally, a major challenge for both developers and regulators of biologic -
 device combination products is the potential need to reconsider the way that 
certain key parameters typically associated with preclinical assessment, such 
as dose in the case of the biologic and durability in the case of the device, are 
defi ned, measured, and analyzed. 

  34.5.1   Biologic Orientation on the Device 

 In antibody - coated stents it is possible for the heterogeneity in the overall 
orientation of the antibody molecule on the surface of the device to lead to 
different pharmacological and/or toxicological effects, in vivo. The degree of 
heterogeneity is likely to be strongly infl uenced both by the intrinsic nature 
of the antibody (primary, secondary, and tertiary structure) and by the particu-
lar method   (adsorption, chemical cross - linking, etc.) selected for binding the 
selected antibody to the device. 

 For example, if a high percentage of the device - associated antibody mole-
cules are attached  “ backward ”  to the surface of the device — that is, with their 
antigen binding domains (Fab) facing inward and their F c  domains facing 
outward — then there is a relatively high likelihood of local interactions of the 
immobilized antibodies with circulating immune cells expressing high levels 
of F c  receptors (Figure  34.1 ). It is the responsibility of the manufacturing team 

    Figure 34.1     Antibody orientation on the surface of the device.  

D

E

V

I

C

E

Fc

Fab

Fab

Fc

Fab

Fab

Fc

D

E

V

I

C

E

FcFc

Fc

Fc

Fc

• • • • •

• • • • •

• • • • •

Target     

Antigen

Immune

Cell

A. Cytokine Production

B. Chemokine Production

C. Cell Proliferation

D. Gene Expression

E. Antibody Production

D

E

V

I

C

E

FcR

FcR



to fully characterize and control (minimize) this potential variability in the 
orientation of the biologic prior to the start of preclinical testing.   

 Once immune cells become bound to the surface of the antibody - coated 
stent via multivalent interactions with exposed F c  domains, there is the poten-
tial for a variety of immunomodulatory effects (cytokine release, inhibition of 
normal F c  receptor mediated events, etc.) that could lead to the generation of 
adverse events, in vivo. 

 As a worst - case scenario the possibility exists to break natural tolerance to 
human F c  and lead to the formation of anti - F c  antibodies, in vivo, due to the 
 “ presentation ”  of such a high local concentration of F c  domain epitopes to 
various components of the cellular immune system. As a result, the generation 
and function of endogenous immunoglobulins could be negatively affected by 
the presence of these circulating antibodies (immunosuppression). 

 In addition, although the typical antibody - coated device will likely be 
designed to allow rapid elution of the drug into the local microenvironment 
over a relatively short period of time (hours to days), the short - term ability of 
the device to interact with target antigens present in the local milieu will   be 
negatively affected by the presence of improperly oriented antibody molecules 
on the device surface.  

34.5.2 Potential Elution (Biologic) Species 

 It is straightforward that the fi nal implantable combination product, as a fi n-
ished product, needs to be assessed for both potential device - related and bio-
logic - related pharmacological effects and potential toxicities in one or more 
animal species. However, once the biologic component of the combination 
product starts to elute off of the device (again, focusing on antibody - coated 
stents as a model, and assuming that the intention of the product is to  “ deliver ”  
the biologic to the local microenvironment), attention must be paid to the 
changing nature of the implanted biologic/device and the appearance over 
time of various antibody - containing species (cells and/or soluble factors) fi rst 
in the microenvironment around the device, and thereafter in the general 
circulation. 

 In terms of antibody - coated stents, the following is a list of potential 
antibody - containing species that could, in theory, be eluted directly from 
the surface of the implanted biologic/device combination product, in vivo 
(Figure  34.2 ): 

 •   Monomeric antibody molecules (native conformation)  
 •   Monomeric antibody (altered conformation)  
 •   Aggregated antibodies (native or altered conformation)  
 •   Degradation products (antibody derived peptides)  
 •   Antibody – antigen complexes  
 •   Antibody – cell complexes      

PRECLINICAL TESTING CONSIDERATIONS 791



792  PRECLINICAL SAFETY EVALUATION OF BIOPHARMACEUTICALS

 Again, the combination device would be optimized during the manufactur-
ing process to ensure a consistent antibody coupling and control for the 
various species. In order to determine which, if any, of the antibody - containing 
elution species have the potential to exert either pharmacological or toxic 
effects in humans, the various species could be generated and tested, ex vivo, 
via extended exposure of the combination product to various biological fl uids 
(e.g., whole blood, serum, plasma), and then to assess   potential effects of the 
 “ supernatant ”  from these experiments in at least one animal species. If any 
meaningful effects are uncovered, then studies could be designed to determine 
which molecular entity is responsible for the observed effects. 

 This experimental approach has limitations in that it ignores the potential 
critical interactions of immune cells and other living cells, in vivo, with the 
antibody - coated surface of the device. These cellular  “ interactions ”  can occur 
either via direct binding to the device surface of cells expressing receptors 
(e.g., cognate antigen) capable of recognizing various antibody domains, or 
alternatively, via secretion of cellular enzymes capable of directly modifying 
these antibodies. As such, further in vivo studies would be needed to charac-
terize potential toxicities.   

  34.6   PHARMACOLOGICAL  /  TOXICOLOGICAL ASSESSMENT 

 Based on the inherent complexity of biologic/device combination products, 
together with the assumption that the potential in vivo adverse effects of the   

    Figure 34.2     Antibody - containing elution species.  
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combination is not simply equal to the sum of what is known regarding their 
component parts, it is clear that the design of an adequate program for the 
preclinical characterization of a biologic - device combination product will need 
to be approached on a case - by - case basis. In theory, the potential adverse 
effects of the combination product can be derived from in vivo interactions 
with the implanted biologic device, as designed, the biologic device modifi ed 
by local physiological activities, or any of a broad array of molecular (or cel-
lular) species eluting off of the surface of the device over time capable of 
exerting either local or systemic effects (see Section  34.5.2    above). 

 Another key factor in defi ning an adequate preclinical testing program for 
these products is whether a biopharmaceutical company chooses to use a 
biologic (antibody in this case) that has already received FDA approval for 
use in humans, even though it is likely not for the same indication targeted by 
the stent manufacturer. Use of an approved biologic with the device may 
provide information as to what to expect under a worst - case scenario, such as 
all of the biologic being released immediately into the systemic circulation. 
However, it is still very important to understand what impact attaching the 
  mAb to the surface of a given medical device and implanting the combination 
product into a patient (route of administration) has on potential toxicity. For 
example, release of the mAb directly into the coronary artery might be 
expected to result in a different PK/PD profi le than a direct IV or IM injection 
of the biologic alone. In addition, if the mAb has not previously been admin-
istered to the same patient population that was previously treated with the 
stand - alone medical device, potential differences between the different patient 
populations must also be very carefully considered. 

34.6.1 Defi nition of New Terms 

 A major challenge for both developers and regulators of biologic - device com-
bination products is the potential need to reconsider how to measure certain 
key parameters typically associated with the preclinical assessment of stand -
 alone medical devices and biologics with the goal toward extrapolation of the 
information to humans. 

 These parameters include, but are not limited to, establishment of a minimal 
effective dose (MED), a no observable dose (NOEL), a no observable adverse 
effect dose (NOAEL), and a maximum tolerated dose (MTD). From the 
standpoint of our antibody - coated stent model, and antibody  “ dose, ”  it is pos-
sible that the product (device) labeling could limit the dose of mAb a patient 
is allowed to receive to how much protein is able to be coated onto just one 
stent. Alternatively, since stents are made in various lengths in order to match 
the length of the lesion, the longer the stent, the more antibodies that can be 
delivered. 

 Issues related to PK, distribution, persistence, and stability will also need 
to be considered. Optimizing methods to assess local effects as well as 
potential changes in the immunogenicity of the biologic component of the 
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combination product may also be needed. Careful consideration must be given 
to identifi cation of the most relevant animal models, including use of an animal 
model of disease to better assess toxicity. 

 Quantitative assessment of these key parameters could require the devel-
opment of new analytical methods compared to the relatively well established 
methods currently in use for characterization of stand alone medical devices 
and biologics.  

34.6.2 Choice of Animal Species/Pharmacology Studies 

 Given that the various animal species and experimental protocols typically 
used for preclinical testing of conventional devices versus biologics are quite 
different, a major challenge for developers of biologic - device combination 
products is to determine the best way to combine the essential elements of 
these studies into a manageable number of predictive models for their particu-
lar product. A very basic aspect of this challenge is that, in general, animal 
species used for preclinical testing of implantable devices (especially proof - of -
 concept (POC) type of studies) tend to consist of larger animals due to their 
greater compatibility with surgical procedures. For example, porcine models 
have been used extensively for testing of drug - coated stents  [1,2] . For biologics 
such as mAbs the most important product attribute for defi ning a relevant 
preclinical species is whether the target antigen or epitope is present in suffi -
cient amounts in the chosen animals. In some cases a species may be selected 
for its similarity to humans based on its potential off - target binding to tissues 
as demonstrated by tissue cross - reactivity studies. 

 It is likely that manufacturers of devices (e.g., stents) will strongly prefer 
testing their antibody - coated products in the established porcine models for 
POC type of studies in order to make critical go or no go decisions regarding 
choice of antibody besides proceeding into toxicology studies and then human 
testing. If so, developers will need to screen their antibodies for their ability 
to bind to porcine tissues in order to perform POC studies without any com-
plications (e.g., immunogenicity due to species - specifi c effects) that would 
compromise their ability to evaluate the results of the study. In certain cases 
companies might be faced with having to use immunosuppressed animals or 
a porcine homologue of the antibody (surrogate antibody) in order to carry 
out  “ gold standard ”  POC studies, Alternatively, development of a different 
animal model that will bind the antibody and allow implantation of the stent 
may be needed as well. A practical challenge in this area might be that contract 
research organizations experienced in performing the POC type studies with 
devices may not have experience with biological products and associated 
assays, and vice versa. 

 From a pharmacological standpoint, monomeric antibodies in their native 
conformation (whether free, cell - bound, or still attached to the device) are 
most likely to maintain their intrinsic ability to bind stably to their target 
antigens, in vivo, leading to the desired therapeutic effect. However, while 
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device - associated or locally released mAbs would be expected to exert mostly 
local pharmacological or toxicological effects, cell - bound antibodies have the 
potential to exert more systemic effects as a result of the traffi cking of immune 
cells   to or from the site of the implanted device. In addition, it is possible that 
target antigens bound to antibodies on the surface of various immune cell 
subsets would not be cleared via the same pathways typically used to clear 
more conventional antibody – antigen complexes. These potential concerns 
would need to be addressed in the preclinical safety evaluation program for 
the biologic - device combination product.  

34.6.3 Toxicology Testing 

General Biologic/Device Considerations   The following is a list of poten-
tial unique considerations for assessing the safety of biologic - device combina-
tion products: 

  1.    As mentioned above, the types of animal species typically used to assess 
the toxicology profi le of the mAb may not be the same species typically 
chosen for ISO 10993 device safety testing.  

  2.    Toxicology testing for devices typically focuses greatly on local effects of 
the product, while there is always a major focus on potential systemic 
effects with biologics.  

  3.    The issue of species - specifi c interactions is unique to biologics and com-
plicates the design, performance, and interpretation of biologic - device 
pharm/tox study results.  

  4.    Patients have much shorter exposures to most biologics (e.g., months, 
intermittent) compared to conventional devices (e.g., chronic, lifetime). 

  5.    Compared to the majority of biologics, which are typically fully catabo-
lized in vivo into amino acids over the short - term (hours, days), devices 
are expected to change very little in vivo even after long - term exposure 
to most biological fl uids.  

  6.    The potential for immune responses against biologics (hypersensitivity, 
anti - drug antibodies, immune complexes, etc.) is something that most 
stent (alone or as drug - coated stents) manufacturers have not had to 
consider in prior development programs.  

  7.    ISO 10993 testing is intended to evaluate materials such as metals and 
polymers that essentially do not interact directly with the human immune 
system. However, the presence of an antibody on the device surface 
introduces the potential for cross - species reactions that may not be indic-
ative of performance in humans. These interactions may affect some or 
all ISO 10993 in vivo tests. For example, the duration of chronic toxicity 
testing may be limited based on induction of immune responses or car-
cinogenicity studies may not be   appropriate based on the specifi c product 
attributes of the antibody.  
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  8.    The biologic could be attached to the surface of the device using a broad 
array of materials and coupling techniques. Therefore, in addition to the 
conventional device - based biocompatibility testing for coating materials, 
close attention must be paid to potential in vivo effects derived from the 
presence of biologic - device attachment factor complexes or derivatives 
that could be generated following implantation of the device in 
humans.     

Considerations Unique to Antibody -Coated Stents   From a toxicological 
standpoint, the release of aggregated antibodies (native or altered con-
formation) from the surface of an antibody - coated stent into the microenvi-
ronment or systemic circulation has the potential to induce an array of 
immunomodulatory effects via direct interaction with several key components 
of the human cellular immune system (dendritic cells, macrophages, neutro-
phils, B cells, NK cells, etc.). For example, aggregated antibodies have the 
potential to bind with high affi nity and cross - link F c  receptors on the surface 
of various immune cells resulting in (1) overproduction of proinfl ammatory 
cytokines and chemokines, (2) increase in the level of tyrosine phosphoryla-
tion of intracellular proteins, (3) induction of new gene expression, (4) increase 
in phagocytic activity, (5) increase in antigen presentation, (6) increase in cell 
cycle progression (cell proliferation), and (7) increase in the production and 
release of reactive oxygen species. These predominantly immunostimulatory 
effects can often lead to toxic reactions (adverse events) in humans. 

 In addition, since it is now well established that aggregated proteins are 
much more immunogenic in animals and in humans than native monomeric 
versions of the same proteins, the potential exists for aggregated antibodies 
released into the circulation from the surface of antibody - coated stents to 
induce human antihuman antibody (HAHA) responses with the theoretical 
potential to cross - react against endogenous related immunoglobulins. The 
local release from the surface of the implanted biologic/device of pre - formed 
antibody – antigen complexes, or alternatively, much larger immune cell – anti-
body complexes, followed by deposition of these complexes into the nearby 
vasculature could lead to infl ammation and subsequent damage to blood 
vessels, tissues, and joints in close proximity to the combination product. It is 
less likely, but still possible, that these immune complexes could also exert 
negative effects, in vivo, via systemic access to the kidneys, lungs, skin, and 
other organs. 

 Since all of the potential immunotoxicological effects mentioned above 
related to the use of antibody - coated stents are typically highly concentration 
dependent, it is possible that the use of only very small amounts of protein on 
the surface of the device to exert a desired localized therapeutic effect, will 
mitigate, but certainly not eliminate these potential toxicities. Nevertheless, 
the purpose of the preclinical toxicological evaluation will be to address the 
potential impact of these theoretical concerns.    



34.7 DEVICE CONSIDERATIONS 

 Assessment of biologic/device combination product functionality needs to 
include all of the testing typically performed on bare metal stents (BMS). In 
the case of our antibody - coated stent model the BMS have been previously 
approved by CDRH, allowing some of the BMS data to be cross - referenced 
and not repeated when the effect of the antibody coating on the functionality 
of the device is considered negligible. These judgments must be made on a 
case - by - case basis and should be confi rmed with the Offi ce for Device 
Evaluation. 

 The fi nished, packaged and sterilized product must be considered as a 
whole. In accordance with the Design Control provisions of the Quality System 
Regulation (21 CFR 820.30) medical devices undergo a formal risk analysis 
throughout product development. Such an analysis identifi es potential risks 
inherent in the design, materials, and method of use of the device ranks the 
risks and ensures that unacceptable risks are mitigated. The original risk analy-
sis for the BMS must be re - evaluated to consider the addition of the antibody 
coating. The risk analysis should consider the physical effects of the coating, 
packaging modifi cations, or manufacturing process modifi cations as well as the 
physiological and immunological effects discussed above. Considerable effort 
will be directed to the physiological and immunological effects, but developers 
should not lose sight of some of the more practical concerns, such as deliver-
ability of the stent and the effect of packaging modifi cations on handling of 
entire system. Experts with a good understanding of these technical areas must 
be brought into the risk analysis process. Human factor issues should also be 
addressed, especially if there have been any modifi cations to the instructions 
for use for the delivery system.  

34.8 REGULATORY CONSIDERATIONS 

 As discussed, successful development of a combination product will require a 
thorough understanding of the requirements for the individual components as 
well as an understanding of what questions need to be asked based on the 
specifi c product attributes when the individual components are combined. It 
will be important to determine early in development which FDA Center will 
have primary responsibility for the combination product as that will likely 
infl uence the development strategy. As the products will likely be unique with 
little regulatory precedent, it will be important for Sponsors to communicate 
with the FDA, again early in the development process, to ensure that the 
program addresses all the important issues necessary for introducing the 
product into humans for the fi rst time.  
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  35.1 INTRODUCTION

 In the early 1930s during his tenure at Rockefeller University, Charles 
Lindbergh, the aviator, fi rst contemplated preclinical development of manu-
factured human organs (neo - organs) for implantation into the body  [1] . 
However, it took 50 years of scientifi c research and technology advancements 
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for the idea of augmenting or replacing diseased organs with laboratory - grown 
components to emerge into the realm of possibility. Today technologies have 
matured to the point that a diseased or missing organ can be regenerated de 
novo with a tissue - engineered neo - organ. 

 The term  tissue engineering  was coined at a National Science Foundation 
workshop in 1987 to mean  “ the application of principles and methods of engi-
neering and life sciences toward fundamental understanding of structure - 
function relationships in normal and pathological mammalian tissues and 
the development of biological substitutes to restore, maintain or improve 
tissue function ”   [2] . Tissue engineering draws on specialized expertise from 
two traditional disciplines: engineering and the life sciences. The combination 
of these technologies forms a foundation upon which the commercial develop-
ment of neo - organs is possible. 

 Preclinical development of neo - organs faces complex scientifi c questions 
and regulatory hurdles. The term  neo - organ product  will be used to indicate 
any product composed of synthetic or natural biodegradable materials, with 
or without living cells and/or cellular products, implanted in the body to incor-
porate, replace, and/or regenerate a damaged tissue or organ. Today ex vivo 
development of partial and complete neo - organs by the emerging regenerative 
medical industry fulfi lls a signifi cant unmet medical need for patients who have 
partial or complete organ or tissue loss. In this chapter we will consider devel-
opment challenges and available solution strategies for bringing these trans-
formational technologies to patients in need.  

35.2 MEDICAL NEEDS AND CHALLENGES 

 Currently a patient ’ s diseased organ replacement requires the transplantation 
of whole organs (e.g., kidneys, livers, hearts, lungs, and pancreases) donated or 
taken from another body system or living being (human – autologous/alloge-
neic or animal – xenogeneic). Regardless of source, organs are in fi nite supply, 
and complications such as chronic metabolic alterations, immunologic rejec-
tion, and product shelfl ife have rendered this therapeutic approach both costly 
and risky. Furthermore patients who receive nonautologous organ transplants 
require life - long chemical immunosuppression or face partial or complete 
organ rejection. 

 Recent scientifi c advances involving tissue engineering technologies and 
their use in regenerative medicine have helped us better understand host 
tissue responses and basic needs during healing, repair, and regeneration. With 
these advances comes a need to establish product development pathways that 
fi t into existing and emerging regulatory guidelines while remaining commer-
cially viable. Production of a neo - organ requires defi ned raw materials and a 
reproducible manufacturing process whereby the appropriate constituents 
(i.e., cells and biomaterials) can be cultured and combined ex vivo to form 
an implantable neo - organ product. Following implantation, both partial to 



complete neo - organs must become vascularized by host tissues, integrate, heal, 
grow, respond to physiological needs or injury, and otherwise function at a 
level suffi cient to support the patient ’ s life. 

 As mentioned above, development of regenerative medical products for 
organ augmentation and/or replacement is dependent on the availability of 
appropriate raw materials. Important factors to consider include the source, 
quality, and handling by which the raw materials are processed into an implant-
able product. The life - sustaining role of the organ being augmented or replaced 
must also be considered when sourcing raw materials. As a rule, the manufac-
turing challenges presented by simple organs (e.g., skin) will be fundamentally 
different than those presented by vital organs (viscous or solid organs, e.g., 
heart, kidney, liver, pancreas). Nonetheless, there are fundamental aspects 
shared by regenerative medical products for which generalizations can be 
made regarding development approaches and potential regulatory pathways. 

 Tissue engineering has progressed to the point where neo - organ products 
are ready now for wholesale manufacturing and commercialization. In response 
to these advances, the United States Food and Drug Administration (FDA) 
established the Offi ce of Combination Products (OCP) as the entry point into 
the regulatory review process for companies seeking approval for combination 
products, as these products are expected to increase as technological advances 
continue to merge therapeutic products and blur the historical lines of sepap-
ration between FDA ’ s medical product centers. In the case of neo - organ 
products composed of a device (e.g., scaffold), biological (e.g., cells), and/or 
biological active (e.g., pharmaceutical), one or two product centers could be 
involved.  

35.3 REGULATORY HISTORY/DEVELOPMENT 

 The OCP was established in 2002 under the Medical Device User Fee and 
Modernization Act (MDUFMA) to address the regulatory complexity for 
combination products. The MDUFMA gave OCP broad responsibilities, 
covering the regulatory life cycle of drug - device, drug - biologic, and device -
 biologic combination products — categories that encompass most neo - organ 
products being developed today. However, the OCP assigns primary regula-
tory responsibility for, and oversight of, combination products on a case - by -
 case basis to one of three product centers based on the product ’ s primary 
mode of action. 

 The three product centers that can lead the regulatory review of a neo -
 organ product include Center for Devices and Radiological Health (CDHR), 
Center for Biologics Evaluation and Research (CBER), and the Center for 
Drug Evaluation Research (CDER). CDRH is responsible for regulating 
those products that are primarily medical devices. A medical device is defi ned 
as  “ An instrument, apparatus, implement, machine, contrivance, implant, or 
other similar or related article, including a component, part, or accessory, 
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which is: (1) recognized in the offi cial National Formulary, or the United States 
Pharmacopoeia, or any supplement to them; (2) intended for use in the diag-
nosis of disease or other conditions, or in the cure, mitigation, treatment, or 
prevention of disease, in man or other animals; or (3) intended to affect the 
structure or any function of the body of man or other animals, and which does 
not achieve any of [its] primary intended purposes through chemical action 
within or on the body of man or other animals and which is not dependent 
upon being metabolized for the achievement of any of its primary intended 
purposes ”   [3] . CDER ’ s primary objective is to ensure that all prescription and 
over - the - counter (OTC) medications are safe and effective. In contrast, CBER 
is responsible for regulating human tissue, cells, and/or their products under 
CFR 21, 1270, and 1271 and biologics under 351 of PHS Act 610 of CFR 21. 
Because the fi nal product produced by tissue engineering and regenerative 
medicine technologies frequently involves the combination of two or more 
FDA - regulated components, one or more of the above - mentioned FDA 
Centers may be assigned to regulate a neo - organ product. 

 For example, the scaffold or biomaterial component of a neo - organ would 
normally fall under CDRH jurisdiction, while biological components (i.e., 
cells) would normally fall under CBER ’ s authority if these components were 
being used alone. Similarly a biologically   active pharmaceutical product would 
normally be reviewed by CDER. However, review of a combination product 
can require expertise from multiple centers and the lead center is assigned 
based on the component that the FDA decides is delivering the primary mode 
of action.  

35.4 ESTABLISHING A REGULATORY PATHWAY FOR NEO -ORGAN

 Certain regenerative products may fi t into existing regulatory pathways for 
drugs, devices, or biologicals. Since these singular pathways are already well 
established, the focus of this discussion will be on neo - organ products com-
posed of a combination of materials (biologics, drugs, and/or devices). In 
recent years substantial clarifi cation about appropriate regulatory pathways 
for evaluating combination product neo - organs has occurred. Presently the 
United States occupies a lead position in establishing regulatory pathways for 
combination products. The OCP is providing tissue engineering and regenera-
tive medicine industries with guidance as the regulatory authority (21 CFR 3) 
 [4]  for combination product development. 

 A combination product is composed of any combination of a drug and a 
device; a biological product and a device; a drug and a biological product; or 
a drug, device, and a biological product. Under 21 CFR 3.2  [4]  a combination 
product is defi ned to include the following: 

  1.    A product comprised of two or more regulated components (i.e., drug -
 device, biologic - device, drug - biologic, or drug - device/biologic) that are 



physically, chemically, or otherwise combined or mixed and produced as 
a single entity.  

  2.    Two or more separate products packaged together in a single package 
or as a unit and comprised of drug and device products, device and bio-
logical products, or biological and drug products.  

  3.    A drug, device, or biological product packaged separately that according 
to its investigational plan or proposed labeling is intended for use only 
with an approved individually specifi ed drug, device, or biological product 
where both are required to achieve the intended use, indication, or effect 
and where, upon approval of the proposed product, the labeling of the 
approved product would need to be changed (e.g., to refl ect a change in 
intended use, dosage form, strength, route of administration, or signifi -
cant change in dose).  

  4.    Any investigational drug, device, or biological product packaged sepa-
rately that according to its proposed labeling is for use only with another 
individually specifi ed investigational drug, device, or biological product 
where both are required to achieve the intended use, indication, or effect. 
 [7]       

 A neo - organ product represents a combination product that is composed of 
two or more regulated components, under 21 CFR 3.2, that may be mixed 
together to form a single entity, or that are separate but cannot achieve their 
intended use without being used together. A sponsor seeking to obtain regula-
tory guidance for a combination product prepares a Request for Designation 
(RFD) document  [5] , laying out key information requested by the FDA 
(Table  35.1 ).   

 The RFD document presents the sponsor ’ s recommendation and rationale 
for how the combination product should be regulated. The FDA ’ s decision 
about regulatory pathway rests on its evaluation of the primary mode of 
action, a judgment that focuses on the primary therapeutic process whereby 
the neo - organ activates the therapeutic outcome — usually a choice between 
scaffold and cellular or constitutive components. If a product is suffi ciently 
related to a product already regulated by a particular center or one that has 

 TABLE 35.1    Request for designation information 
needed for the food and drug administration 

  Name of product 
  Composition of product 
  Primary mode of action 
  Method of manufacture 
  Related products currently regulated by the FDA  
  Duration of product use by the patient 
  Science supporting product development 
  Primary route of administration 

ESTABLISHING A REGULATORY PATHWAY FOR NEO-ORGAN 803



804 TISSUE ENGINEERED PRODUCTS: PRECLINICAL DEVELOPMENT OF NEO-ORGANS

a defi ned pathway, FDA ’ s requirements for preclinical support of clinical trials 
may mirror the precedent product ’ s regulatory pathway. The FDA has 60 days 
from the date of RFD submission to render its decision. Once a pathway is 
identifi ed, the sponsor can engage the lead reviewing center ’ s personnel for 
the optimal study plan to support their fi rst clinical trials. 

 Specifi c guidance on engaging the OCP and establishing communications 
with the FDA can be found at the FDA ’ s Web site  [6] . Interacting with OCP 
prior to establishing a preclinical development approach can assist in linking 
to the proper regulatory authority and necessary regulatory guidelines. For 
some products the primary mode of action is not readily apparent, and the 
designation of lead center may be based on the most relevant therapeutic 
activity, intended therapeutic use, or the most relevant safety and effi cacy 
questions. The guidelines of the designated lead regulatory center will provide 
the framework for a potential regulatory pathway for entry into the clinic and 
ultimate product registration. A current assignment algorithm can be obtained 
at the FDA ’ s Web site  [4] .  

35.5 DEVELOPMENT OF NEO -ORGAN PRODUCTS 

 The fi rst tissue - engineered and regenerative medical products were device 
products for skin conditions, regulated by CDRH, and based on culturing skin 
cells in simple layers. The earliest clinical applications of tissue engineering 
revolved around the use of essentially fl at materials designed to stimulate 
wound care. The cellular component was considered more as a physical barrier 
than a biologically active component of the product itself. Dermagraft ® , a 
product originally manufactured by Advanced Tissue Sciences, Inc. that is now 
manufactured by Smith  &  Nephew, used skin cells isolated from neonatal 
foreskins seeded onto a polymeric scaffold. Apligraf ® , a product from Organ-
ogenesis Inc., used similar technology to seed and culture cells on collagen -
 based scaffolds. Tissue - engineered skin substitutes dominated the regulatory 
and development pipeline in the late 1990s. The FDA regulated these products 
as class III devices. As these products moved from the laboratory to the clinic, 
development issues such as cell source (allogeneic or autologous), scaffold 
materials (natural or synthetic), and bioreactor design encountered additional 
safety challenges, including immunocompatibility responses in patients. As 
these challenges were solved, further commercial demands for scale - up and 
cost - of - goods considerations had to be reconciled against the magnitude of 
incremental medical benefi t over existing approaches (i.e., cadaveric skin). 

 Medtronic, Inc. markets one of the fi rst commercial products that combined 
a device and a biologically active compound, bone morphogenic protein 
(BMP). Medtronic ’ s INFUSE ®  Bone Graft/LT - CAGE ®  lumbar tapered 
fusion device contains a collagen sponge infused with the BMP peptide housed 
within a metal cage. This product was developed as a combination product 
in which CDRH maintained a leadership role for regulatory guidance and 



consultation with CBER and CDER occurred for complete regulatory over-
sight. The combination product was approved for treatment of lower spine disc 
disease via the FDA ’ s premarket approval (PMA) process. The individual 
components were each regulated by the appropriate pathway: the recombi-
nant human BMP2 (manufactured in accordance with biologics regulations), 
the collagen sponge to carry the protein (manufactured under device regula-
tions), the sterile water to resuspend the protein (manufactured by a supplier 
in compliance with drug regulations), and the metal cage device (manufac-
tured under device guidelines) housing the sponge plus protein that is surgi-
cally implanted between the patient ’ s vertebrae. Later CDRH approved 
INFUSE ®  Bone Graft, consisting of the collagen, sterile water, and protein 
components (no metal cage) for use in open fractures of the tibia. The product 
is used in addition to standard treatment protocols, which may or may not 
include using an intramedullary nail to stabilize the fracture. 

 Many of these early successes in the tissue engineering fi eld were gained in 
relatively simple two - dimensional (2D) skin tissue or 3D bone fracture struc-
tures with limited vital organ function required immediately after implanta-
tion. Organ regeneration goes beyond traditional tissue engineering, which 
focuses on using in vitro and ex vivo methods to replace as much of the tissue 
as possible before implantation. Tissue engineering techniques are applied to 
regenerative medical products, but these products also focus on utilizing the 
natural healing processes of the body to recapitulate the organ being aug-
mented or replaced. 

 One example of a regenerative medicine product in development is Tengion, 
Inc. ’ s focus to replace complex organs while developing the basic biological 
understanding necessary to ensure integration into the patient ’ s own body. 
Tengion is currently bringing forward advanced neo - organ technology designed 
to augment or replace failing internal organs. Tengion ’ s product used preclini-
cal and clinical development pathways offered by the OCP. The regulatory 
lead center was assigned to CBER based on the FDA ’ s assessment of primary 
mode of action (cells – biologics) with collaboration from CDRH to cover the 
device (scaffold) components. 

 Tengion ’ s technology platform brings functionality and vascularization of a 
complex organ by using autologous and homologous progenitor cells, isolated 
and cultured ex vivo, which are then seeded onto a degradable biomaterial 
whose shape and biomechanical properties are optimized to the body organ 
being augmented or replaced. The cell - seeded neo - organ construct provides 
the minimal raw materials necessary for tissue regeneration and the target 
organ ’ s physiologic function at the time of surgical implantation. Following 
implantation, the product ’ s scaffold is degraded, bioabsorbed, and replaced by 
organized stroma within the patient. Final and complete parenchymal organ 
regeneration is patient specifi c. 

 Using the neo - organ construct as a template, the body regenerates healthy 
tissue, restoring function to the patient ’ s failing organ. By providing the patient 
with an autologous - homologous neo - organ for tissue regeneration, many of 
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the necessary co - therapies used in traditional donor transplantation tech-
niques are avoided, such as immunosupression. Deriving the biologically active 
cellular component from the patient avoids the traditional issue of limited 
organ donor supply. 

 In considering the development pathways traveled by these early transfor-
mational products, we can begin to see a framework that combines established 
technologies with emerging regulatory pathways and defi nes preclinical and 
clinical development strategies for products that address previously untreat-
able diseases. Development of therapeutic modalities to treat and potentially 
cure such maladies as diabetes, heart disease, renal failure, and other diseases 
caused by malfunctioning, damaged, or failing tissues is now a reality with 
regenerative medical therapies envisioned by the US Department of Health 
and Human Services  [7]  as  “ tissues for life ”  (Executive Summary, para. 2).  

35.6 NEO-ORGAN PRODUCTS 

 Since most neo - organs will be regulated as combination products, a tiered 
format of analyses allows for each component to be evaluated as well as the 
fi nal combination product. The neo - organ preclinical development program 
can be based on a foundation of current risk analysis principles combined with 
clinically relevant functional endpoints to establish structure – function rela-
tionships before entry into human clinical trials. Ultimately the scientifi c 
approach employed will include established anatomical, surgical, clinical, cell 
biological, physiological, and material sciences principles appropriate for the 
specifi c neo - organ product under development  [8 – 14] . 

 Neo - organ safety studies will include both acute and chronic studies, since 
the product will develop into an organ that remains with the patient for a 
lifetime. Importantly, long - term studies provide evidence for at least two out-
comes vital for all products within this category: product durability and the 
neo - organ ’ s capacity for becoming responsive to each individual patient ’ s 
need (i.e., capacity or size). Regenerative processes are dynamic and can con-
tinue for several months. Therefore short - term studies are focused primarily 
on characterization of acute host tissue biological responses, biomaterial deg-
radation, neo - tissue integration, and neo - organ functional failure or comorbid-
ity, Longer term studies focus on evaluating the capability of the neo - organ to 
integrate and mold within the patient ’ s organ systems or body size over time, 
neo - organ functionality, and the absence of chronic infl ammatory or neoplastic 
processes. 

35.6.1 Development Strategies 

 Planning for clinical testing involves defi ning the unmet medical need (disease 
characterization), determining how the intended use of the neo - organ product 
addresses the need, and defi ning processes that yield reproducible production 
of a safe and effi cacious product for placement into patients. Developing a 
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scientifi cally based defi nition of what constitutes a successful outcome (i.e., 
primary clinical endpoint) is a prerequisite for entering clinical trials. Applying 
existing regulatory guidelines for product testing and manufacture will be 
required during preclinical testing prior to its use in a human subject. 

 Defi ning the optimal regulatory pathway is done in partnership with the 
FDA, most likely through the OCP. With this information in hand, a sponsor 
can initiate preclinical testing, from which considerations for clinical testing 
emerge. A scientifi cally based program produces a foundation for exploratory 
clinical testing where fi nal product characteristics are defi ned, production 
processes are standardized, and justifi cations that indicate readiness for enter-
ing into the clinical testing phase are anticipated. Table  35.2  presents an over-
view of a prototypical neo - organ product development process.   

 Transitioning into an initial exploratory clinical evaluation rests upon safety 
and functional understanding built during preclinical evaluation. The preclini-
cal program establishes assessment objectives related to specifi c product char-
acteristics and the supporting production processes. Translational medicine 
study results defi ne the extent to which preclinical information demonstrates 

 TABLE 35.2    Overview of a potential testing program to support clinical entry of a 
prototypical neo - organ product 

  Process manufacturing control 

•  Defi ne product production and early manufacturing processes 
•  Establish cell, tissue, and biomaterial sourcing and qualify vendors 
•  Validate in - process and fi nal release testing schemes 
•  Characterize adventitious agents and impurities for each raw material 
•  Defi ne lot - to - lot consistency criteria  
•  Validate quality control procedures 

  Preclinical studies 

•  Complete in vitro and in vivo safety testing 
•  Defi ne toxicity testing of raw materials 
•  Evaluate biomaterial biocompatibility 
•  Establish immunogenic and infl ammatory responses to raw materials 
•  Develop rationale for animal and in vitro models to test product function  
•  Defi ne endpoints for establishing individual component and/or fi nal product safety 
•  Defi ne endpoints for establishing organ or tissue functionality 
•  Defi ne endpoints for establishing organ or tissue durability 

  Clinical trials  

•  Develop rationale for safety and clinical benefi t (risk – benefi t analysis)  
•  Design exploratory and confi rmatory trials  
•  Select patient population and defi ne inclusion/exclusion criteria 
•  Identify investigational comparators and control treatments 
•  Establish primary and secondary study endpoints 
•  Consider options for data analysis and potential labeling claims 
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the desired clinical outcome  [15,16] . Relevant clinical endpoints need to be 
incorporated, wherever possible, into the animal studies. As such the endpoints 
need to be identifi ed before the design of animal studies is fi nalized. Table  35.3  
provides an overview of the preclinical data that can be generated prior to 
exploratory clinical trial initiation.   

 Regulatory considerations impact the types of data required and produc-
tion process technologies that must be in place prior to initiating clinical trials. 
There are three considerations that have signifi cant impact on the preclinical 
development plan: the extent of cellular manipulation, relationship between 
cell source and application, and scaffold characteristics. Table  35.4  summarizes 
some regulatory considerations for cellular and scaffold components.    

35.6.2 Raw Material Testing 

Cells   Cellular components are living  “ raw ”  materials. They can be derived 
from the patient (autologous), other donors (allogenic), or animals (xeno-
genic). An additional consideration is the relationship between the cell source 
and the target tissue of the neo - organ product. Homologous cells are derived 
from the organ to be augmented or replaced. Heterologous cells are derived 
from a tissue or organ other than the augmentation or replacement target. 
Cell quality standards have been extensively reviewed and defi ned. Major 
objectives are controlling introduction of infectious agents and preventing 
contamination during neo - organ manufacturing. Contamination concerns 
include cross - contamination between patients and environmental contamina-
tion from the facility and equipment. Infectious agents may come into produc-
tion with the cell source or be exogenously introduced via materials that come 
in contact with neo - organ materials during production (e.g., bovine - derived 
material). 

 TABLE 35.3    Preclinical data collection prior to clinical study initiation 

      In vitro    In vivo  

  Raw materials supply 
     Cells a   +  ±
     Scaffold    +  ±
  Manufacturing process controls: In - process and potency  
     Cellular processing a   +  −
     Biomaterial processing    +  −
     Final combination product a   +    +  

  Preclinical development studies 
     Safety and effi cacy    +    +  
     Endpoint selection    +    +  
     Translation into clinical design ±   +  

a Products comprised of scaffold material and biologically active substances (e.g., pharmaceutical 
agents) do not require evaluation of cellular components.   
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 TABLE 35.4    Regulatory considerations for the development of a neo - organ 
product

      Description    Impact  

  Manipulation of 
cells

  For structural and nonstructural 
tissues, manipulation is minimal if 
it involves centrifugation, 
separation, cutting, grinding and 
shaping, sterilization, lyophilizing, 
or freezing (e.g., cells are removed 
and reintroduced in a single 
procedure). 

 Manipulation is not minimal if cells 
are expanded during culture or 
growth factors are used to activate 
cells to divide or differentiate. 

 Defi ned in 21 CFR 1271.3(f); see also 
 [27] .  

  More extensive 
regulatory
requirements applied 
to neo - organ 
products when 
cellular manipulation 
is more than minimal.  

  Cell source and 
application

  Homologous use is interpreted as the 
augmentation tissue using cells of 
the same cellular origin. Examples 
include applying bone cells to 
skeletal defects and using acellular 
dermis as a urethral sling. 

 Nonhomologous use examples 
include using cartilage to treat 
bladder incontinence or 
hematopoietic cells to treat cardiac 
defects. 

 Defi ned in 21 CFR 1271.3(c); see 
also  [27] .  

  Nonhomologous use 
triggers additional 
requirements for 
entering clinical trials 
 [28] .  

  Scaffold 
characterization

  Final scaffold composition and design 
determine whether the neo - organ 
product is characterized as a 
device, a biologic, or a combination 
product. 

 Defi ned in Quality Systems 
Regulations (QSRs) in 21 CFR 820 
 [22] ; see also  [29] .  

  Devices are held to the 
QSRs in 21 CFR 820 
 [22] , biologics are 
required to comply 
with good 
manufacturing
processes (GMPs) 
 [29]  and combination 
products are often 
required to comply 
with both sets of 
regulations and 
guidelines.  
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 Neo - organs designed to regenerate an entire organ must contain a suffi cient 
number of viable cells of the proper type(s) at the time of implantation to 
support and/or promote de novo growth of multiple tissue layers resulting in 
the development of a functional, persistent organ. Therefore a cell source must 
exist that can expand to the required numbers in vitro or in vivo. Scientifi c 
efforts are focused on establishing cellular sources (e.g., stem cell and progeni-
tor cells) that can be expanded and guided to differentiate into the required 
cell type. Following implantation, these cells must retain functional and struc-
tural consistency with the tissue and organ being replaced. Each manipulation 
along a differentiation process carries a potential safety risk. The total number 
of manipulations required to align cell source and tissue target must be deter-
mined. Also assessments to determine persistence of differentiated phenotype 
and function must be defi ned and tested in preclinical studies. 

 Many stem cells can be expanded and guided along a differentiation 
pathway to achieve a terminal functional state. Preclinical development of 
stem cells for neo - organ products must also demonstrate that the selected 
cellular raw material can safely restore original tissue structure and function 
(Table  35.5 ). Additionally, because stem cells have been manipulated into a 
new phenotype and incorporated into a neo - organ, preclinical studies must 
determine that safe maturation of a multilayered tissue occurs ex vivo or in 
vivo, depending on the product ’ s primary mode of action. Finally, the safety 
of augmentation or regeneration processes must be assessed along with deter-
mining whether the implanted cells persist in their new (or fi nal) phenotype 
and/or remain localized to the target organ site for the duration of the organ ’ s 
life expectancy.   

 Differentiation stability and phenotype/localization persistence must also 
be determined for cells obtained from heterologous sources such as umbilical 
cord tissue and blood (UCB)  [17]  or adipose tissue (AT)  [18] . Endothelial 
progenitor cells are isolated with UCBs from the blood component, adipose 
tissues and Wharton ’ s jelly - derived myofi broblasts from tissue biopsies  [18]  
contain cells capable of becoming multiple cell lines: adipogenic, osteogenic, 
chondrogenic, and myogenic  [18] . When using these or similar heterologous 

 TABLE 35.5    Cell source and potential safety risk 

  Source    Ex vivo Manipulation    Potency    Safety Risks a

  Embryonic stem cell    Extensive    Pluripotent    +++  
  Bone marrow    High    Multipotent    ++  
  Umbilical cord    High    Multipotent    ++  
  Adipose tissue    High    Multipotent    ++  
  Adult tissue progenitor    Minimal to moderate    Unipotent    +  

Note :   + to +++   =   progressively increasing levels of risk.  
a Safety risks estimation is proposed and based on (1) biological controls for cellular stability, 
immunogenicity, tissue growth differentiation (i.e., risk of dysplasia or neoplasia), and (2) extent 
of ex vivo manipulation required to produce a neo - organ product.   
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cell sources, the preclinical program must evaluate purity, homogeneity, and 
the potentials for dysplasia, metaplasia, and neoplasia. However, one benefi t 
of using adult stem cells from bone marrow (BM) or AT is the cells ’  ability to 
express growth factors and drive angiogenesis. This benefi t must be weighed 
against the potential for the emergence of an undefi ned functional fate and 
possible cell expansion limits imposed by the need to maintain required phe-
notype characteristics, lineage compositions, and/or immunological behavior 
 [19] . 

 Within cell lineage differentiation pathways, the inherent potency of the 
starting material may be restricted based on original source. Bone marrow 
derived cells have the ability to differentiate into eosinophils, erythrocytes, 
megakaryocytes, osteoclasts, and lymphoid cells  [20] . However, these hemato-
poietic lineages have limited potential to become a distinct tissue such as 
liver. Mesenchymal stem cells, on the other hand, can differentiate into a 
broader array of distinct tissues such osteocytes, chondrocytes, adipocytes, 
myocytes, and bone marrow stromal cells  [20] . This plurality of outcomes 
requires identifi cation of circumstances under which an aberrant outcome is 
manifested. 

 Regardless of cell source, the preclinical program demonstrates that the 
chosen raw cellular materials are capable of regenerating into a functional new 
organ. The cellular component must also be shown to function in accordance 
with the requirements of the native tissues and organ being replaced or aug-
mented. Committed adult progenitor cells obtained from the same tissue being 
replaced (homologous tissue source) represent the lowest tier of safety concern, 
especially when they are returned to their original location to recapitulate 
homologous organ function. 

 Currently there is scientifi c interest around manipulating less differentiated 
cellular material (e.g., embryonic stem cells) to become differentiated and 
functional cells that may form tissues and, ultimately, functioning organs. The 
greater the pluripotency of the starting cell population, the higher the poten-
tial for becoming a different cell type (dysplasia) and/or exhibiting uncon-
trolled growth (neoplasia). Neo - organ products using less differentiated cells 
or cells from an allogenic source carry potential risks of immune response, 
rejection, and/or altered homestatic controls, including neoplasia. Any of these 
responses can lead to abnormal cellular and tissue growth. Driving undiffer-
entiated cells to a steady state by ex vivo manipulation during the manufacture 
of neo - organs can introduce high concentrations of growth factors or involve 
manipulation techniques whose effects may persist postimplantation. Potential 
consequences of these ex vivo manipulation techniques include unresponsive 
or overresponsive   cell growth, altered differentiation, and abnormal tissue 
growth, organic structure, and function. 

 Preclinical development programs are required to establish modeling 
systems that adequately evaluate and/or detect potential risks associated 
with cellular differentiation, tissue growth, and organogenesis — all necessary 
components of a neo - organ regenerative process. Suffi cient control studies are 
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needed to evaluate in vivo proliferation and differentiation of a neo - organ ’ s 
cellular components. Additionally tests must be designed to distinguish normal 
differentiation and growth from adverse and uncontrolled tissue growth pat-
terns. Moreover, if a patient receiving a neo - organ product requires medica-
tion with immunocompromising drugs, the neo - organ ’ s capacity to integrate 
with native tissue could be affected. As such, postimplantation studies under 
a variety of co - therapeutic conditions may need to be incorporated into the 
preclinical development strategy. 

 The goal of these studies would be to demonstrate postimplantation neo -
 organ function and maintenance of the desired cellular differentiation and 
phenotypic state. Cellular components of neo - organ products may have the 
potential to undergo excessive proliferation (risk of hyperplasia), altered cel-
lular differentiation (risk of dystrophy), or respond abnormally to homeostatic 
control of tissue growth (risk of dysplasia). Certain categories of risks that a 
preclinical program must evaluate can be predicted by the combination of cell 
source and target location. Table  35.6  illustrates this principle and lists some 
of the assays that should be incorporated into preclinical evaluation of neo -
 organ products depending on which combination applies. In all cases preclini-
cal programs should be designed to provide evidence that the implanted 
neo - organ product produces stable organic function and proper therapeutic 
outcome by integrating into the body ’ s systems and maintaining life.   

 For neo - organ product development, simply demonstrating that the cellular 
constituent is stable is insuffi cient. Cellular components of neo - organ products 
are expected to follow normal cell cycle and differentiation pathways. They 
are also expected to become part of a functioning tissue. Furthermore the 
neo - organ product is expected to develop into a life - sustaining organ. Achiev-
ing this ultimate level of de novo tissue regeneration and organ function gen-
erally requires the use of a structural component that forms a scaffold or 
temporary biocompatible frame upon which cellular components can achieve 
the desired integration and maturation. Testing of the scaffold or device com-
ponents used in neo - organ products is well - established from a long history of 
traditional device product development.  

Scaffold   When cells are placed onto a scaffold, scientifi c and regulatory 
considerations focus on ensuring that both the raw materials comprising 
the scaffold and its three - dimensional characteristics are biocompatible  [21] . 
Biocompatibility testing involves evaluation of the scaffold ’ s potential 
cytotoxicity at several levels. The fi rst level is biocompatibility with cells 
placed onto the scaffold. The second level is potential toxicity to the recipient ’ s 
tissues postimplantation. The third level is the consequences of a patient ’ s 
immune and infl ammatory responses to the neo - organ product following 
implantation. Biocompatibility must continue throughout the in vivo regen-
eration process; therefore biocompatibility testing should parallel preclinical 
evaluation of the scaffold ’ s biomechanical properties during new tissue or 
organ growth. 
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 Synthetic, natural or semi - synthetic composite materials are readily avail-
able from various commercial sources, but the quality control of a material 
varies substantially between medical and research grades. Many aspects of 
device testing have been outlined in 21 CFR 820  [22] ; however, during the 
preclinical phase of testing the most relevant of these guidelines are biomate-
rial composition, process validation, and design controls. 

 Typically the design input phase is a continuum beginning with feasibility 
and formal input requirements and ending with early physical design activities. 
Engineering input on fi nal prototype specifi cations follows the initial design 
input phase and establishes the design reviews and qualifi cation. For a combi-
nation neo - organ product, defi ning quality for the chemical polymer (e.g., 
polyglycolic acid or PGA) or natural material (e.g., collagen), including any 
residues introduced during machine processing (e.g., mineral oil), can require 
quality systems regulations (QSR) integration into a product that would 
otherwise be regulated as a biologic. Since most neo - organ products are com-
bination products, testing of scaffold, cells, and the cell - seeded scaffold (i.e., 
construct) are required to ensure that in exploratory clinical trials, the product 
is sterile, potent, fi t for use, and composed of the appropriate raw materials to 
function properly following in vivo placement. 

 Scaffolds can be made from natural or synthetic materials. Such materials 
fall under the category of biomaterials. A biomaterial can be considered a 
single element or compound, which is a composite or mixture of elements, and 
is synthesized or derived to be used in the body to preserve, restore, or 
augment the structure or function of the body. Examples of natural materials 
for scaffold construction are: extracellular matrix, collagen, fi brin, and poly-
saccharides (e.g., chitosan or glycosaminoglycans). Natural materials, unless 
they are obtained from the patient who receives the neo - organ implant, will 
cause an immunogenic response. This is not always the case with synthetic 
materials. 

 Commonly used synthetic materials include polylactic acid (PLA), polyg-
lycolic acid (PGA), polycaprolactone (PCL), and poly(lactic - co - glycolic acid) 
(PLGA). PLGA copolymer has been approved for use by the FDA in a 
number of surgical products and is commonly used by the biomedical industry. 
Two benefi ts of PLGA are its biodegradability and biocompatibity. Biodegrad-
ability is important because it allows the scaffold to be absorbed by the sur-
rounding tissues without surgical removal (e.g., PGA undergoes spontaneous 
hydrolysis in body tissues). Biocompatibility is important as it supports the 
appropriate cellular activity and facilitates molecular and mechanical signaling 
systems. These characteristics help optimize tissue regeneration without elicit-
ing undesirable cellular effects or inducing undesirable local or systemic 
responses in the host tissue following implantation. 

 For newly developed, as yet unapproved, novel biomaterial scaffolds, 
the regulatory preclinical guidelines developed for device materials evaluation 
are particularly useful in guiding the pre - clinical program of a neo - organ 
product. In general, the following preclinical tests should be included for 
such scaffold materials: acute, subchronic, and chronic toxicity; irritation to 
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skin, eyes, and mucosal surfaces; sensitization; hemocompatibility; genotoxic-
ity; carcinogenicity; and the materials ’  effect on reproduction and embryonic 
development. Last, target organ toxicity evaluations, such as neurotoxicity 
and/or immunotoxicity assays, may be necessary as part of the preclinical 
development. For listings of evaluation tests to consider, see Tables  35.7  and 
 35.8 .

 Collectively these guidelines serve as points to consider for preclinical 
development program of any neo - organ composed of a biocompatible bioma-
terial - based scaffold. The ultimate focus of biomaterial and scaffold testing is 
to evaluate its in vivo behavior following implantation. Characterizing the 
degradation profi le ensures that the scaffold ’ s supportive properties are main-
tained long enough to allow the regenerating tissue to acquire functional and 
structural integrity. Defi ning scaffold breakdown products identifi es biochemi-
cal factors that may impact reparative, infl ammatory, immunologic, and regen-
erative processes following product implantation. Measuring biomechanical 
properties such as stress – strain relationships and other characteristics ensures 
that the scaffold portion of the combination product will perform properly 
after implantation into the body.   

  35.6.3 Final Neo -Organ Product Testing 

Model System Selection   Safety and function evaluation of a neo - organ 
product is conducted in animals, and these fi ndings are foundational to the 
design of the fi rst clinical trial protocol. Translational studies are the basis for 
safely transitioning a potential neo - organ product into clinical testing. Since 
the neo - organ and its components can invoke multiple homeostatic (e.g., meta-
bolic), defense (e.g., immune), and healing (e.g., infl ammation) pathways, 
animal studies provide an approach to understand the inherent function of the 
neo - organ product. 

 Preclinical studies can be conducted in large (e.g., dog, goat, pig) or small 
(e.g., rat, mouse) animal models for the purpose of translating safety and func-
tion to the clinical trial design. Selection of the correct animal model should 
be based on clinical endpoint similarities between the animal model ’ s patho-
physiological, physiological, and structural characteristics and those observed 
in the clinical indication. Exploratory clinical trials for most medical products 
utilize normal human volunteers as the fi rst line of clinical testing. However, 
some neo - organ products cannot be tested outside of the intended clinical 
population. As such, the animal model employed in translational medicine 
should resemble the human condition as closely as possible — immune status, 
infl ammatory response, and healing pathways. Medical treatment approaches 
used to treat the human condition (e.g., surgical procedure) and monitoring 
methods to follow a clinical benefi t or risk (e.g., imaging) should also be 
mimicked as closely as possible in the animal model. 

 Surgical aspects of implanting the neo - organ product may enter into the 
preclinical development paradigm. If new surgical procedures are required, or 
the new technology uses approved products in an off - label manner, an assess-
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 TABLE 35.7     Initial evaluation tests for consideration 

  Device Categories    Biological Effect  

  Body Contact (see 4.1)  

  Contact 
Duration

A   Limited (24   h)
B   Prolonged 

(24   h to 30 days) 
C   Permanent 

( > 30 days)    C
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  Surface devices    Skin    A     ×      ×      ×      —      —      —      —      —   
  B     ×      ×      ×      —      —      —      —      —   
  C     ×      ×      ×      —      —      —      —      —   

  Mucosal 
membrane  

  A     ×      ×      ×      —      —      —      —      —   
  B     ×      ×      ×     0    0     —     0     —   
  C     ×      ×      ×     0     ×      ×     0     —   

  Breached or 
compromised 
surfaces  

  A     ×      ×      ×     0     —      —      —      —   
  B     ×      ×      ×     0    0     —     0     —   
  C     ×      ×      ×     0     ×      ×     0     —   

  External 
communicating 
devices  

  Blood path, 
indirect  

  A     ×      ×      ×      ×      —      —      —      ×   
  B     ×      ×      ×      ×     0     —      —      ×   
  C     ×      ×     0     ×      ×      ×     0     ×   

  Tissue/bone dentin 
communicating 
+  

  A     ×      ×      ×     0     —      —      —      —   
  B     ×      ×     0    0    0     ×      ×      —   
  C     ×      ×     0    0    0     ×      ×      —   

  Circulating blood    A     ×      ×      ×      ×      —     0     —      ×   
  B     ×      ×      ×      ×     0     ×     0     ×   
  C     ×      ×      ×      ×      ×      ×     0     ×   

  Implant devices    Tissue bone    A     ×      ×      ×     0     —      —      —      —   
  B     ×      ×     0    0    0     ×      ×      —   
  C     ×      ×     0    0    0     ×      ×      —   

  Blood    A     ×      ×      ×      ×      —      —      ×      ×   
  B     ×      ×      ×      ×     0     ×      ×      ×   
  C     ×      ×      ×      ×      ×      ×      ×      ×   

    Source :   Reproduced from  [22] .  
   Note :   X   =   ISO evaluation tests for consideration; 0   =   additional tests which may be applicable; note   +  
 tissue includes tissue fl uids and subcutaneous spaces; note  ∧  for all devices used extracorporeal 
circuits.   
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 TABLE 35.8     Supplementary evaluation tests for consideration 

  Device Categories    Biological Effect  

  Body Contact (see 4.1)  

  Contact duration 
A   Limited 

( − 24   h)
B   Prolonged 

(24   h to 30 days)
C   Permanent 

( > 30 days)    C
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  Surface devices    Skin    A     —      —      —      —      —      —      —      —   
  B     —      —      —      —      —      —      —      —   
  C     —      —      —      —      —      —      —      —   

  Mucosal 
membrane  

  A     —      —      —      —      —      —      —      —   
  B     —      —      —      —      —      —      —      —   
  C    0     —      —      —      —      —      —      —   

  Breached or 
compromised 
surfaces  

  A     —      —      —      —      —      —      —      —   
  B     —      —      —      —      —      —      —      —   
  C    0     —      —      —      —      —      —      —   

  External 
communicating 
devices  

  Blood path, 
indirect  

  A     —      —      —      —      —      —      —      —   
  B     —      —      —      —      —      —      —      —   
  C     ×      ×      —      —      —      —      —      —   

  Tissue/bone 
dentin 
communicating  

  A     —      —      —      —      —      —      —      —   
  B     —      —      —      —      —      —      —      —   
  C    0     ×      —      —      —      —      —      —   

  Circulating blood    A     —      —      —      —      —      —      —      —   
  B     —      —      —      —      —      —      —      —   
  C     ×      ×      —      —      —      —      —      —   

  Implant devices    Tissue bone    A     —      —      —      —      —      —      —      —   
  B     —      —      —      —      —      —      —      —   
  C     ×      ×      —      —      —      —      —      —   

  Blood    A     —      —      —      —      —      —      —      —   
  B     —      —      —      —      —      —      —      —   
  C     ×      ×      —      —      —      —      —      —   

    Source :   Reproduced from  [22] .   

ment of new safety risks may be needed that are not directly related to the 
product itself. The number of possible new approaches or new applications of 
current surgical products is suffi ciently large that each needs to be considered 
on a case - by - case basis in close collaboration with the FDA or regulatory 
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agency responsible for ensuring safety. Such considerations are beyond the 
scope of this chapter. 

 The biological activity of a neo - organ product may preclude the use of 
commonly used animal models for safety testing (e.g., rats and dogs). Safety 
evaluation programs should include the use of species relevant to both safety 
testing and providing proof - of - concept evaluation of the neo - organ ’ s ability 
to function and sustain homeostasis. A relevant species is one in which the test 
product is biologically active in regenerating or replacing the native organ. 

 Safety evaluation programs have historically used two relevant species. 
However, in certain cases one relevant species may suffi ce when biological 
activity (e.g., organ function) or technical feasibility (e.g., surgical implanta-
tion) considerations render the use of another species irrelevant. Even under 
circumstances where two species may be necessary for short - term toxicity 
studies, it may be possible to justify using only one species to evaluate durabil-
ity, growth potential, and full regenerative outcome in subsequent long - term 
toxicity studies. Long - term studies may need to extend for months or even 
years to demonstrate that the neo - organ can function in a safe and appropriate 
manner. 

 For neo - organ products, safety studies in nonrelevant species may actually 
provide misleading results. Lower order species have a greater potential for 
regeneration, allowing a product to appear to have more regenerative capacity 
than would be manifested in humans. New developments in animal models of 
human diseases may bring these advanced technologies to greater use in study-
ing the replacement and augmentation of diseased organs (e.g., transgenic 
animal models refl ecting human disease pathogenesis). These models may 
provide further insight, not only in determining the mechanism of regenera-
tion but also in safety evaluation (e.g., evaluation of undesirable promotion of 
disease progression). Scientifi c justifi cation for safety evaluations using these 
animal models of human disease should be provided. 

 Since a neo - organ must function at the moment of implantation, animal 
studies provide an understanding of how to evaluate initial body responses as 
well as longer term outcomes refl ecting the desired benefi t — an augmented or 
replaced tissue or organ. Since most neo - organs remain with the patient for a 
lifetime following surgical implantation, translational study duration should 
extend to a time when fi nal clinical outcome is achieved. Considerable thought 
should be given to the duration of preclinical studies. Since the implications 
of these therapies relates to patient longevity, the duration of these studies 
may extend from months to years. Nonetheless, the fi nal outcome is frequently 
achieved in a shorter time period of time, so the potential to conduct shorter 
duration studies based on fi nal patient outcome may present a rational solu-
tion to testing clinical utility in the shortest possible time while ensuring a high 
outcome benefi t – risk ratio.  

Endpoint Selection   As with other medical products, preclinical develop-
ment can be conducted using selected toxicological endpoints (e.g., in - life, 
serum chemistry, hematological, urinalysis, and target and sentinel organ his-
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tological evaluation) based on the target organ being replaced or augmented. 
Final organ function will infl uence the appropriate endpoints to monitor 
during in - life and postmortem analysis. Neo - organ safety evaluation would 
also focus on the mechanism of product function, extent of neo - organ integra-
tion into the body, neo - organ structure – function relationships, appropriate 
cellular, local and target tissue, and systems biology aspects. 

 In - life observations, serum chemistry, hematology, urinalysis, and body 
weight gain coupled with imaging and other clinically relevant procedures 
can be used to monitor the progression of neo - organ incorporation into the 
body and assumption of a functional role in homeostasis. Abnormal tissues, 
areas of adhesion, and any macroscopically or functionally abnormal tissues 
should be collected and evaluated postmortem. Histopathological evaluation 
of target organ tissues, potential target organs, and peripheral tissues should 
be evaluated postmortem to evaluate adverse effects and document the 
neo - organ ’ s function(s). Immunohistochemical evaluation may also be con-
ducted to demonstrate cell phenotype, tissue morphogenesis, and neo - organ 
characteristics. 

 Cellular analysis will depend on cell source, with higher risk cell sources 
requiring more extensive in vitro, in vivo, and ex vivo analysis. Genetic stability 
and cell phenotypic analysis are also focus areas in preclinical studies, since 
they provide evidence of appropriate regeneration and function of the cellular 
component in the neo - organ product. 

 Understanding which endpoints are available and appropriate for fi rst clini-
cal trials is achieved through translation of preclinical development study 
results. Standards are provided for the proper safety evaluation of neo - organ 
products whether they are regulated as a device  [23]  or a biological product 
 [24,25] . Although the optimal testing strategy will typically be product specifi c 
 [23] , some basic guidelines for testing device - like neo - organ products can 
be found in the ISO10993 - 1 guidance document  [26] . These guidelines also 
provide insight into possible testing strategies to evaluate the fi nal product 
after all components are combined (Table  35.9 ).   

 Final neo - organ products that are cell based or neo - organs in which the 
primary mode of action is mediated through cellular constituents of a scaffold -
 cell combination product require an assortment of studies. Scaffold and cellu-
lar components are evaluated through appropriate endpoint selection. 
Endpoints selected should have direct translation to the clinical testing phase, 

 TABLE 35.9    Test categories described in ISO10993 - 1 
(USP 71) 

  In vitro Assays    In vivo Assays 

  Cytotoxicity    Irritation  
  Pyrogenicity    Sensitization  
  Hemocompatability    Acute systemic toxicity 
  Genotoxicity/genetic tests    Subchronic toxicity 

  Local tolerance 
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emphasizing the importance of having matching endpoints for both clinical 
and laboratory situations.  

Experimental Design   Experimental design for both in vitro and in vivo 
translational studies is infl uenced by the endpoints that will be evaluated in 
clinical studies. The experimental design should also recognize that new end-
points may need to be evaluated in clinical trials. An example of a preclinical 
development program for a combined cell - based neo - organ product is pre-
sented in Table  35.10 .   

 Specifi c testing approaches are not absolutely defi ned. However, testing 
approaches and their scope for a specifi c neo - organ product can often be 
predicted by comparison with development strategies used for related com-
ponent technology platforms. As more combination products are approved for 
clinical use, the choice of related technology platforms for comparison will 
broaden. 

 Transitioning a neo - organ product from preclinical development to a sci-
entifi cally based clinical evaluation involves several steps. First to be demon-
strated is the ability of the neo - organ to invoke a bodily response that has 
therapeutic benefi t. Second, a controlled and reproducible manufacturing 
process must be in place. Finally, the safety of each component and the fi nal 
product (a safe and functioning neo - organ) must be demonstrated. This transi-
tion to clinical evaluation is typically the fi rst point of regulatory authority and 
governance body interactions, and an area where there are established proce-
dural approaches and controls to review and clarify the experimental design 
of preclinical studies.    

35.7 TRANSITION TO CLINICAL TESTING 

35.7.1 Defi ning and Testing a Prototype 

 Prior to initiating a clinical testing program, a neo - organ product ’ s specifi c 
characteristics must be defi ned to the point that the product can be repeatedly 
and reproducibly manufactured for in vitro and in vivo testing as defi ned 
above. Product characteristics should be suffi ciently stable to allow for 

 TABLE 35.10    General preclinical development testing paradigms for a cell - based 
neo - organ product 

  Cellular Component    Scaffold    Combination  

  Phenotype characterization    Early stage (acute)    Early stage (acute toxicity) 
  Genetic stability    Late stage (chronic)    Late stage (chronic toxicity) 

  Biocompatability  
  Biomechanical properties 
  Degradation profi le  



data - driven demonstration of their clinical utility. Once a prototype is defi ned, 
its characteristics can be evaluated in a series of tests to defi ne the limits 
of the initial design criteria. Durability testing establishes failure points, 
limits of neo - organ application, and evaluates the achievement of design 
criteria.

 Anticipating the clinical conditions, complications, and untoward events 
that may arise during clinical testing also establishes a prototype product ’ s 
potential for clinical utility. A neo - organ product is seldom introduced as a 
fi nal functioning organ, since even highly engineered neo - organ products 
require scaffold degradation, neo - vascularization, tissue integration, and func-
tional maturation stages to be complete prior to healing. Therefore character-
ization of pharmacological responsiveness and electrophysiological parameters, 
along with determining phenotypic and structural features of the emerging 
neo - tissue and/or neo - organ following implantation, are key data for support-
ing claims about the product ’ s ultimate clinical benefi t. 

 Human testing of specifi c design elements of a fi nal neo - organ prototype is 
the culmination of a series of biological, physical, and chemical evaluations 
obtained during the preclinical prototyping phase. As defi ned above, these 
evaluations span sourcing and control of raw materials, assembly processes 
(i.e., in - process testing), and release criteria. Additionally the product ’ s shelf 
life, shipping conditions (temperature, humidity, nutrients, etc.), stability, steril-
ity, and method of use are established in the preclinical testing phase. Transla-
tional studies provide anticipated protocols for unique surgical procedures, 
recovery times, and clinical management practices during and after implanta-
tion once a fi nal prototype product with the fully embodied characteristics is 
available.

 Using previously tested technology platforms can accelerate neo - organ 
product entry into clinical testing. Leveraging prior approval of scaffold 
materials, cell processing methods, culture media components, or transport 
containers can greatly reduce the number of variables that need to be tested 
in product prototyping and preclinical testing phases. Additionally availability 
of historical data for employed technologies can assist in the development of 
fi nal prototype testing strategies and early clinical trial designs.  

  35.7.2 Production of Neo -Organs for Preclinical Testing 

 Production process defi nition for neo - organ products in the preclinical testing 
stage of development takes on increasing importance relative to traditional 
noncombination devices, drugs, and biologics. Clearly, established product 
characteristics, standard operating procedures, and the use of clinical - grade 
production in late - stage preclinical testing can accelerate the deployment of 
a facility to manufacture fi nal preclinical prototype products and extend to the 
manufacture of GMP - grade products for initial human trials. Neo - organ tech-
nologies can vary substantially, but small GMP facilities can meet neo - organ 
production needs for both late - stage preclinical testing and early clinical trials 
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for some products. Facility design considerations are outside of the scope of 
this chapter, but a GMP - qualifi ed facility that can provide the required clean 
room processing, shipping and receiving procedures, and HVAC systems for 
airfl ow maintenance should be identifi ed as part of the preclinical develop-
ment phase of neo - organ product - development strategies. 

 Production of a neo - organ product for preclinical testing can be regulated 
by a number of different guidelines depending on the combination product 
composition (Table  35.11 ). Good tissue practices and good manufacturing 
practices established in the preclinical testing phase may go through an IND/ 
BLA under 21 CFR 312/601 or IDE/PMA 21 CFR 812/814. Preclinical testing 
programs using the fi nal neo - organ product or process may require that the 
test product be manufactured in a manner consistent with the conditions 
required for making the human neo - organ.   

 When designing the preclinical testing program for a neo - organ product, 
consideration is given to not only the clinical testing phase but also the bio-
processing activities required to manufacture a neo - organ product. Testing of 
any neo - organ product requires defi ning the bioprocess approach that will be 
used in early clinical testing. Without this planning, bioprocesses used in the 
preclinical testing may be dissimilar to those used in the clinical trials. Differ-
ences in the process may impact fi nal neo - organ product characteristics to such 
a degree that release and in - process testing results established in the preclini-
cal stage of development no longer apply to the product being tested in the 
clinical trials. Such an outcome may render the preclinical test results invalid 
or inappropriate for the product intended for clinical testing.   

35.8 BRINGING NEO -ORGAN PLATFORMS TO CLINICAL TESTING 

 As discussed above, technology platforms that intend to recapitulate a tissue 
(e.g., skeletal muscle, bone, cardiac muscle) or an organ may address a range 
of unmet medical needs from simple cosmetic defects (tissue - focused tech-
nologies) to life - threatening maladies (organ and organ system replacement). 
Bringing a neo - organ technology to clinical testing may rest on the scope of 

 TABLE 35.11    Regulated practices for consideration 
when taking a neo - organ to clinical testing 

      Regulation  

  Good tissue practices    21 CFR 1271  
  Good manufacturing practices    21 CFR 210 and 211 
  Good laboratory practices    21 CFR 58  
  Good clinical practices    21 CFR 50  
  Quality systems regulations   21 CFR 820 a

a Replaced cGMPs for neo - organ products regulated as devices.   



unmet medical need and availability of alternative therapies. The array of 
available alternative therapies infl uences the early testing strategy of a par-
ticular product by determining comparable products to be evaluated, selection 
of animal models, appropriate endpoints, and amount of preclinical informa-
tion needed to enter into clinical testing. Ultimately the risk – benefi t analysis 
between safety and functionality of the prototype product and other available 
products has a direct infl uence on the ability to test the product in human 
trials. 

 Tissue - focused technologies, such as bone and tendon repair, may move 
through preclinical development into clinical trials via routes that have been 
established by previous successes (e.g., Depuy ’ s Restore ® ). If animal models 
and alternative therapeutic approaches are established, comparing the benefi t 
of a proposed product to an existing therapy may be an one approach to 
potential clinical testing. Ultimately comparing the benefi t of a complex tissue 
or neo - organ versus the  “ gold standard ”  commercial product or surgical 
therapy is the foundational rationale for evaluating potential human use. 

 Neo - organ technologies offer the promise of offsetting the worldwide organ 
shortage. Despite this great promise the pathway to clinical testing for a 
product that replaces an entire organ is the least clearly defi ned. Although 
defi nitive clinical benefi t, discernable endpoints, established animal models, 
and delivery mechanisms may exist, the procedures for  “ connecting ”  the neo -
 organ product to other parts of the body pose substantial development hurdles 
and require extensive preclinical testing programs. 

 The complexity of whole organ replacement by neo - organ products spans 
defi ning what is actually being replaced through defi ning what ancillary prod-
ucts may be needed if all organ functions are not recapitulated by the neo -
 organ product. Traditional therapeutic approaches have generally focused on 
one pathway or target (e.g., pharmaceutical) or possibly two therapeutic bene-
fi ts such as structural and functional restoration (e.g., cartilage repair products). 
However, products that replace an entire organ (e.g., kidney) or body part 
(e.g., limbs) will need to consider broad functional testing of both exocrine/
excretory, metabolic, structural, and endocrine functions before clinical testing 
can be considered. 

 The transition to clinical testing of more complex neo - organ products will 
have commensurate preclinical testing requirements to demonstrate not only 
the functionality of each component being replaced or augmented but also the 
biological responsiveness of the integrated organ to native homeostatic mech-
anisms (e.g., integration with blood pressure or glucose control). Matters such 
as building percutaneous conduits and controlling skin infections and/or bio-
fi lms may be substantial development hurdles for the use of products outside 
the body. For products intended for use inside the body, clinical testing may 
hinge on fi nding solutions for vascular connections, waste product release 
pathways (e.g., urinary tract and GI), and clinical monitoring of neo - organ 
development. Similarly the length of time it takes to achieve clinical outcome 
may need to be determined before clinical testing can be considered. 

BRINGING NEO-ORGAN PLATFORMS TO CLINICAL TESTING 823



824 TISSUE ENGINEERED PRODUCTS: PRECLINICAL DEVELOPMENT OF NEO-ORGANS

 Biosensors and integration of biosensors with neo - organ products are 
becoming a reality. Moving into clinical testing with these products requires 
defi nition of  “ recovery pathways ”  in the event of product failure. Adjunct 
therapies to be applied concurrently with neo - product use if all organ func-
tions are not replaced with the neo - organ itself need to be defi ned. An under-
standing of neo - organ durability/longevity and replacement methods in the 
event that the neo - organ  “ wears out ”  needs to be developed. Finally, develop-
ing an understanding of product failure frequency and rate is important for 
proper clinical management. 

 Despite these hurdles, the lure of replacing an entire organ is considerable. 
The benefi t to society of replacing a kidney or pancreas would be unimagina-
ble. As technologies for in vitro organ growth advance and regenerative tem-
plates for entire organs are pioneered (e.g., through such technologies as organ 
printing), the potential to replace, regenerate, repair, and restore entire organ 
systems is being considered. Regenerative medical approaches may yield solu-
tions for devastating human conditions including congenital agenesis, cancer, 
degenerative disorders, and infectious diseases. However, entry into clinical 
testing with such products has not yet been defi ned.  

35.9 CONCLUSIONS

 It is inevitable that, in the future, neo - organ products will represent an impor-
tant class of treatments for patients needing neo - organ   and tissue replace-
ments, especially for many diseases in which available therapeutic options 
offer suboptimal outcomes. These products have the potential to satisfy sig-
nifi cant unmet medical needs with an almost unimaginable benefi t — a cure, 
not just a treatment. Currently regenerative medical products hold out the 
hope that downside risk is limited, since they reduce or even eliminate the 
potential for rejection without the onerous cost and diffi culties associated with 
immunosuppressive therapy. Autologous - homologous products represent the 
best example. These products may offer unmatched risk – benefi t profi les with 
the potential for rapid approval and introduction into the appropriate patient 
populations. Anticipated results include reductions in health care costs and 
substantial patient benefi ts, particularly when there are no medically accept-
able alternatives. 

 The path to clinical entry has been partially paved for some of these break-
throughs, especially those that can emerge from application of established 
development strategies. It is conceivable that neo - organ products can be 
brought to market more rapidly and effi ciently than traditional medical prod-
ucts (e.g., pharmaceuticals) and offer unknown advantages by their customized 
and individually tailored nature. Furthermore logistical advantages occur with 
patient - specifi c neo - organs, so well - defi ned studies (rather than time - consum-
ing and costly large - scale preclinical studies to defi ne unknown risks), smaller 
trial sizes (due to the customized nature of the products), and postregistration 



follow - up (these products, once implanted, become part of the patient) can all 
be considered in the development of this transformational technology.  
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36.1 BACKGROUND FOR GLP REGULATIONS 

 Regulations and guidelines for the conduct of preclinical testing of drugs and 
biologics were introduced by US and other governments to ensure the quality 
and integrity of preclinical data submitted in support of clinical trial applica-
tions (IND, CTA, etc.) and/or marketing approvals (BLA, NDA, MAA, etc.). 
The good laboratory practices (GLP) regulations and guidelines foster mutual 
acceptance of test data in the international community, serve to minimize 
redundant testing, minimize animal use, and maximize protection of human 
health. The purpose of this chapter is to provide guidance on compliance with 
GLP provisions in the conduct of preclinical (nonclinical) laboratory studies 
of biopharmaceuticals. Application of the US promulgated GLP provisions 
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(21 CFR 58) is the primary focus, with more limited reference to global GLP 
regulations and compliance. 

 Within the United States, the Food and Drug Administration (FDA) regu-
lates the conduct of preclinical laboratory studies under part 58, Good Labora-
tory Practice for Nonclinical Laboratory Studies, of title 21 of the Code of 
Federal Regulations (21 CFR 58). The most current version of the GLP regula-
tions may be accessed through the US National Archives and Records Admin-
istration Web site  [1] . A similar but distinct set of GLP regulations is used by 
the US Environmental Protection Agency (EPA) to govern laboratory studies 
of pesticides  [2]  and other toxic chemical substances  [3] . 

 The GLP provisions promulgated by the FDA specifi cally apply to preclini-
cal safety data generated in test systems both in vitro and in vivo. In section 
58.3(d) of the GLP regulations, the FDA defi nes the term nonclinical labora-
tory study as  “ in vivo or in vitro experiments in which test articles are studied 
prospectively in test systems under laboratory conditions to determine their 
safety. ”  Examples include, but are not limited to, physical - chemical testing, 
toxicity studies, mutagenicity studies, tissue residue depletion studies, and ana-
lytical and clinical chemistry testing. Basic exploratory or proof - of - principle 
studies carried out to determine whether a test article has any potential utility 
or to determine physical or chemical characteristics of a test article are excluded 
from the US GLP regulations. However, complete exclusion of many elements 
of GLP preclinical animal studies has become relatively unusual as both indus-
try and the regulatory community recognize the ethical, scientifi c and long -
 term cost saving benefi ts associated with application of GLP provisions. Animal 
use is reduced when study designs are rigorously reviewed. Careful execution 
of studies also minimizes the need to repeat testing, thereby further reducing 
animal use and costs associated with test redundancy. Rigorous documentation 
during study conduct data collection facilitates communication of study results 
in both scientifi c publication and to regulatory agencies. 

 From the FDA perspective it is expected that all preclinical safety studies 
supporting the safety of research or marketing application (IND, CTD, BLA, 
NDA, etc.) will be performed in a manner consistent with GLP provisions and 
that Sponsors justify any nonconformance (21 CFR 312.23(a)(8)(iii)). None-
theless, it is neither a regulatory requirement nor often feasible to conduct all 
preclinical studies within a drug (biologic) development program in 100% 
GLP compliance. The lack (or perceived lack) of an independent quality unit 
in small companies or academic organizations can prohibit 100% GLP compli-
ance for internally conducted studies. Alternatively, technical resources for 
specialized studies, particularly those where both pharmacological and safety 
testing are combined; limited capacity, particularly for biologics testing; and 
prohibitive costs can impact outsourcing of studies to GLP knowledgeable 
contractors. 

 There are many misconceptions surrounding GLP principles. For example, 
sponsors often believe that the GLP provisions may be applied to the testing 
of samples from clinical studies. However, the introductions to the FDA GLPs 



in 21 CFR part 58 and to the Organization for Economic Cooperation and 
Development (OECD)   Principles of GLP state that applicable studies do not 
include studies utilizing human subjects or clinical studies or fi eld trials in 
animals. The FDA and other regulatory authorities do require a demonstration 
of the quality of test data from clinical studies. However, this is by means of 
compliance with good clinical practice (GCP) and International Conference 
for Harmonization (ICH) provisions as well as conformance with CLIA (Clin-
ical Laboratories Improvement Act). There is also a common but inappropri-
ate use of the term GLP to refer to the quality of test material used in 
preclinical studies. Test material that is not fully GMP compliant should be 
stated as such. The term GLP cannot be used to indicate less than GMP mate-
rial. Other common terminologies used to designate non - GMP material 
include,  “ research grade ”  or  “ pre - GMP ”  material. 1

 Application of GLP principles to testing of biopharmaceuticals, including 
cell therapies and infectious agent vaccines and therapies, can be diffi cult. 
Biological test materials often require special handling and/or less conven-
tional animal models for preclinical safety testing. For example, development 
of vaccines and therapies for counterterrorism applications and for infectious 
diseases such as human immunodefi ciency virus associated with the acquired 
immune defi ciency syndrome (AIDS) is fostering novel vaccines approaches 
and therapies. Handling of the related test materials, and even the test systems, 
can require adherence to defi ned biosafety level (BSL) containment provi-
sions  [4] . Similarly the toxicity testing may require conduct in species other 
than rodents and dogs, which have been the conventional models for pharma-
ceuticals. As a consequence test facility options for biological materials are 
relatively limited when compared to that available for drug compounds. To 
accommodate the required studies, sponsors are often faced with either long 
wait times at test facilities, building GLP compliance capacity within their own 
organizations, bringing necessary scientifi c, permitting, and general biologic 
expertise to conventional test facilities, and/or educating university and smaller 
private laboratories on GLP provisions. In all cases it has become increasingly 
important for the sponsor to have a pragmatic understanding of domestic and 
global GLP provisions in order to select the test laboratory (qualifi cation) and 
to ensure that study performance and reported data meet acceptable stan-
dards (monitoring) for both scientifi c validity and regulatory compliance. 

 The chapter aims to (1) provide an overview of US and global GLP regula-
tions and (2) discuss pragmatic application of GLP elements to preclinical 
studies, particularly those where conventional 100% GLP compliance may not 
be feasible.  

1    While one may insert such terms in a study report, and CROs may accept such descriptions, it 
should be noted that the FDA and other regulatory agencies expect that the defi nitive safety 
studies be conducted with test article that is comparable to the product proposed for the initial 
clinical studies. Any differences, compliance (GMP/nonGMP) or other (manufacturing methods, 
product attributes), must be justifi ed within the relevant regulatory submissions (e.g., IND or 
BLA/CTD). 
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36.2 HISTORY AND SCOPE OF GOOD LABORATORY PRACTICE 
(GLP) REGULATIONS 

 The Federal Food Drug and Cosmetics Act (FD & C) Act and Public 
Health Service (PHS) Act (biologics only) require that sponsors of FDA - 
regulated products submit   evidence of their product ’ s safety and effi cacy 
in research (IND, IDE) and/or marketing applications (BLA, NDA, PMA). 
These products include human drugs and biological products, and human 
medical devices. FDA uses these data to answer questions regarding the toxic-
ity profi le of the test article, the observed no adverse effect dose level (NOAEL) 
in the test system, the risks associated with clinical studies involving humans 
or animals, the potential teratogenic/reproductive, genotoxic, carcinogenic, 
or other adverse effects of the article, and the level of use that can be 
approved. 

 The GLP regulations (21 CFR 58) were promulgated in the mid - 1970s 
based on inspections of animal laboratories revealing unsuitable industry prac-
tices within studies submitted to the FDA  [5 – 8] . The quality and integrity from 
such studies were not considered adequate to ensure product safety in accord 
with the FD & C Act, PHS Act, and other applicable laws. As a result of these 
fi ndings the FDA promulgated the good laboratory practice (GLP) regula-
tions. The proposed GLP regulations were published in the Federal Register 
of November 1976  [9] . The regulations establish standards for the conduct and 
reporting of animal laboratory studies and are intended to ensure the quality 
and integrity of safety data submitted to FDA. 

 The fi nal rule for GLP regulations was published in the Federal Register 
of December 22, 1978 (43 FR 59986), and it became effective on July 20, 1979 
 [10] . Revisions to the cGLP regulations, to reduce regulatory and paperwork 
burdens, were proposed in the Federal Register of October 29, 1984 (49 FR 
43530), with the fi nal amendment published in the Federal Register of Sep-
tember 4, 1987 (52 FR 33768)  [11,12] . Two ancillary documents published by 
the FDA — Guidance for Industry: Good Laboratory Regulations Manage-
ment Briefi ngs  [13]  and Good Laboratory Practices: Questions and Answers 
 [14]  — provide pragmatic information on application of the GLP regulations 
and the FDA ’ s interpretations thereof. Answers to many common questions 
and conceptions, may be found within these documents. The FDA/ORA Bio-
research Monitoring Information Web page contains numerous US based 
GLP resources  [15] . 

 In May 1981 the member countries for the Organization for Economic 
Cooperation and Development (OECD) approved the OECD Principles of 
Good Laboratory Practice. The GLP Web site of the OECD contains detailed 
reference information and links for global GLP compliance  [16] . Revised 
OECD GLP principles were adopted by the Council   on November 26, 1997. 
The complete OECD GLP regulations are comprised of a series of guidance 
documents with the fi rst document, No. 1 OECD Principles of Good Labora-
tory Practice, providing the overarching guidance for GLP compliance among 



the member countries  [17 – 30] . 2  The OECD GLP provisions are the most com-
monly referenced global standards for GLP compliance. 

 Within the European Union, the European Commission (EC) has codifi ed 
the GLP requirements for medicinal products in the Introduction and General 
Principles chapter of Directive 2003/63/EC  [31] . Within this document it is 
stated that nonclinical (pharmacotoxicological) studies must   be carried out in 
conformity with the provisions related to GLP laid down in Council Directives 
87/18/EEC3  on the harmonization of regulations and administrative provisions 
relating to the application of the principles of GLP and the verifi cation of their 
application for tests in chemical substances; and 88/320/EEC 4  (corrigenda 1, 
2, and 3) on the inspection and verifi cation of GLP  [32,33] . The OECD prin-
ciples have been adopted by the European Union and published, in their 
revised form, in the appendix to Directive 2004/10/EC  [32] . The GLP Web site 
of the EC contains detailed reference information and links for member state 
GLP compliance  [34] . 

 Establishment of global GLP standards as well as mutual recognition agree-
ments permit sharing of data among   regulatory authorities and reduces the 
need for redundant testing by product sponsors. Data generated in an OECD 
member country, in accordance with OECD test guidelines and the Principles 
of Good Laboratory Practice, are accepted by regulatory agencies of other 
OECD member countries. The US FDA has also established specifi c Memo-
randum of Understanding (MOU) for GLP compliance with several European 
and non - European countries. The European Union has concluded Mutual 
Recognition Agreements for GLP provisions within its member states and 
with Israel, Japan, and Switzerland. By means of the Treaty of the European 
Economic Area (EEA) of December 13, 1993, the European Regulations and 
Directives also apply to Iceland, Liechtenstein, and Norway. The Web sites of 
the various national GLP compliance and monitoring bodies may be consulted 
to verify mutual data recognition  [35] .  

36.3 COMMON ELEMENTS OF GLP REGULATIONS 

 Both the OECD and US FDA GLP regulations are intended to establish 
minimal standards for conducting and reporting preclinical laboratory 
studies. Study organization, personnel, control of test and reference materials, 
the test system, data collection, reporting, communication, and storage are all 
covered within the domestic and global GLPs. The required period(s) of 
storage for raw data, documentation, protocols, specimens, and interim and 

2   The OECD member countries are Australia, Austria, Belgium, Canada, the Czech Republic, 
Denmark, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Korea, 
Luxembourg, Mexico, the Netherlands, New Zealand, Norway, Poland, Portugal, the Slovak 
Republic, Spain, Sweden, Switzerland, Turkey, the United Kingdom, and the United States. 
3    Directive 2004/10/EC replaces Directive 87/18/EEC. 
4   Directive 2004/9/EC has replaced Directive 88/320/EEC as of March 11, 2004. 
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fi nal reports is defi ned within the GLP regulations (e.g., 21 CFR 58.190 and 
195). 

 The US FDA GLP regulations (21 CFR 58) are comprised of 11 subparts 
(A – K), beginning with a defi nition of the scope and terminology (subpart A, 
General Provisions), followed by minimal requirements for the following: 

 •   Organization and personnel (subpart B)  
 •   Facilities (subpart C)  
 •   Equipment (subpart D)  
 •   Test facilities operation (subpart E)  
 •   Test and control articles (subpart F)  
 •   Protocol for conduct of a nonclinical laboratory study (subpart G)  
 •   Records and reports (subpart J)    

 The FDA regulations end with a discussion of procedures for Disqualifi cation 
of Test Facilities (subpart K). 

 A critical feature of the GLP regulation is the integral role of an indepen-
dent quality assurance unit (QAU). Per 21 CFR 58.35 the quality assurance 
unit, an entity that is entirely separate and independent of the personnel 
engaged in the direction and conduct of the study, is responsible for monitor-
ing each study to ensure management that the facilities, equipment, personnel, 
methods, practices records, and controls are in conformance with the GLP 
provisions. Specifi c responsibilities include maintenance of a master schedule, 
maintenance of copies of all protocols, inspection of each laboratory study 
with documented communication of any problems to management and the 
study director, submission of periodic status reports on each study to manage-
ment and the study director, determination that no deviations from approved 
protocols or SOPs were made without proper authorization and documenta-
tion, review of the fi nal report to ensure accuracy of the methods and reported 
data, preparation and signature of a statement to be included in the fi nal report 
with the date of inspections and fi ndings reported to management, and main-
tenance of records for review by authorized FDA employees during inspec-
tions. In many cases it is either the lack of internal resources to perform these 
activities or a lack of understanding of the nature of the QAU responsibilities 
that preclude a sponsor from performing GLP regulated studies in - house. 
Moreover the need for integrated quality assurance within all  GLP studies 
primarily precludes even the best planned and documented studies from 
claiming full GLP adherence if the responsibilities are not considered and 
implemented prior to study initiation. 

 Similarly the OECD GLP regulations (GLP Principles No. 1 in the series) 
begin with the defi nition of scope and terminology (section I, Scope and Defi -
nition of Terms), followed by 10 subparts (section II) providing minimal 
requirements for the following: 



 •   Test facility organization and personnel (subpart 1)  
 •   Quality assurance programme (subpart 2)  
 •   Facilities (subpart 3)  
 •   Apparatus, material, and reagents (subpart 4)  
 •   Test systems (subpart 5)  
 •   Test and reference items (subpart 6)  
 •   Standard operating procedures (subpart 7)  
 •   Performance of the study (subpart 8)  
 •   Reporting of study results (subpart 9)  
 •   Storage and retention of records and materials (subpart 10)    

 Additional guidance is found in the remaining series of documents (Nos. 2 – 14) 
of the OECD GLP series, which covers aspects such as management of 
multisite studies  [29]  and responsibilities of the study director  [25]  and the 
sponsor  [27] .  

36.4 GLP REGULATIONS AND COMPLIANCE IN 
THE UNITED STATES 

 The FDA relies on documented adherence to GLP requirements by preclinical 
laboratories in judging the acceptability of safety data submitted in support 
of research and/or marketing permits. The FDA monitors compliance with the 
GLP requirements through a program of regular facility inspections and tar-
geted data audits at private, government, and public laboratories. A precedent 
for the current inspection program was established in December 1976 when 
the FDA began a pilot inspection program of representative testing programs 
to ascertain how well toxicology laboratories (sponsor, contract, and university 
facilities) were adhering to the proposed GLP regulations. The results of 
the inspection program were published in OPE Study 42, Results of the Non-
clinical Toxicology Laboratory Good Laboratory Practices Pilot Compliance 
Program  [36] . 

 Laboratory compliance with GLP requirements is still monitored by the 
FDA through a facility inspection and data audit program according to criteria 
described in chapter 48 of its Compliance Program Guidance Manual  [6] . 
The FDA conducts surveillance and directed inspections. Surveillance inspec-
tions are periodic, routine determinations of a laboratory ’ s compliance 
with GLP regulations. These inspections include a facility inspection and 
audits of on - going and/or recently completed studies. Directed inspections 
are conducted to achieve a specifi c purpose, such as verifying the reliability, 
integrity, and compliance of critical safety studies being reviewed in support 
of pending applications or investigating issues involving potentially unreliable 
safety data and/or violative conditions brought to the FDA ’ s attention. At 
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the end of each inspection the facility is issued an Establishment Inspection 
Report (EIR). Inspectional observations may also be listed on a form FDA -
 483. Findings listed on the 483 represent inspectional observations that have 
not been detected and corrected by the fi rm through its internal procedures 
and are either not considered minor in nature or are more than one - time 
occurrences that may impact on the fi rm ’ s operations, study conduct, or data 
integrity. All fi ndings, regardless of reporting on the 483, are listed on the EIR 
and are discussed with the fi rm ’ s management  [6] . Depending on the nature 
of the fi ndings a warning letter may or may not follow the issuance of the 483. 
A warning letter differs from a 483 in that the warning is issued from the FDA ’ s 
district offi ce after higher level FDA offi cials have concluded that the 483 and 
EIR fi ndings warrant further formal notifi cation to the fi rm where, the FDA 
believes, serious violations exist. In most cases a fi rm will prepare a formal 
reply to FDA within one to two weeks of receiving either a 483 or warning 
letter. The warning letter serves to prompt voluntary corrective action at the 
test facility or fi rm and to establish a history of warning(s) should further 
regulatory action be required at a later date (i.e., injunction or prosecution). 
For reviews of the history and present use of the FDA - 483 as well as the pro-
cedures for fi rms responding to form 483 and warning letters, the reader is 
referred to articles by two former compliance offi cials  [37,38] . Receipt of 
warning letters by GLP laboratories is relatively uncommon, whereas many 
larger and longstanding test laboratories have received a 483s at one time in 
their tenure. 

 The FDA Web site contains a list of the testing facilities that have been 
inspected since October 1, 1989  [39] . The list provides the current name and 
former (if known) names of the testing facility, the dates the facility has been 
inspected, and the classifi cation of the inspection results. Active toxicology 
laboratories, university laboratories, foreign laboratories, and inactive labora-
tories are listed. The list is updated quarterly. The most common outcome of 
inspections include NAI (no action indicated), VAI (voluntary action indi-
cated), and OAI (offi cial action indicated). For inspections with an OAI clas-
sifi cation, regulatory and administrative actions will be recommended. Warning 
letters may or may not be issued with an OAI classifi cation. 

 Results of FDA inspections are available through a variety of sources. 
The offi cial classifi cation of a facility ’ s inspection is reported on the FDA ’ s 
compliance Web site  [39] , which contains the results from current and all 
previous inspections. Alternatively, many contract laboratories are quite 
willing to provide a regulatory inspection history for the past fi ve years and/
or the actual EIRs or 483s with their response letters to FDA upon request. 
Finally, the EIRs may be requested through the Freedom of Information 
Act (FOIA)  [40] . The latter option, while a formal possibility, can be a 
very lengthy process. Unlike the European GLP monitoring programmes, 
the US FDA does not issue certifi cates or other documents of compliance. 
Warning letters are immediately available, upon issuance, on the FDA Web 
site  [41] .  



36.5 GLOBAL GLP REGULATIONS AND COMPLIANCE 

 From a compliance perspective, Directive 2004/9/EC  [33]  lays down the 
obligation of the member states to designate the authorities responsible for 
GLP inspections in their territory. The Directive requires that the OECD 
Revised Guides for Compliance Monitoring Procedures for GLP and the 
OECD Guidance for the Conduct of Test Facility Inspections and Study Audits 
must be followed during laboratory inspections and study audits. Directive 
2004/10/EC  [32]  requires member states to take all measures necessary to 
ensure that laboratories carrying out safety studies on chemical products 
(cosmetics, industrial chemicals, medicinal products, food additives, animal 
feed additives, pesticides) comply with the OECD Principles of Good Labora-
tory Practice. 

 Test facilities within the European Union are required to notify their national 
GLP monitoring authority as soon as they claim to conduct studies in accor-
dance with the OECD GLP principles. All laboratories claiming GLP compli-
ance are entered into a periodic national compliance program to monitor GLP 
adherence. The core of the compliance - monitoring program is a periodical 
inspection scheme, with an intended frequency of one inspection every two 
years. As circumstances require, the inspection schedule may be intensifi ed. If 
a test facility is considered to operate in compliance with the OECD GLP 
principles, an Endorsement of Compliance will be issued, as indicated in Direc-
tive 2004/9/EC. This endorsement only states that the facility was operating in 
compliance at the time of the inspection. It may be used for inclusion in study 
reports to indicate that the test facility has been inspected for GLP compliance 
with good results. The endorsement of compliance also states which areas of 
expertise are operating in compliance with GLP provisions. 

 Foreign laboratories may apply for inspection by various European moni-
toring programs. The monitoring authorities are generally willing to accom-
modate such requests if (1) the facilities submit evidence that data produced 
by them are or will soon be submitted to the regulatory (receiving) authorities, 
(2) there is no recognized monitoring authority in the country, and (3) the 
requesting facility is willing to bear the full costs of the inspection. The GLP 
Web site for the European Union  [34]  contains information on the application 
of GLP Directives in the European Union by the member states including the 
legislative adoption or  “ transposition ”  of the GLP directives, contact informa-
tion for the national authorities on GLP, and public lists of inspected test 
facilities. 

 The Japanese drug regulatory body is the Ministry of Health, Labor and 
Welfare (MHLW). The standards concerning the nonclinical safety testing of 
pharmaceuticals (good laboratory practices) have been in place since 1982 in 
the form of administrative instruction. Such standards have been enforced 
since April 1997 as ministerial ordinances. One of the Ministry ’ s 11 bureaus, 
the Organization for Pharmaceutical Safety and Research (OPSR/KIKO or 
Drug Organization) is responsible for GLP compliance monitoring. Thus, as 
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in the United States and Europe, pivotal safety studies must comply with good 
laboratory practice (GLP) standards. For those studies to which GLP applies, 
the preclinical testing facilities will be subject to GLP compliance inspections 
that occur after an application is submitted. Based on the fi ndings of the KIKO, 
a facility will receive one of three ratings: (1) class A for compliance with GLP, 
(2) class B indicating some improvements are possible, but the effects of non-
compliance on the data ’ s reliability are not considered signifi cant (improve-
ments are encouraged), or (3) class C where there is noncompliance with GLP. 
The MHLW will accept the test results from facilities receiving a class A or B 
rating. Mutual acceptance of GLP inspection results and data from several 
countries is provided through the bilateral agreements. Japan is one of the 
three (tripartite) members of the International Conference on Harmonization 
(ICH) and a member state of the OECD. An overview of the competent 
authorities for GLP compliance and regulations within Japan, as well as the 
applicable laws, regulations, and administrative provisions stipulating the prin-
ciples of GLP verifi cation and confi rmation, may be found in Sectoral Annex 
A of the January 1, 2002, Japan - EC Mutual Recognition Agreement  [42] .  

36.6 COMPARISON OF FDA AND  OECD GLP  REGULATIONS 

 The FDA has published a reference table with a side - by - side comparison of 
OECD, 21 CFR 58 (FDA) and US EPA GLP provisions  [43] . As stated 
throughout the chapter, the objectives of the GLP principles are similar, but 
the methods of implementing GLP provisions, the programs for ensuring GLP 
compliance, and the scope of the provisions vary considerably between regions. 
With respect to scope, the GLP provisions of the OECD are generally appli-
cable to all nonclinical testing of chemicals, whereas the 21 CFR 58 regulations 
pertain to food and color additives, animal food additives, human and animal 
drugs, medical devices for human use, and biological products and electronic 
products (21 CFR 58.1). 

 Another important difference between the US FDA and OECD regula-
tions is that the former is, in a formal sense, limited to collection of toxicologi-
cal data, whereas the OECD regulations are applied to both toxicological and 
pharmacological data. Sponsors considering submission to non - US agencies 
should strongly consider collection of both data sets in compliance with rele-
vant GLP regulations. In practice, current industry practice even in the United 
States is to collect both toxicological and pharmacological data in compliance 
with applicable aspects of the GLP regulations, such as under a protocol, with 
a fi nal report, with a study director, and with some QA oversight, whenever 
possible. 

 The programs for assuring GLP compliance have already been described 
above in Sections  36.4  and  36.5 .   In summary, the European Union guided by 
OECD requires registration of all facilities claiming conduct of studies under 
GLP in a program for GLP compliance. The identifi ed laboratories are inspected 



by regional authorities on a periodic basis, and they are issued certifi cates of 
endorsement that support GLP compliance in technical disciplines within the 
European Union. In contrast, the US FDA relies on documentation of GLP 
compliance by the sponsor. The FDA periodically inspects some but not all 
facilities claiming GLP compliance and study data thereof. The FDA does not 
issue certifi cates or other documents of compliance. Establishment inspection 
reports and/or FDA 483s are often available from the laboratories and are 
always available by request through the Freedom of Information Act.  

36.7 PRAGMATIC APPROACH TO GLP COMPLIANCE 

 As noted earlier in the chapter, it is not always possible or feasible to conduct 
studies in 100% compliance with GLPs. From a regulatory perspective the 
sponsor is responsible for describing and justifying areas of noncompliance. 
Section 21 CFR 312.23(a)(8)(iii), which pertains to IND content and format 
states:  “ For each nonclinical laboratory study subject to the good laboratory 
practice regulation under part 58, a statement that the study was conducted 
in compliance with the good laboratory practice in part 58, or if the study was 
not conducted in compliance with the regulation, a brief statement of the 
reason for non - compliance. ”  In the case of novel biopharmaceuticals or phar-
maceuticals, it may not always be possible to begin the clinical development 
program with preclinical testing run under full GLP compliant conditions. For 
example, the sponsor may lack a quality assurance unit internally, or external 
laboratories may not have animal models suitable for conducting the primary 
study. Ultimately the decision on site selection for preclinical studies is based 
on a matrix of considerations, and rational departures from full GLP compli-
ance may be necessary. 

 The lack of full GLP compliance, particularly for preclinical studies 
collected early in a development program, does not inhibit data from being 
submitted and reviewed by regulatory agencies, provided that the sponsor 
adequately describes and justifi es areas of noncompliance. The FDA in its 
1981 Question and Answer Document  [14]  clearly indicates that even safety 
supporting preclinical studies with areas of noncompliance may be acceptable 
provided that the quality and integrity of the study has not been impacted 
 [14] : 

  Q: Does FDA reject nonclinical laboratory studies that have not been 
conducted in full compliance with GLPs?  

  A: Not necessarily. The GLP compliance program provides guidance on 
this issue. For FDA to reject a study it is necessary to fi nd that there 
were deviations from the GLPs and that these deviations were of such 
a nature as to compromise the quality and integrity of the study covered 
by the agency inspection.    
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 TABLE 36.1    Examples of GLP (non)compliance statements that may be included 
in preclinical study reports or within FDA submissions 

  This study will not be/was not conducted in full compliance with part 58 of 21 CFR. 
However, the study will be/was conducted according to the study protocol and 
standard operating procedures of _  _  _  _  _  _  _  _  _  _  _  _  _ . There is no formal involvement 
of a quality assurance unit 

 Currently acceptable practices of good animal husbandry will be followed, e.g., 
Guide for the Care and Use of Laboratory Animals: DHHS Publication No. 
(NRC) 86 - 23, revised 1996.  

  This study will not be conducted in full compliance with part 58 of 21 CFR. 
However, the study will be conducted according to the study protocol and 
standard operating procedures of _  _  _  _  _  _  _  _  _  _  _  _  _ . There is no formal involvement 
of a quality assurance unit. 

 Currently acceptable practices of good animal husbandry will be followed, e.g., 
Guide for the Care and Use of Laboratory Animals: DHHS Publication No. 
(NRC) 86 - 23, revised 1996.  

  This study was not performed in strict compliance with the US FDA good practice 
regulations (GLPs) as amended (21 CFR, part 58). GLPs were followed, except 
that no in - life critical phase audits were conducted. Efforts were made to operate 
with documented procedures, standard operating procedures, and the study 
protocol. No circumstances occurred during the study that might have affected the 
quality or integrity of the data. The raw data contained in this report were 
subjected to a fi nal audit.  

Source :   Adapted Cavagnaro  [44] .   

 Nonetheless, a movement toward full compliance is expected during the 
evolution of the development program. During the interim, reports from such 
studies should state the reasons for noncompliance and the sponsor must 
justify the noncompliance within submissions to the FDA. Recently a frame-
work for the staged application GLP provisions to preclinical testing of novel 
biologics has been presented in the context of gene therapy product develop-
ment  [44] . Sections of the presentation have been adapted to provide detailed 
examples of compliance statements that might be used to describe studies not 
conducted in full compliance with GLP provisions (Table  36.1 ) and to describe 
regulatory expectations for GLP compliance of pharmacology, biodistribution, 
and toxicology studies (Table  36.2 ). The latter table also indicates elements of 
the GLP provisions that can be applied such as use of a study plan, docu-
mented test methods, assignment of a single point of control, and inclusion of 
quality assurance oversight.        

36.8 SITE SELECTION FOR PRECLINICAL STUDIES 

 Preclinical studies may either be conducted in house (within a sponsor ’ s 
own laboratories) or outsourced to a contract laboratory or grantee. When a 



 TABLE 36.2    Framework for application of GLP provisions to novel biologics: 
Example for gene transfer research 

  Type of Study    Level of Compliance 
  Example Language or 

Comments

  Pharmacology — in vitro 
or in vivo activity and/
or mechanism 

  By convention non 
GLP

•  Use of laboratory procedures 
•  Novel in vitro test systems/

animal models 
•  Use of research grade vector 

preparation and possibly more 
than one lot 

•  Limited information on 
product characteristics 

  Proof of concept — in vivo 
assessment of effi cacy 
and safety in the same 
model

  In accordance with 
the principles of 
GLP   .  .  .   

•  Study protocol 
•  Animal model of disease 

(unvalidated)
•  Research grade or early GMP 

preparation
•  Limited or no quality 

assurance oversight 
  Biodistribution studies —

 PCR testing, etc.  
  In compliance with 

GLPs with the 
exception of   .  .  .   

•  Study protocol may be a part 
of the toxicology study 

•  Methodology/standardization 
of assays evolving (level of 
sensitivity improving) 

•  Pre - GMP test material 
•  Laboratory procedures; draft 

SOPs
•  QA review of the fi nal report 

only
  Pilot toxicology studies —

 selection of relevant 
species

  In compliance with 
GLPs with the 
exception of   .  .  .   

•  Study protocol/outline 
•  Limited numbers; not 

statistically relevant 
•  Research/representative test 

material not GMP/clinical 
•  Limited stability data for test 

article
  Pivotal toxicology 

studies — support route 
of administration, dose, 
regimen, patient 
population selection, 
etc.  

  In full compliance 
with GLP 
provisions

•  Study protocol and 
amendments

•  SOPs 
•  Test material clinical GMP or 

pre - validation lot 
•  Stability and product 

characterization data 
•  QA audit all phases 

Source :   Adapted Cavagnaro  [44] .   
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decision is made to outsource, it is critical for the sponsor to remember that 
GLP compliance and scientifi c integrity are ultimately the sponsor ’ s respon-
sibility. When the service of a consulting laboratory, contractor, or grantee is 
used, the fi nal responsibility for the quality of the study still resides with the 
sponsor. It is the sponsor ’ s obligation to notify the other party that the service 
is part of a preclinical laboratory study that must be conducted in compliance 
with GLP provisions. 

 Once the a decision has been taken to outsource a preclinical study, contrac-
tor selection based on quality and technical standards is a key element of 
successful study conduct. Generally, one begins with identifi cation of labora-
tories that are capable of conducting the proposed scope of work, followed 
by quality audits to ensure that the test facility has can conduct the study(ies) 
in a GLP compliant manner. The FDA inspection Web site is often a good 
resource for identifying potential contractors, particularly when used in com-
bination with referrals from industry representatives conducting similar studies. 
Whenever possible, the screening of contract research organizations (CROs) 
should go beyond business development representatives to potential study 
directors or operational heads to ensure that technical needs, containment 
requirements (BSL1 - 4), and/or desired animal models are accessible. To this 
end it is advisable to communicate as many details as possible regarding the 
type of test article, animal species/test system, duration of study, and so forth, 
to ensure that the information provided is accurate. When the list of potential 
contractors has been narrowed down to two or three, a more formal qualifi ca-
tion process should be initiated. Generally, this begins with a confi dentiality 
agreement (CDA) followed by a qualifi cation exercise, consisting of both an 
offsite and onsite review of the facility ’ s quality and technical expertise. 

 An example of a contractor selection plan for a preclinical study requiring 
GLP compliance is provided in the tables below. Tabular (checklist) type of 
examples are provided for: 

 •   Activities to conduct prior to scheduling the audit (Table  36.3 ),  
 •   Scheduling the audit (Table  36.4 ),  

 TABLE 36.3    Example checklist of test facility selection and inspection tools prior 
to scheduling audit 

  Activity    Complete  

•  Execute confi dentiality agreement      
•  Communicate a detailed scope of work      
•  Identify one or more potential study directors      
•  Identify the primary test facility and all offsite (secondary or 

subcontract) facilities that could be utilized a

•  Collect physical addresses of all potential facility areas for study      

a Subcontract and offsite areas must be identifi ed at this stage.   



 TABLE 36.4    Example checklist of scheduling audit one to four weeks prior to visit 

  Activity    Complete  

•  Set audit schedule based on scope of work and physical sites proposed 
for study conduct a

•  Provide proposed agenda and previsit document request (below)      
•  Schedule travel and communicate travel schedule to contract laboratory      

a Six to 8 hours for primary facility and additional time, including transportation, for offsite or 
satellite facilities.   

 TABLE 36.5    Example checklist of previsit document request two weeks prior 
to visit 

  Activity    Received  

•  Company prospectus; if available      
•  Regulatory inspection history a

•  Index of Standard Operating Procedures for relevant functional areas      
•  Organizational Diagram for relevant functional areas       
•  CV of proposed study director(s) and principle investigator(s)      
•  Test item receipt instructions and example intake form      
•  SOP(s) for protocol deviation and amendments      
•  SOP(s) for in - phase study inspections      

a EU GLP compliance certifi cate or US inspection history with most recent Establishment Inspec-
tion Report.   

 •   Previsit document requests (Table  36.5 ),  
 •   Audit agenda (Table  36.6 )  
 •   Structure of an audit report (Table  36.7 )              

 Issues that are of particular relevance for biopharmaceuticals include the 
following: 

 •   Time constraints imposed by transport of test material to the test site that 
may involve permits from either the CDC or USDA, or other national 
requirements when test material or the contract laboratory is located 
outside of the United States.  

 •   Identifi cation of appropriate test article receipt and storage conditions 
at the test facility with consideration of any required facility departures 
from conventional procedures for test material receipt, handling, and 
storage.  

 •   Review of standard facility procedures for test material preparation for 
dosing and/or delivery. Test materials for biopharmaceuticals tend to be 
very limited in quantity and handled in much smaller quantities than that 
used for pharmaceuticals. Many test facilities are not used to handling 
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 TABLE 36.6    Example checklist of audit agenda one week prior to visit 

  Activity    Time Frame  

  Opening meeting/introductions   5 – 10 minutes  

  Suggested attendees: proposed study director, QA representative, 
client services representative, management representative 

  Sponsor overview and proposed scope of work   15 minutes  

  Brief contractor overview of company and services 
  15 minutes  

  Discussion of GLP inspection history; compliance issues 
  15 minutes  

  Facility tour and document request during tour 

  2 – 4 hours  

•  Test and control article receipt/storage/archival/distribution 
•  Test article formulation 
•  Test article analysis 
•  Animal husbandry support areas 
•  Animal husbandry and treatment areas 
•  Necropsy 
•  Clinical pathology 
•  Histopathology 
•  Other relevant laboratory areas 
•  Computer systems/backup 
•  Document archival 
•  Tissue and slide archival 

  Record review  
  1 – 1.5 hour  

  Training records, environmental records, AAALAC or equivalent 
certifi cation, feed and water monitoring data, animal health 
records, etc.  

  Review assay validation(s) or qualifi cations, as needed.  

  Review procedures for project management within the contract facility  

  SOPs    1 – 1.5 hour  
  Close out    15 – 30 minutes 

small volumes and do not routinely use the disposable and small quantity 
equipment (e.g., micropipets, plasticware) that are second nature in cell 
and molecular biology laboratories.  

 •   Availability of stability data to support the operational conditions that 
will need to be used by the contract test facility to execute the sponsor ’ s 
proposed activities. The test facility may require several hours or days to 
dose a series of treatment groups. Often times vaccines may only be stable 



at room temperature for several hours. This information needs to be com-
municated early to the test facility such that appropriate adjustments to 
test material handling can be considered and incorporated into the pro-
tocol or supporting study specifi c documents.    

 The purpose of the qualifi cation/audit is for the sponsor to investigate 
the standard practices of the contractor. Quality as well as technical capabili-
ties should be evaluated. One should determine where the test article will 
actually be stored, the department that will conduct the in - life portion, make 
an assessment of procedures (SOPs) for dosing, identify differences between 
the sponsor ’ s general practices and the facilities operating procedures (proto-
col/study - specifi c procedures (SSPs), and assess the process of interim data 
exchange and the method of reporting of SOP and protocol deviations to the 
study director and the sponsor. 

 Protocol development begins the formal process of establishing study 
details. Study - specifi c procedures may be used to append important technical 
details specifi ed by the sponsor. Most contractors will hold a prestudy initia-
tion meeting, which is an opportunity for the sponsor to meet study staff via 
teleconference and to provide to critical study staff an overview of the study 
objectives, last minute details on special handling, and so forth. Study monitor-
ing, particularly of the fi rst day of dosing and at critical necropsy time points, 
can be very valuable for ensuring appropriate study conduct and in establish-
ing a sponsor ’ s quality and technical expectations. As the data become avail-
able, technical and quality review of raw data, including querying any delays 
in reporting and/or any discrepancies with data in real time, often saves con-
siderable time during the reporting stage.  

 TABLE 36.7    Example of the structure of an audit report 

•  Logistical details 
 Date of visit, sponsor and contractor participants with contact information, addresses 
of all facilities visited 
•  Overview of fi ndings (critical, major, minor)  
•  Facilit(ies) description 
•  GLP inspection information 
•  Detailed narrative of functional areas reviewed and all fi ndings (critical, major, 

minor) with classifi cation rationale within relevant narrative 
•  List of SOPs reviewed with comments as needed 
•  List of non - SOP documents with comments as needed 
•  Signature page for auditor(s) and date of fi nalization of report 

  Optional  

•  Recommendations for corrective and preventative actions 
•  Space for contractor responses to be included in body of report 
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36.9 CONCLUSIONS

 Conduct of preclinical testing in compliance with GLP regulations has become 
an established part of clinical development. US and global regulatory agencies 
require that sponsors describe and justify all areas of noncompliance for safety 
(United States/Europe/Japan  ) and pharmacological (Europe) supporting 
studies. For novel biopharmaceuticals and pharmaceuticals it is not always 
possible to achieve 100% GLP compliance due to the technical requirements 
and/or unique animal models that may be used to assess safety. Limited 
resources early in product development particularly impact adherence to GLP 
compliance. As a product progresses in development, the regulatory expecta-
tion is that the GLP knowledge of the sponsor and full compliance of the 
studies will also evolve. The chapter provides a starting point for US and global 
GLP compliance and a pragmatic approach to contractor selection for studies 
intended for full or partial GLP compliance. 

 In conclusion, the GLP provisions are a regulatory tool to ensure the integ-
rity and quality of the preclinical study data submitted in support of a prod-
uct ’ s safety for use in humans. GLP regulations pertain to preclinical safety 
testing within the United States (21 CFR 58) and to both safety and effi cacy 
(pharmacological) testing globally (OECD GLP provisions). Compliance with 
GLP principles is ultimately the responsibility of the sponsor of the research 
or marketing application, regardless of the laboratory (in house, contractor, or 
grantee) that performs the studies for a given product. GLP compliance itself 
should not be interpreted as inferring scientifi c competency or a facility ’ s 
compliance with other regulatory standards. From this perspective the GLP 
provisions are only one facet of the regulatory expectation for preclinical 
testing. Other standards include, but are not limited to, 9   CFR test parameters: 
virus safety testing  [45] , ICH guidances for analytical methods and safety 
testing  [46] , relevant FDA guidance for Industry  [47] , standards for animal 
care and use  [48] , and import/export permits for the test materials from CDC 
 [49]  and USDA  [50] . Finally, guidance from the World Health Organization 
on GLP regulations may also be considered, particularly for global develop-
ment of novel biopharmaceuticals  [51] .  
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  37.1 INTRODUCTION

 Preclinical studies are conducted to support the use of the test article in 
humans in the clinic. The preclinical studies are designed to identify target 
organs, and biomarkers and to set starting dose levels, recommend dose - esca-
lation schemes and target organs of toxicity. In designing the preclinical study 
it is important to design the study to answer specifi c questions concerning the 
test article while maximizing the use of the animals. An example would be in 
the dose range studies to design studies using a minimum number of animals 
to answer the question  “ What is the toxicity following a single dose in that 
species and what doses should be used in acute and repeat dose studies in the 



rodent? ”  Studies to support safety should comply with GLPs possibly except 
for some of the initial single dose studies. It is also important to have the pre-
clinical plan with preclinical study designs reviewed by the regulatory agencies 
as part of a pre - IND of IND process. 

 One important aspect in the conduct of the preclinical studies is the iden-
tifi cation of a qualifi ed contract research organization (CRO) when studies 
are not performed internally. These CROs may be identifi ed via the internet 
websites, literature from national and local toxicology meetings, and regula-
tory documents such as 483 ’ s. In addition to checking references with col-
leagues, the CRO should be visited and procedures, facilities, staff, and previous 
experience should be evaluated before entrusting your preclinical program 
with the CRO (see Chapter    39 ). 

 Study designs are provided for the following study types: 

Dose escalation studies in rodent and nonrodent     These studies are gener-
ally the fi rst time the test article is administered to a living system. They 
provide an initial indication of toxicity, organs involved, and doses that 
can be used in longer term studies. Many times these studies are not 
conducted in full compliance with GLPs.  

Acute toxicology studies in rodent and nonrodent     These studies are used 
to identify doses causing no adverse effects and doses causing signifi cant 
life - threatening effects. In addition to toxicity these studies frequently 
include toxicokinetics to identify the disposition of the test article in the 
rodent and nonrodent. These studies also provide additional support for 
the dose levels to be used in longer term studies.  

Four - week toxicology studies in rodent and nonrodent     The four - week 
studies are designed for subchronic exposure of rodents and nonrodents 
to the test article. These studies also look at reversibility of any toxicity 
observed. Many times these are the pivotal studies used to support the 
fi rst in human dosing. Toxicokinetic assessments are generally included 
in repeat - dose toxicity studies. When testing biopharmaceuticals, stud-
ies also include assessment and characterization of immune response 
(immunogenicity).  

Three - month toxicology studies in rodent and nonrodent     These studies 
have a similar design to the four - week studies but support repeated 
human dosing up to three months.  

Six or nine - month toxicology study in rodent and nonrodent     These studies 
have a similar design to the 4 -  and 13 - week studies but support chronic 
repeated human dosing beyond 6 months.  

Carcinogenicity study in mice and rats     These studies are designed to iden-
tify a tumorigenic potential and to assess the relevant risk in humans. 
These studies are conducted for pharmaceuticals that are generally 
administered over the life of a human and are generally not conducted 
for biopharmaceuticals (see Chapters  19  and  27 ).    
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Immunotoxicity studies in rats and nonhuman primates     Immunotoxicity of 
pharmaceuticals and biopharmaceuticals includes hematology, organ 
weights, and pathology of immune - sensitive organs from the repeat - dose
studies (4 -  and 13 - week studies). For biopharmaceuticals these tests may 
need to be extended to T cell dependent antibody responses, imunophe-
notyping, natural killer cell assays, host resistance studies, and macro-
phage/neutrophil function. A potential design for a natural killer cell 
assay is presented in these designs.  

Vaccine study in rabbits     Vaccines are evaluated in rabbits following the 
dosage regimen that is intended for humans. In many cases these studies 
include the same dose as is used in humans. In cases where achieving a 
full human dose cannot be assessed in rodents, nonrodents are needed 
in particular to determine the local reactogenicity of a full human dose 
(Draize Score).  

Biodistribution study in rats for plasmids, cellular and gene therapies     Bio-
distribution and in many cases integration, depending on the type of 
vaccine, are evaluated in rats following single or multiple doses using 
qPCR. In many cases these studies can be combined with repeat - dose 
studies.  

Reproduction studies in rats and rabbits     Reproductive effects are evalu-
ated on the gametes, in the developing organism (teratology), and in the 
progeny. These studies are generally conducted for all pharmaceuticals, 
but on a case - by - case basis for biopharmaceuticals.  

Safety pharmacology studies in rodent and nonrodent     These studies are 
designed to identify undesirable pharmacological effects in several 
systems primarily the cardiovascular, respiratory, and CNS systems. 
Other studies may be included based on the pharmacological activity of 
the test article. In many cases these studies are not required for biophar-
maceuticals and/or may be included in the 4 -  and 13 - week studies and 
6 -  and 9 - month studies.  

Genetic toxicology studies     These studies designed to identify potential 
point mutations, and/or clastogenic damage/chromosomal alterations are 
required for pharmaceuticals but generally not required for biopharma-
ceuticals, since they are not applicable for proteins.  

Tissue cross - reactivity ( TCR ) studies     Tissue cross - reactivity studies 
with human tissues (or cells if applicable) are conducted prior to 
Phase 1 to search for cross - reactions with the intended target and/or 
nontarget tissue. In special cases of bispecifi c antibodies, each 
parent antibody is evaluated individually in addition to testing the 
bispecifi c product. Human cells or tissues are surveyed immunocyto-
chemically or immunohistochemically with appropriate controls. Animal 
species are also surveyed to determine relevant species for toxicology 
studies.  
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Cost estimates     Cost estimates are provided for planning and budgetary 
purposes, and they vary widely based on a number of factors with each 
individual CRO. The estimates are based generally on average prices for 
the study designs presented; but the fi nal price may vary for specifi c 
circumstances  :  
 •   Final design. Numbers of animals, blood collection intervals and time 

points, clinical pathology intervals, and tissues examined.  
 •   Special study requests. CTD tables, additional QA inspections, peer 

review, or accelerated report submission.  
 •   Percentage of each study conducted in house. Cost increases due to 

specialty sections (e.g., pathology, clinical pathology) being subcon-
tracted by the CRO.  

 •   Discounted individual studies. A program having a large number of 
studies.    

 •   Unutilized capacity of CRO. Price decreases to fi ll CRO ’ s available 
space.  

 •   Flexibility in initiation and reporting. Proper planning tends to decrease 
the CRO ’ s costs.      

 In summary, a well - designed preclinical program that addresses questions 
of toxicity conducted internally or at a well - qualifi ed CRO is necessary for a 
satisfactory preclinical safety evaluation program to support successful clinical 
development.  

37.2 STUDY OUTLINES AND COST ESTIMATES 

37.2.1 Dose Escalation Study in Rodents 

  Purpose    What is the toxicity following a single dose 
to the nonrodent?  

  What doses should be used in acute and 
repeat dose studies in the rodent?  

  Timeline initiation report    4 to 6 weeks following authorization  
  4 to 8 weeks following termination  

  Estimated cost     $ 15,000 to  $ 35,000  
  Regulatory guidelines and 

compliance
  No specifi c guidelines and FDA GLP 

optional
  Total animals    36 (18/sex) rats (or mice)  
  Number/sex/group    2 rats/sex/group with 4 groups in dose 

escalation phase  
  5 rats/sex/group with 2 groups in MTD 

phase
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  Dosing route    Generally a parenteral route (IV, IM, or sc) 
for biopharmaceuticals  

  Oral route usually for pharmaceuticals  
  Dosing frequency    Day 1 and every 72 hours thereafter 2 

animals/sex dosed for a total of 4 
escalating doses to determine MTD  

  5 rats/sex/group dosed with the vehicle and 
at the MTD either as a single dose or 
multiple doses up to 14 days  

  Formulations    Usually biopharmaceuticals dosed as 
received if clinical formulation is 
available

  Pharmaceuticals formulated by the CRO 
and require formulation analysis for 
concentration, homogeneity, and 
stability

  Clinical signs    Twice daily  
  Clinical observations    0.5, 1, and 2 hours after each dose and 

daily in the MTD phase  
  Body weights    Before and after each dose in the dose 

escalation phase and prior to initiation, 
weekly, and at termination in the MTD 
phase

  Food consumption    Weekly in the MTD phase  
  Clinical pathology (optional)    Not required  
  Terminal necropsy    2 – 3 days after dosing in the dose escalation 

phase
  14 days after dosing in the MTD phase  

  Organ weights (optional)    See Appendix  C   
  Tissue preservation (optional)    See Appendix  D   
  Histopathology (optional)    MTD groups gross lesions only or all 

tissues
  Report    One copy of the draft fi nal report  

  One bound and unbound copy of the fi nal 
and an electronic copy in Word and PDF  

  Archive    Yes for at least 1 year at CRO  

37.2.2 Dose Escalation Study in Nonrodents 

  Purpose    What is the toxicity following a single dose 
to the nonrodent?  

  What doses should be used in acute and 
repeat - dose studies in the nonrodent?  
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  Timeline  
     initiation    4 to 8 weeks following authorization  
     report    4 to 8 weeks following termination  
  Estimated cost     $ 50,000 to  $ 75,000  
  Regulatory guidelines and 

compliance:  
  No specifi c guidelines and FDA GLP 

optional
  Total Animals    12 monkeys or dogs (6/sex)  
  Number/sex/group    2 monkeys or dogs/dose with up to 4 

doses/animal
  2 monkeys or dogs/group with 2 groups in 

MTD phase  
  Dosing route    Generally a parenteral route (IV, IM, or sc) 

for biopharmaceuticals  
  Oral route usually for pharmaceuticals  

  Dosing frequency    Day 1 and every 72 hours thereafter the 
same 2 animals/sex dosed for up to 3 
escalating doses to determine MTD  

  2 animals/sex/group dosed with vehicle and 
at the MTD either as a single dose or 
multiple doses up to 14 days  

  Formulations    Usually biopharmaceuticals dosed as 
received if clinical formulation is available  

  Pharmaceuticals are formulated by the CRO 
and require formulation analysis for 
concentration, homogeneity, and stability  

  Clinical signs    Twice daily  
  Clinical observations    0.5, 1, and 2 hours after each dose each dose 

and daily in the MTD phase  
  Body weights    Before and after each dose in the dose 

escalation phase and prior to initiation, 
weekly, and at termination in the MTD 
phase

  Food consumption    Weekly in the MTD phase  
  Clinical pathology (optional)    Not required  
  Terminal necropsy    2 to 3 days after dosing in the dose 

escalation phase  
  14 days after dosing in the MTD phase  

  Organ weights (optional)    See Appendix  C   
  Tissue preservation 

(optional)
  See Appendix  D   

  Histopathology (optional)    MTD groups gross lesions only or all tissues  
  Report    One copy of the draft fi nal report  

  One bound and unbound copy of the fi nal 
and an electronic copy in Word and PDF  

  Archive    Yes for at least 1 year at CRO  
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37.2.3 Acute Toxicology Study in Rodents 

  Purpose    What are the toxicities and toxicokinetics of 
a test article after a single dose?  

  What doses should be used in acute and 
repeat dose studies in the rodent?  

  Timeline  
     initiation    4 to 6 weeks following authorization  
     report    6 to 10 weeks following termination  
  Estimated cost     $ 20,000 to  $ 40,000  
  Regulatory guidance and 

compliance
  Single – dose acute toxicity testing for 

pharmaceuticals (August 1996) and FDA 
GLP

  Total Animals    40 without toxicokinetics  
  76 with toxicokinetics  

  Number/sex/group — Main    5/sex/group in groups 1 – 4 rats (or mice)  
  Number/sex/group — TK 

(optional)
  6/sex/group in groups 2 – 4 (assumes  < 1   ml of 

blood/rat/time point and < 0.1   ml of blood/
mouse/time pont)  

  Additional volumes will require additional 
animals

  Dosing route frequency    Generally a parenteral route (IV, IM, or sc) 
for biopharmaceuticals  

  Oral route for pharmaceuticals  
  Dosing frequency    Single dose at 4 dose levels (control, low, 

mid, and high dose)  
  Formulations    Usually biopharmaceuticals dosed as 

received if clinical formulation is available  
  Pharmaceuticals are formulated by the CRO 

and require formulation analysis for 
concentration, homogeneity, and stability  

  Clinical signs    Twice daily  
  Clinical observations    Weekly  
  Body weights    Weekly and prior to necropsy  
  Food consumption    Weekly  
  Toxicokinetics    Day 1 TK animals are bled at 6 time points 

(3/sex/group) after dosing  
  Antibodies (for 

biopharmaceuticals only)  
  Prior to study initiation and at termination  

  Clinical pathology (optional)    Day 14  
     Hematology    See Appendix  B   
     Clinical chemistry    See Appendix  B   
     Coagulation    See Appendix  B   
     Urinalysis    See Appendix  B   
  Terminal necropsy    Day 14 — full necropsy  
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  Organ weights (optional)    See Appendix  C   
  Bone marrow smears    Yes from sternum  
  Tissue preservation    See Appendix  D   
  Histopathology (optional)    Groups 1 and 4 all tissues  

  Groups 2 and 3 — target tissues and gross 
lesions

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the fi nal 

and an electronic copy in Word and PDF  
  Archive    Yes for at least 1 year at CRO  

37.2.4 Acute Toxicology Study in Nonrodents 

  Purpose    What are the toxicities and toxicokinetics of 
a test article after a single dose when 
administered to monkeys or dogs?  

  What doses should be used in acute and 
repeat - dose studies in the nonrodent?  

  Timeline  
     initiation    4 to 8 weeks following authorization  
     report    6 to 10 weeks following termination  
  Estimated cost     $ 100,000 to  $ 120,000 (dogs)  

   $ 150,000 to  $ 200,000 (monkeys, IV bolus)  
   $ 175,000 to  $ 225,000 (monkey 4 - hour 

infusion)
  Regulatory guidelines and 

compliance
  Single – dose acute toxicity testing for 

pharmaceuticals (August 1996) FDA GLP  
  Total animals    16 monkeys or dogs  
  Number/sex/group    2 monkeys or dogs/sex/group  
  Dosing route    Generally a parenteral route (IV, IM, or sc) 

for biopharmaceuticals  
  Oral route for pharmaceuticals  

  Dosing frequency    Single dose at 4 dose levels (control, low, 
mid, and highdose)  

  Formulations    Usually biopharmaceuticals dosed as 
received if clinical formulation is available  

  Pharmaceuticals are formulated by the CRO 
and require formulation analysis for 
concentration, homogeneity, and stability  

  Clinical signs    Twice daily  
  Clinical observations    Twice daily  
  Body weights    Weekly and prior to necropsy  
  Food consumption    Daily  
  Toxicokinetics    Day 1 TK animals are bled at 6 time points 

after dosing  
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  Antibodies (for 
biopharmaceuticals only)  

  Prior to study initiation, and on day 14  

  Clinical pathology (optional)    Day 14  
     Hematology    See Appendix  B   
     Clinical chemistry    See Appendix  B   
     Coagulation    See Appendix  B   
     Urinalysis    See Appendix  B   
  Terminal necropsy    Day 14 — full necropsy  
  Organ weights (optional)    See Appendix  C   
  Tissue preservation 

(optional)
  See Appendix  D   

  Histopathology (optional)    Groups 1 and 4 all tissues  
  Groups 2 and 3 — target tissues and gross 

lesions
  Recommended — All tissues in all groups  

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the fi nal 

and an electronic copy in Word and PDF  
  Archive    Yes for at least 1 year at CRO  

37.2.5 Four-Week Toxicology Study in Rodents 

  Purpose    What are the subchronic toxicities and 
toxicokinetics of a test article when 
administered for 4 weeks?  

  What is the reversibility, persistence, or 
delayed occurrence of any effect after a 
4 - week treatment - free period?  

  Timeline  
     initiation    4 to 8 weeks following authorization  
     report    10 to 12 weeks following termination  
  Estimated price     $ 200,000 to  $ 250,000  
  Regulatory compliance    FDA GLP  
  Total animals    88 male and 88 female rats (or mice)  
  Number/sex/group — Main    15/sex/group in groups 1 – 4  
  Number/sex/group — Recovery    5/sex/group in groups 1 and 4  
  Number/sex/group — TK    6/sex/group in groups 2 – 4 (assumes  < 1   ml of 

blood/rat/timepoint and < 0.1   ml of blood/
mouse/time pont)  

  Additional volumes will require additional 
animals

  Dosing route    Generally a parenteral route (IV, IM, or sc) 
for biopharmaceuticals  

  Oral route for pharmaceuticals  
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  Dosing frequency    Dosed daily for 4 weeks for pharmaceuticals, 
but for biopharmaceuticals frequency 
based on TK data or proposed clinical 
regimen

  Formulations    Usually biopharmaceuticals dosed as 
received if clinical formulation is available  

  Pharmaceuticals are formulated by the CRO 
and require formulation analysis for 
concentration, homogeneity, and stability  

  Clinical signs    Twice daily  
  Clinical observations    Weekly  
  Body weights    Weekly and prior to necropsy  
  Food consumption    Weekly  
  Ophthalmology    Prior to initiation and during weeks 4, and 8  
  Toxicokinetics — optional if 

conducted in an earlier 
study

  Days 1 and 28 TK animals (3/sex/group) are 
bled at 6 time points after dosing  

  Antibodies (for 
biopharmaceuticals only)  

  Prior to study initiation, and weeks 4 and 8  

  Neutralizing antibodies (for 
biopharmaceuticals only)  

  Prior to study initiation, and weeks 4 and 8  

  Clinical pathology    During weeks 4 ad 8  
     Hematology    See Appendix  B   
     Clinical chemistry    See Appendix  B   
     Coagulation    See Appendix  B   
     Urinalysis    See Appendix  B   
  Terminal necropsy    Week 4 — full necropsy in 15/sex/group in 

groups 1 – 4  
  Recovery necropsy    Week 8 — full necropsy in 5/sex/group in 

groups 1 and 4  
  Organ weights    See Appendix  C   
  Bone marrow smears    Yes from sternum  
  Tissue preservation    See Appendix  D   
  Histopathology    Groups 1 and 4 all tissues (terminal and 

recovery)
  Groups 2 and 3, and recovery — target 

tissues and gross lesions  
  Report    One copy of the draft fi nal report  

  One bound and unbound copy of the fi nal 
and an electronic copy in Word and PDF  

  Archive    Yes for at least 1 year at CRO  
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37.2.6 Four-Week Toxicology Study in Nonrodents 

  Purpose    What are the subchronic toxicities and 
toxicokinetics of a test article when 
administered to monkeys/dogs for 4 
weeks?

  What is the reversibility, persistence, or 
delayed occurrence of any effect after a 4 -
 week treatment - free period?  

  Timeline  
     initiation    6 to 8 weeks following authorization  
     report    10 to 12 weeks following termination  
  Estimated cost     $ 400,000 to  $ 450,000 (dogs)  

   $ 500,00 to  $ 550,000 (monkey IV bolus)  
   $ 550,00 to  $ 650,000 (monkey 4 - hour 

infusion)
  Regulatory guidelines    FDA GLP  
  Total animals    32 monkeys or 40 dogs  
  Number/sex/group — main    3 monkeys or 4 dogs/sex/group in groups 

1 – 4
  Number/sex/group — recovery    2/sex/group in groups 1 – 4  
  Dosing route    Generally a parenteral route (IV, IM, or sc) 

for biopharmaceuticals  
  Oral route for pharmaceuticals  

  Dosing frequency    Dosed daily for pharmaceuticals but for 
biopharmaceuticals frequency based on 
TK data or proposed clinical regimen  

  Formulations    Usually biopharmaceuticals dosed as 
received if clinical formulation is 
available.  

  Pharmaceuticals are formulated by the CRO 
and require formulation analysis for 
concentration, homogeneity, and stability  

  Clinical signs    Twice daily  
  Clinical observations    Weekly  
  Body weights    Weekly and prior to necropsy  
  Food consumption    Weekly  
  Ophthalmology    Prior to initiation and during weeks 4 and 8  
  Toxicokinetics — optional if 

conducted in earlier 
studies

  Day 1, and at termination, animals are bled 
at least at 6 time points after dosing  

  Antibodies (for 
biopharmaceuticals only)  

  Prior to study initiation, and weeks 4 and 8  

  Neutralizing antibodies (for 
biopharmaceuticals only)  

  Prior to study initiation, and weeks 4, and 8  
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  Clinical pathology    Prior to study initiation  
  During weeks 4 and 8 in all surviving 

animals
     Hematology    See Appendix  B   
     Clinical chemistry    See Appendix  B   
     Coagulation    See Appendix  B   
     Urinalysis    See Appendix  B   
  Terminal necropsy    Week 4 — full necropsy in all main study 

animals
  Recovery necropsy    Week 8 — full necropsy in recovery animals  
  Organ weights    See Appendix  C   
  Bone marrow smears    Yes from sternum  
  Tissue preservation    See Appendix  D   
  Histopathology    Groups 1 and 4 all tissues Groups 2 and 3 —

 target tissues and gross lesions  
  Recommended — all tissues in all groups  

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the fi nal 

and an electronic copy in Word and PDF  
  Archive    Yes for at least 1 year at CRO  

37.2.7 Three-Month Toxicology Study in Rodents 

  Purpose    What are the subchronic toxicities and 
toxicokinetics of a test article when 
administered to rats for 3 months?  

  What is the reversibility, persistence, or 
delayed occurrence of any effect after the 
3 - month period?  

  Timeline  
     initiation    6 to 8 weeks following authorization  
     report    10 to 12 weeks following termination  
  Estimated cost     $ 250,000 to  $ 300,000  
  Regulatory compliance    FDA GLP  
  Total animals    176  
  Number/sex/group — main    15/sex/group in groups 1 – 4 rats (or mice)  
  Number/sex/group — recovery    5/sex/group in groups 1 and 4  
  Number/sex/group — TK    6/sex/group in groups 2 – 4 (assumes  < 1   ml of 

blood/rat/timepoint and < 0.1   ml of blood/
mouse/time point)  

  Additional volumes will require additional 
animals

  Dosing route    Generally a parenteral route (IV, IM, or sc) 
for biopharmaceuticals  

  Oral route for pharmaceuticals  
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  Dosing frequency    Dosed daily for 13 weeks for 
pharmaceuticals but for 
biopharmaceuticals frequency based on 
TK data or proposed clinical regimen  

  Formulations    Usually biopharmaceuticals dosed as 
received if clinical formulation is 
available

  Pharmaceuticals are formulated by the 
CRO and require formulation analysis 
for concentration, homogeneity, and 
stability.  

  Clinical signs    Twice daily  
  Clinical observations    Weekly  
  Body weights    Weekly and prior to necropsy  
  Food consumption    Weekly  
  Ophthalmology    Prior to initiation, and during weeks 13 and 

17
  Toxicokinetics — optional if 

conducted in a previous 
study

  Days 1 and 90 TK animals (3/sex/group) 
bled at 6 time points after dosing  

  Antibodies (for 
biopharmaceuticals only)  

  Prior to study initiation, and weeks 4, 13, 
and 17  

  Neutralizing antibodies (for 
biopharmaceuticals only)  

  Prior to study initiation, and weeks 4, 13, 
and 17  

  Clinical pathology    During weeks 13 and 17 in all main study 
animals

     Hematology    See Appendix  B   
     Clinical chemistry    See Appendix  B   
     Coagulation    See Appendix  B   
     Urinalysis    See Appendix  B   
  Terminal necropsy    Week 13 — full necropsy in 15/sex/group in 

groups 1 – 4  
  Recovery necropsy    Week 17 — full necropsy in 5/sex/group in 

groups 1 and 4  
  Organ weights    See Appendix  C   
  Bone marrow smears    Yes from sternum  
  Tissue preservation    See Appendix  D   
  Histopathology    Groups 1 and 4 all tissues (main and 

recovery)
  Groups 2 and 3, and recovery — target 

tissues and gross lesions  
  Report    One copy of the draft fi nal report  

  One bound and unbound copy of the fi nal 
and an electronic copy in Word and PDF  

  Archive    Yes for at least 1 year at CRO  
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37.2.8 Three-Month Toxicology Study in Nonrodents 

  Purpose    What are the subchronic toxicities and 
toxicokinetics of a test article when 
administered to monkeys or dogs for 3 
months?

  What is the reversibility, persistence, or 
delayed occurrence of any effect after the 
3 - month period?  

  Timeline  
     initiation    4 to 8 weeks following authorization  
     report    10 to 12 weeks following termination  
  Estimated cost     $ 450,000 to  $ 500,000  
  Regulatory compliance    FDA GLP  
  Total animals    32 monkeys or 40 dogs  
  Number/sex/group — main    3 monkeys or 4 dogs/sex/group in groups 

1 – 4
  Number/sex/group — recovery    2/sex/group in groups 1 – 4  
  Dosing route    Generally a parenteral route (IV, IM, or sc) 

for biopharmaceuticals  
  Oral route for pharmaceuticals  

  Dosing frequency    Dosed daily for 13 weeks for 
pharmaceuticals but for 
biopharmaceuticals frequency based on 
TK data or proposed clinical regimen  

  Formulations    Usually biopharmaceuticals dosed as 
received if clinical formulation is 
available

  Pharmaceuticals are formulated by the 
CRO and require formulation analysis 
for concentration, homogeneity, and 
stability

  Clinical signs    Twice daily  
  Clinical observations    Weekly  
  Body weights    Weekly and prior to necropsy  
  Food consumption    Weekly  
  Ophthalmology    Prior to initiation, and during weeks 13 and 

17
  Toxicokinetics — optional if 

conducted in earlier 
studies

  Days 1 and 90 all animals bled at least at 6 
time points after dosing  

  Antibodies (for 
biopharmaceuticals only)  

  Prior to study initiation, and weeks 4, 13, 
and 20  

  Neutralizing antibodies (for 
biopharmaceuticals only)  

  Prior to study initiation, and weeks 4, 13, 
and 20 (for biopharmaceuticals only)  
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  Clinical pathology    Prior to study initiation  
  During weeks 13 and 17 in all surviving 

animals
     Hematology    See Appendix  B   
     Clinical chemistry    See Appendix  B   
     Coagulation    See Appendix  B   
     Urinalysis    See Appendix  B   
  Terminal necropsy    Week 13 — full necropsy in all main study 

animals
  Recovery necropsy    Week 17 — full necropsy in recovery animals  
  Organ weights    See Appendix  C   
  Bone marrow smears    Yes from sternum  
  Tissue preservation    See Appendix  D   
  Histopathology    Groups 1 and 4 all tissues (main and 

recovery)
  Groups 2 and 3 — target tissues and gross 

lesions
  Recommended — all tissues in all groups  

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the fi nal 

and an electronic copy in Word and PDF  
  Archive    Yes for at least 1 year at CRO  

37.2.9 Six-Month Toxicology Study in Rodents 

  Purpose    What are the toxicities and toxicokinetics of 
a test article when administered for 6 
months?

  Timeline  
     initiation    6 to 10 weeks following authorization  
     report    10 to 12 weeks following termination  
  Estimated cost     $ 350,000 to  $ 550,000  
  Regulatory guidelines and 

compliance
  S4A duration of chronic toxicity testing in 

animals (rodent and nonrodent testing) 
and FDA GLP  

  Total animals    156 Sprague – Dawley rats (or mice)  
  Number/sex/group — main    15/sex/group in groups 1 – 4  
  Number/sex/group — TK    6/sex/group in groups 2 – 4 (assumes  < 1   ml of 

blood/rat/time point and < 0.1   ml of blood/
mouse/time point)  

  Additional volumes will require additional 
animals

  Dosing route    Generally a parenteral route (IV, IM, or sc) 
for biopharmaceuticals  

  Oral route for pharmaceuticals  
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  Dosing frequency    Dosed daily for 26 weeks for 
pharmaceuticals but for 
biopharmaceuticals frequency based on 
TK data or proposed clinical regimen  

  Formulations    Usually biopharmaceuticals dosed as 
received if clinical formulation is available  

  Pharmaceuticals are formulated by the CRO 
and require formulation analysis for 
concentration, homogeneity, and stability  

  Clinical signs    Twice daily  
  Clinical observations    Weekly  
  Body weights    Weekly and prior to necropsy  
  Food consumption    Weekly  
  Ophthalmology    Prior to initiation, and during week 26    
  Toxicokinetics — optional if 

conducted in earlier 
studies

  Day 1, and at termination, animals (3/sex/
time point) bled at least at 6 time points 
after dosing  

  Antibodies (for 
biopharmaceuticals only)  

  Prior to study initiation, and weeks 4, 13, 
and 26  

  Neutralizing antibodies (for 
biopharmaceuticals only)  

  Prior to study initiation, and weeks 4, 13, 26, 
39, and 43  

  Clinical pathology    At termination  
     Hematology    See Appendix  B   
     Clinical chemistry    See Appendix  B   
     Coagulation    See Appendix  B   
     Urinalysis    See Appendix  B   
  Terminal necropsy    Week 26 — full necropsy  
  Organ weights    See Appendix  C   
  Bone marrow smears    Yes from sternum  
  Tissue preservation    See Appendix  D   
  Histopathology    Groups 1 and 4 all tissues  

  Groups 2 and 3 — target tissues and gross 
lesions

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the fi nal 

and an electronic copy in Word and PDF  
  Archive    Yes for at least 1 year at CRO  

37.2.10 Nine-Month Toxicology Study in Nonrodents 

  Purpose    What are the chronic toxicities and 
toxicokinetics of a test article when 
administered to monkeys or dogs for 9 
months?
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  Timeline  
     initiation    8 to 12 weeks following authorization  
     report    10 to 12 weeks following termination  
  Estimated cost     $ 450,000 to  $ 650,000  
  Regulatory guidelines and 

compliance
  S4A duration of chronic toxicity testing in 

animals (rodent and nonrodent testing) 
and FDA GLP  

  Total animals    32 beagle dogs  
  24 cynomolgus monkeys  

  Number/sex/group — main    4 dogs/sex/group in groups 1 – 4  
  3 monkeys/sex/group in groups 1 – 4  

  Dosing route    Generally a parenteral route (IV, IM, or sc) 
for biopharmaceuticals  

  Oral route for pharmaceuticals  
  Dosing frequency    Dosed daily for 39 weeks for 

pharmaceuticals but for 
biopharmaceuticals frequency based on 
TK data or proposed clinical regimen  

  For biopharmaceuticals 6 - month duration 
generally appropriate  

  Formulations    Usually biopharmaceuticals dosed as 
received if clinical formulation is available  

  Pharmaceuticals are formulated by the 
CRO and require formulation analysis 
for concentration, homogeneity, and 
stability

  Clinical signs    Twice daily  
  Clinical observations    Weekly  
  Body weights    Weekly and prior to necropsy  
  Food consumption    Weekly  
  Ophthalmology    Prior to initiation, and during Weeks 39  
  Electrocardiograms    Prior to initiation, and at termination  
  Toxicokinetics — optional if 

conducted in earlier studies  
  Day 1, and at termination, animals are bled 

at least at 6 time points after dosing  
  Antibodies (for 

biopharmaceuticals only)  
  Prior to study initiation, and weeks 4, 13, 26, 

and 39  
  Neutralizing antibodies (for 

biopharmaceuticals only)  
  Prior to study initiation, and weeks 4, 13, 26, 

and 39 (for biopharmaceuticals only)  
  Clinical pathology    Prior to study initiation  

  During weeks 4, 13, 26, and 39 in all 
surviving animals  

     Hematology    See Appendix  B   
     Clinical chemistry    See Appendix  B   
     Coagulation    See Appendix  B   
     Urinalysis    See Appendix  B   
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  Terminal necropsy    Week 39 — full necropsy in all surviving 
animals

  Organ weights    See appendix  C   
  Bone marrow smears    Yes from sternum  
  Tissue preservation    See Appendix  D   
  Histopathology    Groups 1 and 4 all tissues  

  Groups 2 and 3 — target tissues and gross 
lesions

  Recommended — all tissues in all groups  
  Report    One copy of the draft fi nal report  

  One bound and unbound copy of the fi nal 
and an electronic copy in Word and PDF  

  Archive    Yes for at least 1 year at CRO  

37.2.11 Carcinogenicity Study in Sprague –Dawley Rats 

  Purpose    What is the carcinogenic potential of a test 
article when administered to Sprague –
 Dawley Rats for at least 104 weeks?  

  Timeline  
     initiation    8 to 10 weeks following authorization  
     report    26 to 30 weeks following termination  
  Estimated cost     $ 1.0 to 1.5   M  
  Regulatory guidance and 

compliance
  S1A need for long - term rodent 

carcinogenicity studies of pharmaceuticals 
and S1B testing for carcinogenicity of 
pharmaceuticals and FDA GLP  

  Total animals    480 Sprague – Dawley rats  
  Number/sex/group — Main    60/sex/group in groups 1 – 4  
  Dosing route    Generally a parenteral route (IV, IM, or sc) 

for biopharmaceuticals  
  Oral route for pharmaceuticals  

  Dosing frequency    Dosed daily for 104 weeks for 
pharmaceuticals but for 
biopharmaceuticals frequency based on 
TK data or proposed clinical regimen  

  Formulations    Usually biopharmaceuticals dosed as 
received if clinical formulation is available  

  Pharmaceuticals are formulated by the CRO 
and require formulation analysis for 
concentration, homogeneity, and stability  

  Clinical signs    Twice daily  
  Clinical observations    Weekly with special attention to tumor 

development
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  Body weights    Weekly for the fi rst 13 weeks, and every 4 
weeks thereafter  

  Food consumption    Weekly for the fi rst 13 weeks, and every 4 
weeks thereafter  

  Blood smears    At 12 and 18 months and prior to necropsy 
a blood smears obtained from all animals  

  Smears are read in the high - dose and 
control only unless indicated by toxic 
effects

  Terminal necropsy    Week 104 — full necropsy in all surviving 
animals

  Organ weights    See Appendix  C   
  Bone marrow smears    Sternum at termination  
  Tissue preservation    See Appendix  D   
  Histopathology    Minimum — all tissues in groups 1 and 4 and 

target tissues, tumors, and gross lesions 
from groups 2 and 3  

  Recommended — all tissues in all groups  
  Report    One copy of the draft fi nal report  

  One bound and unbound copy of the fi nal 
and an electronic copy in Word and PDF  

  Archive    Yes at least 1 year at the CRO  

37.2.12 Carcinogenicity Study in Mice 

  Purpose    What is the carcinogenic potential of a test 
article when administered to mice for at 
least 104 weeks?  

  Timeline  
     initiation    8 to 10 weeks following authorization  
     report    26 to 30 weeks following termination  
  Estimated cost     $ 1.0 to 1.5   M  
  Regulatory guidelines and 

compliance
  S1A need for long - term rodent 

carcinogenicity studies of pharmaceuticals 
and S1B testing for carcinogenicity of 
pharmaceuticals and FDA GLP  

  Total animals    480 mice  
  Number/sex/group    60/sex/group in groups 1 – 4  
  Dosing route    Generally a parenteral route (IV, IM, or sc) 

for biopharmaceuticals  
  Oral route for pharmaceuticals  

  Dosing frequency    Dosed daily for 104 weeks for 
pharmaceuticals but for 
biopharmaceuticals frequency based on 
TK data or proposed clinical regimen  
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  Formulations    Usually biopharmaceuticals dosed as 
received if clinical formulation is available  

  Pharmaceuticals are formulated by the 
CRO and require formulation analysis 
for concentration, homogeneity, and 
stability

  Clinical signs    Twice daily  
  Clinical observations    Weekly  
  Body weights    Weekly for the fi rst 13 weeks, and every 4 

weeks thereafter  
  Food consumption    Weekly for the fi rst 13 weeks, and every 4 

weeks thereafter  
  Blood smears    At 12 and 18 months and prior to necropsy 

a blood smear obtained from all animals  
  Smears are read in the high - dose and 

control only unless indicated by toxic 
effects

  Terminal necropsy    Week 104 — full necropsy in all surviving 
animals

  Organ weights    See Appendix  B   
  Bone marrow smears    Sternum at termination  
  Tissue preservation    See Appendix  D   
  Histopathology    Minimum — all tissues in groups 1 and 4 and 

target tissues, tumors, and gross lesions 
from groups 2 and 3  

  Recommended — all tissues in all groups  
  Report    One copy of the draft fi nal report  

  One bound and unbound copy of the 
fi nal and an electronic copy in Word and 
PDF

  Archive    Yes at least 1 year at CRO  

37.2.13 Carcinogenicity Testing using the Transgenic Mouse 
(p53+/-, ras H2, or Tg.AC)

  Purpose    What is the carcinogenic potential of a test 
article when administered to a transgenic 
mouse for 26 weeks?  

  Timeline  
     initiation    12 to 16 weeks following authorization  
     report    13 to 17 weeks following termination  
  Estimated cost  
  Pilot     $ 250,000 to  $ 350,000  
  Main     $ 650,000 to  $ 750,000  
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  Regulatory guidelines and 
compliance

  S1A need for long - term rodent 
carcinogenicity studies of pharmaceuticals 
and S1B testing for carcinogenicity of 
pharmaceuticals and FDA GLP  

  Total animals  
  Pilot    80 mice  
  Main    200 mice  
  Animal model strain    p53+/ −  mice for genotoxic drugs, rasH2 for 

nongenotoxic drugs, or Tg.AC mice for 
dermal administration  

  Number/sex/group    Pilot 10/sex/group in groups 1 – 4  
  Main 25/sex/group in groups 1 – 4  

  Dosing route    Generally a parenteral route (IV, IM, or sc) 
for biopharmaceuticals  

  Parenteral or oral route for pharmaceuticals  
  Dermal route for Tg.AC mice 

  Dosing frequency    Generally dosed daily for 4 (pilot) or 26 
weeks (main) for pharmaceuticals and 
biopharmaceuticals

  Formulations    Usually biopharmaceuticals dosed as 
received if clinical formulation is available  

  Pharmaceuticals are formulated by the CRO 
and require formulation analysis for 
concentration, homogeneity, and stability  

  Clinical signs    Twice daily  
  Clinical observations    Weekly  
  Body weights    Weekly  
  Food consumption    Weekly  
  Clinical pathology (optional)    Hematology, coagulation, and clinical 

chemistry at termination  
  Terminal necropsy    Pilot study (week 4) or main study (week 

26) — full necropsy in all surviving animals  
  Organ weights    See Appendix  B   
  Tissue preservation    See Appendix  D   
  Histopathology    Minimum — all tissues in groups 1 and 4 and 

target tissues, tumors, and gross lesions 
from groups 2 and 3  

  Recommended — all tissues in all groups  
  Report    One copy of the draft fi nal report  

  One bound and unbound copy of the fi nal 
and an electronic copy in Word and PDF  

  Archive    Yes at least 1 year at CRO  
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37.2.14 Immunogenicity Study in Sprague –Dawley Rats 

  Purpose    What is the T cell dependent antibody 
response to KLH (keyhole limpet 
hemocyanin) in the rat?  

  (Note: this design may be incorporated with 
other short - term rat studies)  

  Timeline  
     initiation    4 to 8 weeks following authorization  
     report    10 to 12 weeks following termination  
  Estimated price     $ 200,000 to  $ 250,000  
  Regulatory compliance    FDA GLP  
  Total animals    24 male and 24 female Sprague – Dawley rats  
  Number/sex/group — main    6/sex/group in groups 1 – 4  
  Dosing route    Generally a parenteral route (IV, IM, or sc) 

for biopharmaceuticals  
  Oral route for pharmaceuticals  

  Dosing frequency    Dosed daily for 2 to 4 weeks for 
pharmaceuticals but for 
biopharmaceuticals frequency based on 
TK data or proposed clinical regimen  

  Formulations    Usually biopharmaceuticals dosed as 
received if clinical formulation is available  

  Pharmaceuticals are formulated by the CRO 
and require formulation analysis for 
concentration, homogeneity, and stability  

  Clinical signs    Twice daily  
  Clinical observations    Weekly  
  Body weights    Weekly and prior to necropsy  
  Food consumption    Weekly  
  KLH administration    1 and 2 weeks prior to termination, KLH is 

administered
  Blood collection    Serial collections at one or more time points  
  Terminal necropsy    Spleen collected on ice  
  Organ weights    Spleen  
  Assay    Titers for anti - KLH antibodies  
  Report    One copy of the draft fi nal report  

  One bound and unbound copy of the fi nal 
and an electronic copy in Word and PDF  

  Archive    Yes for at least 1 year at CRO  
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37.2.15 Immunotoxicity Study in Monkeys 

  Purpose    What is the T cell dependent antibody 
response to KLH (keyhole limpet 
hemocyanin) in the monkey?  

  (Note: this design may be incorporated with 
other short - term monkey studies)  

  Timeline  
     initiation    6 to 8 weeks following authorization  
     report    10 to 12 weeks following termination  
  Estimated cost     $ 200,000 to  $ 300,000  
  Regulatory guidelines    FDA GLP  
  Total animals    16 monkeys  
  Number/sex/group    2 monkeys /sex/group in groups 1 – 4  
  Dosing route    Generally a parenteral route (IV, IM, or sc) 

for biopharmaceuticals  
  Oral route for pharmaceuticals  

  Dosing frequency    Dosed daily for pharmaceuticals but for 
biopharmaceuticals frequency based on 
TK data or proposed clinical regimen  

  Formulations    Usually biopharmaceuticals dosed as 
received if clinical formulation is available  

  Pharmaceuticals are formulated by the CRO 
and require formulation analysis for 
concentration, homogeneity, and stability  

  Clinical signs    Twice daily  
  Clinical observations    Weekly  
  Body weights    Weekly and prior to necropsy  
  Food consumption    Weekly  
  KLH administration    1 and 2 weeks prior to termination, KLH is 

administered
  Blood collection    Serial collections at one or more time points  
  Terminal necropsy    Spleen collected on ice  
  Organ weights    Spleen  
  Assay    Titers for anti - KLH antibodies  
  Report    One copy of the draft fi nal report  

  One bound and unbound copy of the fi nal 
and an electronic copy in Word and PDF  

  Archive    Yes for at least 1 year at CRO  
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37.2.16 Vaccine Study in Rabbits 

  Purpose    What are the subchronic toxicities and 
toxicokinetics of a vaccine when 
administered to rabbits?  

  Timeline  
     initiation    6 to 8 weeks following authorization  
     report    10 to 12 weeks following termination  
  Estimated cost     $ 400,000 to  $ 450,000  
  Regulatory guidelines    FDA GLP  
  Total animals    72 rabbits  
  Number/sex/group    9 rabbits/sex/group in groups 1 – 4  
  Dosing route    Generally intramuscular or subcutaneous  
  Dosing frequency    Dosed based on clinical regimen, generally 

at 2 to 3 week intervals for 2 to 3 doses  
  Formulations    Usually vaccines are dosed as received if 

clinical formulation is available  
  Clinical signs    Twice daily  
  Clinical observations    Weekly  
  Body weights    Weekly and prior to necropsy  
  Food consumption    Weekly  
  Draize scoring    0, 24, 48, 72, 96, and 120 hours after each 

dose
  See Appendix  E  for scoring  

  Clinical pathology    Prior to study initiation  
  2 to 3 days after each dose  

     Hematology    See Appendix  B   
     Clinical chemistry    See Appendix  B   
     Coagulation    See Appendix  B   
     Urinalysis    See Appendix  B   
  Terminal necropsy    3 days after fi nal dose  
  Recovery necropsy    15 days after fi nal dose  
  Organ weights    See Appendix  C   
  Bone marrow smears    Yes from sternum  
  Tissue preservation    See Appendix  D   
  Histopathology    Groups 1 and 4 all tissues  

  Groups 2 and 3 — target tissues and gross 
lesions

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the fi nal 

and an electronic copy in Word and PDF  
  Archive    Yes for at least 1 year at CRO  
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37.2.17 Phototoxicity Study in Rodents 

  Purpose    What is the potential phototoxic effect 
on the eyes and skin of rodents after a 
single dose followed by exposure to 
radiation from a xenon lamp (simulate 
sunlight)?

  Timeline  
     initiation    4 to 6 weeks following authorization  
     report    6 to 10 weeks following termination  
  Estimated cost     $ 40,000 to  $ 50,000  
  Regulatory guidance and 

compliance
  Photosafety testing (May 2003) and FDA 

GLP
  Total animals    50 Long – Evans rats  
  Number/sex/group    5/sex/group in groups 1 – 5  
  Dosing route    Generally a parenteral route (IV, IM, or sc) 

for biopharmaceuticals  
  Oral route for pharmaceuticals  

  Dosing frequency    Single dose at 4 dose levels (control, 
low, mid, and highdose) plus positive 
control

  Formulations    Usually biopharmaceuticals dosed as 
received if clinical formulation is 
available

  Pharmaceuticals are formulated by the 
CRO and require formulation analysis 
for concentration, homogeneity, and 
stability

  Clinical signs    Twice daily  
  Body weights    Daily and prior to necropsy  
  Exposure procedure    At appropriate intervals after dosing 

(e.g, 24 and 120 hours for eyes, and 
4, 24, and 120 hours for skin) rats 
are anesthetized, restrained, and 
placed approximately one meter from 
the UVR source at the time of UVR 
exposure

  An instrumental UVR response dose 
equivalent to approximately 0.5 minimal 
erythema dose (MED) is delivered to 
each rat  

  Clinical observations    Prior to exposure and 1 and 4 hours 
after dosing, continuously during 
anesthesia and exposure, and daily for 
3 days  
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  Skin observations    Prior to exposure, 30 minutes after 
completion of each UVR exposure, and 
on days 2, and 3 after exposure  

  Ophthalmological 
observations

  Prior to exposure and at termination  

  Terminal necropsy    Three days after the fi nal UVR exposure  
  Tissue preservation    Eyes and skin from all animals  
  Histopathology    Eyes and skin from control and high - dose 

animals
  Report    One copy of the draft fi nal report  

  One bound and unbound copy of the 
fi nal and an electronic copy in Word 
and PDF  

  Archive    Yes for at least 1 year at CRO  

37.2.18 Biodistribution Study in Sprague –Dawley Rats 

  Purpose    What is the biodistribution of a gene 
therapy product when administered to 
Sprague – Dawley rats after a single dose 
or after repeated dosing?  

  Timeline  
     initiation    4 to 8 weeks following authorization  
     report    10 to 12 weeks following termination  
  Estimated price     $ 200,000 to  $ 250,000  
  Regulatory compliance    FDA GLP  
  Total animals    24 male and 24 female Sprague – Dawley 

rats
  Number/sex/group    6/sex/group in groups 1 – 4  
  Dosing route    Generally a parenteral route (IV, IM, or sc) 

for biopharmaceuticals  
  Dosing frequency    Either a single dose or dosing daily 

for 2 to 4 weeks for gene therapy 
products or based proposed clinical 
regimen

  Formulations    Usually gene therapy products are dosed as 
received if clinical formulation is 
available.  

  Clinical signs    Twice daily  
  Clinical observations    Weekly  
  Body weights    Weekly and prior to necropsy  
  Food consumption    Weekly  
  Terminal necropsy    Week 4  



878 PRECLINICAL SAFETY STUDY DESIGN TEMPLATES AND ESTIMATED COSTS

  PCR analysis    The following tissues are removed in the 
order listed below with a fresh set of 
clean instruments for each organ. The 
tissues (at least 0.5   g sample for each 
tissue - weight not required for protocol 
fulfi llment) are snap frozen in liquid 
nitrogen and stored at or below − 70    ° C:  

  1.   Blood (X    ≥    0.6   ml of blood is collected 
into an EDTA tube and then transferred 
to a cryovial and snap frozen)  

  2.   Ovaries/testes (paired)  
  3.   Liver (left lateral lobe)  
  4.   Thymus  
  5.   Heart (apex)  
  6.   Lung (right  
  7.   Small intestine (representative sample 

as site it not specifi ed  
  8.   Kidney
  9.   Spleen (median)  

  10.   Mesenteric lymph nodes  
  11.   Representative skin and subcutis (at 

exposure site)  
  12.   Representative thigh muscle (at 

exposure site)  
  13.   Bone marrow  
  14.   Brain

  All tissues are processed for the presence 
of the gene therapy agent in the tissues 
using a GLP validated method for 
biodistribution. Skin and subcutis and 
thigh muscle are processed for the 
incorporation of gene therapy agent using 
a GLP validated method. Tissues are not 
be pooled for analysis. Analysis includes 
qPCR (quantitative polymerase chain 
reaction) for the presence of the gene 
therapy agent in the tissue.  

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the 

fi nal and an electronic copy in Word 
and PDF  

  Archive    Yes for at least 1 year at CRO  
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37.2.19 Study of Fertility and Early Embryonic Development to 
Implantation in Sprague –Dawley Rats (Segment 1) 

  Purpose    What are the potential effects of a test 
article on gonad function, mating 
behavior, implantation, and general 
fertility in male and female rats when 
administered through mating and 
implantation?

  Timeline  
     initiation    4 to 6 weeks following authorization  
     report    6 to 8 weeks following termination  
  Estimated cost     $ 125,000 to  $ 175,000  
  Regulatory guidance and 

compliance
  ICH - S5A detection of toxicity to 

reproduction for medicinal products and 
FDA GLP  

  Total animals    100 males and 100 females  
  Number/sex/group    25/sex/group in groups 1 – 4, control, low 

dose, mid dose, and high dose, 
respectively

  Dosing route    Generally a parenteral route (IV, IM, or sc) 
for biopharmaceuticals  

  Oral route for pharmaceuticals  
  Dosing frequency    Males dosed for 4 weeks prior to mating (up 

to 10 may be required), throughout the 
mating period, and through the day prior 
to termination  

  Females dosed 2 weeks prior to mating, 
throughout the mating period, and 
through GD 7  

  Frequency may differ for 
biopharmaceuticals based on TK data or 
proposed clinical regimen  

  Formulations    Usually biopharmaceuticals dosed as 
received if clinical formulation 
available

  Pharmaceuticals are formulated by the 
CRO and require formulation analysis 
for concentration, homogeneity, and 
stability

  Clinical signs    Twice daily  
  Clinical observations    Weekly  
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  Body weights    Males weighed on the fi rst day of treatment 
prior to dosing, twice weekly during 
treatment, and at termination  

  Females weighed on the fi rst day of 
treatment prior to dosing, twice weekly 
during premating treatment phase, and 
twice weekly during mating  

  Confi rmed - mated females are also weighed 
on days 0, 3, 7, 10, and 13 of presumed 
gestation

  Estrous cycle determination    During the 2 - week dosing premating phase, 
daily vaginal smears assessed for stage of 
estrus

  Estrous cycle determination continued until 
confi rmation of mating occurred or the 
mating phase ended  

  Mating    1   :   1 with identifi cation of both parents of a 
litter

  Uterine examinations    Performed at any point after midpregnancy 
but generally on GD 13  

  Uterine contents are examined for corpora 
lutea, implantation sites, and live and 
dead conceptuses  

  Necropsy    Necropsy of males and unconfi rmed females 
include an examination of the external 
features of the carcass; external body 
orifi ces; and cervical, abdominal, and 
thoracic viscera  

  Special attention given to the organs of the 
reproductive tract  

  Antibodies (for 
biopharmaceuticals only)  

  Prior to initiation and at termination  

  Sperm evaluation    Sperm count and motility in the males 
surviving to termination.  

  Tissue preservation    Testes, epididymides, ovaries, and uteri from 
all animals  

  Histopathology    Not conducted unless indicated by 
treatment - related effects  

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the fi nal 

and an electronic copy in Word and PDF  
  Archive    At the CRO for at least one year  
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37.2.20 Study for Effects on Embryofetal Development and 
Toxicokinetics in Rats (Segment 2) 

  Purpose    What is the maternal and embryofetal 
toxicity and teratogenic potential and 
toxicokinetics of a test article when 
administered daily to pregnant rats from 
implantation to closure of the hard 
palate?

  Timeline  
     initiation    4 to 6 weeks following authorization  
     report    8 to 12 weeks following termination  
  Estimated cost     $ 100,000 to  $ 125,000  
  Regulatory guidance and 

compliance
  ICH - S5A detection of toxicity to 

reproduction for medicinal products and 
FDA GLP  

  Total females    118 time - mated ( ≤ GD3) females received  
  Number/group    25/sex/group in groups 1 – 4, control, low 

dose, mid dose, and high dose, 
respectively

  Number/group for TK    6/sex/group in groups 1 – 4  
  Dosing route and frequency    Generally a parenteral route (IV, IM, or sc) 

for biopharmaceuticals  
  Oral route for pharmaceuticals  
  Dose GD 6 to 17 for pharmaceuticals, but 

frequency for a biologic based on TK data 
or proposed clinical regimen  

  Formulations    Usually biopharmaceuticals dosed as 
received if clinical formulation available  

  Pharmaceuticals are formulated by the 
CRO and require formulation analysis 
for concentration, homogeneity, and 
stability

  Clinical signs    Twice daily  
  Body weights    Main study animals weighed on GD 0, 4, 6, 

8, 10, 12, 14, 16, 18, and 20  
  Toxicokinetic animals weighed on GD 0, 4, 

6, 8, 10, 12, 14, 16, and 18  
  Food consumption    Beginning on GD 4, food consumption 

measured at body weight intervals  
  Toxicokinetics    Blood samples obtained from 3 animals/

time point on GD 6 and 17 of the 
treatment phase at approximately 
0.5, 1, 2, 4, 8, and 24 hours postdose 
(± 2   min)  
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  Uterine examinations    Performed on GD 20  
  Uterine contents are examined for corpora 

lutea, number of live and dead fetuses, 
and gross lesions  

  Antibodies (for 
biopharmaceuticals only)  

  Prior to study initiation, and at termination  

  Fetal examinations    Each fetus (live or dead) sexed, weighed, 
and examined for external abnormalities  

  Approximately half of all fetuses from each 
litter processed for visceral examination  

  Heads preserved in Bouin ’ s fi xative, and 
evaluated by Wilson ’ s technique  

  Internal organs of the thoracic and 
abdominal cavities of the fetuses 
examined in the fresh state using Staples ’ s 
technique

  Remaining fetuses eviscerated, processed 
for skeletal examination using the 
Alizarin Red S staining method, and 
evaluated

  Findings are judged to be variations or 
malformations:  

  Malformations are developmental deviations 
that (1) are gross structural changes, (2) 
are incompatible with life, or (3) may 
affect the quality of life. Variations are 
structural deviations that are thought to 
have no effect on body conformity or the 
well - being of the animal.  

  Tissue preservation    All fetuses retained in Bouin ’ s fi xative or 
glycerin

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the fi nal 

and an electronic copy in Word and PDF  
  Archive    At the CRO for at lest one year  

37.2.21 Study for Effects on Embryofetal Development and 
Toxicokinetics in New Zealand White Rabbits (Segment 2) 

  Purpose    What are the maternal and embryofetal 
toxicity, teratogenic potential, and 
toxicokinetics of a test article when 
administered to pregnant rabbits from 
implantation to closure of the hard plate?  



STUDY OUTLINES AND COST ESTIMATES 883

  Timeline  
     initiation    4 to 6 weeks following authorization  
     report    8 to 12 weeks following termination  
  Estimated cost     $ 125,000 to  $ 150,000  
  Regulatory guidance and 

compliance
  ICH - S5A detection of toxicity to 

reproduction for medicinal products and 
FDA GLP  

  Total females    92 Time - mated female Hra:(NZW)SPF 
rabbits

  Number group    20/group in groups 1 – 4  
  Number/group for TK    3/group in groups 1 – 4  
  Dosing route    Generally a parenteral route (IV, IM, or sc) 

for biopharmaceuticals  
  Oral route for pharmaceuticals  

  Dosing frequency    Dose GD 7 to 20 for pharmaceuticals, 
but frequency for a biologic may differ 
based on TK data or proposed clinical 
regimen

  Formulations    Usually biopharmaceuticals dosed as 
received if clinical formulation available  

  Pharmaceuticals are formulated by the 
CRO and require formulation analysis 
for concentration, homogeneity, and 
stability

  Clinical signs    Twice daily  
  Body weights    Main study rabbits are weighed on 

GD 0, 4, 7, 9, 11, 13, 15, 18, 21, 24, 27, 
and 29  

  TK rabbits are weighed on GD 0, 4, 7, 9, 11, 
13, 15, and 18  

  Food consumption    Food consumption is measured for the main 
study rabbits at GD 4 to 5, 5 to 7, 7 to 9, 9 
to 11, 11 to 13, 13 to 15, 15 to 17, 17 to 18, 
18 to 20, 20 to 21, 21 to 22, 22 to 24, 24 to 
26, 26 to 27, and 27 to 29  

  Toxicokinetics    Blood samples obtained from 3 animals/time 
point on GD 7 and 20 of the treatment 
phase at approximately 0.5, 1, 2, 4, 8, and 
24 hours postdose ( ± 2   min)  

  Uterine examinations    Performed on GD 29  
  Uterine contents examined for corpora 

lutea, number of live and dead fetuses, 
and gross lesions  

  Antibodies (for 
biopharmaceuticals only)  

  Prior to study initiation, and at termination  
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  Fetal examinations    Each live fetus weighed and examined for 
external abnormalities  

  Live fetuses killed and a midcoronal slice 
made in the head of each fetus to 
evaluate the contents of the cranium  

  Internal organs of the thoracic and 
abdominal cavities of all fetuses examined 
in the fresh state using Staples ’ s 
technique, and the sex of each fetus 
determined

  Viscera removed and discarded  
  Carcasses processed for skeletal 

examination using the Alizarin Red S 
staining method and evaluated  

  Findings judged to be variations or 
malformations

  Malformations are developmental deviations 
that (1) are gross structural changes, (2) 
are incompatible with life, or (3) may 
affect the quality of life. Variations are 
structural deviations that are thought to 
have no effect on body conformity or the 
well - being of the animal.  

  Tissue preservation    All fetuses are retained in Bouin ’ s fi xative 
or glycerin  

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the fi nal 

and an electronic copy in Word and PDF  
  Archive    At the CRO for at last one year  

37.2.22 Study for Effects on Pre - and Postnatal Development, 
Including Maternal Function in Sprague –Dawley Rats (Segment 3) 

  Purpose    What are the effects of the test article on 
pregnant and lactating dams and on the 
development of the conceptus and 
offspring following exposure of the dams 
from implantation through weaning?  

  Timeline  
     initiation    4 to 6 weeks following authorization  
     report    8 to 10 weeks following termination  
  Estimated cost     $ 200,000 to  $ 250,000  
  Regulatory guidance and 

compliance
  ICH - S5A detection of toxicity to 

reproduction for medicinal products and 
FDA GLP  



STUDY OUTLINES AND COST ESTIMATES 885

  Total animals    100 F 0  time mated ( ≤ GD 4) females 
received

  Number/sex/group    25/sex/group in groups 1 – 4  
  Dosing route    Generally a parenteral route (IV, IM, or sc) 

for biopharmaceuticals  
  Oral route for pharmaceuticals  

  Dosing frequency    Implantation through the end of lactation, 
generally daily from GD 6 through PND 
20

  Frequency may differ for biological, 
based on TK data or proposed clinical 
regimen

  F 1  generation not dosed  
  Formulations    Usually biopharmaceuticals dosed as 

received if clinical formulation available  
  Pharmaceuticals are formulated by the 

CRO and require formulation analysis 
for concentration, homogeneity, and 
stability

  Clinical signs    Twice daily  
  Clinical observations    Weekly  
  F 0  Body weights    GD 0, 4, 6, 8, 10, 12, 14, 16, 18, and 20 and 

on PND 0, 4, 7, 10, 14, 17, and 21  
  F 0  Food consumption    GD 4 – 6, 6 – 8, 8 – 10, 10 – 12, 12 – 14, 14 – 16, 

16 – 18, and 18 – 20  
  Food consumption will not be measured 

during lactation  
  F 1  Litter observations    At birth — litter size (number alive and 

dead), and the sex, weight, and clinical 
observations of individual pups  

  At PND 4 — litter size and sex, weight, 
and observations of individual pups 
prior to culling; litters with more 
than 8 pups culled to 4 males and 4 
females

  At PND 7, 14, 21 — litter size and sex, 
weight, and observations of individual 
pups

  General development — pinna unfolding 
(PND 1), surface righting (PND 4), hair 
growth (PND 7), incisor eruption (PND 
7), eye opening (PND 11), and auditory 
startle (PND 21)  

  Weaning    1 pup/sex/litter randomly selected for F 1
generation
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  Postweaning    Pup observation may include the following:  
  Vaginal opening — starting on PND 30  
  Cleavage of the balanopreputial gland —

 starting on PND 35  
  Locomotor activity — PND 22    ±    1 day  
  Water maze — PND 30    ±    2  

  F 1  breeding    Following 7 weeks of postweaning one 
female and one male from the same 
groups are selected to cohabit; sibling 
mating avoided  

  Mating confi rmed by presence of vaginal 
plug or sperm  

  F 1  body weights    GD 0, 7, 14, and 20 and on PND 0.  
  F 2  litter observations    At birth — litter size (number alive and 

dead), and the sex, weight, and clinical 
observations of individual pups  

  PND 0 — all pups killed and preserved in 
10% NBF  

  Necropsy    F 0  females  
  F 1  males and females  

  Antibodies (for 
biopharmaceuticals only)  

  Prior to study initiation, and at termination  

  Tissue preservation    Gross lesions  
  Histopathology    Not conducted unless indicated by 

treatment - related effects  
  Report    One copy of the draft fi nal report  

  One bound and unbound copy of the fi nal 
and an electronic copy in Word and PDF  

  Archive    At the CRO for at least one year  

37.2.23 Evaluation of Cardiovascular (Hemodynamic) Function in 
the Conscious Telemetered Nonrodent 

  Purpose    What is the effect of the test article on the 
hemodynamic function in the conscious 
telemetered nonrodent?  

  Timeline  
     initiation    2 to 4 weeks following authorization  
     report    6 to 8 weeks following termination  
  Estimated cost     $ 100,000 to  $ 150,000  
  Regulatory guidelines and 

compliance
  ICH S7A safety pharmacology studies for 

human pharmaceuticals and FDA GLP  
  Total animals    8 cynomolgus monkeys or beagle dogs  
  Number/sex    4/sex/dose  



STUDY OUTLINES AND COST ESTIMATES 887

  Dosing route    Expected clinical route of administration 
when feasible  

  Generally a parenteral route (IV, IM, or sc) 
for biopharmaceuticals and oral route for 
pharmaceuticals

  Dosing frequency    4 animals/sex treated with 4 doses (control, 
low, mid, and high dose) with at least 7 
days between doses  

  Formulations    Usually biopharmaceuticals dosed as 
received when clinical formulation 
available

  Pharmaceuticals are formulated by the CRO 
and require formulation analysis for 
concentration, homogeneity, and stability  

  Clinical signs    Twice daily  
  Clinical observations    Prior to and following each dose  
  Body weights    Prior to each dose  
  Cardiovascular analysis    In instrumented dogs, blood pressure 

(diastolic, mean, and systolic) recorded 
every 15 minutes for the fi rst 4 hours with 
hourly measurements thereafter for 24 
hours and ECGs to include P duration, 
PR interval, QRS interval, R amplitude, 
and QT/QTc interval recorded every 15 
to 30 minutes for the fi rst 4 hours and 
hourly thereafter for 8 hours  

  Times may vary based on toxicokinetic 
parameters

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the fi nal 

and an electronic copy in Word and PDF  
  Archive    At least one year at CRO  

37.2.24 Neuropharmacology Study in Sprague –Dawley Rats 

  Purpose    What are the neuropharmacology effects 
(functional observational battery, 
spontaneous motor activity, and motor 
coordination) in Sprague – Dawley rats 
following a single dose?  

  Timeline  
     initiation    2 to 4 weeks following authorization  
     report    6 to 8 weeks after termination  
  Estimated cost     $ 20,000 to  $ 40,000  
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  Regulatory guidelines and 
compliance

  ICH S7A safety pharmacology studies 
for human pharmaceuticals and FDA 
GLP

  Total animals    120 Sprague – Dawley rats  
  Number/sex/group    10 males/group in groups 1 – 4 for each 

test (functional observational battery, 
spontaneous motor activity, and 
rotarod)

  Tests may be conducted in 5 rats/sex/
group

  Dosing route    Expected clinical route of administration 
when feasible  

  Generally a parenteral route (IV, IM, or sc) 
for biopharmaceuticals and oral route for 
pharmaceuticals

  Oral route usually for pharmaceuticals  
  Dosing frequency    Prior to each test  
  Formulations    Usually biopharmaceuticals dosed as 

received when clinical formulation 
available 

  Pharmaceuticals are formulated by the 
CRO and require formulation analysis 
for concentration, homogeneity, and 
stability

  Functional observational 
battery

  Rats dosed and placed in open fi eld and 
observed for signs of pharmacological or 
toxicological activity at 15, 30, and 45 
minutes, 1, 2, 3, 4, and 24 hours following 
treatment

  Observation times may vary based on the 
toxicokinetics of the test article  

  Observances for the following will include:  
  Seizures/convulsions, awareness reaction, 

startle response, vocalization, irritability, 
decreased abdominal tone, increased 
secretion, body tremors, decreased grip 
strength, immobility, motor activity, 
ataxia, abnormal posture, stereotypy, 
excretion, decreased respiration, 
piloerection, loss of righting, pupil size, 
nociceptive (pain) response, corneal 
refl ex, and pinnal refl ex  

  Body temperatures taken on all animals at 
60 minutes ( ± 5   min) following dose 
administration
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  Rotarod    Rats are pre - trained and act as their own 
control to maintain themselves on the 
rotarod for one minute  

  Rats are tested on the rotarod at 30 and 60 
minutes ( ± 2 minutes) postdose  

  Observation times may vary based 
on the pharmacokinetics of the test 
article

  Spontaneous motor activity    Rats are orally dosed, and individually 
placed in a photobeam activity system 
for 60 minutes postadministration 
of the test article/vehicle, to count 
spontaneous motor activity over a 20 
minute period  

  Spontaneous motor activity is counted at 
the following time intervals (minutes): 
0 – 5, 5 – 10, 10 – 15, 15 – 20  

  Observation times may vary based 
on the pharmacokinetics of the test 
article

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the 

fi nal and an electronic copy in Word 
and PDF  

  Archive    At least one year at the CRO.  

37.2.25 Pulmonary Assessment in the Conscious Rat 

  Purpose    What are the potential effects on pulmonary 
function in the conscious rat?  

  Timeline  
     initiation    2 to 4 weeks following authorization  
     report    4 to 6 weeks after termination  
  Estimated cost     $ 25,000 to  $ 45,000  
  Regulatory guidelines and 

compliance
  ICH S7A safety pharmacology studies 

for human pharmaceuticals and FDA 
GLP

  Total animals    16 male Sprague – Dawley rats  
  Number sex/group    4 males/group in groups 1 – 4  
  Dosing route and frequency    Generally a parenteral route (IV, IM, or sc) 

for biopharmaceuticals  
  Oral route usually for pharmaceuticals  
  prior to each test  



890 PRECLINICAL SAFETY STUDY DESIGN TEMPLATES AND ESTIMATED COSTS

  Methods    Pleural pressure transmitters surgically 
implanted using aseptic surgical 
techniquein each rat  

  Rats trained initially for two days in the 
head - out plethysmographic chamber for 
15 minutes each  

  On day of dosing, each rat placed in its 
plethysmographic chamber and allowed to 
stabilize for 5 minutes  

  Following stabilization, the following 
respiratory parameters are measured for 
fi ve minute for baseline levels:  

  Airway Resistance (cmH 2 O/ml/s), Tidal 
Volume (ml/breath), minute volume (ml/
min), and respiratory rate (breaths/min)  

  Rats then removed from the chambers and 
dosed with the test article or vehicle  

  30 minutes following the dosing, rats 
returned to the plethysmographic 
chamber and respiratory parameters 
measured continuously for 5 minutes  

  After 1, 2, and 4 hours, each animal returned 
to its designated plethysmographic 
chamber and respiratory parameters are 
measured continuously for 5 minutes 
following a 5 - min stabilization period  

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the fi nal 

and an electronic copy in Word and PDF  
  Archive    At least one year at the CRO  

37.2.26 Evaluation of Cardiovascular Function Using Cloned hERG
Channels Expressed in Human Embryonic Kidney ( HEK293) Cells 

  Purpose    What is the potential of the test article to 
prolong the human QT interval in vivo by 
assessing the rapidly inward rectifying 
potassium current (Kr) conducted by 
hERG (human ether - a - go - go related 
gene) channels stably expressed in a 
HEK293 cell line?  

  Timeline  
     initiation    2 to 4 weeks following authorization  
     report    4 to 6 weeks following termination  
  Estimated cost     $ 15,000 to  $ 20,000  
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  Regulatory guidelines and 
compliance

  ICH S7A safety pharmacology studies 
for human pharmaceuticals and FDA 
GLP

  Cells    HEK293 cells from  Homo sapien  embryonic 
kidney epithelial cell line transformed 
with adenovirus 5 DNA   and maintained 
in cell culture incubators  

  Dosing route    In vitro  
  Formulations    Biopharmaceuticals or pharmaceuticals 

dissolved in physiological saline 
containing 0.1% DMSO to obtain at least 
5 different concentrations  

  Biopharmaceuticals and pharmaceuticals 
formulated by the CRO and require 
formulation analysis for concentration, 
homogeneity, and stability  

  Positive control    Cisapride, a potent blocker of hERG 
channels, expressed in HEK293 cells and 
clinically shown to result in QT 
prolongation and ventricular arrythmias  

  Study design    Cells harvested using trypsin/EDTA and 
plated onto glass cover slips prior to 
evaluation

  Following whole - cell patch clamp with 
demonstration of stable hERG current, 
control values taken followed by exposure 
of the cells to the vehicle, then each 
concentration of the test article from 
lowest to highest concentration and fi nally 
the positive control  

  Parameters    Peak tail currents from the last 30   s of the 
baseline period averaged and compared 
to 30   s of data recorded in the presence of 
each test article solution  

  Current inhibition calculated as percent 
according to Inhibition (%)   =   100    ×    ( Itest /
Ibaseline ), where  Itest  is the peak tail current 
measured in the presence of the test 
solution and Ibaseline  is the peak tail current 
measured prior to exposure to the test 
solution

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the fi nal 

and an electronic copy in Word and PDF  
  Archive    At least one year at CRO  
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37.2.27 Evaluation of Cardiovascular Function Using Action 
Potential Parameters in Isolated Dog Purkinje Fibers 

  Purpose    What is the potential of the test article 
to prolong the human QT interval in 
vivo by assessing the action potential 
parameters in the Beagle dog Purkinje 
fi bers?  

  Timeline  
     initiation    2 to 4 weeks following authorization  
     report    4 to 6 weeks following termination  
  Estimated cost     $ 20,000 to  $ 25,000  
  Regulatory guidelines and 

compliance
  ICH S7A safety pharmacology studies 

for human pharmaceuticals and FDA 
GLP

  Total animals    4 beagle dogs  
  Dosing route    In vitro  
  Formulations    Biopharmaceuticals or pharmaceuticals 

dissolved in Tyrodes ’ s solution to obtain 
at least 5 different concentrations  

  Biopharmaceuticals and pharmaceuticals 
formulated by the CRO and require 
formulation analysis for concentration, 
homogeneity, and stability  

  Positive control    dl - soltalol, a  β  - adrenergic antagonist that 
prolongs cardiac action potential by 
selectively blocking the rapidly 
activating delayed rectifi er potassium 
current (IKr)  

  Study design    4 Purkinje fi bers obtained from 4 different 
dogs isolated from dog hearts and 
placed in a recording chamber and 
perfused with Tyrode ’ s solution at 
35 – 38    ° C  

  Fibers electrically paced via bipolar silver 
electrodes and impaled with 3M KCl -
 fi lled glass microelectrodes  

  Action potentials continuously 
monitored

  Control values taken, followed by 
exposure of fi bers to vehicle, then 
each concentration of the test 
article from lowest to highest 
concentration and fi nally the positive 
control
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  Action potential parameters    Resting membrane potential (RMP)  
  Maximum rate of depolarization of the 

action potential upstroke ( Vmax )  
  Action potential amplitude (APA)  
  Overshoot (OS)  
  Action potential duration at 30%, 50%, and 

90% (APD 30 , APD 50 , and APD 90 ) 
repolarization

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the fi nal 

and an electronic copy in Word and PDF  
  Archive    At least one year at CRO  

37.2.28 Salmonella typhimurium/Escherichia coli Plate Incorporation 
Mutation Assay in the Presence and Absence of Induced Rat Liver 
S-9

  Purpose    What is the potential of a test article with 
and without metabolic activation to 
produce point mutations in bacteria 
strains with base substitutions and 
frameshift mutations in operons coding 
for synthesis of specifi c amino acids?  

  Timeline  
     initiation    2 to 4 weeks following authorization  
     report    4 to 6 weeks following termination  
  Estimated cost     $ 10,000 to  $ 15,000  
  Regulatory 

guidelines/compliance
  ICH S2A specifi c aspects of regulatory 

genotoxicity tests for pharmaceuticals, 
S2Bgenotoxicity: a standard battery for 
genotoxicity testing of pharmaceuticals 
and FDA GLPs  

  Metabolic activation    Standard rat liver S - 9 prepared by inducing 
male Sprague – Dawley rats with Aroclor -
 1254 or Phenobarbital and/or 
β  - naphthofl avone  

  Test system identifi cation  Salmonella typhimurium  strains — TA98, 
TA100, TA1535, TA1537  

Escherichia coli  strain — WP2 uvrA  
  Positive controls    2 - AA, 2 - NF, 9 - AA, NaAz, and MMS  
  Determination 

of solubility/miscibility  
  Conducted to determine the maximum 

achievable concentration of ANS 201 in 
the selected solvent (water, DMSO, 
acetone, or ethanol).  
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  Dose selection    Performed with and without S - 9 activation 
using tester strains TA100 and WP2 uvrA 
only to identify test article concentrations 
that produce 0 – 100% toxicity.  

  Mutation assay    Performed using the four  Salmonella
typhimurium  strains (TA98, TA100, 
TA1535, TA1537) and the  Escherichia 
coli  strain WP2 uvrA strain bu plate 
incorporation method of treatment  

  Plates incubated at 37    ° C for 36 to 72 hours 
and then scored for number of revertants 
per plate  

  Confi rmatory assay    If mutation assay negative, the same strains 
and test article concentrations is tested 
using the preincubation method of 
treatment

  Criteria of response    Negative, if all stains treated with test article 
had mean reversion frequencies that are 
less than twice those observed in the 
corresponding solvent control plates in 
TA98 and TA100 and less than three 
times in TA 1535, TA1537, and WP2 uvrA, 
and there is no evidence of a 
concentration – response

  Positive, if either TA98 or TA 100 exhibit a 
mean reversion frequency that is at least 
double those observed in the 
corresponding control in at least one 
concentration, or if TA1535, TA1537, or 
WP2 uvrA exhibit a threefold increase in 
mean reversion frequency compared to 
the solvent control in at least one 
concentration and the response must be 
concentration - dependent

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the fi nal 

and an electronic copy in Word and PDF  
  Archive    At least one year at the CRO  
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37.2.29 Chemical Induction of Micronucleated Polychromatic 
Erythrocytes in Mouse Bone Marrow Cells 

  Purpose    What is the potential of a test article to 
produce clastogenic genetic damage as 
measured by induced micronucleated 
polychromatic erythrocytes (MPCE) in 
bone marrow cells?  

  Timeline  
     initiation    2 to 4 weeks following authorization  
     report    4 to 8 weeks following termination  
  Estimated cost     $ 15,000 to  $ 25,000  
  Regulatory guidelines/

compliance
  ICH S2A specifi c aspects of regulatory 

genotoxicity tests for pharmaceuticals, 
S2Bgenotoxicity: a standard battery for 
genotoxicity testing of pharmaceuticals and 
FDA GLPs  

  Abbreviations    PCE — polychromatic erythrocytes  
  NCE — normochromatic erythrocytes  
  MPC — micronucleated polychromatic 

erythrocytes  
  Total mice    90 CD - 1 mice (or rats)  
  Number/sex/group    10/sex/group in groups 1 – 4 (control, low, mid, 

and high dose) and 5/sex in the positive 
control group  

  Positive control    Cyclophosphamide (CP) at 80 mg/kg or 
trimethylenemelamine (TEM) at 1.0 mg/kg  

  Dosing route    Generally a parenteral route (IV, IM, or sc) 
for biopharmaceuticals  

  Oral route for CP or intraperitoneal for 
TEM

  Range fi nding    Performed only if suffi cient information is 
not available on the toxicity of the test 
article in mice.  

  Assay    Approximately 24, 48, or 72 hours after 
dosing, mice killed and bone marrow 
obtained from both femurs  

  Slide of a bone marrow suspension prepared, 
stained with Wright - Giemsa stain, dried, 
and scored blind  

  Number of PCE among the total erythrocytes 
(PCE   +   NCE) determined for each animal 
by counting at least 200 erythrocytes  

  Number of MPCE scored for 1000 or 2000 
PCE per animal  
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  Criteria of response    Positive, if there is a positive dose –
 response trend or statistically signifi cant 
increase in the number of MPCE at 
one or more dose levels compared to 
control

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the 

fi nal and an electronic copy in Word and 
PDF

  Archive    At least one year at the CRO  

37.2.30 Lymphoma Mutagenesis in the L5178Y TK+/− Mouse with 
Colony Size Evaluation in the Presence and Absences of Induced Rat 
Liver S-9 with a Confi rmatory Study 

  Purpose    What is the potential of a test article with 
and without metabolic activation to 
induce forward mutations at the 
thymidine kinase locus of L5178Y TK+/ −
mouse lymphoma cells?  

  Timeline  
     initiation    2 to 4 weeks following authorization  
     report    4 to 8 weeks following termination  
  Estimated cost     $ 15,000 to  $ 25,000  
  Regulatory 

guidelines/compliance
  ICH S2A specifi c aspects of regulatory 

genotoxicity tests for pharmaceuticals, 
S2B genotoxicity: a standard battery for 
genotoxicity testing of pharmaceuticals 
and FDA GLPs  

  Metabolic activation    Standard rat liver S - 9 prepared by inducing 
male Sprague – Dawley rats with Aroclor -
 1254 or Phenobarbital and/or 
β  - naphthofl avone  

  Positive control    Hycanthone methanesulfonate 
(HYC) — induces mutations at the 
TK locus without metabolic 
activation

  7,12 - Dimethylbenz[ α ]anthracene 
(DMBA) — induces mutations at 
the TK locus with metabolic 
activation

  Dose selection    Performed to identify the concentrations 
that produce 0 – 100% toxicity.  
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  Mutation assay    Positive controls (HYC and DMBA) and 
fi ve concentrations of the test article used 
with and with metabolic activation  

  Cells exposed to each dose, and the 
supernatant obtained, and incubated for 
20 and 44 hours  

  After a 2 - day expression period, the 
cultures cloned with the restrictive 
agent trifl uorothymidine (allows the 
growth of TK − / −  cells only) or vehicle 
control

  Results    Mutation frequency (MF) calculated as 
mean of all mutants per plate    ÷    mean of 
all colonies in corresponding plates  

  Induced MF also calculated    
  Criteria    Positive response is if at least one culture 

had an MF that is two times or greater 
than the average MF of the corresponding 
solvent control cultures, and the response 
is concentration dependent  

  Confi rmatory assay    Performed without S - 9 activation and 
exposure period extended to 24 hours to 
confi rm mutation assay results  

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the fi nal 

and an electronic copy in Word and PDF  
  Archive    At least one year at the CRO  

37.2.31 In vitro Chromosomal Aberration 

  Purpose    What is the potential of a test article 
with and without metabolic activation 
to induce structural chromosome 
alterations in Chinese hamster ovary 
(CHO) cells?  

  Timeline  
     initiation    2 to 4 weeks following authorization  
     report    4 to 8 weeks following termination  
  Estimated cost     $ 15,000 to  $ 25,000  
  Regulatory 

guidelines/compliance
  ICH S2A specifi c aspects of regulatory 

genotoxicity tests for pharmaceuticals, 
S2B genotoxicity: a standard battery for 
genotoxicity testing of pharmaceuticals 
and FDA GLPs  
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  Metabolic activation    Standard rat liver S - 9 prepared by inducing 
male Sprague – Dawley rats with Aroclor -
 1254 or Phenobarbital and/or 
β  - naphthofl avone  

  Positive control    Methyl methanesulphonate, ethyl 
methanesulfonate, ethylnitrosurea, 
mitomycin, or 4 - nitroquinone -  N  - oxide 
for the nonmetabolic activation and 
benzo(a)pyrene or cyclophosphamide for 
the metabolic activation  

  Dose selection    Performed as the loss of growth potential of 
cells induced by a 4 - hour expression in 
growth medium  

  Assay    Approximately 10 6  cells treated with at 
least three doses of the test article 
with and without the S9 fraction 
for two hours at 37    ° C in growth 
medium

  Exposure period stopped by two washing 
the cells twice with saline  

  Following the addition of fresh growth 
medium and BrdU (5 - bromo - 2 ′  -
 deoxyuridine), cells incubated for 20 
hours. 

Colcemid included in the medium the last 
three hours  

  Slides are then prepared with 10% 
Giemsa for scoring of chromosomal 
aberrations

  Results    Standard forms are used to score 100 to 200 
cells for gaps, breaks, fragments, reunion 
fi gures, and numerical aberrations such as 
polyploidy cells  

  Criteria    Type of aberration, frequency, and dose –
 response considered when evaluating the 
potential of a test article to induce 
chromosomal aberrations  

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the 

fi nal and an electronic copy in Word 
and PDF  

  Archive    At least one year at the CRO  
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37.2.32 Tissue Cross -Reactivity

  Purpose    What is the potential for expected or 
unexpected tissue binding (or cross -
 reactivity) of antibodies (test articles) in 
human and animal tissues?  

  What is the relevance of a given species for 
use in toxicity studies with that antibody?  

  Timeline  
     initiation    2 to 4 weeks following authorization  
     report    4 to 6 weeks following termination  
  Estimated cost    Human tissue cross - reactivity (3 donors) 

 $ 45,000 to  $ 50,000  
  Animal tissue cross - reactivity (2 donors) 

 $ 65,000 to 70,000  
  Regulatory guidelines/

compliance
  No specifi c guidelines and FDA GLP 

optional
  Staining methods    Avidin - biotin (ABC) for biotinylated test 

articles or  
  Tertiary antibody detection for FITC labeled 

test article or  
  Precomplexing with a labeled anti - human 

IgG for an unlabeled test article  
  Negative control    Tissue element or cell line that does not 

express the target antigen or  
  Beads coated with an irrelevant antigen or  
  Irrelevant antigen spotted and cross - linked to 

UV - resin slides  
  Assay control    Used to defi ne background  
  Positive control    Tissue element or cell line known to express 

the target antigen or  
  Sepharose or agarose beads coated with 

target antigen target antigen spotted and 
cross - linked on UV - resin slides  

  Results    Specifi c reactions of the antibody with the 
positive control material and lack of 
specifi c reactivity with the negative control 
material demonstrate the sensitivity, 
specifi city, and reproducibility of the assay  

  In a typical cross - reactivity assay, a staining 
method most appropriate for the antibody 
is developed  

  In a typical tissue cross - reactivity study (see 
Appendix J, cryosections of normal human 
(3 unrelated donors) and/or animal (2 
unrelated donors) tissues are stained  
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  Criteria    Slides initially evaluated to determine if the 
tissue is adequate and normal  

  Staining judged specifi c (CDR mediated) or 
nonspecifi c (non - CDR mediated) by 
comparison with control slides  

  Any specifi c staining judged to be an 
expected or unexpected reactivity based 
on the known expression of the target 
antigen

  Any staining judged to be specifi c scored for 
intensity, frequency, and staining affi nity  

  Report    One copy of the draft fi nal report  
  One bound and unbound copy of the 

fi nal and an electronic copy in Word and 
PDF

  Archive    At least one year at the CRO  

APPENDIX A NORMAL HUMAN TISSUES USED IN TISSUE 
CROSS-REACTIVITY TESTING 

  Adrenal    
  Bladder  
  Blood cells  
  Bone marrow  
  Breast  
  Cerebellum  
  Cerebral cortex  
  Colon  
  Endothelium  
  Eye  
  Fallopian tube  
  Gastrointestinal tract  
  Heart  
  Kidney (glomerulus, tubule)  
  Liver  
  Lung  
  Lymph node  
  Ovary  
  Pancreas  
  Parathyroid  



  Pituitary  
  Placenta  
  Prostate  
  Skin  
  Spinal cord  
  Spleen  
  Striated muscle  
  Testis  
  Thymus  
  Thyroid  
  Ureter  
  Uterus (cervix, endometrium)     

APPENDIX B CLINICAL PATHOLOGY PARAMETERS 

Hematology

  Red blood cell (erythrocyte) count    Platelet count  
  Hemoglobin    White blood cell (leukocyte) count  
  Hematocrit    Differential blood cell count  
  Mean corpuscular volume    Blood smear  
  Mean corpuscular hemoglobin    Reticulocyte count  
  Mean corpuscular hemoglobin 

concentration

Coagulation

  Prothrombin time    Activated partial thromboplastin time  
Fibrogen (optional)    

Clinical Chemistry 

  Glucose    Alanine aminotransferase  
  Urea nitrogen    Alkaline phosphatase  
  Creatinine    Gamma glutamyltransferase  
  Total protein    Aspartate aminotransferase  
  Albumin    Calcium  
  Globulin    Inorganic phosphorus  
  Albumin/globulin ratio    Sodium  
  Cholesterol    Potassium  
  Total bilirubin    Chloride  

CLINICAL PATHOLOGY PARAMETERS 901
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Urinalysis

  Bilirubin    Blood  
  Glucose    Ketones  
  Microscopic examination of sediment    pH  
  Protein    Specifi c gravity  
  Volume    Urobilinogen  
  Appearance/color      

APPENDIX C ORGAN WEIGHTS 

 At scheduled sacrifi ces, the following organs (when present) are weighed; 
paired organs are weighed together:

  Adrenal (2)    Prostate  
  Brain    Salivary gland (mandibular) (2)  
  Epididymis (2)    Seminal vesicle  
  Heart    Spleen  
  Kidney (2)    Testis (2)  
  Liver    Thymus  
  Lung    Thyroid (2 lobes) with parathyroid  
  Ovary (2)    Uterus  
  Pituitary gland      

 Organ - to - body weight and organ - to - brain weight ratios are generally reported 
as percentages  

APPENDIX D TISSUE PRESERVATION 

 The following tissues (when present) from each animal are preserved in 10% 
neutral - buffered formalin, unless otherwise indicated below:

  Adrenal (2)    Pancreas  
  Aorta    Pituitary gland  
  Brain    Prostate  
  Cecum    Rectum  
  Colon    Salivary gland [mandibular (2)]  
  Duodenum    Sciatic nerve  
  Epididymis (2) a   Seminal vesicle (except dogs)  
  Esophagus    Skeletal muscle (biceps femoris)  
  Eye (2 with optic nerve) a   Skin  
  Femur with bone marrow (articular 

surface of the distal end)  
  Spinal cord (cervical, thoracic and 

lumbar)
  Spleen  

  Gallbladder (except rats)    Sternum with bone marrow  
  Harderian gland a   Stomach  



  Heart    Testis (2) a

  Ileum    Thymus  
  Injection site(s) if applicable    Thyroid (2 lobes) with parathyroid  
  Jejunum    Tongue  
  Kidney (2)    Trachea  
  Lesions    Urinary bladder  
  Liver    Uterus  
  Lung with large bronchi    Vagina  
  Lymph node (mesenteric and/or 

mesenteric)
  Mammary gland (females)      
  Ovary (2)      

a Preserved in modifi ed Davidson ’ s fi xative.

APPENDIX E DRAIZE SCORES 

 The following scores are based on the Draize scale for scoring skin 
irritation:

  erythema and eschar formation  

  0    No erythema  
  1    Very slight erythema (barely perceptible)  
  2    Well - defi ned erythema  
  3    Moderate to severe erythema  
  4    Severe erythema (beet redness) to slight eschar formation (injuries in 

depth)

  Maximum possible   =   4  

  edema formation  

  0    No edema  
  1    Very slight edema (barely perceptible)  
  2    Slight edema (edges of area well defi ned by defi nite raising)  
  3    Moderate edema (raised approximately 1   mm)  
  4    Severe edema (raised more than 1   mm and extending beyond area of 

exposure)

  Maximum possible   =   4  

 J. H. Draize, G. Woodard, and H. O. Calvery (1944). Methods for the study of irritation and toxicity 
of substances applied topically to the skin and mucous membranes.  J. Pharmacol. Exp. Ther.  82: 
377 – 390. 

DRAIZE SCORES 903
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APPENDIX F ANALYTICAL/BIOANALYTICAL COSTS 

Dose Analysis 

  Method validation     $ 10,000 to  $ 20,000  

•    Method transferred or developed using an aqueous vehicle  
•    Validation includes the proposed concentrations and storage periods to be 

used in the toxicology studies  
•    Stability determined for 24 hours and up to 8 days  
•    Report is included in the study report  
•    Analyses conducted following GLPs  

  Study analysis     $ 5000 to  $ 7500  

Bioanalytical Method Validation and Sample Analysis 

  Method validation for a pharmaceutical (generally 
LS/MS/MS) or biopharmaceutical (ELISA)  

   $ 15,000 to  $ 30,000  

      •    Method transferred or developed using an serum or plasma  
      •    Validation includes the proposed concentrations anticipated in the 

toxicology studies  
      •    Long - term stability included  
      •    Report is included in the study report  
      •    Analyses conducted following GLPs  
      •    Method validation for additional species is generally about 75% to 80% 

of initial species  

  Individual sample analysis     $ 60 to  $ 100  

Toxicokineic Blood Collection Cost per Time Interval 

  Rodent     $ 10,000 to  $ 20,000  
  Nonrodent     $ 15,000 to  $ 25,000  

APPENDIX G SPECIAL STAINS 

   stain      affi nity   

  Alcian Blue    Mucopolysaccharides  
  Acid Fuchsin    Connective tissue  
  Dunn - Thompson    Hemoglobin  
  Hematoxylin and Eosin    Nuclei (hematoxylin) and cytoplasm 

(eosin)



   stain      affi nity   

  Immunoperoxidase (Horseradish 
peroxidase)

  Antibody – antigen interactions  

  Immunofl uorescence (FITC, 
Rhodamine, or Texas Red)  

  Antibody – antigen interactions  

  Oil Red O (ORO)    Fat  
  PAS (Periodic Acid - Schiff)    Glycogen, mucin, mucoprotein, 

glycoprotein, fungi  
  Perl ’ s Iron Stain    Iron  
  Silver Stain (Gomori Methenamine 

Silver Stain)  
  Fungi and  Pneumocystis carinii

  Trichrome    Collagen  
  Verhoeff ’ Elastic Stain    Elastic fi bers  
  Wright - Giemsa    Peripheral blood smears  
  Wright Stain    Differentiation of blood cells  

APPENDIX H REFERENCES

 For additional details see ICH Guidance Documents at: 
  http://www.fda.gov/cder/guidance/index.htm  

 Single Dose Acute Toxicity Testing for Pharmaceuticals (1996)   

  M3 Nonclinical Safety Studies for the Conduct of Human 
Clinical Trials for Pharmaceuticals  

  11/1997  

  S1C Dose Selection for Carcinogenicity Studies of 
Pharmaceuticals

  3/1995  

  S1C(R) Guidance on Dose Selection for Carcinogenicity 
Studies of Pharmaceuticals: Addendum on a Limit Dose 
and Related Notes  

  12/4/1997  

  S2A Specifi c Aspects of Regulatory Genotoxicity Tests for 
Pharmaceuticals

  4/1996  

  S2B Genotoxicity: A Standard Battery for Genotoxicity 
Testing of Pharmaceuticals  

  11/21/1997  

  S3A Toxicokinetics: The Assessment of Systemic Exposure 
in Toxicity Studies  

  3/1995  

  S3B Pharmacokinetics: Guidance for Repeated Dose 
Tissue Distribution Studies  

  3/1995  

  S4A Duration of Chronic Toxicity Testing in Animals 
(Rodent and Nonrodent Toxicity Testing)  

  Posted 6/25/99  

  S5A Detection of Toxicity to Reproduction for Medicinal 
Products

  9/1994  

  S5B Detection of Toxicity to Reproduction for Medicinal 
Products: Addendum on Toxicity to Male Fertility  

  4/1996  
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  S6 Preclinical Safety Evaluation of Biotechnology - Derived 
Pharmaceuticals

  11/1997  

  S7A Safety Pharmacology Studies for Human 
Pharmaceuticals

  7/2001  

  S7B Nonclinical Evaluation of the Potential for Delayed 
Ventricular Repolarization (QT Interval Prolongation) 
by Human Pharmaceuticals  

  10/19/2005  

  S8 Immunotoxicity Studies for Human Pharmaceuticals    4/12/2006  

 Points to Consider in the Manufacture and Testing of Monoclonal Antibody 
Products for Human Use (1997)  
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  38.1 INTRODUCTION

 While good scientifi c principles should always be applied to preclinical assess-
ments of biopharmaceuticals, practical considerations for the implementation 
of said methods should be given equal consideration when designing and 
conducting these studies. Some of these considerations are the subject of this 
chapter and will be discussed briefl y mainly through tabular illustration. 

 A number of recent FDA developments and initiatives have addressed 
novel approaches to biopharmaceutical product development and regulatory 
review, ranging from reorganization that has led to a fundamental shift of 
primary regulatory authority for therapeutic biologics from the Center for 
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Biologics Evaluation and Research (CBER) to the Center for Drug Evalua-
tion and Research (CDER) through guidance documents and concept papers 
on key initiatives issued or under way. The result of the transfer of the bio-
pharmaceuticals from CBER to CDER has resulted in a partial adaptation of 
CDER guidelines and preferences superimposed on prior CBER and ICH 
precedents as they relate to the contrasts between biologics and small - 
molecule drug development. More and more, regulatory agencies are requir-
ing assessments for biologics that have increasingly similar features to what 
one would undertake in a small - molecule development program, although it 
is not clear in all cases that the additional studies that may be required provide 
important additional information to support clinical trials. 

 The primary goals of preclinical safety evaluation articulated in ICH S6 are 
namely (1) to identify an initial safe dose and subsequent dose escalation 
schemes in humans, (2) to identify potential target organs for toxicity and for 
the study of whether such toxicity is reversible, and (3) to identify safety 
parameters for clinical monitoring. These goals are generally accepted across 
all product classes. 

 Small - molecule pharmaceuticals typically require two species for general 
toxicology evaluation that have large historical databases within a CRO and/or 
the public literature. In contrast, biologics should be evaluated in at least one, 
preferably two, species in which the test article is biologically active, namely 
a receptor or other entity that specifi cally recognizes the test article and elicits 
a specifi c pharmacological response.  

38.2 SPECIES SELECTION 

 The evaluations to determine relevant species for toxicity evaluation include 
various receptor binding assays and tissue cross - reactivity assessments, the 
later being routinely performed for monoclonal antibody based products (see 
Chapters    10  and  26 ). Species specifi city can be determined using properly 
controlled in vitro cell - based response assays, cloning of receptors and ligands 
to determine compatibility, receptor - based response assays, immunoassays, 
genomic - based assays, and traditional biochemical - based assays as well as in 
vivo assessments with validated endpoints and markers for specifi city. 

 The ICH S6 guidance states that toxicity studies in nonrelevant species may 
be misleading and so are discouraged. When no relevant species exists, the use 
of relevant transgenic animals expressing the human receptor or the use of 
homologous proteins should be considered. 

 A pragmatic consideration for long - term toxicology studies of biopharma-
ceuticals is the development of antibodies against the test article in question. 
If these antibodies are neutralizing, then exposure to active drug over the long 
term (roughly longer than 3 – 4 weeks) is unlikely, negating the utility of the 
study to qualify the safety and characterize exposure in the species in question. 
It is not uncommon for biopharmaceuticals not to be pharmacologically active 
in the standard toxicology species of rats, dogs, or pigs. While surrogate mole-



cules active in rodent species can be acceptable, typically a nonhuman primate 
(NHP) is the relevant species to assess safety and characterize exaggerated 
pharmacology, but properly controlled studies should be conducted to deter-
mine responsive species in particular to justify the use of NHPs.  

38.3 ANIMAL USE, NUMBERS, AND GENDER 

 Once a species is selected, the number of animals per group must be decided. 
The interrelationship between the probability of a given toxic effect in humans 
and the numbers of animals required in a toxicology study to ensure the same 
toxic effect can be observed in Table  38.1 . Clearly, to pick up low probability 
events would be prohibitive in terms of animal usage. In efforts to maximize 
the chances of seeing an effect, it is generally accepted that toxicology studies 
use a lower number of animals per group number, and use a higher dose mul-
tiple or dose frequency (within reason, ethical guidelines, and test article -
 driven feasibility) to compensate for commonly underpowered studies 
especially NHP studies. This approach maximizes the chances of observing 
relevant test article - related toxicity. Particularly in the case of NHPs, higher 
dose multiples, more frequent monitoring, and sample collections incorporat-
ing noninvasive pharmacodynamic or toxicity evaluations and longer duration 
studies, are factors that can help compensate for smaller sample size.   

 On average, 10 to 15 rodents and 3 to 5 nonrodents per sex per group are 
used for repeat - dose toxicity studies. If possible, 5 rodents and 2 to 3 nonro-
dents per sex per group should be used for recovery arms. The reuse of non-
rodent species is a common practice, particularly for pharmacokinetic studies 
and in studies in which telemetry is used. Early pilot non - GLP studies for dose 
selection purposes may also involve the reuse of animals. However, it may 
not be appropriate in all instances to reuse animals based on the level of 

 TABLE 38.1    Relationship between animal numbers and observing human toxicity   

  Probability of Toxic Effects in Human    Animals in Experiments ( p    =   0.95)  

  100    1  
  80    2  
  60    4  
  50    5  
  40    8  
  20    14  
  10    29  
  5    59  
  2    149  
  1    299  
  0.1    2,995  
  0.01    29,956  

ANIMAL USE, NUMBERS, AND GENDER 915
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invasiveness of the procedure, the degree of pain and distress, or the potential 
for underlying toxicity from a previous compound. When testing is performed 
on a novel compound or an innovative family class, or when a rare effect is 
expected, minimization of animal numbers per study group could be risky or 
counterproductive  [1] . 

 To investigate a possible gender effect, regulatory testing should be per-
formed on both genders. One gender can be used for investigative and explor-
atory studies (e.g., mechanistic studies). Such an approach may also be possible 
in pilot studies when the absence of a gender effect has been confi rmed previ-
ously or if the intended clinical indication is for use in a single gender. In safety 
and toxicity studies, the use of a control group is scientifi cally justifi ed. Current 
guidelines recommend the use of control groups in some cases, and this may 
mean both positive and negative controls. In most toxicity studies, control 
groups are necessary to evaluate test article related effects. Individual animal 
variation among nonrodent animals remains an important consideration. The 
control group is critical when evaluating subtle clinical effects or histological 
lesions because such fi ndings can be hidden by spontaneous anomalies and 
individual animal variability. In most toxicity studies a control group is required. 
However, in some cases, a control group may not be required (e.g., in pilot, 
exploratory, or dose - fi nding studies, or when there are adequate in - house his-
torical data of the vehicle used in the formulation)  [1] .  

38.4 QUALITY OF THE TEST ARTICLE 

  “ Safety concerns may arise from the presence of impurities or contaminants. 
It is preferable to rely on purifi cation processes to remove impurities and 
contaminants rather than to establish a preclinical testing program for their 
qualifi cation. In all cases, the product should be suffi ciently characterized to 
allow an appropriate design of preclinical safety studies. In general, the product 
that is used in the defi nitive pharmacology and toxicology studies should 
be comparable to the product proposed for the initial clinical studies. ”  
(ICH S6) 

 One of the primary issues repeatedly arising from the guideline and from 
the very nature of the complexities of process development, scale up, and 
eventual large - scale manufacture of biologics is what material is appropriate 
to use during the various stages of nonclinical development. As stated above, 
the material should be representative of the anticipated clinical material. This 
needs to be supported by data, namely identity, purity, stability, and potency. 
See Table  38.2  for suggested analytical tests for test article used in preclinical 
studies.   

 The material need not be made under fully GMP compliant conditions to 
be comparable or representative of the clinical lots. As with all material used 
for pivotal IND enabling studies, the characterization described in the certifi -
cate of analysis should be conducted under GLP conditions.   Lots used for 



toxicology, pharmacology, and safety assessments should be less pure than 
clinical material if they are to be different than the clinical lot. 

 Bioburden testing is required for biologics used in pivotal preclinical studies 
to support clinical development and registration. Endotoxin levels are the 
primary concern in this regard. There are several major regulatory documents 
listed below (taken from Associates of Cape Cod Inc. Web site:   http://www.
acciusa.com/  ) that describe how drugs, devices, dialysate, water, and other 
substances are to be tested for endotoxin. 

 •   Guideline on Validation of the Limulus Amebocyte Lysate Test as an 
End - Product

 •   Endotoxin Test for Human and Animal Parenteral Drugs, Biological 
Products, and Medical Devices, FDA, December, 1987.  

 •   Interim Guidance for Human and Veterinary Drug Products and Biologi-
cals, Kinetic LAL Techniques, FDA, July 1991.  

 •   Bacterial Endotoxins Test, United States Pharmacopoeia  
 •   Transfusion and Infusion Assemblies and Similar Medical Devices, United 

States Pharmacopoeia (USP)  
 •   Bacterial Endotoxins Test, European Pharmacopoeia  
 •   Bacterial Endotoxins Test, Japanese Pharmacopoeia XIV    

 The USP now recognizes two tests — the pyrogen test conducted with rabbits 
and the bacterial endotoxins test, also termed the limulus amebocyte lysate 

 TABLE 38.2    Suggested analytical tests for test articles used in preclinical studies 

  Analytical Test 
Performed

  Dosage Form Sampled 

  Sterile 
Injectable

  Pellet 
Implant

  Solution or 
Ointment for 
Ophthalmic

Administration
  Inhalation 
Products

  Oral 
Dosage
Forms  

  Sterility  X X X
  Identity  X X X X X
  Assay (potency)  X X X X X
  Purity  X X X X X
  Endotoxin (LAL) X
  Particulates/aggregates  X
  Release rate  X
  pH  X X X X
  Microbial limits X X X X X
  Contaminants (product 

related, process 
related)

X X X X X

  Dissolution  X
  Homogeneity  X X

QUALITY OF THE TEST ARTICLE 917
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(LAL) test. Additionally the agency has approved the use of the bacterial 
endotoxins test for many drug and device products. 

 The endotoxin limits (measured by endotoxin units, or EU) apply for drugs 
and devices administered to humans or animals are listed below: 

 •   Limit for parenteral drugs: 5.0   EU/kg. Assume a 70   kg human adult, unless 
administering drugs to children.  

 •   Limit for drugs being injected intrathecally: 0.2   EU/kg.      

 Vehicle selection is an important consideration in all animal investigations. The 
vehicles should offer optimal absorption and exposure of test article. Consid-
eration should be given for time of absorption before exposure but should not 
infl uence the results obtained for the test article under investigation, and as 
such they should ideally be biologically inert, have no effect on the biophysical 
properties of the compound, and have no toxic effects on the animals. If a 
component of the vehicle has biological effects, the dose should be limited such 
that these effects are minimized or not produced. Simple vehicles used to 
administer test articles include aqueous isotonic solutions, buffered solutions, 
co - solvent systems, suspensions, and oils. When administering suspensions, the 
viscosity, pH, and osmolality of the material need to be considered. The use of 
co - solvent systems needs careful attention because the vehicles themselves 
have dose - limiting toxicity. Laboratories are encouraged to develop a strategy 
to facilitate selection of the most appropriate vehicle based on the animal study 
being performed and the properties of the substance under investigation. Table 
 38.3  lists some of the common vehicles used for test article administration that 
are generally considered to be nontoxic and nonirritating.    

38.5 DOSE SELECTION AND ADMINISTRATION 

 Body weights and surface area are considered in dose selection (see Table 
 38.4 ). A variety of physiological parameters are also considered in dose con-
siderations. (see Table  38.5  through  38.8 )           

 Toxicology studies are designed to establish a no observable adverse effect 
level (NOAEL) and a maximum tolerated dose (MTD) or a maximum feasible 
dose (MFD). The later is determined in part by the dosage form and maximum 
volumes that can be administered in an animal via the intended route of 
administration. (see Tables  38.9  through  38.11 )       

38.5.1 Determination of No Observed Adverse Effect Level ( NOAEL)

 The common defi nition of NOAEL is  “ the highest experimental point that is 
without adverse effect ”  or  “ the highest dose used that produces no evidence 
of adverse effects using the most susceptible but appropriate species and the 
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 TABLE 38.3    Common vehicles for test article administration 

Oral     Water  
  Methyl cellulose (0.5 – 5% aqueous suspension) 
  Carboxymethyl cellulose 
  Hydroxypropylmethyl cellulose 

Dermal     Physiological saline 
  Water  
  Ethanol  
  Acetone  
  Mineral oil  

Parenteral   Physiological saline (sterile) 
  Water (sterile)  

 TABLE 38.4    Equivalent surface area dosage conversion factors 

  Mouse 
(20   g)  

  Rat 
(150   g)  

  Monkey 
(3   kg)  

  Dog 
(8   kg)  

  Minipig 
(15   kg)  

  Human 
(60   kg)  

  Mouse    1    1/2    1/4    1/6    1/11    1/12  
  Rat    2    1    1/2    1/3    1/6.4    1/6  
  Monkey    4    2    1    3/5    1/2.7    1/3  
  Dog    6    4    3/2    1    1/1.8    1/2  
  Minipig    11    6.4    2.7    1.8    1    0.9  
  Human    12    7    3    2    1/1.1    1  

   Example: 50   mg/kg in the mouse to equivalent in monkeys assuming equal mg/m 2 : 50   mg/kg 
 *  1/4   =   13   mg/kg.   

 TABLE 38.5    Comparative physiological reference values 

  Species  

  Average 
Life Span 

(years)

  Body 
Weight 

(kg)

  Food 
Consumption

Factor 
(g/day)

  Food 
Consumption

Factor a

  Water 
Consumption

(ml/day)

  Inhalation 
Rate

(m3 /day)  

  Human    70    70    2000    0.028    1400    20  
  Mouse    1.5 – 2    0.03    4    0.13    6    0.052  
  Rat    2    0.35    18    0.05    50    0.29  
  Hamster    2.4    0.14    12    0.083    27    0.13  
  Guinea pig    4.5    0.84    34    0.040    200    0.40  
  Rabbit    7.8    3.8    186    0.049    410    2  
  Cat    17    3    90    0.030    220    1.2  
  Dog    12    12.7    318    0.025    610    4.3  
  Monkey 

(rhesus)
  18    8    320    0.040    530    5.4  

Source :   Modifi ed from US EPA, Development of Statistical Distributions or Ranges of Standard Factors 
Used in Exposure Assessments, Offi ce of Health and Environmental Assessments, EPA No. 600/8 - 85/010, 
NTIS, PB85 - 242667, 1985.   
a Fraction of body weight consumed per day as food.   
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 TABLE 38.6    Comparative physiological parameters 

  Mouse 
(0.02   kg)  

  Rat 
(0.25   kg)  

  Rabbit 
(2.5   kg)  

  Monkey 
(5   kg)  

  Dog 
(10   kg)  

  Human 
(70   kg)  

  Surface area (m2)    0.008    0.023    0.17    0.32    0.51    1.85  
  Mean life span 

potential (yr) 
  2.7    4.7    8.0    22    20    93  

  Total plasma protein 
(g/100   ml)  

  6.2    6.7    5.7    8.8    9.0    7.4  

  Plasma albumin 
(g/100   ml)  

  3.3    3.2    3.9    4.9    2.6    4.2  

  Hematocrit (%)    45    46    36    41    42    44  
  Total ventilation 

(L/min)
  0.03    0.12    0.80    1.7    1.50    8.0  

  Respiratory rate 
(L/min)    

  163    85    51    38    2    12  

  Heart rate (beats/min)    624    362    213    192    96    65  
  Oxygen consumption 

(ml/hr/g body wt) 
  1.6    0.85    0.5    0.4    0.34    0.20  

Source :   Adapted from B. Davies and T. Morris (1993). Physiological parameters in laboratory 
animals and humans.  Pharmaceutical Research  10(7):1093 – 1095.    

 TABLE 38.7    Comparative volumes of various organs and body fl uids 

  Mouse 
(0.02   kg)  

  Rat 
(0.25   kg)  

  Rabbit 
(2.5   kg)  

  Monkey 
(5   kg)  

  Dog 
(10   kg)  

  Human 
(70   kg)  

  Organ volumes (ml) 
  Brain     —     1.2     —      —     72    1,450  
  Liver    1.3    19.6    100    135    500    1,700  
  Kidneys    0.35    3.7    15    30    60    300  
  Heart    0.095    1.2    6    17    120    300  
  Spleen    0.1    1.3    1     —     36    200  
  Lungs    0.1    2.1    17     —     120    1,200  
  Gut    1.5    11.3    120    230    500    1,700  
  Muscle    10.0    245    1,400    2,500    5,500    35,000  
  Adipose     —     10.0    120     —      —     10,000  
  Skin    3.0    40.0    110    500     —     7,800  
  Blood    1.7    13.5    165    375    900    5,200  
  Total body water 

(ml)
  15.0    167    1,800    3,500    6,000    42,000  

  Intracellular fl uid 
(ml)

   —     93.0    1,200    2,400    3,300    24,000  

  Extracellular fl uid 
(ml)

   —     75.0    625    1,000    2,800    18,000  

  Plasma volume 
(ml)

  1.0    7.8    110    225    500    3,000  

Source :   Adapted from B. Davies and T. Morris (1993). Physiological parameters in laboratory 
animals and humans.  Pharmaceutical Research  10(7):1093 – 1095.    
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 TABLE 38.10    Recommended test article administration volumes (considered 
maximal)

  Species  

  Route and Volumes (ml/kg) 

  Oral    SC a     IP    IM b     IV (bolus)    IV (slow)  

  Mouse    10 (50)    10 (40)    20 (80)    0.05 c  (0.1)    5    (25)  
  Rat    10 (40)    5 (10)    10 (20)    0.1 c  (0.2)    5    (20)  
  Rabbit    10 (15)    1 (2)    5 (20)    0.25 (0.5)    2    (10)  
  Dog    5 (15)    1 (2)    1 (20)    0.25 (0.5)    2.5    (5)  
  Macaque    5 (15)    2 (5)    (10)    0.25 (0.5)    15    (4)  
  Marmoset    10 (15)    2 (5)    (10)    0.25 (0.5)    2.5    (10)  
  Minipig    10 (15)    1 (2)    1 (20)    0.25 (0.5)    2.5    (5)  

Source :   Adapted from K. Diehl, R. Hull, D. Morton, R. Pfi ster, Y. Rabemampianina, D. Smith, 
J. M. Vidal, and C. van de Vorstenbosch (2001). A good practice guide to the administration of 
substances and removal of blood, including routes and volumes.  Journal of Applied Toxicology  21: 
15 – 23.   
a Maximum of 2 – 3 SC sites per day.  
b Maximum of two IM sites per day.  
c Values in ml/site.   

 TABLE 38.11    Repeated intravenous infusion: dose volumes/rates (and possible 
maximal volumes/rates) 

  Daily infusion 
period (hours)    Mouse    Rat    Rabbit    Dog    Macaque    Minipig  

Total daily volume (ml/kg)

  4    20    20  a   20    15  a

  24    96 (192)    60 (96)    24 (72)    24 (96)    60    24  

Rate (ml/kg *  h)

  4  a   5  a   5    10  a

  24    4 (8)    2.5 (4)    1 (3)    1 (4)    4    1  

Source :   Adapted from K. Diehl, R. Hull, D. Morton, R. Pfi ster, Y. Rabemampianina, D. Smith, 
J. M. Vidal, and C. van de Vorstenbosch (2001). A good practice guide to the administration of 
substances and removal of blood, including routes and volumes.  Journal of Applied Toxicology  21: 
15 – 23.   

Note :   In some cases two sets of values are shown. Those in parentheses are the possible maximal 
values.  
a Wide variability of values, nonstandardized.   

most sensitive indicator. ”  The NOAEL must, by defi nition, be one of the 
experimental doses tested. 

 The NOAEL is used by regulatory agencies to establish acceptable doses. 
Safety factors are often used to adjust from the NOAEL to a dose that is 
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deemed safe for initial human trials, typically 10 to 100 - fold. While there are 
some inherent weaknesses in the concept of the NOAEL (minimizing the 
dose – response, in general, in favor of a single point and the probabilistic 
concept that exposures that test fewer animals tend to produce larger 
NOAELs), it is still widely used in toxicological evaluations. Dorato et al.  [2]
discuss the working defi nitions of the NOAEL, factors to be taken into account 
when determining the NOAEL, as well as the shortcomings inherent in the 
methods employed for determining the NOAEL. 

 When planning nonclinical studies that are focused on establishing a 
NOAEL to support the next phase of clinical development, a few major con-
siderations should be kept in mind: 

  1.    Number of animals per dose group. The larger the  n , the higher is the 
probability of identifying toxicity.  

  2.    Number and range of doses administered. The more dose groups and the 
wider the range of doses, the more likely toxicity will be observed.  

  3.    Endpoints. The more numerous the evaluations (organ weights, tissue 
histology, clinical pathology, etc.) the more likely toxicity will be 
observed.     

38.5.2 Determination of the Maximum Tolerated Dose ( MTD)

 The MTD is defi ned generally as the highest dose of the test agent that is 
predicted not to alter the animals ’  longevity or growth because of noncancer 
effects. The MTD thus varies inversely with the toxicity of a chemical. The 
major endpoints factoring into the determination of a MTD are as follows: 

  1.  Mortality .   Generally a mortality rate of 10% to 15% of a dose group 
due to test article administration indicates that a MTD has been achieved 
at that dose.  

  2.  Body weight changes .   Generally, a 10% to 15% decrease in percent body 
weight gain (not absolute body weight) compared to control groups 
indicates that a MTD has been achieved at that dose.  

  3.  Histology .   The identifi cation of target organs with effects clearly attribut-
able to test article indicates that a MTD has been achieved at that dose.    

 The three parameters above are not the sole set of criteria for determining a 
MTD, but rather, they are the more signifi cant indicators of toxicity to guide 
the investigator in characterizing the toxicity of a test article and implementing 
subsequent studies. The MTD thus determined applies only to that particular 
study type for the duration of the in - life portion. When planning a preclinical 
study with preexisting relevant data from a previous study, it is generally 
applicable to use the previously established MTD to set doses for the subse-
quent study by selecting a high dose lower than that of the MTD, and then 



decreasing doses from there to round out mid and lower doses. This will maxi-
mize the probability of dose groups surviving the duration of the study in 
adequate numbers.   

38.6 PHARMACOKINETICS ( PK) AND TOXICOKINETICS ( TK)

 The S6 guidelines mention the diffi culty of standard guidances for PK and TK 
studies for biologics. However, single -  and repeat - dose PK studies along with 
tissue distribution studies can be useful. It should be noted as in the discussion 
concerning immunogenicity that the formation of neutralizing antibodies 
against the biologic can affect exposure by clearing the drug, thus signifi cantly 
reducing or eliminating exposure as well as quenching the pharmacodynamic 
responses to drug action (e.g., ablation of neopterin response after neutralizing 
antibody formation against human interferon beta treatment in rhesus 
monkeys). Some cases, as is the case with interferons exposure, are best assessed 
through the measurement of pharmacodynamic biomarkers of activity. 

 Biologics are mostly administered parenterally: subcutaneously (SC), intra-
muscularly (IM), and intravenously (IV). Intravenous administration is the most 
pharmocokinetically reliable mode of administration, but IM or SC is preferred 
for biopharmaceuticals that will be administered chronically. Absorption of 
biopharmaceutical products is infl uenced by molecular weight but also by non-
compound dependent factors like co - administration of albumin, depth of injec-
tion, blood fl ow at injection site, exercise, rubbing, and temperature  [3] . 

 The site of administration also infl uences their pharmacokinetic behavior. 
Following SC or IM administration, the bioavailability of biopharmaceuticals 
is often lower than with small molecules due to proteolysis during interstitial 
and lymphatic transit. Oral delivery of biopharmaceuticals is limited by barri-
ers such as enzymatic and pH - dependent degradation in the gastrointestinal 
tract, low epithelial permeability, and instability under formulation conditions. 
Therefore biopharmaceuticals have an extremely low ( < 1%) and erratic bio-
availability after oral administration  [3] . 

 Immunogenicity assays for investigating the frequency and consequences 
of antibody development against a protein therapeutic agent are typically 
based on an immunoassay technique (mostly ELISAs of various types). 
However, other assay formats are available such as radioimmunoprecipitation 
assay, surface plasmon resonance, and electrochemiluminescence  [3] . Assays 
for measuring antibody response should be established in the early preclinical 
stage of development to estimate the value of the applied animal models (see 
Chapters    16  and  20 ). 

 Because of the catabolism of proteins to (mostly) endogenous amino acids, 
classical biotransformation studies as performed for small molecules are not 
needed. Additionally, limitations of current analytical methods to detect and 
distinguish metabolites and the putative lack of pharmacological or toxicologi-
cal activity of the metabolites, remain obstacles. Similarly mass balance studies 

PHARMACOKINETICS (PK) AND TOXICOKINETICS (TK) 925
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usually used to determine the excretion pathways of small molecules (and 
their metabolites) are not useful for biologics  [3] . 

 For radiolabeled proteins, placement of the radiolabel is critical to the success 
of the study in regards to tissue distribution and other parameters related to 
 “ absorption - distribution - metabolism - excretion ”  or ADME characterization.  

38.7 BLOOD SAMPLING AND MAXIMUM BLOOD VOLUME 

 An important parameter to consider in the design of toxicology studies is the 
amount of blood that can be obtained for use, not only in pharmacokinetic/
toxicokinetic assessments but for the monitoring of routine clinical pathology 
parameters (hematology, coagulation, clinical chemistry) as well as other phar-
macodynamic markers and other endpoints that may be included specifi c to 
the product class. Tables  38.12  through  38.14  provide guidance with respect to 
the method of blood draw as well as maximal volumes and recoveries for 
various species.        

 TABLE 38.12    Advantages and disadvantages of various methods of blood sampling 

  Route/Vein  
  General 

Anaesthesia
  Tissue 

Damagea
  Repeat 
Bleeds    Volume    Species  

  Jugular    No    Low    Yes    +++    Rat, dog, rabbit  
  Cephalic    No    Low    Yes    +++    Macaque, dog  
  Saphenous/lateral 

tarsal
  No    Low    Yes    ++(+)    Mouse/rat, 

marmoset/
macaque, dog  

  Marginal ear    No (local)    Low    Yes    +++    Rabbit, minipig  
  Femoral    No    Low    Yes    +++    Marmoset/macaque  
  Sublingual    Yes    Low    Yes    +++    Rat  
  Lateral tail    No    Low    Yes    ++(+)+    Rat, mouse/

marmoset
  Central ear artery    No (local)    Low    Yes    +++    Rabbit  
  Cranial vena cava    No    Low    Yes    +++    Minipig  
  Tail tip amputation 

(< 1 – 3   mm)  
  Yes    Mod    Limited    +    Mouse/rat  

  Retrobulbar plexus    Yes    Moderate/
high

  Yes    +++    Mouse/rat  

  Cardiac b   Yes    Moderate    No    +++    Mouse/rat/rabbit  

Source :   Adapted from K. Diehl, R. Hull, D. Morton, R. Pfi ster, Y. Rabemampianina, D. Smith, J. M. Vidal, 
and C. van de Vorstenbosch (2001). A good practice guide to the administration of substances and 
removal of blood, including routes and volumes.  Journal of Applied Toxicology  21: 15 – 23.   
a The potential for tissue damage is based on the likely incidence of it occurring and the severity of any 
sequelae, (e.g., infl ammatory reaction or histological damage).  
b Only carried out as a terminal procedure under general anaesthesia.   



 TABLE 38.13     Comparative total blood volumes and recommended maximum 
blood sample volumes per body weight 

  Species (weight)  
  Blood Volume 

(ml)  
  7.5% 
(ml)  

  10% 
(ml)  

  15% 
(ml)  

  20% 
(ml)  

  Mouse (25   g)    1.8    0.1    0.2    0.3    0.4  
  Rat (250   g)    16    1.2    1.6    2.4    3.2  
  Rabbit (4   kg)    224    17    22    34    45  
  Dog (10   kg)    850    64    85    127    170  
  Macaque (rhesus) (4   kg)    280    21    28    42    56  
  Macaque (cynomolgus) (5   kg)    325    24    32    49    65  
  Minipig (15   kg)    975    73    98    146    195  

     Source :   Adapted from K. Diehl, R. Hull, D. Morton, R. Pfi ster, Y. Rabemampianina, D. Smith, 
J. M. Vidal, and C. van de Vorstenbosch (2001). A good practice guide to the administration of 
substances and removal of blood, including routes and volumes.  Journal of Applied Toxicology  21: 
15 – 23.    

 TABLE 38.14     Limit volumes for blood sampling and recovery periods 

  Single Sampling    Multiple sampling  

  Circulatory Blood 
Volume Removed 
(%)  

  Approximate 
Recovery Period  

  Circulatory Blood 
Volume Removed 

in 24   h (%)  
  Approximate 

Recovery Period  

  7.5    1 week    7.5    1 week  
  10    2 weeks    10 – 15    2 weeks  
  15    4 weeks    20    3 weeks  

     Source :   Adapted from K. Diehl, R. Hull, D. Morton, R. Pfi ster, Y. Rabemampianina, D. Smith, 
J. M. Vidal, and C. van de Vorstenbosch (2001). A good practice guide to the administration of 
substances and removal of blood, including routes and volumes.  Journal of Applied Toxicology  21: 
15 – 23.    

  38.8   ASSESSMENT OF TOXICITY 

 In addition to measuring various  “ in - life ”  parameters, postmortem assess-
ments provide useful information with respect to understanding potential 
toxicities as well as insight as to potential mechanisms of toxicity. A summary 
of comparable weights of various target organs is provided in Table  38.15 . This 
table is also useful when considering dose for specifi c targeted deliveries (e.g., 
via intercranial, intercardiac, or inhalation routes). An understanding of both 
incidence and severity of a histopathological fi nding is important to the under-
standing of toxicity (see Tables  38.16  and  38.17 ). For example a low incidence 
of a fi nding graded as severe could be predictive of a response in a subset of 
patients in a clinical population. Likewise a dose - related increase in a fi nding 
of lower severity may be a predictor of a potential adverse clinical response. 
The recommendations of a safe starting dose and dose escalation scheme and 

ASSESSMENT OF TOXICITY  927
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 TABLE 38.15    Comparative weights of various organs 

  Mouse 
(0.025   kg)  

  Rat 
(0.25   kg)  

  Rabbit 
(2.5   kg)  

  Rhesus 
monkey

(4   kg)  
  Dog 

(10   kg)  
  Human 
(70   kg)  

  Organ weights 
(g)

                        

  Brain    0.4    2.0    14    90    80    1400  
  Liver    1.9    10.0    80    150    320    1800  
  Kidneys    0.3    2.0    15    25    50    300  
  Heart    0.08    1.0    5    19.0    80    340  
  Spleen    0.1    0.9    1    8    25    180  
  Adrenals    0.004    0.05    0.5    1.4    1    14  
  Lung    0.14    1.5    20    33    100    1000  

 TABLE 38.16    Common abbreviations and codes used in histopathology assessments 

  Code    Finding or Observation 

  + (1)    Minimal grade lesion 
  ++(2)    Mild or slight grade lesion 
  +++(3)    Moderate grade lesion 
  ++++(4)    Marked or severe grade lesion 
  +++++(5)    Very severe or massive grade lesion 
  (No entry)    Lesion not present or organ/tissue not examined 
  +    Tissue examined microscopically 
−   Organ/tissue present, no lesion in section 
  A    Autolysis precludes examination 
  B    Primary benign tumor 
  I    Incomplete section of organ/tissue or insuffi cient tissue for evaluation 
  M    Primary malignant tumor 
  M    Organ/tissue missing, not present in section 
  N    No section of organ/tissue 
  N    Normal, organ/tissue within normal limits 
  NCL    No corresponding lesion for gross fi nding  
  NE    Organ/tissue not examined 
  NSL    No signifi cant lesion, organ/tissue within normal limits 
  P    Lesion present, not graded (e.g., cyst, anomaly)  
  U    Unremarkable organ/tissue, within normal limits 
  WNL    Organ/tissue within normal limits 
  X    Not remarkable organ/tissue, normal  
  X    Incidence of listed morphology, lesion present 

Source :   Adapted from J. C. Peckham (2002).  Handbook of Toxicology , 2nd ed. New York: CRC 
Press LLC, pp. 655.    
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clinical monitoring parameters are based on the totality of the toxicology and 
exposure data.        
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39.1 INTRODUCTION

 This chapter provides a survey of US marketed biopharmaceuticals approved 
over the past 20 years. It is a simply a profi le of the species and types of toxi-
cology studies done for each drug for marketing approval. For a complete list 
of all preclinical studies for a biopharmaceutical, the reader is directed to the 
Web sites of the Food and Drug Administration (FDA) and the European 
Medicines Agency (EMEA). 

 The information found in Table  39.1  was obtained from a variety of sources: 
personal communications with the toxicologists who designed the programs, 
the FDA Web site, the EMEA Web site, and the package insert for the product 
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(i.e., the label). There is a dearth of public information for drugs that came on 
the market before 1995, but suffi cient public records exist for biopharmaceu-
ticals approved during the last 10 years. Some of the early drug labels are 
lacking in descriptions of the genetic, reproductive, and carcinogenicity studies, 
particularly the radiopharmaceuticals, and in these cases the table is left 
blank.    

39.2 TISSUE CROSS -REACTIVITY

 Tissue cross - reactivity studies are required by FDA for monoclonal antibody 
products to determine if the product binds to target and/or nontarget tissues. 
They are also performed for nonmonoclonal biopharmaceuticals if warranted. 
For example, ARANESP ™  was tested in a human tissue panel ex vivo to 
determine if it bound to nontarget tissues or cross - reacted with related cyto-
kine receptors. These studies are also used to explore known or potential 
clinical adverse safety events (i.e., mechanism of toxicity). For example, one 
patient in a Raptiva ™  study developed unilateral hearing loss. This fi nding 
was further evaluated by cross - reactivity studies with human optic chiasm, 
acoustic nerve, and inner ear tissues.  

39.3 SINGLE-DOSE TOXICITY 

 The classic single - dose study using highly exaggerated doses (10 – 1000 times 
the human dose) of drug is not always feasible for large molecular weight 
biopharmaceutical drugs. Biopharmaceuticals are traditionally not oral drugs. 
Thus there is a limit to the amount of drug that can be formulated for intra-
venous or subcutaneous administration. Moreover there is a limit to the 
volume of drug solution that can be infused into a preclinical animal model 
without causing toxicities resulting in   a rapid expansion of the extra cellular 
fl uid volume and/or infusion of large quantities of a foreign protein. 1  Also one 
of the goals of the single - dose study for both animal and human drugs is to 
determine the toxicities that could occur due to an overdose. This is less of a 
concern with biopharmaceutical drugs, since many must be administered in a 
clinic setting. For all of these reasons the single - dose toxicology study 2  is not 
as germane for biopharmaceuticals as for traditional small - molecule drugs. 
Examples of biopharmaceuticals for which no single dose studies were con-
ducted are Lucentis ™ , Avastin ™ , Simulect ™ , and Vectibix ™ .  

SINGLE-DOSE TOXICITY 963

1   Thus safety factors tend to be lower (e.g., 2 – 10 ×  on average) for biopharmaceuticals compared 
to small molecules. 
2   The classic single - dose study is actually more useful as a single - dose pharmacokinetic study than 
a toxicity study.   
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39.4 REPEAT-DOSE TOXICITY 

 A more relevant study for biopharmaceuticals is the repeat - dose study where 
exaggerated clinical doses are given to an animal model using the intended 
clinical route of administration. For most biopharmaceuticals this is the intra-
venous route of administration. Interesting exceptions are Lucentis ™  and 
Pulmozyme ® , given intraocularly and by inhalation, respectively, in the pivotal 
repeat - dose studies. 

 A unique problem encountered in a biopharmaceutical repeat - dose study 
is the development of antibodies to the drug, specifi cally neutralizing antibod-
ies that diminish or eliminate its pharmacological activity. For example, the 
highly species specifi c Avonex ®  (interferon beta 1 - alpha) causes neutralizing 
antibody formation within two weeks. Thus the pivotal repeat dose study for 
this drug was only a 14 - day study in rhesus monkeys. Repeat - dose studies for 
Abraxane ™  were complicated by immune reactions to its human serum 
albumin component. Another example is the pivotal repeat dose study in 
cynomolgus monkeys for Campath ® , whose results were confounded by anti-
body development. However, there are products for which it is possible to 
dose through antibody development (i.e., Rituxan). 

 Determining the species specifi city of a biopharmaceutical is an important 
fi rst step in designing a toxicology program. This is accomplished with in vitro 
assays and tissue cross - reactivity experiments. For example, in vitro binding 
studies are done to assess the binding of the product to receptors in various 
species. By this approach it was determined that only primate IgE receptor 
binds to Xolair ®  precluding use of any species lower than primate in the 
preclinical program. Tissue cross - reactivity studies with rabbit and cynomol-
gus tissues were done to justify the use of these two species as the pivotal 
study animal models for Avastin ™ . However, there are biopharmaceuticals 
for which there is no relevant species in which to test the drug, except for the 
chimpanzee. In these cases a surrogate product may be developed. Raptiva ™ , 
for example, is only pharmacologically active in chimpanzees, a species for 
which limited data can be collected in a toxicology study (i.e., no necropsies 
permitted). A mouse surrogate antibody was thus developed and tested for 
Raptiva ™  in single - dose, repeat - dose, and reproductive toxicity studies. A 
mouse surrogate antibody was also developed for the early Remicade ®  
studies. There are examples of biopharmaceuticals that are relatively nonspe-
cies specifi c and multiple animal models can be used for toxicity testing (i.e., 
ORENCIA ™ ). Since many biopharmaceuticals are not active in lower species, 
the cynomolgus monkey is frequently used in the safety assessment of 
biopharmaceuticals. 

 The safety pharmacology studies in which the respiratory, CNS, and cardio-
vascular systems are evaluated in a nonrodent model are not de facto for a 
biopharmaceutical. Quite frequently the safety endpoints are in the protocols 
for the pivotal repeat - dose studies, such as a cynomolgus study, obviating the 
need for separate safety pharmacology studies.  



39.5 GENETIC TOXICITY 

 Genetic toxicity testing is not required per ICH guidelines (ICH S6  [1] ). The 
existence of genetic toxicity tests for biopharmaceuticals in the accompanying 
table is due, in part, to drug development prior to publication of the ICH guide-
line. There are no instances of positive outcomes for genetic toxicity testing with 
biopharmaceuticals except for ABRAXANE ™ , which was (not surprisingly) 
positive in genetic toxicity tests due to the paclitaxel component of the drug, 
and MYLOTARG ™ , positive in a mouse micronucleus test. The positive result 
for MYLOTARG ™  is consistent with the known ability of calicheamicin (a 
component of the drug) to cause double - stranded breaks in DNA.  

39.6 CARCINOGENICITY

 The traditional two - year rodent carcinogenicity bioassay is also not required 
per ICH guidelines (S6  [1] ) and is rarely done for biopharmaceuticals. However, 
because many biopharmaceuticals are immunosuppressive, there are concerns 
that specifi c products (e.g., growth factors) may cause inappropriate prolifera-
tion leading to neoplasm, especially if the drug is given chronically to patients. 
In these cases alternative carcinogenicity studies may be considered (i.e., 
Tg.rasH2 transgenic mouse model for KEPIVANCE ® ). Carcinogenicity (or 
tumorigenicity potential) has also been evaluated in chronic repeat - dose toxi-
cology studies in primates (i.e., AMEVIVE ® , APIDRA ® ).  

39.7 REPRODUCTIVE/DEVELOPMENTAL TOXICOLOGY 

 The cynomolgus monkey model has been utilized for species specifi c biophar-
maceuticals (e.g., Herceptin). One advantage of cynomolgus monkeys is that 
they cycle monthly compared to rhesus monkeys, which only experience an 
estrus cycle twice a year. The standard model (rat) is also used if the rat is 
deemed a relevant species, as are surrogate molecules for use in the rat. The 
segment 1, 2, and 3 studies are sometimes combined into one study, depending 
on the needs of the development program. Another alternative is to deduce 
the toxic effects of a biopharmaceutical on the reproductive system from the 
anatomical pathology results of the pivotal repeat dose study. For example, 
in the cynomolgus repeat dose studies for AVASTIN ™ , there were dose -
 dependent adverse effects on uterine and ovarian weights and follicular 
development.  

39.8 IMMUNOTOXICITY

 Immunotoxicity testing in various animal models is common for biologics 
because of their immunomodulatory nature. Since most biopharmaceuticals 

IMMUNOTOXICITY 965
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are humanized proteins, the minimum requirement is to defi ne the antibody 
response to the biopharmaceutical. Other aspects of the humoral response can 
also be evaluated in repeat - dose studies. Immunohistochemical staining of 
lymphoid organs and lymphocyte phenotyping have also been components 
of repeat - dose studies. The appearance of product specifi c antibodies may not 
be associated with acute or target organ toxicity (i.e., ORENCIA ™ ). More 
important, immune system responses to a human biopharmaceutical in an 
animal model are not necessarily predictive of the effects on the human 
immune system to the biopharmaceutical.  

39.9 CONCLUSIONS

 It can be deduced from Table  39.1  that most biopharmaceuticals approved to 
date are monoclonal antibodies and the most common indication is oncology. 
However, barring oncology, the biopharmaceuticals span an impressive range 
of indications. In addition to monoclonal antibodies, other prevalent types of 
biopharmaceuticals are fusion or conjugate proteins, growth factors, replace-
ment enzymes, and peptides. Cellular and tissue therapies are rarer but becom-
ing more prevalent. 

 Although the preclinical programs for the biopharmaceuticals in Table 
 39.1  are each unique and were developed with an experimental, case - by - case 
approach, they do have some practices that distinguish them from small mol-
ecule drugs. The most important practice is that the species chosen for the 
toxicology study generally had the greatest pharmacological activity when 
pretested in a variety of species by binding assays. It was not automatically 
assumed that a two - year carcinogenetic study was informative if the biophar-
maceutical had proliferative properties; other approaches such as cell assay 
and short - term rodent models were used. Tissue - binding studies were always 
conducted for monoclonal antibodies; use of tissue cross - reactivity studies for 
other types of biopharmaceuticals were found to be informative on a case - by -
 case basis. It was not assumed that a single - dose toxicology study was required 
for the preclinical program; in many cases this study was supplanted by a 
thoughtfully designed repeat - dose study. Genetic toxicology studies were 
rarely needed for biopharmaceuticals. If conducted, these studies were always 
negative, except for drugs having a chemical component. The cynomolgus 
monkey model, developed for biopharmaceuticals, often supplanted the tra-
ditional rat reproductive toxicology study. Endpoints of the segment 1 and 
3 studies were frequently built into the segment 2 study. Last, immunotoxicity 
testing in variety of forms is a critical component of the preclinical program 
for biopharmaceuticals because most biopharmaceuticals are currently 
believed to either trigger an immune response (humoral or cellular) or sup-
press the immune system.  
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40.1 INTRODUCTION

 A signifi cant milestone in the development of a new therapeutic is the fi rst 
administration into humans. Whereas this is generally accompanied by a sense 
of excitement at the prospect of advancing a promising therapeutic toward 
treatment of patients, there is also a strong focus on the potential for harm, par-
ticularly harm that was not predicted by the available preclinical studies. This 
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central concept of benefi t versus risk forms the primary basis for decisions used 
by the developing institution, the regulatory authorities, and the clinical com-
munity in establishing acceptable parameters for the fi rst clinical trial for novel 
therapeutic agents, and the underlying lynchpins of this assessment are the 
initial dose and the subsequent dose escalation strategy. This chapter reviews 
the decision processes surrounding the determination of the initial dose of a 
novel biopharmaceutical agent to be administered to subjects in clinical trials. 

40.1.1 General Considerations for Approaching 
the First Human Dose 

 It is not practical to consider development of specifi c regulatory guidance for 
each of the diverse biologic therapeutics under development to treat various 
diseases. Rather, current practice is to rely on a risk - based strategy to protect 
subject safety. It is within this framework that the regulatory agencies rely on 
current scientifi c knowledge, best practices within the industry, and a case - by -
 case approach that is tailored to each therapeutic agent and specifi c subject 
population to evaluate the initial clinical testing of a novel biopharmaceutical. 
Specifi c case examples, which are presented later in this chapter, will provide 
some insight into how these concepts are applied. 

 A number of regulatory guidance documents touch on various aspects of 
the transition from preclinical to clinical study of a novel biopharmaceutical. 
The primary guidance documents describing the conduct and use of preclinical 
safety evaluation in supporting the initial clinical trials are as follows: 

 •   Preclinical Safety Evaluation of Biotechnology - Derived Pharmaceuticals 
(ICH S6)  [1]   

 •   Non - clinical Safety Studies for the Conduct of Human Clinical Trials for 
Pharmaceuticals (ICH M3)  [2]   

 •   Points to Consider in the Manufacture and Testing of Monoclonal Anti-
body Products for Human Use  [3]   

 •   Estimating the Maximum Safe Starting Dose in Initial Clinical Trials for 
Therapeutics in Adult Healthy Volunteers  [4]   

 •   Guideline on Strategies to Identify and Mitigate Risks for First - in - Human 
Clinical Trials with Investigational Medicinal Products  [5]     

 In practice, the regulatory framework governing the fi rst dose of a biophar-
maceutical in humans is designed around several fundamental tenets: know 
the safety profi le for the test agent, maintain a positive risk – benefi t profi le in 
each subject population, and beware of the unknown.  

40.1.2 Establishing the Safety Profi le for the Biological Therapeutic 

 As described in ICH S6 guidance, preclinical safety studies for biopharmaceu-
ticals are designed to identify potential toxicities (and their reversibility) 



INTRODUCTION 973

associated with treatment under conditions that mimic the intended clinical 
use (i.e., dose route, duration, and frequency with representative drug product). 
In so doing, these studies inform the clinicians, ethical review committees and 
regulators regarding the nature of potential side effects and appropriate 
subject monitoring, and guide the initial dose selection and dose escalation 
strategy. 

 Because biopharmaceuticals are often designed to mimic an endogenous 
human molecule (i.e., protein, peptide, nucleotide or other derivative), the 
burden is on the developer to demonstrate that the species used in the safety 
studies are appropriate surrogate models for humans; see  [1] . This requirement 
recognizes the potential for broad interspecies differences in DNA/protein 
sequence homology, binding affi nity, target distribution, and underlying bio-
logical pathways or processes that ultimately affect the value of the animal 
model to predict the human response. The requirement for such species justi-
fi cation data in the preclinical evaluation of biopharmaceuticals is an impor-
tant area of divergence from the preclinical assessment of small molecules. 
Thus it is not meaningful to interpret the lack of toxicity observed for biophar-
maceutical in species that have no demonstrated binding, activity, or other data 
to justify their use as predictive models of potential human response. 

 As the basis for decisions about the fi rst dosing in humans, the preclinical 
safety program needs to mimic the intended clinical regimen. Although these 
studies are commonly conducted in normal healthy animals, they may also 
require development and use of an animal model that mimics the health status 
or condition if it is deemed to possibly sensitize the subject to treatment. For 
example, we have conducted studies evaluating the safety of recombinant 
human Factor XIII in an animal model of extracorporeal blood circulation  [6]  
and the safety of recombinant human thrombin in an animal model of hepatic 
resection  [7] . 

 Dose selection and administration route are likewise defi ned by the intended 
clinical use. Of particular relevance to the selection of the initial clinical start-
ing dose is the dose range used in the preclinical study and the dose – response 
relationship for identifi ed toxicities. Under current regulatory practice  [4] , 
dose selection in the phase 1 enabling regulatory safety study should establish 
a no adverse effect level (NOAEL) and a maximal tolerated dose (MTD). 
Thus the design of the phase 1 enabling preclinical safety study often relies 
on data from prior pilot animal studies that defi ne the tolerated dose range. 
But tolerability data in the preclinical species alone is generally not suffi cient 
to establish an intended clinical dosing regimen because of potential interspe-
cies differences in receptor/target affi nity, distribution, or potency, or pharma-
cokinetic differences in biodistribution or clearance. Whereas an accurate 
human pharmacokinetic profi le for the biopharmaceutical can only be estab-
lished upon clinical testing, ex vivo and in vitro testing of human and animal 
cells can be used to identify differences in receptor/target affi nity, distribution, 
or pharmacological activity. Accounting for such interspecies differences in 
selecting the fi nal doses of the preclinical study provides a rational strategy 
that is matched to a target clinical dose range.  
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40.1.3 Factors That Increase Concern in Transitioning from 
Preclinical to Clinical Dosing 

 We have acknowledged that regulatory and clinical practices rely on a risk -
 based approach to establish the starting dose and dose escalation strategy for 
the initial clinical evaluation of a novel biopharmaceutical. But what are those 
factors that raise concern when transitioning from preclinical to clinical dosing? 
As a rule, agents associated with a threshold dose – response relationship for 
toxicity that lack premonitory biomarkers of toxicity, or that cause irreversible 
toxicity will have a markedly more conservative clinical program compared 
with agents that have a shallow dose – response relationship for toxicity, have 
clearly established premonitory biomarkers, that undergo complete revers-
ibility of the toxicity. For example, preclinical safety evaluation of recombinant 
human Factor XIII demonstrated a threshold dose – response relationship for 
toxicity associated with few premonitory signs  [8] . Thus clinical development 
of this compound was associated with a low starting dose, cautious dose escala-
tion strategy, and intensive monitoring for evidence of toxicity. 

 In addition fi rst - in - class therapeutics, particularly those with potential for 
serious adverse reactions, warrant an extra level of caution based on the phar-
macological mechanism of action to account for our lack of knowledge. Recent 
experience with an experimental monoclonal antibody, TGN1412 (produced 
by TeGenero AG, Germany), against CD28 has galvanized interest in the 
process surrounding fi rst - in - human trials. In March 2006, six healthy volun-
teers received a single 0.1   mg/kg body weight intravenous infusion of TGN1412 
 [9] . Within 1 to 2 hours after infusion, all six patients reported multiple symp-
toms including headache, myalgia, nausea, vomiting, bowel urgency and diar-
rhea, fever, erythema, peripheral vasodilation, hypotension, and tachycardia. 
Between 16 and 20 hours after treatment, the subjects had neurological, pul-
monary, and renal impairment; disseminated intravascular coagulation; and 
lymphopenia and monocytopenia. Treatment with corticosteroids and/or an 
IL - 2R mAb was used to downregulate the cytokine response. It was ultimately 
surmised that treatment with TGN1412 led to a systemic infl ammatory response 
syndrome attributed to the release of TNF -  α , IFN -  γ , and IL - 2. 

 Preclinical studies of TGN1412 were conducted in rhesus ( Macaca mulatta ) 
and cynomolgus ( Macaca fascicularis ) monkeys and demonstrated no evi-
dence of a similar cytokine release response. Dose selection was based on a 
500 - fold margin of safety against the NOAEL established in cynomolgus 
monkeys (50   mg/kg). Comparison of the human and cynomolgus monkey 
CD28 sequence revealed an identical amino acid sequence in the critical 
region associated with TGN1412 contact, and TGN1412 binds to T cells from 
various nonhuman primates and humans  [10] . Preclinical safety studies dem-
onstrated no clinical toxicity at doses up to 50   mg/kg in cynomolgus monkeys, 
although increased serum cytokines were observed, including IL - 2, IL - 5, and 
IL - 6  [11] . Subsequent data from TeGenero AG revealed comparable in vitro 
cytokine induction and T cell activation and proliferation for human and 



cynomolgus monkey peripheral blood mononuclear cells  [10] . The basis for 
the marked interspecies difference in response to TGN1412 has not been 
established but may relate to evolutionary differences in T cell response to 
stimulation between humans and nonhuman primates  [12]  or T cell co - stimula-
tion related to F c  - receptor binding  [13 – 15] , or could represent faulty assump-
tions regarding dose extrapolation  [16] . 

 The experience with TGN1412 has resulted in an industrywide introspec-
tion regarding our uncertainty and lack of knowledge regarding interspecies 
extrapolation of safety fi ndings, mechanism of action for novel pharmacologic 
pathways, and conduct of fi rst - in - human (FIH) trials. These have been sum-
marized in a number of reviews and editorials (e.g.,  [17,18 – 20] ). In addition 
the European Medicines Agency (EMEA) has recently released guidance on 
requirements for fi rst - in - human clinical trials for potential high - risk therapeu-
tics  [5] . Under this guidance, high - risk therapeutics are defi ned by the mode 
of action, including novelty, knowledge of the proposed mode of action and 
underlying physiology, type of dose – response relationship, and relevance of 
animal models. Agents that have a pleiotropic mechanism with the potential 
for systemic effects (e.g., the immune system) or that bypass physiological 
control mechanisms (e.g., CD3 or CD28 (super - )) agonists are identifi ed as 
examples. As in our prior example, we would include agents with the potential 
to directly stimulate plasma coagulation to this list. 

 The EMEA guidance presents a departure from NOAEL - based methods 
for establishing the starting dose for FIH trials when the therapeutic is con-
sidered to be a high - risk agent. Rather, for high - risk agents, the FIH dose 
should be based on the anticipated minimal anticipated biological effect level 
(MABEL) in humans  with incorporation of appropriate safety factors. The 
assessment of whether a particular agent is considered to fall under the high -
 risk category is conducted on a case - by - case basis, as summarized in Table  40.1 . 
The concept of a MABEL is also described in the FDA maximum recom-
mended starting dose (MRSD) guidance by the inclusion of the term PAD 
(pharmacologically active dose)  [4] . According to the FDA guidance, the PAD 
is to be considered for cases where it may be a more sensitive indicator of 
potential toxicity than the NOAEL (certain classes of drugs or biologics where 
toxicity may arise via exaggerated pharmacologic such as vasodilators, anti-
coagulants, monoclonal antibodies, or growth factors). As such, it is recom-
mended that the PAD would warrant lowering the MRSD. The terms MABEL 
and PAD will be used interchangeably in the remainder of this chapter. This 
is a good refl ection of how safety margins should be considered for therapeutic 
proteins.     

40.2 CALCULATION OF STARTING DOSES FOR BIOLOGICS 

 The preceding section describes the kinds of preclinical safety studies per-
formed to enable the characterization of both the pharmacodynamics and the 
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 TABLE 40.1    Characteristics of standard versus high - risk therapeutics 

       Standard Therapeutic      High - Risk Therapeutic   

  Mode of action     •  Follow - on agent or 
therapeutic target 

•  Well - understood 
mechanisms

•  Target has limited 
physiological interactions 

•  Target has linear or 
sublinear dose – response 
relationship

•  Easily monitored 
pharmacology/toxicity

•  Toxicity is reversible 

•  Novel 
•  Poorly understood mechanism 
•  Pleiotropic or systemic activity 
•  Bypasses or overwhelms 

physiological controls 
•  Potential for amplifi cation, 

supralinear, or threshold 
dose – response 

•  Lack of biomarkers of 
effect/toxicity

•  Irreversible toxicity 

  Nature of target     •  Good specifi city of 
therapeutic to target or 
disease

•  Target is noncritical, has 
redundancy 

•  Poor specifi city of therapeutic 
to target or disease 

•  Inherent risk of targeting 
specifi c structures, 
nonredundant systems 

•  Critical biological effect 
  Relevance of 

animal models 
•  Good structural homology, 

target distribution, and 
signaling pathways 

•  Comparable 
pharmacological effects 

•  Animal models established 
and considered predictive 

•  Poor structural homology, 
target distribution, signaling 
pathways, and pharmacological 
effects

•  Animal models are of limited 
relevance to study 
pharmacology and toxicology 

•  Disease state alters relevance of 
studies in normal animals 

  Basis for fi rst - in -
 human dose  

•  NOAEL - based approach 
•  Healthy volunteers 

possible
•  Utilize all available in vitro 

and in vivo data, including 
receptor binding and 
occupancy, concentration –
 response relationships, PK 
data in relevant species 

•  Apply appropriate safety 
factor

•  MABEL - based approach 
•  Patient population likely 
•  Utilize all available in vitro and 

in vivo data, including receptor 
binding and occupancy, 
concentration – response 
relationships, PK data in 
relevant species 

•  Apply appropriate safety factor 

toxicities associated with a new biopharmaceutical. At this point the toxicolo-
gist must utilize the information gathered to estimate a scientifi cally justifi ed, 
safe starting dose in humans. There is no fi xed algorithm used to estimate a 
safe starting dose. The estimation is performed on a case - by - case basis and 
must be justifi ed both with regard to science and risk – benefi t considerations. 



The fi rst step in the process is to understand the nature of the toxicity and the 
dose at which there is no observed adverse effect (NOAEL) and as described 
in the preceding sections, in the case of high - risk therapeutics, if possible, the 
minimal anticipated biological effect level (MABEL) or PAD and/or the dose 
at which there is no effect at all (NOEL). The NOAEL, the MABEL or PAD, 
and the NOEL are important starting points at which to base safe fi rst doses 
in humans. However, there are many situations where the mechanism of action 
of a protein therapeutic is not measurable in healthy animals or where there 
is measurable pharmacology resulting from every dose tested (no NOEL 
estimated; MABEL or PAD is estimated), or where a NOAEL is not deter-
mined because an MTD has not been reached. In these cases the most relevant 
dose level should be used for the estimation of the fi rst dose. The decision on 
which dose level should be based on the population to be included in the phase 
1 and the risk – benefi t scenario for these subjects. If the fi rst phase 1 is con-
ducted in healthy subjects, the goal may be that the fi rst dose does not elicit 
a pharmacology of any kind; thus a dose based off the NOEL or the MABEL 
(or PAD) is desirable. If the fi rst phase 1 is in subjects with disease, there may 
be a higher tolerance for the fi rst dose to cause some pharmacologic effect but 
minimal adverse events; thus a dose based on the NOAEL or the MABEL 
(or PAD) is satisfactory. 

 In addition to in vivo data, in vitro receptor affi nity and density data should 
be included in the fi rst - in - human estimations when applicable. These data can 
be used to calculate the predicted receptor occupancy over a range of concen-
trations of the biopharmaceutical. The concentrations that result in a minimal 
receptor occupancy (e.g., 5 – 10%) should be compared to the circulating con-
centrations that correspond to the in vivo NOAEL, NOEL, and MABEL (or 
PAD). For example, ReoPro (abciximab) is a F ab  fragment designed to bind to 
the platelet GPIIb/IIIa receptor and inhibit platelet aggregation. Preclinical 
animal models demonstrated that with more than 80% receptor blockade 
arterial thrombosis was prevented.   Thus dose extrapolation from animals to 
humans could be used to estimate clinical doses associated with an 80% recep-
tor blockade (and that could be monitored via fl ow cytometric analyses) and 
to defi ne a rational dose escalation strategy. Alternatively, Mehrishi et al. 
have estimated more than 80% CD28 receptor occupancy among the six sub-
jects treated with TGN1412 using equilibrium - binding calculations based on 
reported affi nity data and assumptions of the number of cells and receptors/
cell  [16] . 

 The fi nal two steps of calculating a starting dose include the conversion of 
the NOEL, MABEL (or PAD), or the NOAEL to a human equivalent dose 
(HED) and the application of a safety factor that reduces the estimation of 
the human starting dose to allow for sensitivity differences in humans that may 
result in adverse events. The dose conversion can be done either using a 
pharmacokinetic - based interspecies scaling or a weight or surface area 
dose normalization. The safety factor applied to the calculated HED can be 
based on several factors, including nature of the dose – toxicologic response 
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relationship, what is known about the safety of other proteins with similar 
mechanism of actions, and in vitro sensitivity comparisons of the preclinical 
species versus human. 

  40.2.1   Calculation of a Human Equivalent Dose for 
Protein Therapeutics 

 Once the appropriate dose levels (NOAEL, NOEL, MABEL, and/or PAD) 
have been determined using both in vivo and in vitro data, these levels should 
be scaled for human estimation. In most cases the preclinical species have 
received repeated doses of the biopharmaceutical, resulting in increased expo-
sure over the intended human exposure of a single dose. While total exposure 
in preclinical species (e.g., weekly or monthly) can be leveraged to calculate 
safety margins over expected human exposures in studies following the initial 
single ascending dose study, the emphasis for fi rst - in - human dose estimations 
is most commonly on a dose - to - dose comparison, not on total weekly or 
monthly doses. 

  Pharmacokinetic - Based Interspecies Scaling     Allometric scaling is com-
monly used for the prediction of pharmacokinetic parameters of small mole-
cules in humans. Allometric scaling is based on the assumption that there are 
anatomical, physiological, and biochemical similarities among the species 
included in the scaling. The power equation  Y    =    aW b   in its logarithmic form, 
log  Y    =   log  a    +    b  log  W , has been used to describe the relationship of body 
weight ( W ) to both physiological properties ( Y ) such as organ weight or 
cardiac output to pharmacokinetic properties such as clearance, volume of 
distribution, and half - life. In the case of pharmacokinetic scaling, the weights 
of the animals tested and their observed PK parameters of interest (most 
commonly clearance) are plotted on a log – log plot where the  y  - intercept ( a ) 
and the slope ( b ) are calculated and then applied to a calculation of the pre-
dicted parameter in humans. The resulting estimate for clearance in humans 
can be used to estimate the fi rst dose by using the following equation  [21] :

    
Human dose mg

AUC in animal Predicted clearance in humans 

( )
(

=

×
mmg h L L h

Safety factor
∗ / ) ( / )

.
  

 In addition pharmacokinetic modeling can be used to predict human expo-
sures, but these models are also based on parameter estimates that are initially 
scaled from preclinical species. 

 In the case of biopharmaceuticals, while two species are recommended, 
often times there is only one relevant species included in general preclinical 
safety studies because of species specifi city. In either case, one or two species 
data are not suffi cient to estimate the needed allometric terms. Therefore 
allometric scaling is not commonly used for biopharmaceuticals. There have 



been a number of publications by Mahmood et al. (e.g.,  [22,23,24] ) on the 
addition of additional factors (maximum life - span factors, brain weights, etc.) 
to improve the allometric scaling of protein drugs, but these improved methods 
still require data from greater than two species for accurate estimations. Last, 
as stated above, one of the major assumptions is that the drug will be handled 
similarly from species to species. In the case of biopharmaceuticals it is quite 
common for the species tested to have different sensitivities to protein drugs 
due to receptor density, receptor affi nities, and interspecies differences in 
receptor signaling. These species specifi c differences are overlooked in the 
basic allometric estimations.  

  Weight and Body Surface Area Interspecies Scaling     The simplest scaling 
method is a one - to - one conversion of the animal dose of interest to a human 
equivalent dose (HED) via weight based (mg/kg) or body surface area nor-
malization (mg/m 2 ). Choice of weight based versus body surface area scaling 
is usually on a case - by - case basis and requires some knowledge about the 
NOAEL, NOEL, or MABEL (or PAD) in several preclinical species and that 
the source of the observed toxicity is based on an exposure parameter that is 
correlated with doses administered by weight. For biopharmaceuticals, body 
surface area normalization is more widely used as it leads to a more conserva-
tive estimation of the starting dose. The FDA MRSD guidance provides tables 
that enable the conversion of several species doses to HEDs based on the 
following calculation:

    HED Animal dose mg kg
Animal weight kg
Human weight kg

= ×( / )
( )
( )

⎛⎛
⎝⎜

⎞
⎠⎟

0 33.

.   

 The body surface area conversion factors (BSA - CFs) included in the FDA 
guidance are based on an average species body weight.  

  Application of a Safety Factor     Following the conversion of the NOAEL, 
MABEL (or PAD), or NOEL to a human equivalent dose (HED), the result-
ing dose is usually divided by a safety factor in order to calculate the proposed 
starting dose in humans. This safety factor provides a safety margin between 
a safe dose in preclinical species and the fi rst humans receiving the therapeutic. 
The default safety factor for most fi rst - in - human studies is 10 - fold, however, 
the assignment of this factor should be science - driven.   

  40.2.2   Examples of Estimations of First - in - Human Doses for 
Protein Therapeutics 

 The examples below illustrate strategies that have been implemented success-
fully in the estimation of safe fi rst - in - human doses of biopharmaceuticals. Each 
of the molecules is characterized in terms of the type of therapeutic, whether 
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it is a standard or high - risk therapeutic and why, the relevant toxicology 
specie(s) studied, its mechanism of action (MOA), mechanism of toxicity 
(MOT), the planned phase 1 study design and population, and the identifi ed 
NOAEL, NOEL, and MABEL (or PAD), where applicable. The molecule 
characterization is followed by a summary of the estimation of the fi rst - in -
 human dose using the algorithm supplied by the FDA MRSD to calculate the 
HED and applying a safety margin based on case - by - case considerations. 

  Example 1 

   Type of molecule     Fusion protein  
   Classifi cation     Standard (well - understood MOA, easily monitored 

pharmacology)  
   Toxicology species     Mouse, monkey  
   MOA     Known, not novel, dose - responsive biomarkers 

present in two relevant toxicology species  
   MOT     Known, exaggerated pharmacology  
   Phase 1 study     Single, escalating - dose in healthy subjects  
   NOAEL     No AEs observed at any dose levels  
   NOEL     No NOEL determined in either species  
   MABEL/PAD     5   mg/kg in mouse and monkey  

 The MABEL/PAD in the mouse and the monkey were divided by the BSF -
 CFs to calculate the corresponding HEDs:

    HED mg kg
MABEL

mg kgmouse( / ) . / ,= =
13

0 38  

    HED mg kg
MABEL

mg kgmonkey( / ) . / .= =
3

1 67   

 The lowest resulting HED was chosen (0.3   mg/kg) and a 10 - fold margin was 
applied to estimate the fi rst - in - human dose of 0.03   mg/kg.  

  Example 2 

   Type of molecule     Cytokine  
   Classifi cation     High - risk (poorly understood MOA and MOT)  
   Toxicology species     Monkey  
   MOA     Poorly understood, dose - responsive biomarkers in 1 

toxicology species  
   MOT     Poorly understood, monitorable  
   Phase 1 study     Repeat, escalating dose in end stage disease 

population  
   NOAEL     NOAEL identifi ed; 100    μ g/kg  



   NOEL     No NOEL determined  
   MABEL/PAD     10    μ g/kg in monkey  
   Other     In vitro studies showed similar receptor affi nity for 

human and monkey  

 The HED was calculated using the MABEL/PAD observed in monkeys:

    HED
MABEL

g kgmonkey= =
3

3 3. / .μ   

 Because the phase 1 study was planned in end - stage disease patients, the in 
vitro receptor affi nity was similar between monkey and human, and the 
NOAEL was 10 - fold higher than the MABEL/PAD; a 3 - fold safety margin 
was applied to the MABEL/PAD - based   HED resulting in a safe fi rst - in -
 human dose of 1.0    μ g/kg.  

  Example 3 

   Type of molecule     PEGylated cytokine  
   Classifi cation     High - risk (toxicity in one species and not the other)  
   Toxicology species     Mouse, monkey  
   MOA     Known, not novel, dose - responsive biomarkers 

measured in monkey  
   MOT     Unknown, observed in mice only  
   Phase 1 study     Single escalating dose in healthy subjects  
   NOAEL     No NOAEL identifi ed in mice, no AEs observed at 

any dose level in monkeys  
   NOEL     NOEL identifi ed in monkey; 0.015   mg/kg  
   MABEL/PAD     Not determined  

 The mouse data included histologic evidence of mild cardiac injury that 
increased in incidence with increasing dose (0.3, 3, and 30   mg/kg) but had no 
functional consequences. The monkey data showed no evidence of these his-
tologic fi ndings. Similar fi ndings were noted in mouse studies performed with 
a marketed agent in the same class as the tested biopharmaceutical, but like-
wise not observed in monkeys or humans. The NOEL in monkeys was based 
on a biomarker thought to be closely linked to the mechanism of action of the 
biopharmaceutical. The HED was calculated as follows:

    HED
NOEL

mg kgmonkey= =
3

0 005. / .   

 A 10 - fold safety margin was applied to the HED and the resulting safe starting 
dose was 0.5    μ g/kg. In addition this starting dose resulted in a 46 - fold safety 
margin over the lowest dose tested in the mouse. The phase 1 study was con-
ducted in healthy subjects and included additional cardiac monitoring.    

CALCULATION OF STARTING DOSES FOR BIOLOGICS  981
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40.3 DOSE ESCALATION AND PROPOSED TOP DOSES 

 The examples above illustrate the kinds of considerations that should be 
included in estimations of fi rst - in - human dosing of biopharmaceuticals. In 
addition to the starting dose, the proposed dose escalation and the margin of 
safety surrounding the proposed top dose should also be considered carefully. 
In terms of dose escalation, the nature of the dose – response curve and inade-
quate knowledge of the mechanism of action and/or toxicity are the most 
important determinants of the need for caution in designing an ascending dose 
schema in humans. Many escalations with highly potent biopharmaceuticals 
begin with a conservative starting dose and proceed with dose doubling for 
several cohorts before eventually switching to half - log increases once the 
chance of unexpected toxicities has lessened. The proposed top dose of a single 
ascending dose escalation is usually designed to be a moderate multiple of the 
estimated therapeutic dose of the biopharmaceutical in humans. At a minimum, 
it is important to design preclinical safety studies to include a dose that at 
least matches the proposed top dose in humans (when appropriately scaled), 
although some regulatory reviewers have asked for a 10 - fold or higher multi-
ple in the preclinical study. The rationale for such a design should depend on 
the risk – benefi t profi le and the feasibility of achieving such doses. One should 
be mindful that for many biopharmaceutical agents that work through specifi c 
receptor - mediated processes, one would not expect to see signifi cant novel 
biological activity with doses that exceed saturation of the receptor other than 
nonspecifi c toxicity associated with excessive protein loading.  

40.4 BEYOND PHASE 1 

 Once the phase 1 has been completed, next steps include the comparison of 
observed human exposure data (maximum concentration,  Cmax  and area under 
the concentration – time curve, AUC) to the exposures observed in the sup-
portive preclinical studies, prediction of the human exposure in future clinical 
trials (based on dose level and frequency) and the calculation of the  “ actual ”  
safety margins provided by the repeat - dose preclinical toxicology studies. The 
need for safety margins (based on preclinical safety and single - dose human 
data) to support phase 1b or phase 2 dosing is usually considered on a case -
 by - case basis.  

40.5 CONCLUSIONS

 Calculation of the starting dose in fi rst - in - human trials with biopharmaceuti-
cals requires a good understanding of the science behind both the mechanism 
of action and the mechanism of toxicity of the test article. The FDA has pro-
vided an algorithm in its MRSD guidance to calculate a human equivalent 



dose based on the NOAEL in the most sensitive species tested. However, 
thoughtful design of the supportive preclinical safety studies includes consid-
eration of the estimated therapeutic human dose level and dose ranges that 
will allow for the estimation of a NOAEL, and ideally a NOEL, and/or a 
MABEL (or PAD), if possible. Based on the risk classifi cation of the biophar-
maceutical, the most appropriate preclinical dose level (NOAEL, NOEL, or 
MABEL) should be used to calculate the HED, and the application of a safety 
factor should be based on data gathered during in vitro and in vivo preclinical 
development.  
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If you don ’ t know where you ’ re going you ’ ll end up some place else.
 — Yogi Berra   

 It may seem perverse to end such a comprehensive and critical account of 
the preclinical testing of biopharmaceuticals with ideas that are directed as 
much at the  “ what ”  and  “ how ”  to investigate as at the ultimate evaluation of 
experimental results. But, as the depth of the opening quotation subtly sug-
gests, it is essential to consider and reconsider the objectives of toxicity experi-
ments before it is possible to decide the value of their results in permitting 
safe and effective development of these novel and sometimes surprising 
products.  

GENERAL NATURE OF BIOPHARMACEUTICALS AND OBJECTIVES 
OF PRECLINICAL TESTING 

 The objectives of preclinical testing to support development of new medicines 
are to detect and characterize unwanted actions, whether inherently toxic or 
secondary to pharmacological effects of the substance and its pharmacokinet-
ics, to exclude predicted harmful effects, and as far as possible to reveal other, 
potentially valuable actions. All this must be done in such a way that the results 
are both scientifi cally and administratively useful, as GLP and GMP consid-
erations are essential, and the duration and costs of the of the studies are 
minimized. In this way the necessary resources of scientists, experimental 
animals, and laboratory facilities can be minimized in order to make the devel-
opment of products to treat sick patients as effi cient, humane, speedy, and 
economical as possible. 

 The full range of biotechnology products nowadays comprises various types 
of pharmaceuticals derived from living systems, mainly cells, bacteria, and 
fungi but also including various types of proteins from specially modifi ed 
animals or plants, engineered or otherwise modifi ed tissues or living cells from 
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humans and other animals, and engineered viruses and other vectors of trans-
genes. Hurrying a short distance behind are entirely synthetic substances, 
artifi cial organisms or cell - like forms, and more complex medical devices that 
will release biotechnology products in the body under special conditions. 

 The common features of this wide range of potential medicines are that 
they have been selected because of their very particular biological properties, 
they are all complex and so unsuitable for control just by conventional chemi-
cal or biochemical analyses, and they have very powerful effects on specifi c 
targets and particular biological processes. Their potency in affecting some-
times fundamentally important physiological or pathological processes, which 
makes them therapeutically valuable, may also entail powerful counter-
responses by the body because of the nature and extent of the disturbances 
they produce in basic body mechanisms and processes. The biological nature 
of these products may stimulate immune responses or other counteractions 
by the body, which may limit or enhance their therapeutic activities and may 
even result in potentially harmful immunological reactions. 

 The origin of some products of biotechnology from certain types of living 
systems or cells carries potential risks of diverse types due to the potential 
transmission of infectious organisms or prions from the producing system. So 
far at least few of these products have been manufactured by chemical syn-
thesis, because of the chemical and structural complexity, although that route 
may become more important in the future. 

 The potential risks that the toxicologist must consider If a living organism 
itself is employed as the therapeutic agent, for example, a living organism as 
a vaccine or a viral vector in gene therapy, will include any potential for infec-
tion of the staff administering the therapy as well as the inadvertent bystander 
in the community for as long as the viable agent may be excreted. Manufac-
ture, storage, and transport of these agents will entail possible hazards to the 
responsible staff. Those aspects of occupational health and environmental 
protection are so specialized that they require separate consideration. 

 It will be seen that the scope of preclinical investigation of a product of 
biotechnology is likely to be much wider than that of a conventional  “ New 
Chemical Entity. ”  There must be particularly close coordination of the manu-
facturing, analytical, and other pharmaceutical procedures that defi ne the 
exact nature of the product as it is supplied for investigation and would 
become available subsequently the clinical use, it is then essential to plan the 
strategy of preclinical testing by reference to the biological nature of the 
product, to its pharmacological, immunological, and any other biological 
effects and the body ’ s possible immune or other counterreactions to it and, as 
appropriate, to consider any environmental or occupational risk that requires 
investigation. 

 The breadth of the questions to be asked and answered in the preclinical 
investigation mean that the conventional procedures of toxicity testing, which 
are rightly designed to be general so that both expected and unexpected 
effects can be detected, will almost certainly require extension to include many 
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investigations that are primarily focused on pharmacological and physiological 
actions of the test material. The range of the studies must be adapted to the 
product and its uses, including the abnormalities caused by the disease to be 
treated and the nature of the patients in whom it occurs, but always leaving 
the investigator alert to any clue, no matter how subtle, to any action, antici-
pated or unexpected, that might be benefi cial or harmful — having fi rst excluded 
chance effects and artifacts from the complex test procedures that are 
required. 

 Pharmacokinetics and  “ drug metabolism ”  may initially appear simpler in 
their application to biopharmaceuticals than when dealing with conventional 
NCEs. That is rarely correct, however, because of the technical problems of 
following low concentrations of proteins in complex body fl uids and tissues, 
the diffi culty of detecting and characterizing the immune response to a foreign 
protein or cell, possibly still in the presence of the target antigen, and our still 
limited knowledge of how signal molecules, such as the cytokines, infl uence 
both energy and xenobiotic metabolic processes in the host. Applying the 
concepts of  “ pharmacokinetics ”  to a transplanted, possibly engineered cell or 
tissue, to a transgene, or to a therapeutic effect induced in utero or in a young 
baby that might affect subsequent development indicates the broad scope and 
sometimes considerable depth of the questions that must be asked and 
answered about the onset and duration of the therapeutic effect and the 
reasons for any change that may occur over time. 

 The toxicologist responsible for a biotechnology product must be skilled 
and knowledgeable in toxicology, pharmacology, physiology, and pathophy-
siology as much as in immunology. Concerns about detailed cell structure and 
metabolism, about molecular biology and genetics, are important in planning 
the overall strategies of these types of preclinical investigations. Scientifi c 
understanding, medical knowledge, and astute biological perception are all just 
as necessary as understanding of regulatory guidance and the complexities of 
the development process in ensuring appropriate and effi cient preclinical 
development. 

 Preclinical testing in the present context is not an end in itself. It exists as 
an essential part of the development of medicines for the treatment of serious 
diseases, so it must be done with scientifi c vigor, with due consideration of the 
patients and diseases to be treated, and with proper attention to the ethical 
and industrial factors that infl uence the progress of every new pharmaceutical. 
There must always be careful attention to the scientifi c purpose and value of 
proposed studies and whether a result from an in vitro system or an animal 
experiment would be most appropriate. Offi cial guidance and published guide-
lines about the information required to support clinical studies and about   
product registration and the general nature of experiments to produce those 
data rightly have a considerable infl uence on effi cient development in the 
industrial setting. However, conformity to general guidance must never be 
allowed to obscure devising and answering specifi c questions related to the 
unique nature and particular properties of the biotechnology product in 
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question and its proposed clinical use. Toxicologists, clinicians, regulators, 
lawyers, and lay advisers must realize that conforming to guidelines by per-
forming experiments of types described in detail yesterday is not necessarily 
the most useful or most appropriate way to deal with the products of today 
or tomorrow. The sciences advance and the need is to be sure that the best 
methods have been applied to obtain the most useful information in the most 
effective manner even if that means omitting some favored procedure of yes-
teryear that can be shown no longer to be scientifi cally useful or appropriate 
for the particular product in question. 

 The scientifi c responsibility, if you like the  “ ownership ”  of the preclinical 
testing strategy for a novel product of biotechnology, should lie in the hands 
of a small group of experts in toxicology, immunology, the appropriate areas 
of pharmacology, pathophysiology, and other areas of experimental biology 
and medicine. They must be guided by other specialists in manufacturing, 
pharmaceutics, regulatory requirements, and industrial effectiveness, but there 
must not be any compromise of the real objective of understanding the poten-
tial adverse and benefi cial effects of the new therapy under circumstances that 
support realistic extrapolation to patients.  

HELP FROM HISTORY? 

 Help in understanding the scope of the investigations required may come from 
looking back at the history of what were once called  “ biological ”  products 
and are now more accurately termed  “ products of biotechnology ”  or 
 “ biopharmaceuticals. ”  

 In the early days of the development of these medicines, at that time almost 
solely vaccines and antisera, mostly obtained directly from animals and some 
from laboratory cultures, and the earliest nonimmunological product —
 insulin — the primary needs were to determine the potency of the therapeutic 
activity, to rule out any direct pathogenicity of the product, and to exclude or 
limit adventitious contamination by infectious organisms and unwanted sub-
stances from the source system. Subsequently, as more refi ned investigative 
procedures became available, as the biological hazards of products obtained 
from living systems became better recognized and as knowledge of immunol-
ogy and cognate sciences developed, there has been increasing refi nement of 
investigative techniques to quantify the nature and activity of the therapeutic 
material and to exclude or limit contamination by organisms, proteins, and 
other substances. Concurrent advances in manufacture and purifi cation have 
created their own needs for techniques to verify purity and potency, to exclude 
by - products, and to show that changes in production have not created new 
hazards by subtle changes in the detailed structure of the therapeutic sub-
stance or organism. 

 As an example consider the evolution of insulin from an acid extract of 
animal pancreas to a semisynthetic peptide comprising peptide chains made 
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in engineered cells and possibly assembled in vitro after partial chemical 
modifi cation. Insulin was standardized at fi rst by assessment of its physiologi-
cal action of hypoglycaemia but now by refi ned HPLC and other biochemical 
and biophysical analytical procedures. Earlier preclinical testing was focused 
on the effect on blood sugar and on exclusion of pyrogenic and other impuri-
ties, whereas nowadays there is at least as much interest in excluding immu-
nogenicity due to trace contamination by aberrant epitopes and in broadly 
ruling out potentially harmful DNA or agents derived from the engineered 
cells. In parallel, as understanding of the complementary roles of insulin and 
Insulin - like growth factors I and II (IGF) has developed, and as their roles in 
fetal development has been demonstrated, toxicity and other preclinical studies 
of insulins have come to include biochemically sophisticated investigations in 
species selected for susceptibility of the actions of new preparations on intra -
 uterine development in relation to maternal blood glucose levels and other 
metabolic processes. It is easy to produce a developmental effect by giving a 
high maternal dose of an insulin or IGF to a pregnant animal, but the impor-
tant question is whether the potentially harmful action (the  “ hazard ” ) occurs 
under circumstances relevant to controlled treatment with that medicine in 
pregnant humans or animals (the true  “ risk ” ). 

 Further examples include the evolution of the preclinical investigation of 
clotting factors and anti - rhesus D immunoglobulin, at fi rst produced by simple 
fractionation of human blood donations and now from genetically engineered 
cells, and standardized by measurement of the specifi c activity as well as by 
increasingly sensitive techniques to detect and characterize the desired epit-
opes and to exclude unwanted immunogens and other variants and impurities. 
The composition, nature, and therapeutic activity of these products have 
become more precisely defi ned, and the investigative methods have also been 
adapted for sensitive detection of trace immunogenicity that might result in 
loss of effect or immune complex disorders if neutralizing or other types of 
antibody were produced. Many of those preclinical studies are done in vitro, 
but others depend on in vivo investigations and ultimately on experience in 
the clinic. 

 Look at the ways in which preclinical studies have had to adapt to changes 
in vaccines from whole organism or complex extracts, largely defi ned by pres-
ence of the desired antigenicity, the absence of pathogenicity, and a minimum 
of pyrogenicity and other adverse effects (e.g., as initially used in typhoid, 
tetanus, and diphtheria immunization), to the complexity of current antibacte-
rial and antitoxin vaccines, and even more to antitumour and antimalarial 
vaccines combining one or more extracted antigens, possibly immunostimulat-
ing cytokines from recombinant cells and other multicomponent immuno-
modulatory adjuvants. In the latter examples the need is for the toxicologist 
and immunologist working together to follow the nature and extent of the 
specifi c immune response and to detect or exclude other actions on immunity 
and autoimmunity and other major physiological controls and responses in 
the body. Because of the depth to which immune response mechanisms can 
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now be affected and the ways in which they can be steered, there must also 
be just as much toxicological interest in showing whether there has been 
any broader effect on the immune status of the host than the intended thera-
peutic response, such as immuno - activation potentially leading to allergy, to   
autoimmunity due to an epitope shared between the vaccine antigen and a 
normal body component, or to impairment of the mechanisms that control 
tolerance. 

 The need to specify what is present and how well it exhibits the desired 
therapeutic action as well as to exclude or minimize any potentially harmful 
components has not changed, but the power of modern manufacturing and 
analytical techniques makes it necessary to specify in ever greater detail the 
nature and actions of the therapeutic agent and other substances present in 
the medicine. It is now important not just to seek conventional impurities and 
degradation products but also more complex biological variants in aminoacid 
sequence or peptide structure, glycosylation pattern, lipid conjugates, and so 
forth. The inherent variability in physiological production of complex mole-
cules must be considered as we have begun to realize that cells are not sites 
of precise syntheses but rather biochemical factories in which manufacture is 
always likely to be affected by changing physiological factors both in normal 
cells in the healthy or diseased body and in manufacturing fermentation vats. 
In turn, that drives the preclinical testing to look ever more broadly on a case -
 by - case basis at what can be evaluated, always balanced against the question 
of what is worth doing because of our knowledge of the therapeutic agent and 
the manufacturing process. Coordination with pharmacodynamic and pharma-
cological investigations of the intended therapeutic activity must be close to 
ensure that the appropriate information is obtained, no matter from which set 
of experiments, without duplication of effort or resources. 

 In development the same types of major questions always remain to be 
answered in appropriate preclinical studies, even if the nature of those experi-
ments has changed as greater understanding and more searching techniques 
have enabled more precise or more specifi c questions to be asked. This gen-
eralization can be illustrated by the history of the industrial production of 
interferon and antilymphocyte antibody. 

 Early manufacture of interferon -  α  (IFN α  - 2) was based on its extraction 
and purifi cation from the supernatant of tissue cultured cells followed by 
partial biochemical characterization of the protein and particular reliance on 
assay of antiviral activity. The toxicologist ’ s approach was greatly limited by 
the species specifi city of the therapeutic effects and the immunogenicity of the 
human - type protein in other species. Preclinical testing was focused on broad 
changes in leukocyte numbers, certain specifi c biochemical markers of inter-
feron effects on those cells, and subtle changes in the histological appearances 
of lymphoid organs. Subsequent advances in knowledge of how that type of 
interferon acted on certain types of cells has permitted more specifi c and sensi-
tive examination of particular subtypes of cells, investigation of relevant recep-
tors, assay of the physiological responses of those cells to certain stimuli and 
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of changes in cytokine - mediated and other innate and reactive humoral 
and cellular defense mechanisms at the cell and whole body levels. Corre-
sponding work at the genomic and metabonomic levels has characterized the 
extent and time relationships of those types of responses and the body ’ s 
counterresponses. 

 Investigation now of a novel interferon of this type prior to its clinical study 
is likely to include characterization at the molecular and cellular levels of 
detailed actions and reactions, assessment of the effects on such basic body 
mechanisms as phagocytosis, cytokine secretion, amplifi cation of cellular 
responses, and metabolic changes in the liver and perhaps elsewhere and their 
consequences for the responses to antigens, infections, and tumors, as well as 
changes in circulating acute phase proteins and immunoglobulins, antibody 
and immune complex formation and their consequences, and so on. In other 
words, the effects of treatment on physiological and biochemical mechanisms 
and cellular and organ systems will be studied at various levels at the same 
time as various host - response mechanisms and more conventional  “ toxic ”  
actions, such as fever and changes in liver function.   This represents application 
of the principles now dignifi ed as  “ systems biology ”  to preclinical toxicological 
investigation. 

 Antilymphocyte globulins present a similar picture of the evolution of pre-
clinical studies from relatively simplistic investigations focused on what was 
known of the nature and mechanisms of immune responses and graft rejection 
to more profound exploration of the nature and intensity of effects on immu-
nological mechanisms and their consequences for the host response to grafts, 
tumors, infectious agents of diverse types, and the normal control of tolerance. 
The early toxicological studies were based on broad surveillance of haemato-
logical and pathological effects in species able to respond to an antihuman 
antibody, whereas today the depth of investigations would be greatly increased, 
quantifi cation would be more important, and the range of effects examined 
would probably be expanded to include more on changes in specifi c mecha-
nisms and on the likely shorter and longer term consequences of the type of 
immune suppression produced, as well as any general actions of the antibody 
formulation. 

 Both of these instances also exemplify the problem of species selection in 
any in vivo studies and of the origin of cells used in in vitro work. Initially 
there might have been relief at fi nding almost any species that could respond 
to the agent to be investigated from the small range suitable for toxicological 
experiments. That pragmatic choice now would need to consider conventional 
species as well as knockout and knock - in mice expressing human transgenes, 
other animals bearing grafts of human cells, and spontaneous genetic variants 
mimicking human diseases as well as human or other cells and tissues in long -
 term cultures or ex vivo. 

 As discussed below, the toxicologist ’ s job has always been to ask the same 
broad questions of any biopharmaceutical product. But both the precision 
and the breadth of those queries and the ways in which they can be answered 
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have been greatly expanded by the increasing knowledge of biology and 
pathology.  

THE BASIC QUESTIONS IN PRECLINICAL TESTING 

 A number of primary questions are to be asked and answered by preclinical 
testing of new products, and sometimes to be applied to existing medicines as 
new problems are uncovered and novel procedures become available. 

1 What Is the Purpose of the Proposed Preclinical Investigations? 

 This question covers both the main and associated purposes of studies. Does 
the principal interest lie in acquiring new information for scientifi c purposes 
(e.g., generally for learning more about the actions and reactions that might 
follow clinical administration of the substance to humans or animals), is the 
goal to study the mechanisms of known or anticipated actions and their con-
sequences, or is it to provide scientifi cally valid and regulatorily acceptable 
data are to support formal clinical studies and eventual registration of the 
product?

 Even on their own these are profound issues in the development of any 
product, but they have very particular implications for the diffi cult processes 
of formal pharmaceutical development, clinical trial, and marketing authoriza-
tion of the full range of biopharmaceuticals. The answers will defi ne major 
features of how the experimental work is done and the resources required to 
do it.  

2 What Preclinical Studies Should Be Done? 

 This overlaps with the answer to Question 1, but it goes much further into 
assessment of the scientifi c rationale underlying the product, the availability 
of appropriate background biological, chemical, and pharmaceutical informa-
tion, consideration of the nature and state of the human or animal patients 
who will eventually be treated with it, and a defi nite decision whether the 
results are needed for product registration or other regulatory purposes. The 
latter defi nes the need for and consequences of the application of GLP and 
GMP requirements. 

 There must be considerable overlap here between the basic  “ pharmaco -
 dynamic and pharmacological ”  experimentation, which has shown why the 
intended product may be of therapeutic value and the mechanisms of that 
desired activity, and the range of investigations that it is necessary and worth-
while to apply in the types of preclinical studies usually labeled as  “ toxicology, ”  
here including pharmacokinetics. 

 Available information about the mechanism of the therapeutic action and 
about the nature of the disease needs to be broadly reviewed. Relevant infor-
mation from the spontaneous disease in human and animal populations and 
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from analogous genetic disorders and from knockin and knock - out animal 
models should be taken into account at this stage. 

 The primary purpose of preclinical investigations is usually to focus on 
potential toxic or other harmful effects and to understanding their causes in 
ways that will guide safer use in patients. The opportunity to make more basic 
observations (e.g., of physiological mechanisms or aspects of immune response 
processes) should always be exploited provided the primary purpose of the 
studies is not jeopardized. Although it has been uncommon, observations in 
toxicity testing have sometimes suggested a new therapeutic use for a 
product. 

 The feasibility of informative experiments, whether in vitro or, if necessary, 
in vivo will depend mainly on the availability of model systems that are suffi -
ciently well understood, and the coverage of the broad types of investigation, 
as in conventional toxicity experiments where the objective is to try to detect 
any effect and subsequently to decide whether it is  “ toxic ”  or  “ pharmacologi-
cal ” . The need to explore such major features as the concentration – response 
or dose – response relationship, speed of onset, duration of action and revers-
ibility of effects and their upstream and downstream consequences on other 
physiological mechanisms, potential interactions with the physiological and 
pathophysiological status of the patient, and other treatments administered at 
the same time, will all affect the nature and number of the most relevant 
experiments. 

 Two particularly important factors infl uencing the entire pattern of experi-
mentation at this stage are the availability of in vitro or in vivo systems in 
which the therapeutic material can exert its specifi c effect. For example, if the 
product is directed at a target in human cells, are there other species and other 
cell types in which it is represented and has a similar activity so that the par-
ticular activity can be examined? And, as the majority of biopharmaceuticals 
are likely to be immunogenic in foreign species if the immune response cannot 
be avoided, are there means available to follow it and its immediate and later 
consequences for the administered substance and for any spillover possibly 
affecting physiological mechanisms dependent on an antigenically related sub-
stance (e.g., an endogenous physiological growth factor or cytokine)? If a 
product has an appropriate target, might it affect the mechanisms that prevent 
autoimmune disease most of the time? 

 Answering these questions before planning detailed preclinical investiga-
tions is essential because the decisions will defi ne many of the investigations 
that should be done. It is not a simple task because of the need to collate bio-
logical, pharmacological, immunological, and pathological information from a 
variety of different systems and species. 

 A further diffi culty may arise when the regulatory and other legal needs 
for the results of the preclinical studies are considered. It may appear simpler 
just to ask what are the current guidelines for formal studies and to do all 
those experiments regardless of the nature of the test substance, its properties, 
and its intended uses. That pathway of naive experimentation is likely to be 
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highly damaging and very expensive because it will probably generate large 
amounts of uninterpretable information that will confuse the experimenters 
and obscure the sorts of data the regulators and others need to make the 
formal and critical evaluation of potential effi cacy and safety that should be 
the sole purpose of  “ regulatory toxicology. ”  Before planning any preclinical 
experiment or program of studies intended to support a new product, or in 
assessing the results obtained, the essential questions that all should answer 
remain: What scientifi c questions are being asked at this stage and why? What 
are the most appropriate methods to answer them? And, how can those 
experiments be done to provide the largest amount of the most reliable infor-
mation? It is only when there are satisfactory and clear answer ’ s to those 
questions that effective and effi cient experimental investigations can be 
designed. 

 From time to time those considerations will suggest that there is no directly 
applicable experimental model in vitro or in vivo of the biological or patho-
logical mechanism that should be explored. Perhaps the process is insuffi -
ciently well understood or no suitable in vitro or animal model has yet been 
validated? In such cases, as in trying to avoid the problems caused by an 
immune response in a heterologous species, in addition to reviewing the evi-
dence from nature ’ s own experiments in disease and genetic disorders, critical 
consideration should be given to developing and studying the corresponding 
homologous factor or process in appropriate cell systems or another species. 
Investigation of analogous factors and processes can be very helpful, but 
interpretation of the fi ndings and their extrapolation to the target species 
requires   assessment of whether what is being studied has the same role and 
properties in different biological systems. 

 There is always the need in preclinical studies, as in any biological experi-
ments, to be aware that many factors may infl uence the results, not all of which 
can be controlled. Biological systems are so complex that variation and seem-
ingly chance effects always arise, particularly when the broad endpoints in 
toxicological investigations are considered, since   they have largely been 
selected because of their responsiveness to a wide range of potential actions. 
Critical assessment and careful correlation of different types of evidence is as 
necessary in investigating biopharmaceuticals as in dealing with the NCEs. The 
former may be designed to have much more specifi c actions than the latter, 
but the possibility always exists of chance effects as well as of unanticipated 
actions. Both such chance effects   must be considered and distinguished.  

3 How Are the Results to Be Interpreted and Used? 

 The limiting factors in interpretation and extrapolation from the laboratory 
to the patient include all those common to preclinical studies of small - 
molecule products plus some specifi c to biopharmaceuticals. 

 Once it is certain that the appropriate studies have been done and that 
reliance can be placed on the results, the typical considerations comprise 
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species specifi city or generalizability of effects seen or not detected, the con-
centration – response or dose – response relationship, the duration and durabil-
ity of effects, reversibility of the therapeutic and any adverse actions, whether 
the fi ndings have been affected by an immune or counterregulatory response 
in the test system, and the nature and physiological state of the patients to be 
treated. As biotechnology products become more potent and more intrusive 
in their actions on fundamental biological mechanisms, it is necessary also to 
consider the relationship between the effect detected in the experiments, the 
underlying mechanism, and what its consequences might be in the target 
species, possibly at a different stage of biological development. 

 The principles underlying extrapolation from the laboratory system to the 
human or animal patient for biopharmaceuticals are much the same as those 
for conventional NCEs, apart from the ever present possibility of an immuno-
logical or other biological counterresponse to administration of the product. 
The preclinical investigator of a product of biotechnology has the diffi cult but 
satisfying task, therefore, of deciding whether the most appropriate substance 
has been studied, whether the experiments done have really been relevant to 
the intended purpose of the work, and how the effects seen or not detected 
can be used to predict the probable safety of its use in sick patients under 
various clinical circumstances. At the same time the value of the studies done 
or not done will have to be justifi ed in regulatory and other legal procedures, 
the case for accepting the work as appropriate to support clinical application 
of the product will have to be argued, and the implications for the resources, 
cost, and duration of development will have to be justifi ed. 

 The opening quotation from that great baseball philosopher offers a pithy 
summary of the problems of the preclinical scientist in this area. It lacks only 
mention of the excitement and pleasure of solving them.         
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intravascular into interstitial egress, 241, 244, 

247
tissue-specifi c transport/uptake barriers, 241, 246

monoclonal antibodies
structure and function, 588
tissue cross-reactivity assay, 210

antibody-dependent cell-mediated 
cytotoxicity, 210, 214, 248, 251

receptor presence and distribution, relevant 
species criteria, 181, 184, 191

Immunoglobulin M (IgM), antibody classifi cation 
and evolution, 210, 211

Immunoglobulins
antibody classifi cation and evolution, 210
blood products therapies, preclinical evaluation 

guidelines, 669, 670–672, 677
Immunohistochemistry. See also Tissue cross-

reactivity assay
recombinant proteins, 32–33
tissue cross-reactivity assay, staining methods, 

210
Immunological tolerance, viral vaccine evaluation, 

687–688
Immunomodulatory biopharmaceuticals (IMBPs)

carcinogenicity studies, 403, 408–409, 421
abatacept, 427
anakinra, 427, 443, 445, 456
clinical trials, 601
future research issues, 613, 637
overview, 537, 545
potential tumor progression, 609
promoter identifi cation and characterization 

models, 610, 612, 614, 617, 619
in vitro mechanisms, 611
in vivo systems, 611

risk assessment and classifi cation, 621–624
testing protocols, 602
tumor promotion, 605, 607–611

viral vaccine development and, 691, 697

Immunophenotyping, integrated preclinical-
clinical immunotoxicity assessments, 325

Immunostimulatory oligonucleotides
basic properties, 540–541
chemistry, 537, 539, 540

Immunosuppression
animal disease models, 301, 304
safety pharmacology studies

integrated preclinical-clinical techniques, 
327–328

peptide carcinogenicity, 509–513
predictive failure, animal toxicology studies, 328, 

330
Immunotoxicity studies

biopharmaceuticals, 966
design and cost estimates, in monkeys, 851, 855
general guidelines, 349–353
immunomodulatory biopharmaceuticals, tumor 

promoters and progressors, 606–607, 609
immunotoxins, 661
oligonucleotide therapeutics, 560, 565–567
safety pharmacology techniques, integrated 

preclinical-clinical immunotoxicity 
assessments, 324–325

U. S. points-to-consider documents, 114
Immunotoxins

developmental progress assessment, 660
mechanism of action, 653
preclinical safety evaluation, 649

animal model selection and administration 
route, 655–656

carcinogenicity, 661
drug exposure evaluation, 658
genotoxicity, 661
ICH S6 guidelines, 653
immunogenicity and toxicity, 651–652, 662–663
immunotoxicity studies, 660
repeated-dose toxicology studies, 656, 660
reproductive/developmental toxicity, 660, 662
safety pharmacology, 660
single-dose toxicology studies, 656

rational design, 650–651
specifi city, toxicity, and serum stability, 654–655
target antigens, 649–650
toxin properties, 650
VB4-845, 652–653

Independent national procedure, marketing 
authorization applications (EU), 75

Indirect immunohistochemical staining, tissue 
cross-reactivity assay, 219–220

Infergen®, toxicity testing, 944
Infl ammation, toxicology studies, 

biopharmaceuticals, predictive safety 
biomarkers, 321

Infl iximab®
carcinogenicity studies, 427
reproductive/developmental toxicity testing, 

361–364
TNF-α neutralization, 213–214
toxicity testing, 954
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INFUSE® Bone Graft/LT-CAGE® lumbar tapered 
fusion device, development, 804–805

Initial evaluation test protocols, neo-organ 
products, 815–816

In silico analysis, relevant species criteria, 184, 199
microarray data, 200
sequence homology, target protein, 199–200

Insulin analogues
carcinogenicity studies, 457, 459–460

in vitro studies, 510
toxicity testing, 964

Insulin aspart
carcinogenicity studies, 457
toxicity testing, 954

Insulin detemir, carcinogenicity studies, 437
Insulineglargine, carcinogenicity studies, 457
Insulin exubera

carcinogenicity studies, 448
toxicity testing, 954

Insulin glulisine
carcinogenicity studies, 446–447
toxicity studies, 945

Insulin-like growth factor (IGF), carcinogenicity 
studies, 458–459

Integrated preclinical development plans, drugs 
and biologics, support for, 144

Integration assays, viral vaccine development, 701, 
706

Interendothelial-associated immunoglobulin G 
biodistribution, intravascular-interstitial 
fl uid compartment egress, 246

Interferons
autoimmunity, 488–489
carcinogenicity studies, 457
historical development of, 669
pharmacodynamics studies, species specifi city, 

279
reproductive/developmental toxicity testing, 

limited species cross-reactivity, type I 
interferons, 361

toxicity testing, 964
Interleukins

immunomodulatory biopharmaceuticals, atypical 
tumor promoters, 609

toxicity testing, 964
International Conference on Harmonization (ICH)

comparability guidelines, 166–168
European Union (EU) implementation of ICH 

S6, 67–68, 79–88
chronic toxicity studies, 88
comparability testing, 88
guideline applications, 81–83
high-risk compounds criteria, 83–85
primate supply and use in animal modeling, 86
regulatory guidance activities, 79–81

Expert Working Group on Safety, preclinical 
carcinogenic potential assessment, 421

fi rst-in-human (FIH) trials guidelines, 975
future research issues, 60–61
gene therapy product regulation, 719–720

ICH M3 guidelines
drug and biologics development program 

design, 128–130
toxicity studies, rodents/nonrodents 

pharmacological activity, 344–345
ICH Q5D guidelines, cell line biopharmaceutical 

production, 410
ICH Q5E guidelines, comparability testing, 172
ICH S2B guidelines, genotoxicity testing, 337
ICH S5A guidelines, reproductive/

developmental toxicity studies guidelines, 
358

ICH S5(R2) guidelines, gene therapy safety 
evaluation, 741

ICH S6 (case-by-case approach)
animal disease models, 294, 297
autoimmunity and hypersensitivity, 487–488, 491
blood product evaluation guidelines, 669–672
carcinogenicity studies of biopharmaceuticals, 

412–420, 509, 512
drug and biologics development program 

design, 130
enzyme replacement therapies, 525–527
evolution of, 80
genotoxicity testing, 506
immunotoxin evaluation, 654–661
implentation in EU, 67–88
monoclonal antibody guidelines, 208–210, 593–

594, 597
oncology drugs, preclinical safety evaluation, 579
peptide toxicity assessment, 502–512
pharmacokinetics/toxicokinetics studies, 925
preclinical safety assessment design, 914
quality controls, preclinical safety assessments, 

916
relevant species criteria, 181–182
reproductive/developmental toxicity studies 

guidelines, 358–360
species selection criteria, 914

ICH S6, Japanese implementation of, 93–104, 
107–109

ADME studies, 98
animal species selection, 95
antibodies, 102
biopharmaceutical categories, 96
carcinogenecity studies, 105–106
conventional biologics, 103
electrophysiology, in vitro studies, 108
future points-to-consider documents, 94
genotoxicity studies, 106–107
high dose selection, 94
JPMA questionnaire survey, 95
metabolism studies, 102, 104
non-protein-peptide-based biologics, 103
peptide-based biologics, 102
points-to-consider document, 99–100
protein-based biologics, 100–102
repeat-dose toxicity studies, 104
reproductive/developmental toxicity studies, 105
single-dose toxicity studies, 104
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toxological effects and pharmacological action, 
103, 105

in vitro studies, 98
ICH S7A safety pharmacology guidelines

biopharmaceuticals, 312
Fabrazyme® therapy, 534
small-molecule core battery approach, 312

ICH S7B in vitro safety pharmacology, 58
electrophysiological studies, 107
QT liability, preclinical evaluation, 317–318

ICH S8 guidelines
immunotoxicity testing, 345, 350
integrated preclinical-clinical immunotoxicity 

assessments, 324–325
preclinical safety evaluation

animal models guidelines, 51–55
design and cost guidelines documentation, 904
dose selection, schedule, duration, and response, 

59, 61
reproductive/developmental toxicity studies, 

overview, 379–382
safety evaluation history of, 47–49
safety pharmacology guidelines, oligonucleotide 

therapeutics, 551–554
timing of preclinical studies issues, 108
United States implementation of ICH S6

administration/dose selection, 115–116
animal species selection, 115–116
carcinogenicity studies, 120
exposure limits, 118–119
General Principles, 115
genotoxicity studies, 119
historical perspective, 113
immunogenicity, 115, 117–118
immunotoxicity, 119
local tolerance, 120
regulatory issues, 112
repeat-dose studies, 118–119
reproductive/developmental studies, 119
safety pharmacology/single-dose studies, 118

International Life Sciences Institute (ILSI), 
preclinical carcinogenic potential 
assessment, 421

International Programme on Chemical Safety 
(IPCS), carcinogenicity studies, 403

Interspecies scaling, fi rst-in-human (FIH) trials, 
human equivalent dose calculations, 
977–979

Interstitial fl uid, immunoglobulin G 
biodistribution

in-compartment distribution, 247–248
intravascular fl uid compartment egress to, 244

Intra-species variation, relevant species criteria, 
pharmacodynamics studies, 283

Intravascular fl uid compartment, immunoglobulin 
G biodistribution, egress to interstitial 
fl uid compartment, 244

Intravenous infusions, dose volume/rates, 
preclinical safety evaluations, design 
specifi cations, 923

Intrinsic toxicity, preclinical safety evaluation, 
species selection criteria ad, 54–55

Intron A®, toxicity testing, 944
Investigational medicinal product (IMP), clinical 

trial authorizations, 77
In vitro testing

carcinogenicity studies
cell proliferation, 423–425
peptide hormones, 511–513

chromosomal aberration, design and cost 
estimates, 852, 897–898

immunomodulatory biopharmaceuticals, 
610–612

Japanese biopharmaceutical studies, 94
Japanese points-to-consider documents, 

electrophysiological studies, 104
neo-organ products, design criteria, 819–821
oligonucleotide genotoxicity studies, 549–551
preclinical safety evaluation, 61

monoclonal antibodies, 594–597
relevant species criteria, 184, 196–197

binding assays, 194–195
ex vivo/in vitro biopharmaceutical interaction, 

194–195
In vivo testing

cell-based therapies, 759, 761
toxicity studies, 770–771

immunomodulatory biopharmaceuticals, 
612–621

Japanese biopharmaceutical studies, 96–98
neo-organ products, design criteria, 817–819
oligonucleotide genotoxicity studies, 549–551
pharmacodynamic effects, 185, 187
relevant species criteria, known targets, 184

Inward rectifying potassium channel (i(Kr)), 
hERG encoding, QT liability testing, 
317

Irwin test, safety pharmacology, central nervous 
system effects, 321

ISIS 2302, immunotoxicity studies, 567
ISO 10993 device safety testing

combination biologic/device products, 795–796
neo-organ product testing, endpoint selection, 

819
Isotype control antibody, tissue cross-reactivity 

studies, 218

Japan
biopharmaceuticals, 16–18
good laboratory practice requirements and 

practices, 837–838
ICH S6 implementation in, 93–109

ADME studies, 99
animal species selection, 95
antibodies, 102
biopharmaceutical categories, 96
carcinogenecity studies, 105
conventional biologics, 103
electrophysiology, in vitro studies, 108
future points-to-consider documents, 105–107



1016 INDEX

Japan (cont’d)
genotoxicity studies, 106–107
high dose selection, 94
JPMA questionnaire survey, 95
metabolism studies, 104
non-protein-peptide-based biologics, 103
peptide-based biologics, 102
points-to-consider document, 99–107
protein-based biologics, 100–102
repeat-dose toxicity studies, 104–105
reproductive/developmental toxicity studies, 105
single-dose toxicity studies, 104
toxological effects and pharmacological action, 

103–104
in vitro studies, 98–99
in vivo studies, 96–98

JPMA questionnaire survey, ICH S6 
implementation in Japanese 
pharmaceutical companies, 95–99

Kidney injury molecule-1 (KIM-1), as predictive 
biomarker, safety pharmacology studies, 
324–325

Kidneys
immunoglobulin G clearance mechanisms, 

256–257
pharmacokinetics assays, relevant species 

criteria, 284–286
Kinetic analysis, animal disease models, abnormal 

compound behavior, 303
KLH (keyhole limpet hemocyanin), viral vaccine 

development, 703
Knock-in animal models

immunomodulatory biopharmaceuticals, in vivo 
testing, 615–621

preclinical safety evaluation, 48–52
safety pharmacology applications, 

biopharmaceuticals, 314–316
Knock-out animal models

acid spingomyelinase development and 
regulation, 532–533

biologics, preclinical development programs, 
151–153

disease models, 296
hypersensitivity reactions, preclinical evaluation, 

494
immunomodulatory biopharmaceuticals, in vivo 

testing, 612–621
Myozyme® therapy, 531
preclinical safety evaluation, 53–57
safety pharmacology applications, 

biopharmaceuticals, 314–316
toxicity testing, 348–349

Kupffer cell components, cross-reactivity assays, 
231

Lantus® (insulin glargine), toxicity testing, 945
Large molecular weight compounds, reproductive/

developmental toxicity testing, 359–361, 
370–375

Laronidase. See Aldurazyme®
Lentiviral vectors, gene therapy products, 724–726
Leukine®, toxicity testing, 946
Leukocyte-associated immunoglobulin G 

biodistribution, intravascular-interstitial 
fl uid compartment egress, 245–246

Levenir, toxicity testing, 946
Limulus amebocyte lysate (LAL) test, preclinical 

safety assessments, quality evaluation, 917
Liver tissue

immunoglobulin G clearance mechanisms, 
259–261

oligonucleotide toxicity effects, 562
Local tolerance assessments

cell-base therapies, 759–761
U.S. points-to-consider documents, 120

Long-QT syndrome (LQTS), safety pharmacology 
testing and, 317–318

LucentisTM, toxicity testing, 947
Lung tissue, immunoglobulin G clearance 

mechanisms, 258–259
Lymphatic clearance, immunoglobulin G, 248
Lymphocyte counts, in vivo pharmacodynamics, 

relevant species criteria, 186–187
Lymphocyte function associated antigen 1 (LFA-

1), species specifi city, 281
Lymphohistiocytic infi ltrates, oligonucleotide 

subchronic/chronic toxicity, 559–560
Lymphokine-activated killer (LAK) cells, cell-

based therapies, 757–758
Lymphoma mutagenesis, rodent studies, design 

and cost estimates, 852, 896
Lymphoproliferative disorders, carcinogenicity 

studies, 405
Lysosomal storage diseases (LSDs)

enzyme replacement therapies, 520
acid sphingomyelinase, 532–533
Aldurazyme®, 530
background, 518
Cerezyme®, 526–528
delivery systems, 521–522
Fabrazyme®, 528–529
models for, 521
Myozyme®, 531

future research issues, 533–534
pathophysiology, 518–520, 522–523

Macaques. See also Nonhuman primates (NHP)
reproductive/developmental toxicity testing in, 

382
fertility and embryonic development criteria, 

382–385
toxicity studies, pharmacological activity, 345

Macrophage/neutrophil functional assays, 
integrated preclinical-clinical 
immunotoxicity assessments, 326

Magnetic resonance imaging (MRI), cell-based 
therapies exposure assessment, 768

Malignancy variations, carcinogenicity studies, 
404–405
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Manipulated autologous structural (MAS) cells
ex vivo manipulation, 758–759
regulatory guidelines for, 754–757

Mannose-6-phosphate (M6P)-mediated transport
Cerezyme® development, 527–528
enzyme replacement therapies, 521–522

Manufacturing technologies
biologics, preclinical development programs, 

153–155
cellular systems, 27–28
comparability testing

alterations in current systems, 35–37
general principles and practices, 168–171

clinical considerations, 171–172
immunogenicity, 173
indications for, 169–170
manufacturing changes, 170
physicochemical characterization, 170
preclinical considerations, 171

new technologies, 37–39
regulatory guidance

EMEA guidelines, 166–167
FDA guidelines, 165–167
ICH guidelines, 166–168

transgenic animals, 28–29
Marketing approval, comparability testing 

following, 174–175
Marketing Authorization Applications (MAAs), 

EU guidelines for, 75–77
Marketing requirements, biopharmaceuticals

in European Union, 15–16
in United States, 9–10

Marmosets. See also Nonhuman primates (NHP)
protein scaffold therapeutics assessment, 

640–641
reproductive/developmental toxicity testing in, 

382
embryofetal development studies, 388–390

toxicity studies, pharmacological activity, 
345–346

Material production techniques, oncology drugs, 
preclinical safety evaluation, 581

Maximum expected environmental concentration 
(MEEC), environmental assessment and, 
34–35

Maximum recommended starting dose (MRSD), 
fi rst-in-human (FIH) trials guidelines, 
975

Maximum tolerated dose (MTD)
combination biologic/device products, 793–794
drugs and biologics preclinical development 

programs, 134–135
fi rst-in-human (FIH) trials guidelines, 973
preclinical safety assessment design, 924–925
protein scaffold therapeutics assessment, 

643–644
Mecasermin, carcinogenicity studies, 452
Mechanisms of action

drugs and biologics preclinical development 
programs, 131–132

relevant species criteria, in vivo 
pharmacodynamics, 185–188

Medical devices
combination biologic/device products

antibody-coated stent example, 783
basic properties, 784–788, 797–798
biologic orientation assessment, 790
functionality assessment, 786–787
pharmacological/toxicological assessment, 792–795
potential elution species, 791
regulatory issues, 788, 797
testing strategies, 789–792

neo-organ development, regulatory guidelines, 
801–804

Medical Device User Fee and Modernization Act 
(MDUFMA), neo-organ development, 
801–804

Mesangium, immunoglobulin G clearance, 256
Mesenchymal stem cells (MSCs), cell-based 

therapies, 760–761
Mesothelium, immunoglobulin G clearance 

mechanisms, cytosolic transport, 262
Metabolism studies

Japanese points-to-consider documents, 103
phosphorothioate oligonucleotide 

pharmacokinetics, 543–544
protein scaffold therapeutics assessment, 

645–646
Microarray analysis

relevant species criteria, 200–203
tissue cross-reactivity studies, 217

Micronucleated polychromatic erythrocytes 
(MPCE), mouse bone marrow cells, 
design and cost issues, 852, 895–896

Minimal anticipated biological effect level 
(MABEL)

animal toxicity studies, predictive failure 
analysis, 329–331

fi rst-in-human (FIH) trials guidelines, 975
human equivalent dose calculations, 978–979
starting dose calculations, 977–978

high-risk compound evaluations, 84
preclinical safety evaluation, 60

Minimal effective dose (MED), combination 
biologic/device products, 793–794

Mitogenicity, peptides, 510–512
Mixed modality paradigms, viral vaccine 

evaluation, 691, 705–706
Molecular classes, oncology drugs, 575–576
Molecular weight, pharmacokinetics assays, 

relevant species criteria, 284–286
Monoclonal antibodies (mAbs)

antibody-coated stents, 789
antibody types and evolution, 210–213
biological effects, 214–215
carcinogenicity studies, preclinical 

biopharmaceutical evaluation, 403–409, 
421–454

cross-reactivity studies, basic principles, 209–210
future antibody development research, 597–598



1018 INDEX

Monoclonal antibodies (mAbs) (cont’d)
genotoxicity studies, 337
historical background, 107
immunoglobulin G clearance mechanisms, 

248–252
breast, 257
colon, 261
cytosolic transport, epithelial/mesothelial tissue, 

262
erythrocyte CR1 clearance, 262
FcRn transport, 253–254
kidney, 256–257
liver, 259–260
lungs, 258–259
lymphatic clearance, 248
mononuclear phagocyte system/endothelial cell 

clearance, 248–250
ovary, 257
placenta and uterus, 258
plasma clearance and tissue catabolism, 252
plgR on epithelial cells, 254–256
salivary glands, 260–261
seminal fl uid, 258
skin, 259
thyroid, 261
tissue-specifi c transport, 252–262

immunotoxicity testing, 353
preclinical development programs, 593–597

altenative plans for, 148–156
cell line, manufacturing process, formulation, or 

administrative route changes, 153–156
clinical development plan, 132–134
critical decision making, 146–148
design for, 128–130
essential components for, 135–137
general assumptions, 131
integrated plans, 144–146
limitations of, 183
Phase 1 supports, 137–140
Phase 2 supports, 140–142
Phase 3 supports, 142–144
planning guidelines, 158
relevant species, absence of, 149–153
specifi c assumptions, 134–135
therapeutic target, mechanism of action, and 

clinical indication, 131–132
traditional development plans, 135–148

preclinical safety evaluation
chimeric monoclonal antibodies, 592
Fc binding, 589–590
fully human monoclonal antibodies, 592–593
fully murine monoclonal antibodies, 590–592
humanized monoclonal antibodies, 592
overview, 545–548

relevant species criteria
receptor presence and distribution, 192–193
species specifi city, 279–282
in vitro binding, 196

reproductive/developmental toxicity testing, 
362–370

tissue cross-reactivity assay
animal tissue, 216, 232–233
antibody-dependent cell-mediated cytotoxicity, 

235–236
assay control, 218
background staining, 226
CDR-mediated specifi c staining, 224
clinical plasma levels, 222–223
clinical signifi cance, 231–232
concentration selection, 223
context for, 230–231
epitope stability, 223
human tissue, 216, 233–237
human vs. animal tissue, 216–217
immune complex disease, 236–237
isotope control antibody, 218
microarray properties, 217
non-CDR-mediated specifi c staining, 224–225
positive and negative controls, 218–219
preparation methods, 217–218
scoring, 226–227
staining control, 218
staining methods, 219–220
staining pattern characteristics, 227–230
test article affi nity, 222
test article forms, 220–222
tissue and staining adequacy, 225–226
valence, 234–235

Mononuclear phagocytes
ex vivo activated mononuclear leukocytes, cell-

based therapies, 757–758
immunoglobulin G clearance, 248–252
oligonucleotide toxicity, 559–560

Morpholinos
basic properties, 540
single-stranded oligomer pharmacokinetics, 544

mRNA, oligonucleotide therapeutics, surrogate 
molecules, 547–548

Mucopolysaccharidoses (MPSs1-7), lysosomal 
storage disease pathology, 518–520

Murine monoclonal antibodies, preclinical safety 
evaluatioin, 590–592

Muromonab
CD3 molecule, carcinogenicity studies, 456
immunogenicity, 590–591

Mutual Recognition Procedure (MRP), marketing 
authorization applications (EU), 75–77

MVI-HIVA components, viral vaccine 
development, 705–706

MylotargTM

evaluation of, 660–662
toxicity testing, 945

Myozyme®
development and regulation of, 531–532
lysosomal storage disease pathophysiology, 

522–523
toxicity testing, 948

N-acetyl-beta-D-glucosaminidase
oligonucleotide toxicity and, 564–565
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as predictive biomarker, safety pharmacology 
studies, 324–325

NaglazymeTM, toxicity testing, 948
Natalizumab

carcinogenicity studies, 445
immunotoxicity testing of, 352
reproductive/developmental toxicity testing, 

362–370
toxicity testing, 964

National Competent Authorities, structure and 
activities, 72–75

National Institutes of Health (NIH), gene therapy 
product regulation, 719–720

Natural killer cell activity assays
integrated preclinical-clinical immunotoxicity 

assessments, 324
oligonucleotide immunotoxicity, 567

NCEs, safety pharmacology, peptides, 507–508
Needle sizes, preclinical safety evaluations, design 

specifi cation, 922
Negative tissue control, tissue cross-reactivity 

assay, 218–219
Neonatal Fc receptor (FcRn)

immunoglobulin G clearance mechanisms, 242–
243, 253–254

reproductive/developmental toxicity testing, 
362–370

Neonatal/juvenile monkeys, toxicity studies, 
pharmacological activity, 346

Neo-organ development
cellular components, 808–812
clinical indications, 800–801
clinical testing protocols, 820–822
endpoint selection, 818–820
experimental design, 820
future research issues, 824
historical background, 801
model system selection, 815–818
neo-organ development, 804–806
preclinical testing, neo-organs, 821–822
preclinical testing and production process, 

821–822
prototype defi nition and testing, 820–821
raw material testing, 808–815
regulatory issues, 788
safety studies, 806
scaffold materials, 814, 821

Neopterin, as biomarker, safety pharmacology 
applications, 321–323

NeoR gene, gene therapy products, 716–718
Neural tissue, cross-reactivity assay pattern 

classifi cations, 228–230
Neuropharmacology studies, design and cost 

estimates, 852, 887–889
Neutralizing antibody assay, immunogenicity risk 

assessment, 482
Niemann-Pick disease, acid sphingomyelinase 

therapy, 532–533
Non-A, non-B hepatitis (NANB), evolution of, 

670

Nonhuman primates (NHP)
fi rst-in-human (FIH) trials, preclinical transition 

to, 972, 975
immunotoxicity testing, 351–352

design and cost estimates, 855, 873
oligonucleotide safety pharmacology, 

cardiovascular safety, 552
oncology drugs, preclinical safety evaluation, 

580–584
protein scaffold therapeutics assessment, 

639–641
reproductive/developmental toxicity studies

basic principles, 371
embryofetal development, 387–390
fertility and early embryonic development, 

382–384
immune system pre- and postnatal 

development, 392–393
monoclonal antibodies, 362–370
prenatal/postnatal development, 385–386
reproductive failure, 390–392
species selection criteria, 381–382

toxicity studies, pharmacological activity, 
344–347

Nonnatural amino acids, genotoxicity testing, 
507

Non-protein-peptide-based biologics, Japanese 
points-to-consider documents on, 103

Nonrelevant toxicities, oligonucleotide 
therapeutics, 547–548

Nonrodent studies
design and cost estimates

acute toxicity studies, 853, 859–860
cardiovascular studies, 854, 886–887
chronic toxicity studies, 853, 866–868
dose escalation study design and cost estimates, 

853, 856–857
subchronic toxicity studies, 853, 862–863, 

865–866
toxicity studies

molecular pharmacological activity, 344–348
peptides, preclinical assessment, 506

Nonviral vectors, gene therapy products, 720–722
No observable adverse effect level (NOAEL)

animal toxicity studies, predictive failure 
analysis, 329–331

combination biologic/device products, 793–794
drugs and biologics preclinical development 

programs, 134–135
Fabrazyme® therapy, 528–529
fi rst-in-human (FIH) trials guidelines, 972

human equivalent dose calculations, 978–979
preclinical transition to, 975
starting dose calculations, 977

gene therapy safety evaluation, 739–740
high-risk compound evaluations, 84
nonrodent toxicity studies, pharmacological 

activity, 347–348
preclinical safety evaluation

animal models, 53–55
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No observable adverse effect level (NOAEL) 
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determination of, 918–924
dose selection, schedule, duration, and response, 

59
protein scaffold therapeutics assessment, 

643–644

OCT embedding media, tissue preparation, cross-
reactivity studies, 218

Offi ce of Combination Products (OCP)
combination biologic/device products

defi nitions, 784–785
regulatory guidelines, 800, 804, 807

neo-organ development, 803, 805, 807, 809, 811, 
815, 817, 819

Off-target effects
hybridization-dependent toxicities, 545–546
protein scaffold therapeutics assessment, 640–641

OKT3
historical background, 107
murine monoclonal antibodies, 590–592
toxicity testing, 964

Oligonucleotides
chemistry of

aptamers, 539
double-stranded RNAs-siRNA, 540–541
immunostimulatory compounds, 566
single-stranded structures, antisense activity, 540

future research issues, 552, 556
mechanisms and classifi cation of, 539
pharmacokinetics, 541–544, 547

aptamers, 542
double-stranded RNA-based therapeutics, 

544–545
phosphorothioates, 573
single-stranded morpholino oligomers, 544

reproductive/developmental toxicity testing, 
369–372, 374–376

toxicity studies, 545–568
acute toxicity, 554–556
carcinogenicity, 568
genotoxicity, 548–549, 551
hybridization-dependent toxicity, 545
hybridization-independent toxicity, 545
immunotoxicity, 566–567
reproductive/endocrine toxicity, 565
safety pharmacology, 551–554
subchronic/chronic toxicity, 528–532
surrogate drugs, 545

Omalizumab
carcinogenicity studies, 460, 462–464
preclinical safety evaluation, 597
reproductive/developmental toxicity testing, 

360–372
toxicity testing, 964

Oncaspar®, toxicity testing, 964
Oncology drugs

preclinical safety evaluation
background, 613

clinical applications, 759
drug attributes, 578, 580
material production, 581
therapeutic targets and molecular classes, 

576–577
toxicology models, 582–583

toxicity testing, 965
Oncolytic virus, gene therapy, 715

replication-competent vectors, 726
Ontak®

evaluation of, 662
toxicity testing, 965

Oprelvekin
carcinogenicity studies, 457
toxicity testing, 964

Organization for Economic Cooperation and 
Development, good laboratory practice 
requirements and practices

common U.S.-international elements in, 742
FDA requirement comparisons, 838
global compliance requirements, 835–836
history and scope, 832

Organ regeneration, neo-organ product 
development and, 805

Organ weights
comparative organ/body fl uid volumes, 920–921
preclinical safety evaluations and, 902

toxicity assessments, 771
Ornithine transcarbamylase (OTC) defi ciency, 

gene therapy products, 717–718
Osteocel®, toxicity testing, 952
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Figure 9.7 Evaluation of biopharmaceutical X binding to mouse bone marrow derived 
cells. (a) Biopharmaceutical X binding to mouse bone marrow-derived cells was evalu-
ated using fl ow cytometry. Mouse cells were incubated with biopharmaceutical X or 
the human ligand. Secondary antibodies that cross-reacted with both biopharmaceuti-
cal X and the natural human ligand were used to detect binding. Cells were stained 
with the secondary antibodies only, to detect non-specifi c binding (control). (b) Bone 
marrow derived mouse cells were stained as described above with a murine version of 
biopharmaceutical X and the murine ligand for the receptor. Secondary antibodies that 
cross-reacted with the murine version of biopharmaceutical X and the murine ligand 
were used to detect binding.
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Figure 10.4 FcγR1 in human placenta. CD64 staining of Hofbauer cells and perivas-
cular monocyte/macrophages and dendritic cells. No staining of placental trophoblast 
epithelium or endothelium.

Figure 10.5 (a) Unexpected broad-spectrum cross-reactivity with epithelium, endo-
thelium and selected vascular smooth myocytes. No staining of interstitial (stromal) 
cells, collagen, or nuclei. (b) No staining in replicate sections stained by negative control 
antibody at similar staining concentration.



a b

a b

Figure 10.6 (a) Unexpected narrow-spectrum cross-reactivity with contractile fi la-
ments in vascular smooth myocytes. No staining of interstitial (stromal) cells, collagen, 
nuclei, or adjacent peripheral nerve. (b) No staining in replicate sections stained by 
negative control antibody at similar staining concentration.

Figure 10.7 (a) Unexpected narrow-spectrum cross-reactivity with axons in human 
brain. No staining of neural tissue components. (b) No staining in replicate sections 
stained by negative control antibody at similar staining concentration.

ba

Figure 10.8 (a) Unexpected narrow-spectrum cross-reactivity with glial cells in dorsal 
tracts of human spinal cord. Clustering of glial cells might indicate a very small glial 
scar. No staining of neural tissue components. (b) Greatly reduced cross-reactivity with 
glial cells in ventral tracts of human spinal cord.
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Figure 10.9 Unexpected cross-reactivity with contractile fi laments (cross-striations, 
intercalated discs) in cardiac myocytes. No staining of sarcolemmal cells, interstitial 
cells or endothelium.

Figure 10.10 Staining of endothelium of human cerebral gray matter with chimeric 
antibody to a colon carcinoma antigen. The same endothelial staining pattern occurred 
in cynomolgus monkey cerebral gray matter. ABC Immunoperoxidase.
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Figure 10.11 Vessels in the cerebral gray matter of control (a) and dosed (b) of 
cynomolgus monkey 72 hours following IV injection of an antibody directed against 
colon carcinoma. Note the leukocytes adherent to the endothelium characteristic of 
ADCC.
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Figure 24.1 Cartoon depicting the mechanism of action of oligonucleotide molecules 
for aptameric interactions with proteins, interactions with specifi c receptors of the 
innate immunity, target mRNAs through hybridization, and transcriptional activators 
as transcription decoys. Note siRNA works through a hybridization dependent mecha-
nism as depicted for antisense.
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Figure 24.2 Photomicrograph of the renal cortex of a monkey treated with 40 mg/kg/
wk for 5 weeks with a typical second generation 20-mer oligonucleotide modifi ed with 
methoxyethyl groups on the 5 residues at each terminus. Stained with hematoxylin and 
eosin. The arrows point toward basophilic granules in the cells of the proximal convo-
luted tubules that are abundant throughout the renal cortex at this dose.

Figure 24.3 Photomicrograph of sections of liver from female CD-1 mice treated by 
subcutaneous injection with either saline (PBS) or an immunostimulatory oligodeoxy-
nucleoitde at 4 mg/kg ever other day for 1 week. Lymphohystiocytic infi ltrates are 
apparent adjacent to the central vein in the section from the ODN-treated mouse.
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Figure 26.1 Structure of a monoclonal antibody and its interaction with antigen.

Figure 26.2 Examples of various classes of monoclonal antibodies.
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Figure 29.1 Mechanism of action of VB4-845.
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