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Preface 

A cover story of Business Week Magazine in January 1984 stated "Biotech 
Comes of Age". In February 1986, Venture Magazine had a cover article 
entitled "The Biotech Revolution is Here". This article went on to say "New 
Genetic Technologies Will Transform Our Lives". These announcements 
were made many years after the first biotechnology companies, such as 
Genentech, Cetus, Amgen and Biogen, were formed- to commercialize the 
"New Biology". . 

At the time of writing this book, there are over 1300 biotech companies 
developing new technologies or identifying potential biotech drugs. Most of 
these companies were started in the height of the "high-technology hype", 
although companies are still forming as the technology advances. 

A more recent survey showed only a relatively small number of Food and 
Drug Administration (FDA) approvals among over several hundred biotech
nology products now in clinical trial. One could ask why it has taken so long to 
produce biotechnology products. Part of the reason is that each new class of 
biotech products brings with it a set of problems that need to be solved before 
they enter clinical trials. These problems are often unique to biotechnology 
products, such as peptides, proteins, monoclonal antibodies, nucleic acids and 
cellular therapies. 

Although the "biotech" therapeutics represent unique scientific issues, 
there are now numerous examples that show that the principles of drug devel
opment apply to the newer systems as well as to development of novel small 
synthetic compounds. For example, there needs to be a well-controlled pro
cess for making the therapeutics, appropriate analytical methodologies to 
characterize the product, appropriate formulation to store and deliver the 
therapy to the patient, and a thorough. characterization of the safety issues 
surrounding the new entity. 

Our goal in this volume is to address the particular problems associated 
with several classes of biotechnology products and, at the same time, demon
strate that the principles are the same as in development of small new chemical 
entities. We have invited several scientists at biotechnology or pharmaceutical 
companies to share with us some of the unique problems that they encoun
tered in getting biotech products into clinical trials and how they solved them. 

The first chapter addresses FDA regulatory expectations for biotech prod
ucts. The next several chapters discuss general issues common to each class of 
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biotech drug, such as proteins, peptides and nucleic acids. The balance of the 
chapters deals with specific biotech drugs that have successfully made it into 
clinical trials. 

We would like to express our appreciation to the authors and the compa
nies in which they work. The patience of the staff of Springer-Verlag is also 
appreciated. Special thanks goes to Joyce Peplinski for secretarial and organi
zational assistance. 

D.L. OXENDER 

L.E. POST 
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CHAPTER 1 

Overview of Regulatory Expectations 
for Introducing Novel Therapies into 
Clinical Trials 
l.A. CAVAGNARO and M.A. SERABIAN 

A. Introduction 
Early introduction of novel therapies into clinical trials for diagnosis, treat
ment or prevention of disease has relied on the accumulation of adequate 
scientific data. For the most part, the data to support "first in humans" studies 
have been derived from preclinical studies designed to ask specific questions 
of the new product and/or product class. This product-specific approach to 
(pre )clinical program planning and evaluation has been commonly referred to 
as the "case-by-case" approach. A combination of early dialogue, to identify 
the critical questions unique to an emerging technology, and a science-based 
rational approach, to answer these questions, has resulted not only in facilita
tion of clinical development, but in providing the appropriate data to support 
marketing applications. 

Most of the novel therapies developed over the past decade have been 
realized through advances in biotechnology. As such, the resultant products 
have been referred to as biotechnology-derived pharmaceuticals, "biotech" 
products or biopharmaceuticals. To help identify and focus on the pro
ductspecific issues, clinical development strategies and regulatory-needs 
products are often grouped in one or more categories. Examples of product 
classifications/categories include: 1) method of production, e.g., expression 
system, parameters of production, purification, 2) type of product, e.g., recom
binant DNA-derived proteins, such as hormones, cytokines, clotting factors or 
vaccines, 3) monoclonal antibodies, 4) cellular or gene therapies, 5) similarity 
to human molecule, e.g., nature identical, nature non-identical, 6) general 
clinical indication, e.g., replacement product, response regulator, and/or 7) 
specific clinical use, e.g., acute life-threatening, chronic. 

Many of the currently approved biotechnology-derived pharmaceuticals 
represent significant improvements on previously available therapies. Many 
more novel therapies are in various phases of clinical development. The 
"biotech" environment has evolved rapidly in a relatively short period of time 
and continues to evolve. Products continue to become more complex, as do 
business arrangements. Clinical development is also becoming more complex; 
in part due to changing standards, competing products, resource constraints 
and consumer activism. 

As experience accumulates, regulatory practices for emerging technolo-



2 J.A. CAVAGNARO and M.A. SERABIAN 

gies have evolved with the science. Systematic review of product development 
successes and failures has provided the data to revise regulatory practices in 
order to optimize the guiding principles for regulating the products derived 
from the next generation of novel technologies. 

B. Roles of Regulatory Scientists 
The roles of Food and Drug Administration (FDA) regulatory scientists in 
facilitating early introduction of novel technologies into the clinic include: 1) 
timely review of investigational new drug applications (INDs), 2) the use of 
targeted research programs to identify and assess potential issues that may 
prevent, delay or otherwise interrupt a clinical development plan, and 3) the 
development of regulatory standards and policy to provide a framework to 
guide development plans (U.S. Government Printing Office; FOOD AND DRUG 
ADMINISTRATION 1990). 

Strategic planning and project management are key factors, not only in 
the commercial development of a product, but also in ensuring the timely 
review of applications by regulatory authorities. The establishment of a 
managed review process in regulatory agencies with attendant timelines, 
negotiated deadlines and milestones has been an important factor in improv
ing review times of investigational agents. 

Coordinated research programs in academia, industry and government, 
which address specific issues related to novel technologies, have also been 
important in introducing novel therapies into the clinic, as they have provided 
the fundamental information used in developing the principles for regulation. 
FDA's responsibility for performing research relating to foods, drugs, cos
metics and devices is explicitly stated in the Food Drug and Cosmetic Act 
(FOOD AND DRUG ADMINISTRATION 1990). 

The regulatory standards for each new product and/or product class are 
developed, as needed, based on assessment of available data derived from 
relevant models using appropriate methodologies and reagents. In assessing 
the adequacy of the data and establishing appropriate standards, the validity 
and feasibility of the test methods are also considered. Significant progress has 
been made in harmonization of product requirements to support international 
public health issues and complement the emergence of multinational 
companies and global development strategies (OFFICE OF COMMUNICATION, 
TRAINING AND MANUFACTURERS ASSISTANCE; INTERNATIONAL CONFERENCE ON 
HARMONISATION AND RELATED DOCUMENTS). 

c. Product Development and Availability 
In 1995, the FDA introduced reform proposals related to INDs in efforts to 
expedite entry of new drug and biological products into clinical testing. The 
intent was to reduce the amount of data needed for initial review, e.g., accep-
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tance of summary reports of preclinical toxicology studies and abbreviation 
of product stability requirements, without compromising traditional safety 
standards. Advances in biotechnology have also provided the data to support 
major streamlining initiatives in the regulation and approval of biological 
products. These initiatives have included: 1) elimination of lot-release testing 
for specified biotechnology and synthetic biological products, 2) the establish
ment of a single application (the biologics licensing application, or BLA) to 
replace the establishment licensing application (ELA) and product licensing 
application (PLA) for specified biological products, and 3) the new definition 
of manufacturer, which makes it easier for companies to use outside contract 
manufacturers and not have to build or purchase their own manufacturing 
facility before they gain approval to market a product (OFFICE OF COMMUNICA
TION, TRAINING AND MANUFACTURERS ASSISTANCE). 

Regulatory authorities are also committed to helping provide broad pa
tient access to potentially effective treatments during clinical development. 
Under FDA's "expanded access" mechanisms, including the Treatment-IND 
protocol and the "compassionate use" single-patient protocol, patients 
may receive promising, but not yet fully studied or approved new therapies 
that are undergoing clinical testing when no other satisfactory clinical options 
exist. 

The FDA utilizes the "accelerated approval" process to allow marketing 
of therapeutics for patients with serious and life-threatening diseases. Under 
existing regulations, a new drug or biologic agent that is intended to provide 
a meaningful therapeutic benefit over existing therapies may be approved on 
the basis of adequate and well-controlled clinical trials establishing that the 
drug product has an effect on a surrogate endpoint that is reasonably reflective 
of clinical outcome. Epidemiologic, therapeutic, pathophysiologic or other 
evidence is used to predict clinical benefit or on the basis of an effect on a 
clinical endpoint other than survival or irreversible morbidity, e.g., CD4 count 
on viral load effects to support effectiveness of therapies for human immuno
deficiency virus (HIV) infections. Approval under this section, however, re
quires that the applicant study the drug further to verify and describe its 
clinical benefit, notably where there is uncertainty about the relation of the 
surrogate endpoint to clinical benefit, or of the observed clinical benefit to 
ultimate outcome (21 CFR 314 Subpart Hand 21 CFR 601 Subpart E). 
Alternative endpoints have been proposed and validated for a variety of 
products and disease indications in efforts to make new therapies available as 
soon as possible. For example, in 1996, an accelerated approval program was 
established for cancer drugs, which allows the FDA to approve drugs based 
upon well-established surrogate endpoints that reasonably predict clinical 
benefit. Examples of this would include evidence of tumor shrinkage in solid 
tumor disease and meaningful remission in hematologic disease, rather than 
requiring demonstration of actual clinical benefit, such as improved survival 
or quality of life (OFFICE OF COMMUNICATION, TRAINING AND MANUFACTURERS 
ASSISTANCE). 
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D. Data Requirements 
It is difficult to determine a priori the complete list of studies that will 
provide the essential data for all new products to be introduced and 
subsequently advanced in the clinical setting. This is especially true for 
novel therapies where there is little or no existing precedent. As with 
traditional therapies, there are different levels of regulatory control, based 
upon product class, patient population, disease state and available alternative 
therapies. Thus, the analysis of risk vs benefit often differs for each new 
product. 

The critical parameters in developing and assessing novel biopharma
ceutical therapies are similar to those of traditional biological products. These 
include demonstration of safety, purity, potency, identity and effectiveness 
(U.S. Government Printing Office; FOOD AND DRUG ADMINISTRATION 1990). 
Product-specific concerns and data requirements are addressed in regulations 
or product-specific guidelines, e.g., Points to Consider Documents (OFFICE OF 
COMMUNICATION, TRAINING AND MANUFACTURERS ASSISTANCE). In addition, an 
international body of experts representing both industry and the regulatory 
authorities, under the aegis of the International Conference on Harmoniza
tion of Technical Requirements for Pharmaceuticals (ICH), has developed 
guidelines in the areas of quality, safety and efficacy for pharmaceuticals 
and biotechnology-derived biopharmaceuticals that are accepted worldwide, 
by both industry and the regulatory authorities. These guidelines serve the 
purpose of supporting consistent testing and evaluation in order to streamline 
the approval process (INTERNATIONAL CONFERENCE ON HARMONISATION AND 
RELATED DOCUMENTS). 

E. Manufacturing 
Product development is a continuum which parallels clinical development. 
The primary goal of the manufacturing process is to produce the desired active 
product. Control of the manufacturing process is essential to ensuring a con
sistent final product (SIEGEL et al. 1995) The level of process control has been 
particularly important for development of traditional biological products and 
is also important for novel biological products. 

The quality of biological products and the manufacturing process are 
assessed by several criteria, including purity, biological potency, stability and 
consistency of production. In addition to final product testing, validation 
of steps and equipment is needed throughout the manufacturing process 
(STROMBERG et al. 1994). 

The product should be sufficiently characterized, with well-defined spe
cification, e.g., assessment of compatible components, adventitious agent 
testing, examination for extraneous materials and a knowledge of product 
stability, as early as possible. In order to provide an overall evaluation of the 
product, it is necessary to use a combination of physicochemical analyses, as 
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no single assay can provide enough information to characterize a product. To 
date, biological assays, i.e., in vitro assays and/or use of one or more animal 
models, remain the only valid and reliable analytical tool to assess biological 
potency. As data accumulate, however, information requirements may 
change, e.g., for growth hormone and insulin, decades of research are available 
correlating biological activity and physicochemical analysis. 

While early test material need not strictly comply to good manufacturing 
practice regulations (GMPs), adherence to GMP concepts insures minimum 
compliance for safety, purity and potency. The product intended for use 
in the clinical trials is expected to be in sufficient supply in order to use it in 
the appropriate preclinical studies. Since an understanding of exposure in 
relationship to dose administered is important, development of assays 
for measuring the product in the appropriate medium, e.g., tissue, plasma, 
cerebrospinal fluid, etc., should be assigned a high priority in early clinical 
development. 

F. Preclinical Safety Testing 
Timing is critically important to any clinical development plan, but especially 
for the economic fate of small companies involved in developing novel thera
pies. While there may be many reasons why development plans may be de
layed, preclinical toxicology studies are generally viewed by most applicants as 
the "rate-limiting step" in clinical development. The challenge is to provide 
guidelines for testing programs designed to increase the predictive value of 
data for extrapolation to humans, therefore, decreasing the unnecessary use 
of animals and avoiding redundant testing. 

The amount of preclinical safety testing necessary to support the clinical 
protocol for a biopharmaceutical is dependent on the stage of product devel
opment. Prior to initiation of the first human clinical study, the FDA requires 
demonstration through review of scientific literature, preclinical in vitro data, 
and/or in vivo animal data, that the product is safe at the proposed starting 
clinical dose and in the proposed study population. While the data needed to 
support initiation of phase-I trials focuses on safety, some demonstration of 
activity is expected, i.e., in support of a rationale, especially in those cases 
where the initial human studies are performed on patients. 

While preclinical studies used to support safety should ideally conform 
to good laboratory practice (GLP) regulations (21 CFR 58), non-GLP 
studies may be acceptable, providing they are performed "in the spirit of 
GLPs" and statements are made as to specific aspects of non-compliance. 
Such"studies are carefully scrutinized with respect to study design, includ
ing the incorporation of one or more internal controls. These studies are 
generally performed very early during the discovery and development phases 
for screening potential lead compounds or supporting initial proof-of-concept 
studies in humans. 
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G. Case-By-Case Approach 
The case-by-case approach to preclinical safety assessment need not be more 
resource intensive than the more standardized approach used to assess con
ventional pharmaceuticals. However, to apply the case-by-case approach, sci
entists responsible for designing studies and those responsible for reviewing 
their adequacy must have a basic knowledge of the product in order to ask 
product-specific questions. In addition, they must have a common understand
ing of the limitations of the various models that are available to answer the 
questions and, more importantly, have a willingness to depart from past prac
tices when appropriate. Although regulatory guidelines exist for sponsors to 
follow, if certain concerns outlined in specific guidelines are inapplicable or 
inappropriate for a particular product, then sponsors are encouraged to pro
vide explanatory information and justify alternative approaches if necessary. 
With respect to preclinical safety assessment, the paradigm shift for evaluation 
of novel therapies is one of ritual to rationale. This Play be a consequence of 
a shift in development of therapies in search of disease to deliberately devel
oped therapies ("rational drug design"). 

H. Testing Goals 
The goals of preclinical safety evaluation are to provide data to support initial 
studies in humans that will ensure a safe and uninterrupted clinical develop
ment. Early in clinical development, the data are used to support the recom
mendation of: 1) an initial safe starting dose and dose escalation scheme in 
humans, 2) the identification of potential target organs of toxicity, 3) the 
identification of appropriate clinical parameters to monitor in humans, and 
4) the identification of individuals "at risk" for toxicity, i.e., refinement of 
patient inclusion/exclusion criteria (CAVAGNARO 1993). 

Preclinical studies should be designed to answer specific questions in order 
to assess the adequacy of the human study design and determine whether it is 
reasonably safe to proceed to the clinical trial. Questions to be considered 
include: 1) whether sufficient knowledge of the dose/toxicity relationship 
exists, 2) the dose/activity relationship, and 3) a basic understanding of the 
potential risks for toxicity. In general, preclinical findings which may modify, 
but not necessarily delay, clinical development plans include: 1) similar ad
verse findings in more than one species, 2) irreversible findings, 3) delayed 
effects, 4) evidence of toxicity not associated with pharmacological effects, 5) 
a nonlinear dose-response curve, 6) cross reactivity with non-target antigens, 
7) transmission of infection/disease, and 8) enhanced toxicity/exacerbation(s) 
in animal models of disease (MORDENT! et al. 1996). 
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I. Study Design 
The design of preclinical safety studies should focus on the selection of the 
appropriate model, including the animal species and the physiological state, 
i.e., age, size, normal vs disease, etc., route of administration, dose selection 
and treatment regimen, as well as selection of the endpoint with consideration 
of both efficacy and safety. 

For over 20 years, conventional pharmaceuticals have generally been 
screened for toxicity in one rodent species and one non-rodent species, often 
without prior determination of species relevance to the particular agent being 
evaluated. However, recently there has been an increased emphasis in the use 
of pharmacokinetic data for defining species relevance and better extrapola
tion of exposure. 

The selection of a relevant animal species should take into consideration 
the biology and mechanism of action (if known) of the specific product, as well 
as the proposed route and method of drug delivery. Selection of appropriate 
animal model(s) for preclinical investigation should consist of the identifica
tion of a relevant species for the product being tested. Relevancy can be based 
on metabolic profile, pharmacodynamic effects, presence of the receptor of 
interest and/or affinity for the receptor of interest. 

In some cases, the selection of an animal model of disease, e.g., spontane
ous or induced, that is generally used to assess activity or potency may be a 
more relevant model to assess safety. While non-human primates have not 
been required for assessing the safety of novel therapies - especially those 
involving human-derived cells or proteins - their use as an animal model has 
been recommended when a relevant specific safety issue can only be assessed 
in this species. Alternative systems for preclinical evaluation of safety and 
toxicity may also be needed to answer specific questions. These include in vitro 
systems or in vivo animal models, e.g., transgenic animals. 

Ideally, the dosing regimen should mimic the proposed clinical study 
design. In practice, toxicity studies are conducted for a least the same duration 
as the intended clinical duration. Toxicology studies up to 6 months in dura
tion may serve to support chronic administration in humans. Accelerating a 
treatment schedule to obtain a greater than anticipated human dose may 
be appropriate in certain cases. However, real time scheduling may also 
be important, for example, in determination of immunologically mediated 
responses, where time is required for generating the desired or unwanted 
immune response, e.g., vaccines. 

J. Defining Exposure 
Pharmacokinetic analysis is essential to the proper design, interpretation, and 
extrapolation of data from pharmacological and toxicological studies. Both 
single- and multiple-dose pharmacokinetic studies should be conducted in the 
same species that is used for toxicity testing. 
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Preclinical studies should not only be designed to identify a safe dose (the 
no-observable-adverse-effect-Ievel, or NOAEL), but also a toxic dose in 
order to define a therapeutic index in humans. The cumulative experimental 
dose should also be higher than the expected total human dose. If the study 
is designed to assess toxicity, a toxic effect should be achieved whenever 
possible. 

For biopharmaceuticals, in which activity is mediated through a direct 
cytotoxic effect, e.g., monoclonal antibodies or proteins conjugated to toxins, 
drugs or radionuclides, the optimal effect is generally related to the maximum 
tolerated dose (MTD). For other biopharmaceuticals, e.g., immunomodu
lators, an optimal biological dose (OBD), the lowest tolerated dose that maxi
mizes desired activity, may be more important to determine. 

K. Product-Specific Concerns 
As previously discussed,. the design of a preclinical safety assessment program 
for biological therapeutics is reflected by a flexible, case-by-case approach in 
order to identify and address product-specific issues and/or concerns. For 
example, the safety evaluation of growth factors should consider species
specific effects; immunogenicity, and the tumorigenic potential, based on 
the known biological activity of these agents. The proposed clinical use of 
the product also impacts on the type of preclinical safety studies that are 
performed. For example, growth factors used as wound-healing agents should 
be assessed for systemic exposure (immunoassays and bioassays) as well as 
for their effect on the local wound environment, to include stability of 
the agent in the wound, penetration into the soft tissue/bone layers, recep
tor binding/downregulation, the wound type, and the wound location. For 
neurotropic growth factors, additional concerns may include neurotoxicity 
or the unwanted expression/sprouting of various neuronal cell types and 
neurotransmitters. 

The safety evaluation of monoclonal antibodies should consider the 
potential cross-reactivity with non-target tissues, immunogenicity, prolonged 
effects, i.e., long half-lives, conjugate and/or linker toxicity and "bystander" 
effect (such as is observed with use of a radiolabeled monoclonal antibody). 

The primary safety concerns for tumor vaccines have been local 
reactogenicity, cross-reactivity with non-target tissues, a bystander effect to 
normal tissue and induction of an aberrant immune response (as the expres
sion of surface antigens on target cells may be altered, resulting in an auto
immune response). 

Product-specific concerns, regarding antisense therapies, include the 
preclinical assessment of sequence-specific effects, cellular toxicity from inter
action of antisense with normal nucleic acid synthesis and degradation (BLACK 
et al. 1993, 1994). 

There are many safety concerns regarding the use of cellular and gene
therapy products, which are dependent, in part, on the type of vector being 
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used. Many different vectors that are directly administered to humans are 
currently in development. The primary vectors consist of replication-defective, 
recombinant retroviruses, adenoviral vectors, adeno-associated vectors and 
plasmid DNA. Safety concerns associated with these vectors include: 

1. Vector dose 
2. Route of administration 
3. Selection of an appropriate animal model 
4. The potential for viral activity 
5. The potential for viral vector replication 
6. Localization of the vector; persistence of the transduced cells and their 

expressed products 
7. Overexpression of the therapeutic gene 
8. Inappropriate immune activation 
9. The potential for transfer of the vector gene to germ cell lines, with 

subsequent alterations in the genome 
10. Generation of replication-competent virus, with the potential for rescue 

by subsequent infection with wild-type virus 
11. Viral shedding and environmental spread 
12. Overexpression of the transduced gene 
13. The potential to transduce surrounding normal tissue. 

Additional safety issues for adenoviral and adeno-associated vectors include 
the effects of expression of the inserted gene in the liver, as well as determina
tion of the total number of viral particles and the ability of the particles to 
infect target cells and deliver the vector (due to the potential cytotoxicity of 
the viral particle itself). 

The aforementioned safety concerns for retroviral vectors can also be 
applied to plasmid-vector products. In addition, plasmid vectors that are 
administered with lipid preparations or other facilitating agents should be 
assessed for the amount and identity of these agents in the final product 
formulation. 

In addition to product-specific concerns, there may additional concerns 
for potential toxicities, which are dependent on the intended clinical indication 
and on the patient population. These include developmental toxicity (fertility, 
teratogenicity, behavioral), immunotoxicity (immunostimulatory/immunosup
pressive assessment, as an intended or unintended effect), carcinogenicity and 
safety pharmacology (evaluating specific systems such as the central nervous 
system, eNS, and cardiovascular system). 

L. Accessibility of Preclinical Safety Data 
Enhanced communication through information technology initiatives should 
enhance the ability to file, store, search, retrieve and merge information from 
different studies. Electronic submissions should not only improve the timely 
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access of information, but should also facilitate the quality of regulatory sub
missions and decision-making and, thus, reduce the time and cost for develop
ing new therapies. 

An overall willingness to share and/or publish information from 
preclinical studies, especially in the area of novel therapies, has aided in 
facilitating not only their clinical development, but also the development of 
regulatory guidelines. Annual scientific workshops and conferences have also 
provided a useful means for scientific discussion and debate between the 
regulators and the IND sponsors in emerging fields. 

M. Clinical Studies 
I. Early Development 

The initial goal in human trials is to determine safety and dosage, as well as 
assess the initial evalu~tion of "development-limiting" side effects. Unlike 
conventional therapies, the first study in humans for novel biopharmaceutical 
therapies has generally involved patients rather than normal volunteers. 
Phase-l studies to assess safety include the first introduction of a product into 
humans, use of an experimental product in a new indication or use of an 
approved product in a new indication. Clinical pharmacology studies are also 
referred to as phase-l studies, but are designed throughout clinical develop
ment to assess exposure. 

There is often some distinction in the design of studies, dependent 
upon the sponsoring body, which can be a company or a single investigator, 
especially in relation to the numbers of patients enrolled and the number 
of study sites. More flexibility in protocol design is encouraged early in 
development, including changes in primary endpoint(s), e.g., during phase-2 
studies, which can lead to useful strategies to demonstrate clinical safety and 
effectiveness. 

D. Late Development 

Later phase clinical studies, designed as well-controlled trials, provide the 
primary basis for determining whether there is "substantial evidence" to sup
port claims of effectiveness. In some cases, novel biopharmaceutical therapies 
have been approved with only a single clinical trial. 

One (phase 3) trial may be appropriate when there is a limited number of 
patients, evidence for clinical benefit is overwhelming or the nature of the 
disease is so serious that only a single trial is warranted. However, for non-life
threatening diseases, when the clinical effect is minimal, more than one clinical 
trial is generally needed. The trial may not have to be a large double-blind 
placebo-controlled trial. Other phase-2 trials can support a well-executed 
pivotal study. Unfortunately, often neither dose nor endpoints have been 
adequately determined from the phase-2 studies. Additionally, small numbers 
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of patients may have been treated in phase-l studies. The ability to monitor 
meaningful clinical response is crucial. Products with marginal to moderate 
benefit may not be determined in small samples of patients.The climate may 
not be conducive for a well-controlled trial when there are early warning signs 
in preclinical or phase-l early/early phase-2 studies or there is the potential for 
major therapeutic advances in a serious illness and widespread unbalanced 
pUblicity of preliminary favorable results. 

N. Summary 
Government, industry, academia and the public are key components influenc
ing the regulatory environment. Regulatory issues have evolved with novel 
technologies in the past and can be expected to do so as well in the future. As 
novel therapies are developed and existing therapies are improved, communi
cation, management and transparency of clinical development strategies, and 
the regulatory review process should ensure the availability of safe and effec
tive therapies and provide the framework for the next generation of emerging 
technologies. 

To ensure the continued success in introducing novel therapies into the 
clinic and their subsequent demonstration of clinical safety and effectiveness, 
sponsors and regulators need to work together throughout all stages of devel
opment. More specifically, regulatory authorities need to anticipate safety 
concerns inherent in novel technologies, create a regulatory environment 
that encourages innovation, respond to early dialogue with developers, make 
the review process transparent and manage the review process. Developers 
need to continue to seek innovative strategies for assessing safety and efficacy, 
design studies to identify problems, initiate an early dialogue with regulatory 
authorities, understand the regulatory review process, and prepare and 
manage a product development plan complimentary to the managed review 
process. 
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CHAPTER 2 

Preparation of Clinical Trial Supplies of 
Biopharmaceuticals 
A.S. LUBINIECKI, J.e. ERICKSON, e.L. NOLAN, R.G. SCOTI, P.J. SHADLE, 
T.M. SMITH, and D.W. ZABRISKIE 

A. Introduction 
I. Research Support Systems 

For most monoclonal antibodies (MAbs), preparation of research supplies is 
relatively straightforward. Cell culture is done by brute~orce, since little time 
is available to optimize product gene expression or cell growth. Systems that 
are often employed include: 1) suspension culture in spinner vessels, roller 
bottles or other containers, 2) ascites production in mice, and 3) hollow-fiber 
bioreactors. 

Purification of MAbs is typically accomplished by a series of chromato
graphic steps, e.g., by affinity chromatography on Protein A, and usually 
augmented by ion exchange chromatography (lEe). If serum is employed to 
grow the expression line, depletion of serum antibodies should be considered 
by passage of the serum through Protein A columns prior to use in cell culture 
medium; otherwise up to 50% of the antibody subsequently purified from the 
culture harvest may be unwanted bovine antibody. 

The quality standards are generally imposed by the rigor and conscience 
of the individual investigators, the culture of the organization and good scien
tific principles. Economics is not usually a factor, however, speed is essential. 
The process mayor may not need to be scaleable, and regulatory compliance 
is not at issue. If the material is to be used in animal studies, then care usually 
needs to be taken to minimize endotoxin contamination (this is discussed more 
fully in the next section). 

B. Preclinical Studies 
Initial assessment of safety in animals, formulation development, and evalua
tion of pharmacokinetics and/or pharmacodynamics in animal models requires 
materials that closely resemble the materials intended to be taken into the 
human clinical trials. The product should come from a representative manu
facturing process; this typically means that materials are representative of 
those generated by a very similar method, e.g., same cell line, same medium 
and same chromatographic resins, as that used for the clinical supply. Minor 
differences in process parameters, such as cell growth, setpoints, buffers or 
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resin load ratios, may occur as the process is optimized. Thus, the preclinical 
process is representative of, but not necessarily identical to, the clinical process 
in all major aspects, but some minor changes typically occur. 

For a typical biopharmaceutical, the purity of the material need not be 
quite as high as the clinical materials. The preclinical materials should have a 
qualitatively similar impurity profile, but may contain more quantitatively, 
compared with the clinical materials, since this might lead to an overestima
tion of the safety of the new biopharmaceutical for subsequent human use. 
The preclinical materials need not be formulated in final excipients if the 
excipients are generally regarded as safe for the intended indication. Bulk 
supplies (without excipients, without final containers) may be employed for 
initial preclinical studies, although the more similar they are to the actual 
clinical drug product, the greater the confidence of applicability to the dosage 
form intended for use in man. 

One further quality requirement is that the materials be substantially free 
of endotoxin/pyrogens to avoid provoking a pyrogenic response in the animals 
and activating their macrophages. Most endotoxins/pyrogens are derived from 
the cell walls of gram-negative bacteria or mycoplasma, although a few recom
binant DNA (rDNA) biopharmaceuticals are inherently pyrogenic, such as 
alpha interferons (IFNs) and interleukin 1. The exact amount of endotoxin 
permitted will vary according to the age and species of animal. Meeting stan
dards for human parenteral administration «5 endotoxin units/kg body mass/ 
8 h of infusion) is typically adequate for most animal uses (FOOD AND DRUG 
ADMINISTRATION 1987). 

Another criterion for supplies destined for preclinical safety studies is that 
they be adequately characterized in terms of biophysical, biochemical and 
biological properties. For example, one should understand the biophysical and 
biochemical properties and be able to demonstrate that the materials are 
representative of those that will eventually be used in humans. The biological 
activity should be comparable enough to the preparations destined for use in 
man to allow the animal data to be deemed relevant in establishing the safety 
of the materials for human use. 

Supplies intended for such studies need not be made under good manufac
turing practice regulations (GMPs); however, it is common practice in many 
organizations to have the materials made under somewhat controlled con
ditions. For example, the materials, .process and methods are traceable and 
documented, frequently with draft GMP documents. Alternatively, prepara
tion can be fully documented in notebooks if the details are captured in 
sufficient detail to enable the preparation of preclinical supplies to be repro
duced, and to support future claims for these processes and materials being 
reptesentative, equivalent or comparable to clinical processes and materials. 
Typically, research materials are not used for preclinical purposes, although 
some pilot studies in animals (intended for dose ranging, not for establishing 
preclinical safety under good laboratory practices) may use research materials. 
Similarly, initial studies of formulation development may use research materi-
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als, with the risk that the results may not be indicative of the properties of 
subsequent clinical materials, especially if process changes and purity changes 
occur. 

C. Clinical Supplies 
I. Fermentation 

Clinical production systems ideally reflect what will ultimately be used for 
commercial production; therefore, they will be discussed together and differ
ences pointed out where relevant. A variety of fermentation systems have 
been successfully employed for the commercial preparation of MAbs 
(Table 1). In addition to these systems, several others have been used to 
prepare clinical supplies (Table 2). Clearly, this diversity shows that there is no 
requirement to use one system or another - only that the system consistently 
provides a product that m~ets predetermined quality attributes. 

Small commercial markets for MAbs, such as those for in vitro diagnostic 
uses and for purification of other biological products, can be generally met by 
small-scale systems, such as ascites and hollow-fiber bioreactors. However, 
making substantial quantities (hundreds of grams to a few kilograms) is tedious 
in such systems, although still physically possible to do. Due to an inherent lack 
of scalability, producing more material using these systems requires more 
physical plant and labor, with relatively little economy of scale. Both ascites 
and hollow-fiber systems are also associated with quality limitations. Ascites 
production utilizes animals, which is increasingly less acceptable for manufac
turing use for a variety of ethical and regulatory reasons, and also carries risk 
of animal-associated adventitious agents. Hollow-fiber technology was prac
ticed by several firms, which are now defunct, including BioResponse and 
Endotronics (although the hollow-fiber technology of the latter survived the 
disappearance of its inventor). Hollow-fiber systems are non-homogeneous, 
which complicates scale-up, robustness and consistency from harvest to har
vest. Several proteins produced in this way have shown batch-to-batch and 

Table 1. Fermentation systems used for the commercial preparation of monoclonal 
antibodies (MAbs) 

Product 

OKT3 
Panorex 
ReoPro 
Oncoscint ON 
Myoscint 
Anti-IFNalpha 
Verluma 

IFN, interferon 

Use 

Graft vs Host 
Colon cancer 
Restenosis prevention 
Imaging ovarian cancer 
Imaging 
Purification of IFNalpha 
Imaging 

System 

Ascites 
Perfused suspension culture 
Perfused suspension culture 
Airlift suspension culture 
Hollow-fiber bioreactors 
Microencapsulation 
Batch suspension culture 
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Table 2. Other fermentation systems used to prepare clinical supplies for monoclonal 
antibodies (MAbs) 

MAb 

Anti-hepatitis Bs Ag 
Anti-CD20 
Anti-RSV F protein 

Use 

Chronic hepatitis 
B cell lymphoma 
Prevention of RS 

System 

Fluidized-bed reactor 
(Fed) batch suspension culture 
Batch suspension culture 

within-batch consistency problems, including variable glycosylation and 
proteolysis. Ascites technology and hollow-fiber technologies are favored by 
some, especially university-based clinical investigators and small startup com
panies, because they are simple and require very little development work. 

Several other systems were employed in the past for clinical and marketed 
MAbs, but are no longer available. These include the microencapsulation 
technology of Damon Biotech, the perfused ceramic 'Cartridge of Coming, the 
fluidized bed technology of Verax and a variety of perfusion technologies 
originating at Monsanto, which were licensed to Invitron. Because their tech
nologies were not cost-effective, all of these business units or organizations 
became defunct and their technologies disappeared along with them. In 
addition to lacking cost effectiveness, these methods also had major 
process-development impediments in common, such as non-homogeneity, 
lack of faithful scale-down/scale-up systems or poor robustness. These sys
tems were typically difficult to validate. They remain interesting footnotes to 
biotechnology history, but are not considered further because of their 
inaccessibili ty. 

Today, most clinical development and commercial production done by 
industry utilizes some form of suspension culture. Whether batch, fed-batch or 
perfused, or whether done in airlift or mechanically agitated vessels, suspen
sion culture is what most developers and contract manufacturers have ulti
mately chosen. This method has proven to be the most cost-effective method 
for development and production. Simpler versions of this technology also are 
amenable to science-based process-development studies, as they have excel
lent scale-up/scale-down properties and well-understood homogeneity. These 
features are also usually associated with consistent batch-to-batch results and 
relatively simple validation efforts. More complex processes can be developed, 
but they take longer to reduce to practice. In general, the simple suspension 
culture systems are very robust and reliable, and the complex ones are a bit 
less so. Validation of processes for perfused reactors intended for long-term 
culture (months) can also be quite complicated, and product quality may be 
variable in some cases. 

The period 1970-1990 was characterized by extensive investigation of 
fermentor design by industrial and academic organizations that attempted to 
improve and perfect various parameters for cell-culture optimization. This 
work provided a relatively modest gain over simple working models of sus pen-
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sion culture. Hydrodynamic shear was considered to be a major engineering 
problem for mammalian cell fermentations, but where it existed, it was rather 
easily solved by use of bulking agents to reduce cell damage. Better mechani
cal agitator seals eliminated the old problem of mechanical damage to cells 
by rotating bottom-drive agitators. Better seals and cleanable sanitary design 
provided improved robustness, lower contamination rates and lower endot
oxin burden. Major gains in productivity came from medium development 
(just as for microbial fermentations), by increasing biomass and extending cell 
viability in time. Removal or reduction of serum, plus increased productivity, 
led to improved cost effectiveness. 

II. Harvest 

MAbs are generally relatively resistant to proteolysis, therefore, fermentation 
cycles in general can take quite long to maximize the amount of antibody 
produced. MAb titer typically continues to rise for a -while after cell growth 
has ceased and viability begins to drop. Care must be taken to understand the 
structure-function relationships of the MAb to assure that the fermentation 
conditions and harvest time are chosen to maximize the content of recoverable 
molecules of acceptable quality. For most batch/fed-batch fermentations, this 
is generally a matter of 1 week or more; because perfused reactors run for 
extended periods, conditioned medium is collected (usually daily) and har
vested repeatedly every few days for purification for a period of many weeks 
or even months. Glycovariants, proteolyzed product or deamidation products 
may accumulate to varying levels if the culture is continued for an excessive 
period. 

Once the appropriate timing is determined for a given process, harvest can 
be accomplished by a variety of methods, usually centrifugation or filtration. 
Small volumes of research materials can be batch centrifuged in large-volume 
bucket rotors; larger scale volumes can utilize continuous-flow centrifuges. 
Filters of various types can be employed, including dead-end or depth-type 
cartridge filters or tangential-flow microporous filters. Filtration aids like di
atomaceous earth are unpopular, due to reproducibility difficulties and regu
latory concerns. Sedimentation at unit gravity is simple, effective and cost 
effective (just turn off the agitation system), but usually requires about 1 day 
to reach completion. Most organizations need to clean and resterilize produc
tion vessels quickly, and prefer filtration methods that require only a few hours 
to complete. Filtration methods tend to be simpler to develop than centrifuga
tion methods and scale up very well. Filtration methods may also tolerate 
inconsistency in the feedstock (due to variable viability) better than centrifu
gation methods. Alternatively, centrifugation may be preferred for cultures 
containing high levels of debris, which sometimes can foul even the best
designed tangential-flow filtration system. 

Harvest of perfused fermentors is slightly different, and a variety of ap
proaches are used to separate the cells from the conditioned medium, either 
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inside or outside the fermentor. These include the use of tangential-flow filters, 
the use of fluidized-bed bioreactors (where the cells growing attached to 
particles are retained in the reactor by gravity), inclined settling planes inside 
contained vessels and other ingenious pieces of engineering. Conditioned 
medium may be recycled into the fermentor after reoxygenation or, more 
typically, simply collected after one pass and stored for a few days (often 
refrigerated) before purification. 

III. Purification 

The goal of the purification process is to remove contaminants and impurities 
without compromising the structural or functional integrity of the product. In 
clinical development, the process must also meet regulatory criteria for the 
quality of its raw materials, the degree of consistency and control over the 
purification method, and the quality control (QC) analysis of in-process and 
bulk-product fractions. These concerns impose new limits on the selection of 
separations methods, compared with research methods. Furthermore, since 
the manufacturing process will need to be economically feasible, optimizing 
around yield is a new target that is in direct conflict with the needs to quickly 
move a product through development and into clinical trials. 

Chromatography has been, and remains, the powerhouse means by which 
highly purified biopharmaceuticals are produced. Classical chromatographic 
methods, as in the chemical industry, exploit differences in physical properties, 
such as charge, size, hydrophobicity, and the like to purify product away from 
contaminants and impurities. Affinity methods use an immobilized ligand for 
which the product protein has an unusually high relative affinity, and may be 
related to a functional group on the product or class of products. Typically, 
a purification process consists of two or more chromatography steps, with 
buffer exchange, precipitation or concentration steps in between to link them 
together. 

Classical methods, for example, IEC, are widely used and, in general, 
considered robust, relatively inexpensive and somewhat limited in selectivity. 
Improvements in manufacturing technology that are important for use in the 
GMP arena include new and improved selectivities, fast flowing bead prop
erties, enhanced capacity, pH resistance and improved clean ability, which 
improves column life. The availability qf different resin backbones has also led 
to observations that some proteins fractionate differently and that these prop
erties, as well as the functional ligand, can be exploited. 

Affinity-based methods are highly selective, often give a high yield and 
purification factor, and are generally high-capacity columns. Balanced against 
these,apparent advantages may be disadvantages stemming from leaching of 
the affinity ligand from the resin, regulatory concerns that may be associated 
with the ligand, depending on its source, possible degradation of product on 
the affinity column [for example, immobilized metal ion affinity chromatogra
phy (IMAC) may oxidize products] and high costs of the resin. Improvements 
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in manufacturing technology that have lifted affinity resins from the research 
lab into the GMP arena include lowered costs, fast flowing bead properties, 
enhanced capacity and improved cleanability, which improves column life. 
The ability to use many affinity columns for hundreds of batches has signifi
cantly lowered the cost barrier that once existed for these resins. 

Size-exclusion chromatography (SEC) has become an infrequently used 
purification method, although still useful for buffer exchanges. SEC has sev
eral factors making it difficult to scale up beyond a critical point, among which 
are the need for a long and well-packed column bed (which may not be 
obtainable at large scale), a dependence upon wall effects that can impact on 
scalability and relatively slow flow rates. Together, these make SEC a method 
of last choice, as it is costly and does not offer as much purification power as 
other methods. 

Improvements in cell culture and fermentation have directly impacted 
purification processes. Increases in expression levels, concomitant with the 
development of protein-free media, have permitted the-use of affinity columns 
in capture steps, which was once not practical or feasible. Modern cell-culture 
methods can deliver MAb titers approaching 1 gil, which is 10-100 times the 
concentration achieved in the past. The elimination of many of the animal
derived raw materials also reduces the burden of the purification process to 
remove pathogenic agents, which may have been introduced by those animal
derived materials. These improvements in cell culture have made the purifica
tion job easier. 

D. Purification of rDNA-Derived Anti-RSV MAb 
Purification of MAbs is relatively routine in the current era. Many organiza
tions utilize Protein A-based affinity resins. Modern resins are much improved 
over initial versions in terms of cleanability, useful life, compression resistance 
and Protein A leakage rate. These may be operated as stationary packed bed 
resins or as fluidized bed resins in the bind-elute mode. Ion-exchange methods 
can be used for initial capture of MAbs or to further purify MAbs captured 
initially on affinity resins. Protein A-based affinity resins are advantageous, in 
that a single protocol can be utilized to capture many different MAbs with 
little modification, but ion exchange methods must be tailored to each MAb. 
Furthermore, ion-exchange protocols must be developed empirically, and 
frequently bear little relationship to the ionic properties predicted solely by 
examination of the amino-acid composition of the heavy and light chains, e.g., 
isoelectric point. This probably reflects the molecular complexity of MAbs, 
includIng factors such as local-charge distribution on the molecular surface 
(Table 3). 

A fundamental principle in developing a purification process is to affect 
separation of the desired product-related molecules from the undesirable 
molecules, whether product related (impurities) or unrelated (contaminants). 
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Table 3. Purification summary for anti-RSV monoclonal antibody (Mab) 

Step Vol Mab Protein Yield Prot Aa IgG PurityC 
(1) (g) (g) (%) multime rb 

Harvest 416 392 477 100 0 NDd ND 
ProSep A 49 375 384 96 11.7 0.4 98.5 
eM 21 116 117 93 ND 0.4 98.4 
HIe 29 98 100 85 ND <0.05 98.3 
BBS 9 90 91 92 1.7 0.06 99.7 
Overall 70 

IgG, immunoglobulin G; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel 
electrophoresis; HIe, hydrophobic interaction chromatography; BBS, bulk biological 
substance; ND, not done 
a Protein A concentration in ng/mg MAb 
bIgG multimer concentration as a percentage of total area scanned by reduced SDS
PAGE 
C Purity as percentage of total area scanned in heavy and light chains by reduced SDS
PAGE 
dNot determined 

Among the undesirable molecules are medium components, host cell compo
nents, pharmacologically active or toxic molecules introduced during purifica
tion, and MAb-related variants, which are inactive or might lead to adverse 
reactions in vivo. Low molecular-weight molecules from medium or purifi
cation procedures usually can be effectively removed by ultrafiltration/ 
diafiltration methods. Carefully designed purification steps based on orthogo
nal separation principles will usually remove proteins that are unrelated to the 
desired MAb. However, it is often difficult to resolve desired MAbs from their 
undesirable relatives, such as Mab-MAb oligomers or aggregates and protein 
A-MAb complexes, due to the similarity of their biochemical properties. 
Separations of such large molecules from MAbs would be difficult to achieve 
by size, charge or solubility-based methods. When baseline separation cannot 
be obtained, the collection of fractions and pooling of those meeting specified 
criteria is sometimes used to compensate for a lack of complete control or 
predictability of the process. Such a process may entail high losses in terms 
of yield, and suffer from lack of robustness and consistency. These often 
translate to regulatory concern over pooling criteria and result in higher QC 
costs. 

To approach this complex problem, we have designed a three-step purifi
cation procedure to specifically reduce the levels of two product-related impu
rities of concern: MAb-MAb oligomers as well as Mab-protein A complexes. 
This'process features hydrophobic interaction chromatography (HIC) follow
ing protein A chromatography and IEC to separate intact monomeric MAbs 
from MAb-MAb oligomers and Mab-protein A complexes, resulting in a 
pharmaceutically acceptable drug substance of at least 95% protein purity on 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). We 
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have successfully applied HIC as a final step to purification of multiple rDNA
derived MAbs encompassing a variety of heavy- and light-chain combinations 
as described below, which were produced in serum-free cell culture. It is likely 
that this method would perform well on MAbs sourced from ascites or from 
serum-containing cell culture. Among the HIC ligands that we have employed 
are alkyl groups of various lengths and aryl groups, which can be immobilized 
to a number of inert carbohydrate or synthetic polymer supports. The method 
and its performance is outlined below; additional details can be found in 
SHADLE et al. (1995). 

An expression system for rONA-derived humanized MAb to respiratory 
syncytial virus (RSV) F protein was established in Chinese Hamster Ovary 
(CHO) cells as described in Chap. 6 by PORTER et al. MAb was harvested from 
cells grown in suspension culture by passing the culture through a tangential
flow filter of nominal 0.65-,um porosity at scales up to 4161/batch. At small 
scale, batch centrifugation can also be employed to remove cells. 

MAb was captured on an immobilized protein-A column, washed with 
phosphate-buffered saline (PBS) containing 0.1 M glycine, and eluted with 
25 mM sodium citrate, pH 3.5. Clarified conditioned medium was applied to 
Prosep A (BioProcessing Ltd) at a flow rate of up to 1000 cmlh at a load 
ratio of up to 15 g immunoglobulin G (lgG)/I column volume. Multiple cap
ture cycles were employed at large scale to minimize the investment in expen
sive affinity resin, while maintaining operating costs of multiple cycles at a 
practical level. Protein-A chromatography removed substantial amounts of 
DNA and cellular proteins and also concentrated the MAb by about tenfold. 
The eluates from all the protein-A cycles were adjusted to pH 3.5 with 2.5 M 
hydrochloric acid (HCI), held for approximately 30 min, the pH was adjusted 
to 5.5 with 1 M Tris base, and then all the eluates were pooled. The pH 3.5 
hold step provided conditions that inactivated retrovirus activity, to mitigate 
concerns regarding putative retrovirus-like particles associated with CHO 
cells. The pH 5.5 adjustment prepared the MAb for lEe. This material was 
passed through O.2-,um filters into a sterilized receiving vessel and stored at 
4°C or frozen at 70°C until further processing resumed. 

IEC was then employed to further remove protein and non-protein 
impurities. MAb was applied to CM Sepharose (Pharmacia) at a flow rate of 
150 cmlh at a load ratio of <20 g IgG/I column volume. The column was 
washed with 10 mM sodium citrate, pH 5, and eluted with 40 mM sodium 
citrate, pH 6, containing 100 mM NaCl. This eluate was adjusted to 2 M guani
dine hydrochloride (GuHCI) by adding 6 M stock solution to provide further 
opportunity for retrovirus inactivation. The GuHCI also helped solubilize 
the MAb for subsequent addition of ammonium sulfate. This solution was 
then prepared for HIC by mixture with an equal volume of 2.6 M ammonium 
sulfate. 

The resulting solution was applied to an HIC column consisting of 
Toyopearl Phenyl-650 M (TosoHaas) at a flow rate of 150 cmlh and at a load 
ratio of <20 gil resin. The column was washed with 3-5 volumes of equilibra-
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tion buffer (1.3 M ammonium sulfate, 50 mM sodium phosphate at pH 7). A 
20-column volume linear gradient of decreasing ammonium-sulfate concen
tration was then applied at a flow rate of 100-150 cmlh to elute the MAb as a 
major peak. Impurities eluted later in the gradient. This HIC procedure re
moved additional protein and non-protein impurities and contaminants, 
notably residual protein A, IgG multimeric forms, and host-cell DNA. The 
appropriate gradient fractions were pooled and concentrated by tangential
flow ultrafiltration to the desired concentration, diafiltered with a suitable 
purification buffer, and passed through a 0.2-.um filter into sterilized receiving 
vessels to become the bulk biological substance (BBS). 

This purification process was easily scaled, and has provided equivalent 
results at 1 g, 40 g, and 125 g scales of operation. The process provided about 
sevenfold clearance of IgG multimeric forms and Protein A, and about one 
million-fold clearance of DNA, while still permitting 70% overall recovery 
yield. The process also provided a substantial amount of virus inactivation and 
removal capacity, which meets or exceeds the current standards of US and 
international regulatory 'bodies (CENTER FOR BIOLOGICS EVALUATION AND RE
VIEW 1997; COMMITTEE ON PROPRIETARY MEDICAL PRODUCTS 1991; INTERNA
TIONAL CONFERENCE ON HARMONIZATION 1997). The process also worked well 
with other unrelated rDNA-derived MAbs with minor changes. 

E. Product Quality Issues 
I. Protein Purity 

Protein purity is usually measured by SDS-PAGE, followed by densitometry of 
the gel. Purity by this method should exceed 95%. Product-related proteins are 
detected by Western blotting, isoelectric focusing (IEF), and high performance 
liquid chromatography (HPLC) methods, and are of less concern than any 
residual host cell and medium proteins. Host cell and medium proteins are also 
detected using Western blotting and enzyme-linked immunosorbent assay 
(ELISA) techniques and must be minimized due to concerns over their pos
sible immunogenicity. Proteins used for affinity chromatography, e.g., protein 
A, or a monoclonal antibody, must also be removed from the product. 

II. Protein Integrity 

In addition to making sure that the biopharmaceutical product is substantially 
free of contaminating proteins, it must possess the correct primary, secondary 
and tertiary structure, so that activity and pharmacokinetics are consistent. 
Intermediates in the purification process must be monitored for degradation 
early in development so that conditions that harm the protein are avoided. 
This problem is most evident in steps where it is necessary to choose condi
tions that inactivate the most spiked model virus while leaving the product 
intact. Assays that are typically employed to verify integrity include N- and C-
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termini sequencing, peptide mapping following controlled proteolysis, isoelec
tric focusing, carbohydrate analysis, antigenic binding and potency. Special 
assays of Fc region function may be important for assuring the integrity and 
potency of some MAbs. 

In. Microbial and Viral Safety 

Some of the most difficult potential contaminants of biopharmaceuticals are 
living organisms. Since proteins are relatively labile and made from living cells, 
there is a possibility that viruses growing in the cells, or introduced from the 
media or workers may end up in the final product. To complicate matters, 
many production cell lines produce particles that look like viruses, so the 
product may look as though it is contaminated, when it is not. Previous 
generations of biological products, e.g., viral vaccines and plasma derivatives, 
have been demonstrated to be contaminated with microbes or viruses in some 
cases, which sometimes caused infections in product recipients (HORAUD 
1991). So far, this has not occurred with biopharmaceuticals, such as MAbs 
and rDNA proteins, probably because of better understanding of this history 
and better safety assurance (LUBINIECKI 1998). 

Safety is assured by a combination of appropriate assays to detect mi
crobes and viruses, validation of well-designed processes to remove or inacti
vate them if they were present, and procedural and engineering controls on 
facilities and equipment. Cells and raw materials are tested extensively for 
possible viruses and contaminated cells or raw materials are discarded. Work
ers wear protective clothing. One or two special virus-inactivation steps are 
put in the process. Finally, each purification step is validated for removal of 
spiked model viruses. 

Similar precautions are taken to ensure that bacteria do not contaminate 
biopharmaceuticals. Filters capable of removing bacteria and fungi are used 
throughout the purification process, and a testing program is established 
to confirm that adventitious agents have not contaminated the process or 
product. 

IV. Other Contaminants 

All cells contain DNA; therefore, there is a possibility that DNA may be 
present in a biopharmaceutical at low levels after purification. DNA is not 
known to be toxic, but some people have hypothesized that DNA could 
become functional in a product recipient, perhaps encoding for virus or an 
oncogene. Therefore, DNA must be reduced typically to less than 100 pico
grams per dose, based on a World Health Organization risk assessment study 
(WHO STUDY GROUP 1987). 

Process chemicals that are added at various points during the process must 
also be removed. Particularly important are additives that are known to have 
pharmacological activity or toxicity. Examples include insulin (often used in 
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cell culture medium), methotrexate (often used to amplify transfected plas
mids), and chemicals used in purification (often used to inactivate viruses). 

F. Process Design and Validation 
Validation is a critical p'art of ensuring product quality. Process design is 
frequently driven by validation needs. This is true for MAbs and all rDNA
derived proteins. These concepts have also evolved considerably over the past 
decade. Our first cell culture process for soluble T4 (sT4) was under designed 
in several areas and validation was one of these. An improved process was 
created a few years later with an affinity step that significantly increased 
clearance of DNA and model retrovirus. Processes developed later for a 
therapeutic rDNA-derived protein and MAb were also designed to provide 
higher clearance levels. These are exemplified in Table 4. 

I. Validation of Endotoxin Removal 

Endotoxin in a biological product must be controlled to less than 5 EU/kg 
body weight per dose of product per 8 h of treatment (FOOD AND DRUG 
ADMINISTRATION 1987). Many therapeutic proteins are given at relatively high 
protein doses, so endotoxin must be controlled to very low levels. Assuming 
an average person's body weight of 70 kg and a protein dose of 100 mg, the 
endotoxin limit would be 0.35 EU/mg protein. For a 500 mg dose, the limit 
would be 0.07 EU/mg. 

Endotoxin control for proteins prepared in cultured animal cells is usually 
a matter of excluding endotoxin from raw materials and maintaining effective 
cleaning procedures. However, for proteins expressed in E. coli, endotoxin is 
part of the host organism, and typically constitutes about 4% by weight of the 
harvest. Aggressive endotoxin removal is an important part of purification 
processing for proteins expressed in E. coli. 

Endotoxin can be difficult to remove from a protein because it is not a 
single homogeneous species. Endotoxins are heterogeneous in their biophy
sical, biochemical and affinity properties. In addition, endotoxins are fairly 
large and may aggregate, so that they are usually concentrated along with the 

Table 4. 10glO-fold removal of potential contaminants 

Process DNA Endotoxin Retrovirus Poliovirus 

sT4 (Process I) 6.3 ND >11.6 >11.3 
sT4 (Process II) 8.6 ND >19.2 ND 
Therapeutic 9.2 2.2 >28.8 8.9 
Mab 9.5 1.0 >15.8 4.7 

ND, not determined 
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protein product during ultrafiltration. Diafiltration is a step where endotoxin 
at very low levels in the diafiltration buffer can actually be concentrated to 
high levels in the product. In contrast, many chromatographic steps, e.g., IEC, 
HIC, RP-HPLC, can reduce endotoxin concentration. Because the presence 
of endotoxin may suggest a loss of process control or a reduction of quality 
level, it is very important to make sure that endotoxin is not added inadvert
ently at any step in the purification process. The first line of defense is to make 
sure that raw materials (including water) are controlled and tested to minimize 
the introduction of endotoxin. The use of water for injection (WFI) and 
ultrafiltration of buffers helps greatly in this area. 

The second line of defense is housekeeping, which can minimize both the 
number and growth of microbes that make endotoxin. Procedures that control 
the flow of personnel, equipment and materials in and out of the area can 
reduce the importation of endotoxin. General cleanliness can reduce the op
portunity for microbes to grow and spread in the area. Regular cleaning with 
a series of effective agents can reduce the number of microbes brought in, even 
with the strictest of procedures. Finally, storing equipment in a clean and dry 
state limits opportunities for microbial growth. 

The third line of defense is to have robust column and equipment clean
ing. Good cleaning comes from having equipment and chromatography media 
which are completely accessible to the cleaning agent, cleaning agents which 
effectively kill microbes and remove endotoxin and, finally, cleaning proce
dures that allow sufficient contact time and temperatures to allow the clean
ing agents to do their jobs. Cleaning validation studies can be very helpful in 
identifying the source of recurrent endotoxin contamination, bioburden or 
other problems. 

Modern chromatography media are capable of consistently providing pro
teins with negligible endotoxin when used in combination with other control 
procedures mentioned earlier. Table 5 shows some practical experience with 
endotoxin levels in recombinant proteins at Smith Kline Beecham Pharmaceu
ticals. In the early purification process for a vaccine, the product had 2.4 EU/ 

Table S. Endotoxin levels in various bulk substances 

Process 

Vaccine 
Process I 
Process II 

sT4 
Process I 
Process II 

Thrombolytic 
Therapeutic 
Mab 

"Geometric mean of N runs 

EU/mg" 

2.4 
<0.18 

0.31 
0.002 

<0.02 
0.015 

<0.01 

n 

4 
1 

5 
1 
7 
6 
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mg. An improved process provided product with less than 0.18 EU/mg, an 
improvement of more than an order of magnitude. Similarly, the early process 
for making sT4 produced a product with 0.31 EU/mg, but an improved process 
provided 0.002 EU/mg, which was more than two orders of magnitude better. 
Processes developed since that time have less than 0.01-0.02 EU/mg. 

II. Process Validation of Model Virus Clearance 

As with endotoxin, high protein doses drive the necessity to demonstrate large 
clearance factors of model viruses for recombinant proteins made in mamma
lian cell culture. CHO and other cell lines used to manufacture recombinant 
proteins contain virus-like particles (VLPs), which do not contain reverse 
transcriptase and are not infectious, but look like retrovirus particles in trans
mission electron microscopy (LUBINIECKI and MAY 1985). Although no bio
logical activity has been ascribed to these VLPs, the validation exercise treats 
them as though they were infectious as a worst-case assumption. There is 
no generally accepted nile regarding how much virus clearance validation is 
enough; we have been uniformly successful to date employing the concept 
that validation must assure that there is less than 10-6 particles in a dose. 
Others have employed or suggested lower standards, ranging between 10-3 

particles to 10-5 particles per dose, without obvious regulatory problems or 
problems in the field (CENTER FOR BIOLOGICS EVALUATION AND RESEARCH 
1994). The concept of 10-6 particles per dose as a standard for acceptance is 
borrowed from validation of microbial sterility by terminal sterilization prac
tices (LUBINIECKI et al. 1996). 

Clearance (removal or inactivation) of retrovirus is a difficult task because 
the actual VLPs cannot be practically measured in the product. This has led 
to the use of model viruses to validate clearance. Live viruses are spiked into 
process feed streams and put through scaled-down columns. The eluates are 
analyzed for viral infectivity and clearance is calculated as the ratio of final 
level in the eluate to initial level in the feedstock, corrected for volume 
changes (INTERNATIONAL CONFERENCE ON HARMONIZATION 1997). It would be 
impractical to do these experiments at full scale for safety reasons and because 
of the unavailability of virus stocks in large quantities. Therefore, the clear
ance studies must be done on a scaled-down model of the chromatography 
column, outside the facility. 

These validation experiments are very expensive and time consuming, 
therefore, process-development scientists cannot screen chromatography me
dia and conditions to optimize virus removal. Generally, there is only enough 
time and money to test the final conditions and determine virus removal. 
Therefore, process-development scientists have to make use of historical data 
to assure that their processes will remove viruses. Unfortunately, virus
removal results vary with the details of a particular operation. Nevertheless, 
we are able to remove retroviruses to acceptable levels. 
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Table 6. Model retrovirus clearance 

Chromatography mode 

Cation Exchange 
Anion Exchange 
Hydrophobic Interaction 
Affinity 
SEC 

Range of 10g1O removal" 

1-2 
2-6 
1-5 
3-4 
1-3 

SEC, size exclusion chromatography 
"Murine leukemia virus was spiked into process 
intermediates; 10glO removal refers to the ratio of 
detectable infectivity of spiked fluids before and after 
chromatography, corrected for volume changes due to 
chromatography 
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Table 6 shows the range of virus removal achieved]n our experience with 
several different recombinant proteins. All the steps removed at least one 10glO 
of virus, but different processes using the same mode of chromatography had 
results differing by up to four orders of magnitude. This shows that relatively 
minor differences in process conditions can result in significantly different 
clearance levels. However, repeated evaluations of the same chromatographic 
protocol have shown very consistent viral-clearance results (McALLISTER et al. 
1996). 

High levels of retroviral clearance are assured by making sure that any 
virus that might be left on a column is killed by the cleaning procedure and by 
having adequate controls to make sure that in-process material late in the 
process does not come into contact with material from earlier in the process. 

G. Process Economics and the Future of Chromatography 
Our view of biopharmaceutical development, particularly for chromatogra
phy, includes process automation and generic purification methods for se
lected classes of proteins. Automation of chromatography processes has the 
potential for increased monitoring and control of a process. Generic purifica
tion methods would be useful to speed up process development and reduce 
QC costs. As the topic of automation is complex and requires many years of 
activity to complete, it is often best to identify this possibility during develop
ment in order to have everything in place when it is truly needed. Accordingly, 
a brief description of the approach is included below. 

I. Process Automation and Control 

Automated systems are typically more complex and require more time to 
develop than manual systems. Since most biopharmaceuticals are developed 
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as rapidly as possible, automation is not practical for products in early devel
opment. There is usually barely enough time to develop a manual process. In 
addition, information needed to automate a process is often not obtained until 
it has been run at full scale. 

The development and capital costs of automation are other reasons why 
processes are not automated. We will present an analysis of total costs and 
show when it makes sense to automate a process, as the perceived cost is 
usually different from the actual cost. Total capital investment is increased 
by the computer, instrumentation and added validation, but is reduced by 
the need for fewer hold vessels, less space and increased capacity due to 
faster processing. Operating costs are lower with automation because fewer 
operators are required, cycle times are shorter and the success rate is higher. 
Cost to develop, validate and troubleshoot an automated process must also be 
considered. We estimate that it costs about $15 MM to develop an automated 
process. 

The final analysis must take into consideration the projected cost of goods 
for the protein and the company's expectations for return on the investment to 
develop an automated process. 

Table 7 lists recombinant proteins marketed in 1993. All of them, with the 
exception of tissue plasminogen activator (tPA), are given at low doses. By 
making some assumptions about cost of goods (COGS) as a fraction of sales, 
assuming that a certain fraction of the COGS comes from purification, and 
assuming a certain lifetime for products, the present value of all future purifi
cation costs can be calculated. This is shown in Table 8. If the present value of 
the purification costs is less than $15 MM (the cost to develop the automation), 
then automation would never be economical, even if the automated process 

Table 7. Estimated sales for recombinant proteins 

Product Dose (mg) Doses per course Estimated 1992 sales ($MM) 

Cytokines 
IL-2 2.6 28 25 
INF-a 0.01 50-100 1200 
GM-CSF 0.5 1442 53 
G-CSF 0.28 40-160 544 
IFN-y 0.1 156 3 

Hormones 
hGH 1_2a 156 800 
EPO O.02-O.Q4 156 1000 
Insulin 0.1-0.5 1095 600 

Mabs 
OK'f3 5 10-14 50 

Therapeutics 
tPA 100 1 278 

IL, interleukin; INF, interferon; tP A, tissue plasminogen activator 
aFor 20kg child 
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could purify the protein for free. If the present value of purification costs is 
higher than $15 MM, automation might be economical, depending on how 
much was saved in cost of goods. 

Figure 1 shows how much money could be saved (present value of purifi
cation savings) as a function of the percentage reduction in COGS brought 
about by automation. The horizontal line at $15 MM is the break-even point. 
As was noted before, OKT3 MAb would never be economical to automate. 
On the other extreme, human growth hormone (hGH), has a very high cost of 

Table 8. Purification costs for various biopharmaceuticals 

Drug Annual Annual sales Estimated bulk Present value 
production (kg) ($MM) COGS ($/g) of purification 

costs ($MM) 

EPO 1 1000 16000 40 
OKT3 2.5 50 1280 8 
hGH 5 800 12480 156 
tPA 30 278 798 60 
Insulin 500 600 58 73 

tPA, tissue plasminogen activator; hGF, human growth factor; COGS, cost of goods 

160 MM 

I ·I(J M 

12() MM 

$I UU MM 

$80 MM 

$60 MM 

$4() MM 

20 MM 

o 0.2 

---EPO 
............... hGH 

---Insulin 

0.6 

% RcdUClion in Purilic:llion COSIS 

-..-OKTJ 
_______ tPA 

0 ,8 

- - Aulomation Invcsl.mcni 

Fig. 1. Present value of purification savings as a function of reduction in purification 
costs 
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purification and so a modest 10% decrease in COGS would be economical. 
Insulin and tPA, which have intermediate purification costs, would require a 
20-25% reduction in COGS in this model. 

This analysis shows that products with low annual production costs (low 
sales volumes or protein production amounts) are usually not worth automat
ing to achieve cost benefit. On the other hand, products with very high produc
tion costs (high sales volumes or high protein production) could benefit from 
being automated. For those products where there is incentive to automate, it 
would be more practical to do so if a second plant needed to be built to expand 
production. 

II. Generic Purification Methods 

Development of a biopharmaceutical is costly to a company, not only in terms 
of the money spent in development, but also in terms of the lost sales of 
product when product introduction is delayed by lengthy process development 
efforts. The patent expiration date is insensitive to how long it takes to develop 
a drug, so shorter development times lead to longer times that drugs can be 
sold under patent. When patents expire, generic competition usually reduces 
profits considerably. Therefore, there is an incentive to shorten development 
times for drugs. 

About half of all new biological entities in clinical development are MAbs. 
About two-thirds of new biological entity INDs submitted to the Food and 
Drug Administration in 1992 were for monoclonal antibodies. Given these 
statistics, it is likely that many companies will be developing several MAbs. 

If there were a generic purification technology for MAbs, it would greatly 
reduce process development time, so that clinical trials and approval could 
start earlier. Generic technology would also make more efficient use of multi
product pilot and manufacturing plants, and enable prospective automation of 
the process. 

Biopharmaceutical chromatography has advanced significantly in the 
past 10 years, but there are still many areas for future work. Some of the most 
fruitful areas are: 

• Faster flowing resins that would reduce capital and operating costs by allow
ing separations to be done on smaller equipment. 

• Generic affinity methods like hexa-histidine tails that can be fused to pro
teins enabling purification on IMAC. Another useful generic affinity 
method would be a base-stable ligand for antibodies. 

• Better methods for hydrophobic proteins, including nonflammable and non
toxic solvents that minimize aggregation and robust systems that resist 
clogging. 

• On-line precipitate monitoring. 
• Storage systems for process intermediates in 10-20 I frozen aliquots and 

reliable freezing and thawing methods for bulk proteins. 
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• Models that could predict behavior of columns with scale-up. 
• Generic assays that would be ready as soon as process development started 

and predict product quality. 
• Rapid LAL assay in 5 min accurate to :ttenfold rather than 60-90 min with 

accuracy of :ttwofold. 
• Better economic models that could be used by non-specialists and are more 

accurate. 

H. Conclusions 
In summary, biopharmaceutical development, in general, and chromatogra
phy, in particular, has significantly matured in the past 10 years. This seems 
quite possible for most applications under current development. The devel
opment of MAb products especially benefits from the maturation of 
biopharmaceutical technology. There are still challenges ahead for process
development scientists and it is up to them to turn the wish list into reality. 
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CHAPTER 3 

Proteins as Drugs: Analysis, Formulation 
and Delivery 
c.R. MIDDAUGH and R. PEARLMAN 

A. Introduction 
The use of proteins as drugs is by no means new. Insulin, gamma-globulin and 
protein-containing vaccines have been routinely employed for decades. How
ever, the advent of recombinant DNA technology has resulted in a dramatic 
expansion of interest in their pharmaceutical applicatiobs. It now appears that 
we can make virtually any desired protein in sufficient quantities for therapeu
tic use, although often with significant difficulty. It is considerably more prob
lematic, however, to take the appropriate macromolecule and prepare it as a 
clinically acceptable drug substance. This problem arises from several sources. 
First, proteins are intrinsically less stable than their lower molecular weight 
(MW) pharmaceutical counterparts. Although this has turned out to be less of 
a problem than first anticipated, it remains a continuing challenge to formulate 
proteins that can be handled without damage throughout their entire lives; 
from their initial preparation, through distribution within the complex bio
medical system, into their ultimate clinical use in a hospital or doctor's office 
or perhaps even in the home. Second, to make optimum use of a protein as a 
pharmaceutical agent, it is necessary to get it to the relevant in vivo site of 
action with maximum efficiency. A major potential power of proteins as thera
peutic agents resides in their intrinsic compatibility with living systems. As 
critical components of virtually all biochemical processes, the presentation of 
a natural protein or one with specifically altered functional properties offers 
the opportunity to intervene in a pathological process with a high degree of 
specificity and minimal perturbation of normal processes. Currently, most 
protein products are simply administered systemically, for example intrave
nously, with the intrinsic specificity of the drug expected to provide sufficient 
efficacy. If it was possible to actually deliver a protein to a particular site in a 
temporally defined manner (sustained release, pulsatile, etc.), the utility of 
protein-based pharmaceuticals and vaccines could potentially be significantly 
expanded. A major stumbling block in this regard is the usual lack of knowl
edge concerning exactly how, where and when it would be best to deliver a 
specific protein. In general, our knowledge of the pathology, as well as the 
normal physiology of the usually complex biology of the situation in which 
we wish to intervene, is almost always grossly inadequate. This deficiency is 
particularly disappointing with regard to protein pharmaceuticals, since their 
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exquisite specificity, which is potentially their most unique therapeutic prop
erty, cannot be fully utilized. Finally, there still exist significant challenges in 
the high-resolution analysis of protein pharmaceuticals. This is dramatically 
illustrated by the fact that when a new process is devised to produce a protein 
pharmaceutical with an already well-established safety and efficacy profile, 
it will often be necessary to perform new safety and clinical-efficacy trials to 
ensure the identity and quality of the protein derived from the new process. 
This is clearly an undesirable situation which, in fact, may result in a significant 
impediment to the production of proteins of higher quality and decreased 
cost. 

In this chapter, we will discuss each of the three issues described above 
with the goal of defining the major problems in each area as we view them. In 
some cases, potential solutions will also be briefly considered. It is not our 
intention to provide a comprehensive review in each of these subjects since 
excellent, extensive treatments of each topic already exist. Rather, we will 
refer the reader to several of the more comprehensive, recent reviews about· 
each subject and will assume some familiarity with each area as described in 
these texts. 

B. The Analysis of Protein Pharmaceuticals 
The ability to accurately define the structure of any protein that is being 
contemplated as a drug substance is absolutely essential to the pharmaceutical 
development process. Currently, such a characterization is performed by a 
series of chromatographic, electrophoretic, spectroscopic, immunological and 
biological measurements (JONES 1993). Despite the intrinsically higher accu
racy and precision of the former four types of assays, the use of a biological 
(cell or organism based) method often remains critical, since there is, as of yet, 
little confidence in the ability of chemical and physical methods to consistently 
detect potentially subtle structural alterations that could be manifested as 
decreases in either the safety or efficacy of the product. The major exception 
to the need for a biological assay are proteins in which a well-defined enzy
matic activity comprises the critical pharmaceutical activity. Although such 
macromolecules still require the same complex, multifaceted characteriza
tion as other proteins, a biological assay can usually be replaced by an in vitro 
enzymatic assay of superior accuracy and precision. The problem we will 
discuss here is the possibility of providing structural analyses of proteins with 
sufficient resolution to ensure their functional identity. 

A critical question that needs to initially be addressed is the type and 
amount of information necessary to unequivocally establish the identity of 
any particular protein. A simplistic answer is easily provided: a data array (a 
matrix) specifying the three spatial coordinates and identity (C, H, 0, N, S, 
etc.) of each atom in a protein uniquely defines any particular molecule. We 
will ignore, for the moment, the dynamic, fluctuating nature of proteins and 
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problems of microheterogeneity. Only two methods, X-ray crystallography 
and nuclear magnetic resonance (NMR), are currently available, which pro
vide the type of three-dimensional structural information desired. Both are 
usually considered primarily research tools and for a variety of reasons are not 
applicable to the routine pharmaceutical analysis of proteins. We will argue 
that, at least in principle, this need not necessarily be the case, and discuss each 
approach below. 

The existence of a hierarchy of structure in proteins, however, suggests it 
may not be necessary to determine the actual location of each atom to ensure 
identity. A combination of various types of information acquired at different 
levels of structure can potentially provide a very detailed picture of a macro
molecule. Could this less-direct approach provide an adequately high-resolu
tion description sufficient to establish pharmaceutical identity? The answer 
to this question is uncertain, but it may ultimately be possible to employ this 
approach if certain carefully delineated requirements are fulfilled. Unfortu
nately, this has yet to be attempted. We view any such attempts to be at least 
partially a formal problem in information theory, in the sense that the type 
and amount of information necessary to define a protein's structure needs to 
be carefully defined. It is now clear that the chemical (covalent) identity of a 
protein can be well defined by modern methods of mass spectroscopy and/or 
peptide mapping and sequencing as discussed below. A corollary is that small 
amounts of impurities or variants, when present in a mixture, are exceedingly 
difficult to detect by such techniques. Thus, some form of separation (chroma
tography) coupled to a powerful structural-analysis method is often required. 
For example, the structure of the carbohydrate residues present in tissue-type 
plasminogen activator (tPA) and variants have been characterized by liquid 
chromatography coupled to mass spectrometry (GUZZETIA et al. 1993) to this 
end. 

Secondary structure can be measured to an accuracy of several percent by 
circular dichroism (CD), Fourier transform infrared spectroscopy (FTIR) and, 
in some cases, one-dimensional NMR. The integrity of tertiary structure can 
be probed to only a limited extent by techniques such as ultraviolet absorption 
and intrinsic fluorescence, as well as chemical and immunological reactivity. 
Furthermore, knowledge that a protein is the proper chemical entity (correct 
unmodified sequence) with apparently native secondary structure does not 
guarantee the existence of correct tertiary structure. Nevertheless, it may be 
the case that less than complete direct knowledge of tertiary structure is 
actually necessary to ensure identity if the propriety of lower levels of struc
ture are established. Proper quaternary structure is probably the least difficult 
problem, since a combination of permeation chromatography, static and dy
namiC light scattering, as well as equilibrium and velocity analytical ultracen
trifugation can fairly rigorously establish the number of subunits, as well as 
higher aggregation states under most solution conditions. We will not attempt 
to answer the question of how much information is ultimately necessary for 
structural definition, but rather outline below how one might simultaneously 
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measure a number of different parameters that reflect a variety of aspects 
of protein structure. Availability of a convenient experimental approach 
would, hopefully, drive the development of the appropriate theoretical 
framework. 

It should also be remembered that proteins often exist in multiple forms, 
that is, they can exhibit microheterogeneity. Whether this is due to different 
levels or types of glycosylation, or other post-translational modifications, such 
as oxidation, deamidation etc., it is important to discern what effects, if any, 
such modifications may have on the activity and safety of the protein. This also 
produces potential major problems in structural analysis, as will be indicated 
later. In the case of human growth hormone (hGH), the readily oxidized forms 
are the mono- and di-methionine sulfoxides at Met14 and Met125, and these 
forms retain full bioactivity (BECKER et al. 1988). The methionine sulfoxide at 
Met170 produces a loss in potency, but is very difficult to form. Deamidated 
hGH at position Asn149 and Asn 152 (forming the corresponding aspartate 
variants) can be prepared by incubation of the protein in basic solutions. These 
deamidated species, again, retain full bioactivity, whereas a dime ric form of 
hGH manifests a loss of potency (BECKER et al. 1987). Each of these forms can 
be chromatographically resolved, at least in principle, permitting structural 
analysis of the individual variants. 

I. X-Ray Crystallography 

X-ray crystallography currently offers the accepted definitive method for 
determining the three-dimensional structure of molecules, including proteins. 
The only major concern with this approach is that the structure elucidated is 
that of the molecule in the crystalline, rather than solution state. A minor 
caveat is that highly flexible regions of a protein (e.g. the termini) may not be 
well resolved. The general consensus, however, based on a plethora of evi
dence, is that the crystalline state is predictive of, if not entirely identical to, 
the solution state. Nevertheless, for a variety of reasons, this method is as
sumed not to be applicable to the pharmaceutical analysis of proteins. First, 
crystallization of proteins is usually considered to be more art than science. 
Many proteins are thought to be difficult, if not impossible, to crystallize with 
sufficient order and crystal size, to permit acquisition of high-resolution data. 
Furthermore, the quantities of protein necessary for successful crystallization 
(tens of milligrams) are often not readily available. Second, to solve a structure 
using this method, isomorphous heavy-metal derivatives of the proteins must 
be obtained to permit the phase of the diffracted X-rays to be determined. In 
some cases, however, knowledge of a protein's polypeptide backbone struc
ture '(perhaps by homology to a related molecule of known structure) may 
obviate this need. Third, the entire process is both very labor- and time 
intensive. Complete determination of the structure of a protein by this method 
can take many months or even years. Such a situation is clearly unacceptable 
to scientists analyzing pharmaceutical macromolecules where data usually 
needs to be obtained in days to weeks. 
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Nevertheless, it seems possible that, in the near future, crystallography has the 
potential to playa significant role in the pharmaceutical analysis of proteins. 
Several factors encourage this view. Most importantly, it should not be neces
sary to perform actual structural determinations (generation of electron
density maps). Rather, one need merely compare a series of X-ray-diffraction 
patterns of a test protein with a standard preparation of known integrity. Thus, 
the problem becomes one of comparing a multi-dimensional data matrix with 
the elements consisting of crystallographic reflections defined by spatial coor
dinates and intensities. The similarity of such matrices could then constitute 
evidence of structural identity at the resolution of the diffraction pattern. 
Methods such as discriminant analysis could be used for comparative pattern 
recognition and appropriate statistical analysis. In principle, information 
about dynamic aspects of the protein's structure are also available through the 
temperature dependence of the pattern and "patches" present in the diffrac
tion pattern arising from diffuse X-ray scattering due to correlated intra
molecular motions (FAURE et al. 1994). 

The critical question would seem to be whether such data could be rou
tinely obtained. In many (and perhaps the majority of) cases, this may be 
possible. Protein concentrations of several to tens of milligrams per milliliter 
are necessary for crystallization. Ultrafiltration procedures offer rapid (within 
hours) methods to achieve such concentrations. This task is also facilitated 
by the quantities of protein that are typically available at the pharmaceutical 
stages of development. Thus, a second major concern becomes our ability 
to crystallize a particular protein. Recent advances suggest, in fact, that a 
surprisingly large number of proteins can be crystallized under one or more 
sets of conditions. While they may be small, it appears that crystals of suffi
cient quality can often be reproducibly obtained with persistent effort. This is 
reflected in the eventual appearance (usually within a few years) of crystal
lographically determined structures of many soluble proteins of current 
interest, especially during drug-discovery processes. Thus, although obtaining 
diffractable crystals is not automatic, it may rarely prove to be the limiting 
problem. Rather, the critical factor in obtaining the necessary diffraction data 
should be the availability of a protein solution of sufficient concentration and 
purity. 

As described above, processes such as glycosylation and deamidation 
often introduce significant microheterogeneity into protein preparations. Al
though chemical or enzymatic conversion of a polydisperse protein mixture to 
a more homogeneous state prior to crystallization offers one potential solution 
to this problem, this is obviously unsatisfactory from a pharmaceutical per
spective. It would seem better to attempt to prepare more homogeneous 
proteins through improved production and isolation methods. Without a solu
tion to the microheterogeneity problem, however, this will remain a significant 
barrier to the use of this approach with many proteins. 

Recent advances in both radiation sources and detectors have also greatly 
reduced the time necessary to obtain high-resolution diffraction data. Ap
proximately a dozen synchrotron beam lines are now available worldwide, 
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with another dozen or so projected to be available in the near future. In fact, 
over 20% of the protein crystallography papers published between 1992 and 
1993 employed synchrotron radiation (EALICK and WALTER 1993). The high 
photon flux available from this radiation leads to very rapid data collection, 
as well as better spot-to-spot resolution and signal-to-noise ratios. Simul
taneously, film-detection methods have been extensively replaced by 
image plates/storage-phosphor systems (PFLUGRATH 1992). In addition, 
charged-coupled device (CCD)-based X-ray detectors are beginning to ap
pear, which produce a rapid, directly computer-processable readout of data. 
Both of these integrating X-ray position-sensitive detectors feature high spa
tial resolution and dynamic ranges, as well as low noise, the ability to count at 
high rates, and large active areas. The combination of synchrotron sources and 
these new detectors means that complete data sets can now be obtained in 
many cases within a few hours. 

In summary, recent advances in X-ray crystallography, combined with 
the need for only comparative data, suggest that this method may soon be 
ready to playa tentative role in the pharmaceutical analysis of proteins. This 
potentially provides the ability to argue that the three-dimensional structure 
of a test protein is unchanged at the relatively high 2-3 A resolution of this 
approach. 

II. Nuclear Magnetic Resonance 

Like X-ray crystallography, NMR has generally been considered to be of little 
help in analyzing proteins under pharmaceutical conditions, although its 
general power as a structural tool for proteins is well recognized (BAx 1991). 
Many of the potential problems associated with this method, such as the 
need for high protein concentrations and the complexity of the data analysis, 
are similar to those of crystallography. As discussed above, this need not 
completely discourage the pharmaceutical use of NMR. In such applications, 
a two-dimensional nuclear Overhauser effect (NOE) proton spectrum of a 
test protein could be compared with a standard spectrum. A comparative data 
analysis reduces to that described above for crystallography with crosspeaks 
playing an analogous role to X-ray reflections. An advantage of NMR is that 
the solution state of the protein is examined. Unfortunately, this approach 
offers a major disadvantage that significantly reduces its potential utility. As 
the size of a protein increases, the line width of the resonances increases, 
limiting application, in most cases, to proteins of less than 20 kDa MW. Al
though this problem can be overcome, to some extent, by the combined use 
of isotopically labeled proteins and three- and four-dimensional techniques, 
an upper limit of approximately 35-40 kDa is still apparent (CLORE and 
GRONENBORN 1994). Unfortunately, isotopic labeling will be unacceptable for 
most of the applications of concern here. It remains, however, that in the 
case of smaller proteins of pharmaceutical utility, proton NMR does have the 
potential to provide the type of high-resolution structural resolution desired. 
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For larger proteins, some type of breakthrough seems necessary for NMR to 
become of direct applicability to the pharmaceutical analysis of protein struc
ture. The nature of such an improvement is not obvious. The use of higher 
magnetic fields seems unlikely to have much of an impact in this case. Prob
lems connected with protein microheterogeneity remain with this technique as 
well. 

ill. Mass Spectroscopy 

Recent advances in mass spectroscopy (MS) have led to the application of this 
high-resolution technique to proteins and other large molecules (CARR et al. 
1991; CHAIT and KENT 1992). In particular, the introduction of electrospray 
(ES) and matrix-assisted laser desorption (MALD) methods permits the 
measurement of protein MWs with better than single-dalton accuracy in mol
ecules of moderate size or less. These techniques, therefore, permit the cova
lent structure of a protein. to be rigorously defined. IIi general, they provide 
little conformational information, although recent work suggests that limited 
three-dimensional structural characterization might be obtainable by the ES 
method (FENG and KONISHI 1993; MIRZA et al. 1993). The two methods are 
complementary, with each possessing distinctive strengths and weaknesses. In 
ES-MS, molecules from a flowing liquid are ionized at atmospheric pressure 
by injection through an electrostatically charged needle and, consequently, 
passed directly into the mass spectrometer. A characteristic of this process 
is that a series of multiply charged molecules are formed, due to the many 
potential sites of cation association on proteins. While each peak permits an 
independent measurement of MW, the spectra are complicated and, thus, less 
amenable to the detection of contaminants or degradates. The sample require
ments for ES-MS are also rather stringent, since salts significantly interfere 
with analysis. This problem is somewhat offset, however, by the ease of cou
pling of ES instruments to chromatographs, thereby permitting the analysis of 
complex mixtures. 

In contrast, MALD-MS usually produces only a few peaks and can be 
performed on samples under a wide variety of solution conditions, including in 
the presence of many solutes, such as salts. In this procedure, a high concentra
tion of laser-absorbing matrix material is dissolved with the sample and this 
mixture is dried. Illumination of this solid by a laser pulse causes volatilization 
of the protein-matrix mixture, and the subsequently ionized protein is acceler
ated down a time-of-flight analyzer. Most of the protein molecules produced 
by this method are singly ionized, thus, simplifying analysis and often permit
ting contaminants and degradates to be identified. Overall, MALD-MS is 
somewhat more sensitive than ES methods «1 pmol of protein can often be 
detected), but of somewhat lower accuracy and resolution. 

Both methods permit changes in MW arising from protein modifications, 
such as glycosylation, phosphorylation, acetylation, proteolysis and oxidation 
of Met and Trp residues to be easily detected. More subtle changes, such as 
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those produced by disulfide formation or breakage (Ll MW -2 Da), 
deamidation of Asn or GIn residues (Ll MW -1 Da), or the presence of a C
terminal amide (Ll MW -1 Da), are more difficult to detect, but can, in fact, 
be reliably determined with the use of proper calibration standards, especially 
with proteins of MW <20,000. Thus, in many cases, the chemical identity of a 
protein can be established by these methods. Furthermore, the high resolving 
power and MW accuracy of MS can be employed in peptide-mapping analysis 
(ARNOTT et al. 1993): ES-MS can be combined with high-performance liquid 
chromatography (HPLC) to identify individual peaks, while MALD-MS 
alone can be used to directly generate an interpretable peptide fragmentation 
pattern (BILLECI and STULTS 1993). As previously mentioned, it is also possible 
that MS alone, or in combination with time-dependent proteolysis or other 
chemical modifications, could be used to provide conformational information, 
but the potential resolution of such approaches are uncertain. We emphasize 
again, however, that MS procedures are generally insensitive to protein
conformational features and are, therefore, unlikely'to be employed to estab
lish the unique, three-dimensional structure of a macromolecule. Neverthe
less, the high information content of MS measurements could potentially be 
utilized in combination with lower resolution methods to achieve a com
prehensive, molecular characterization, as we will discuss next. 

IV. Multiple Parametric Approaches 

If the information necessary to define the structure of a protein cannot be 
obtained by a single, information-rich method, then the use of some combi
nation of procedures can be employed. This is, of course, the currently used 
approach in which chromatographic, electrophoretic, spectroscopic, immuno
logical and biological methods are sequentially implemented (JONES 1993). As 
described above, major problems with this approach include the time, effort 
and complexity involved, as well as ultimate reliance upon some type of 
biological assay to ensure structural propriety. One possible step forward 
would be a single device that simultaneously performs a carefully selected set 
of the analyses desired (MIDDAUGH 1990). A large number of different types 
of such machines can be envisioned. Here, we describe only one such system, 
based on a selection of some of the more critical structural parameters neces
sary for the definition of a typical pharmaceutical protein. In general, such a 
device is envisioned to simply consist of a chromatographic system with mul
tiple detectors. Several options exist for the front-end chromatographic 
component, based on the property of the protein that we wish the separation 
process to be sensitive to. It would seem best to also avoid nonaqueous 
(organic) solvent systems due to their potential for protein-structure disrup
tion. Therefore, either an ion-exchange or molecular-sieve column (separating 
on the basis of charge and size, respectively) are reasonable choices by these 
criteria. Alternatively, if the problem of small sample volume can be over-
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come, capillary electrophoresis could be used. The choice of detectors is 
currently primarily limited by availability and overall system compatibility. 

A logical first choice for a detector is a simple ultraviolet (UV)/visible 
absorption device. This should be either of the diode array or fast-scan grating 
type to permit entire spectra to be rapidly obtained. Analysis of protein UV 
spectra in the form of second derivatives can potentially provide simultaneous 
evaluation of the average local environments of Trp, Tyr and Phe residues in 
a protein and, thus, serve as a sensitive monitor of tertiary structure (MACH 
et al. 1993). In principle, the spectral properties of the peptide-bond absorp
tion peak near 190 nm could provide information about the protein's second
ary structure content. Because of high extraneous absorptive interference in 
this region, however, this would almost certainly be better accomplished by a 
second detection component based on far-UV CD (JOHNSON 1990). Such a 
measurement also presents several difficulties (low sensitivity, interference 
by many solutes, etc.), but the construction of an appropriate specialized CD 
detector is technically feasible. The other attractive·· secondary-structure
sensitive method, which involves measurement of infrared absorption by the 
protein's amide bonds, is overly complicated by even lower sensitivity in the 
solution state and the intense infrared absorption of water (SUREWICZ et al. 
1993). 

A third attractive detection step would involve measurement of the intrin
sic UV-fluorescence emission of a protein. Far-UV excitation (260-300 nm) 
produces primarily emission from a protein's Trp residues (BURSTEIN et al. 
1973). Although such measurements provide only a probe of the immediate 
environment of the limited number of indole side chains in most proteins, 
these few residues are frequently very sensitive to the three-dimensional struc
ture of many proteins. Another advantage of this technique is that Raleigh 
scattered light is also produced by the protein, and this can be simply detected 
(usually at right angles) during the same measurement (DOLLINGER et al. 
1992). The intensity of this scattered light (see below) is related to the dimen
sions of the scatterer (protein) and could thus serve as a convenient monitor of 
protein size. A major requirement for obtaining useable information from 
fluorescence-emission data is that the entire spectral region of interest needs 
to be examined. Again, this can now be simply accomplished by either fast 
scanning or diode-array technology. 

The size or state of oligomerization, and aggregation of a protein is another 
crucial molecular parameter of interest. Although elution position in a front
end molecular-sieve separation provides information in this regard, size data 
is probably better obtained by measurement of the angular dependence of 
the steady-state intensity of scattered light and/or a dynamic light-scattering 
determination, in which the autocorrelation function of the scattered light 
is analyzed. Both techniques have the required sensitivity and are available 
commercially in a chromatographic-detector format (CLAES et al. 1990; WYATT 
and PAPAZIAN 1993). In theory, a combination of these two measurements can 
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provide the radius of gyration, hydrodynamic radius and MW of a protein. 
This level of analysis is probably unnecessary, however, since as argued above, 
comparative measurements employing a protein standard of the same identity 
as the test molecule should be all that is necessary to establish aggregation 
state. 

Finally, it would seem optimal to pass the analyzed material to a 
mass spectrometer for definitive chemical identification. At this point, ES-MS 
would seem the better approach, but MALD-MS methods employing deposi
tion of samples and auxiliary matrix addition onto some type of receptive 
device for subsequent analysis may also soon be possible. 

Numerous variations of the type of instrument outlined can be imagined, 
in which rigorous chemical identification (MS) is combined with analysis of 
secondary (CD), tertiary (UV absorption, fluorescence), and quatemary (light 
scattering) structure in a chromatographic format (electrostatic or size infor
mation) to provide a comprehensive description of a macromolecule. Then, 
by comparison with a standard protein of the same- type, the identity of the 
molecule can arguably be established. One can even imagine the optical por
tion housed in a single package, perhaps employing CCD technology. Such a 
"protein machine" should require only submilligram quantities of protein and 
could also be used to analyze stressed samples (employing elevated tempera
ture or extremes of pH) providing both real-time and accelerated-stability 
information. We conclude this section on a tentative note, however, in the 
form of a question: how could one unequivocally demonstrate the ability of 
such a system to detect any and all potential changes in a target protein? As 
indicated above, the intrinsic microheterogeneity of most proteins presents a 
significant challenge to such a system. At this point, the less than satisfactory 
answer must be that the detection of all potential structural alterations would 
not be possible, rather, the currently employed procedure would need to be 
used; all possible relevant forms of molecular change must be generated and 
demonstrated to be resolvable by the combined approach. 

v. Miscellaneous Comments 

An area not directly addressed by the methods described previously is the 
analysis of contaminants and degradates. It seems, at least in the immediate 
future, highly specific individual assays would still need to be developed for 
each protein. It is possible, however, that MS or some type of multiple
parameter protein-analysis system could be an advance in this regard as well. 
Neither crystallography nor NMR seems likely to prove helpful, despite their 
potential power in structural verification of homogeneous macromolecules. 

Another area in which advances might be anticipated, however, concerns 
more biologically based assays. A strong trend already exists toward the 
replacement of animal studies with cell culture-based measurements. For 
example, the biological activity of growth factors is now often measured by 
their stimulation of mitogenesis of cultured cells. Similarly, many proteins that 
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initially exert their effects by binding to cell-surface receptors can be analyzed 
in terms of the binding process itself. A simple extrapolation of the success of 
these approaches suggests that analysis of critical intracellular responses in
duced by a particular pharmaceutical protein might be of significant utility in 
monitoring the protein's biological activity. Advances in this area could take 
several forms. For example, the development of pH-sensitive microsensors 
has permitted the biological responses of several proteins to be quantitated in 
terms of protein-induced changes in pH in the medium of cultured cells 
(MCCONNELL et al. 1992). Commercial instrumentation has recently become 
available based on this work, which should permit data of adequate precision 
to be obtained. Similarly, the development of commercial plasmon-resonance 
technology, which detects changes in the concentration of agents near an 
optical surface as an immediate consequence of binding phenomena, could 
also prove of pharmaceutical utility (GRANZOW and REED 1992). A variety of 
other physically and biologically based sensors, such as quartz-crystal mi
crobalances (LASKY and BUTTRY 1990), which have the potential to be applied 
to new bioassays, should become available in the next several years. One focus 
could be on the events that take place during the complex molecular-signaling 
pathways that underlie many intracellular information-transduction mecha
nisms. For example, changes in intracellular calcium levels and alterations in 
membrane potential are easily detectable by fluorescence methods. It will, of 
course, be incumbent upon the pharmaceutical community to demonstrate 
that such approaches both serve as accurate and biologically realistic monitors 
of protein bioactivity, as well as possess the ruggedness and precision required 
of pharmaceutical assays, but this seems quite plausible. 

Finally, it seems probable that the analysis of vaccines is on the verge of 
significant progress. Vaccines usually consist of a relatively complex mixture of 
components. Major forms of vaccines include attenuated and inactivated viral 
particles, high MW polysaccharides, polysaccharide conjugated to various 
proteins and protein complexes, peptides and peptide conjugates, protein 
aggregates (natural and recombinant), naked DNA, etc. These materials are 
usually analyzed by either their induction of antibody titers in test animals or 
some type of cell-based plaque assay. Unfortunately, such techniques are of 
low throughput and high variability, often resulting in major analytical prob
lems. Structural characterization, if any, is usually limited to simple electro
phoretic or chromatographic methods. As simpler peptide and recombinant 
protein-based vaccines become available, the more comprehensive type of 
analyses currently employed for pure protein pharmaceuticals can be expected 
to be employed (VOLKIN et al. 1994). Such vaccines are usually of reduced 
immunogenicity, however, and higher resolution methods are also needed to 
analyze the more complex types of vaccines. In fact, it would seem that the first 
steps can immediately be taken. It is clear, for example, that detailed informa
tion about the size, shape and aggregation state of even complex entities (viral 
or protein particles, polysaccharide-protein conjugates) can be obtained by a 
combination of molecular-sieve chromatography, static and dynamic light 
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scattering, and analytical equilibrium and velocity sedimentation. Similarly 
CD and FTIR can be employed to extract secondary structure information, 
intrinsic fluorescence applied to tertiary structure characterization and mass 
spectroscopy used to obtain more detailed chemical data. A variety of fluores
cent extrinsic optical probes sensitive to the polarity of their binding sites can 
also be used to explore both local and global aspects of various structural 
features of vaccine molecular complexes. These methods are equally appli
cable to polysaccharides and nucleic acids, either separately or in combination 
with protein components. It is not our purpose to discuss this issue in any 
depth, rather to simply point out that the analysis of vaccines is hopefully 
moving toward the situation that currently exists with purified proteins, 
namely, employment of a combination of methods that characterize an exten
sive variety of structural features of the major vaccine components to achieve 
functional description. To what extent such methods can increase our confi
dence in the quality of vaccine entities remains to be seen, although total 
elimination of more biologically based assays seems only a remote possibility 
in the immediate future. 

C. Formulation 
In the early days of biotechnology, there was a good deal of concern about our 
potential ability to formulate proteins as drugs. This was directly due to the 
relatively low stability of proteins compared with their lower MW pharma
ceutical counterparts. While the formulation of proteins remains an ongoing 
challenge, it has become clear that most, if not all, proteins can, in fact, be 
prepared in a pharmaceutically acceptable form. The most probable mecha
nisms of degradation of proteins have become increasingly better defined 
(CLELAND et al. 1993; VOLKIN and MIDDAUGH 1992). This has, in turn, led to 
the identification of both methods of protein preparation and storage, as well 
as physiologically acceptable excipients that serve as starting points in most 
formulation efforts. 

Briefly, the major covalent changes seen in proteins under moderate 
conditions include: (1) deamidation of Asn (as well as isoAsp formation) and 
to a lesser extent GIn residues, (2) cystine destruction, Cys oxidation and 
thiol-disulfide exchange, (3) oxidation of Met residues, (4) photooxidation 
of aromatic side chains, (5) peptide-bond cleavage, and (6) glycation and 
carbamylation of amino groups. The most common noncovalent changes seen 
in proteins involve partial or complete unfolding, and various types of aggre
gation, including precipitation. In the case of oligomeric proteins, subunit 
dissociation can also occur. Another problem, which sometimes appears, is 
adsorption of proteins to container surfaces (BURKE et al. 1992). This can be 
either a consequence of one or more of the aforementioned processes or 
may simply be a reflection of the intrinsic affinity of the amphipathic surface of 
proteins for a variety of interfaces. This is a phenomenon that is usually most 
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evident at low protein concentrations, where a significant portion of the pro
tein may be surface bound. Currently employed analytical methods are gen
erally able to detect the type of problems indicated, although novel structural 
alterations and improved analytical methods can be expected to maintain 
active interest in this area. The importance of accelerated stability studies to 
these efforts cannot be overemphasized. Although the use of elevated tem
perature, extremes of pH and addition of chemically active modifying agents 
(oxidants, UV light, etc.) do not necessarily lead to results that can be quanti
tatively extrapolated to pharmaceutical storage conditions (typically -70°C 
to 4°C for protein solutions or solids), they do provide critical identification 
of susceptible regions in proteins. This, in turn, allows assays to be developed 
that have an established ability to detect hypothetical alterations in proteins 
at defined detection limits. If changes in a pharmaceutical are detected 
and deemed unacceptable (not all alterations need require prevention), then 
several classes of excipients have been identified to minimize particular 
problems. 

The substances most commonly used to stabilize solution formulations 
of proteins include carbohydrates, amino acids, detergents and buffering 
salts at optimized pHs (WANG and HANSON 1988; WANG and PEARLMAN 
1993). Detergents are usually employed to minimize aggregation and surface 
adsorption, presumably through their direct interactions with proteins 
(THUROW and GEISEN 1984). Several physiologically acceptable examples of 
such amphiphiles exist and their use in moderate concentration seems to 
present few problems, although we see no reason to employ them unless 
absolutely necessary. Carbohydrates and amino acids at relatively high con
centrations can nonspecifically increase the conformational stability of pro
teins by causing preferential hydration of macromolecules (ARAKAWA et al. 
1991; ARAKAWA et al. 1993). In addition, these, as well as other classes of 
compounds, can often bind to the native forms of proteins, thus, enhancing 
stability. It is the use of specific excipients that we believe to be an approach 
that will become increasingly prominent. Several examples of this method of 
formulating protein pharmaceuticals already exist. 

tPA is a 527-amino acid glycoprotein used to dissolve blood clots as a 
means of intervention in acute myocardial infarction. It presented challenging 
formulation and stabilization problems because of its poor aqueous solubility 
and lability in solution (BENNETI et al. 1988; NGUYEN and WARD 1993). The 
limiting reactions of tPA in solution included a clip occurring between Arg 275 
and He 276 (converting single-chain tPA to 2-chain tPA), and aggregation, 
resulting in loss of enzymatic activity and potency as determined by a cot-lysis 
assay. The presence of these reactions meant that tP A had to be stabilized by 
formuhition as a freeze-dried product. 

The poor solubility of tPA at neutral pH (-100 ,ug/ml), however, pre
cluded lyophilization and reconstitution of the clinical 100-mg dose, unless a 
means of increasing the solubility was found. The issue of solubility is further 
complicated because tPA exists as an approximately 50/50 mixture of two 
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glycosylated species; namely type I, which possesses three glycosylation sites, 
and type II, which has two sites glycosylated (SPELLMAN et al. 1989). These 
two species have slightly different, but very low solubilities. In investigating 
the solubility of tPA as a function of pH and various buffer species, it was 
found that arginine, amongst several other agents, enhanced the solubility of 
tPA by several orders of magnitude. This increase in solubility was attributed 
to the binding of positively charged amino acids to the kringle-2 region of 
the molecule (CLEARY et al. 1989). It was also observed that by binding argin
ine to this region of the protein, the conversion of I-chain tP A to 2-chain tP A 
was remarkably reduced. Studies were performed to optimize the solution pH 
and arginine concentration to balance the solubility and stability of the pro
tein. 

Arginine also serves the function of acting as a bulking agent for the 
freeze-dried product, since the protein requires a matrix to support it in a 
stable freeze-dried cake. In addition to formulation components, however, 
one has to also consider the processing conditions: It· has recently been re
ported (Hsu et al. 1994) that the freeze-drying cycle can greatly affect the 
stability of tPA upon storage. It was found that rapid freezing of the solution 
to be lyophilized resulted in a larger surface area in the freeze-dried cake, 
compared with use of a slower freezing rate. Upon accelerated storage condi
tions of the freeze-dried material (at 50°C), samples prepared with the fast
freeze process exhibited greater macroscopic aggregation than those produced 
by the slower freezing process. This finding is contrary to the commonly held 
view that freezing protein solutions as fast as possible is a preferred technique, 
as it minimizes potential degradation processes. 

Another example of specific excipient stabilization involves the use of 
polyanions in the formulation of the mitogenic protein, acidic fibroblast 
growth factor (aFGF). This protein is relatively unstable to the extent that it 
is partially unfolded at physiological temperatures (DABORA et al. 1991). In 
addition, it contains a particularly reactive thiol group, whose oxidation leads 
to aggregation (and inactivation) of the protein. The structural instability of 
aFGF appears to be, at least in part, due to a large crevice in the protein, 
which is also involved in binding polyanions, an interaction of apparently great 
functional significance to the protein (VOLKIN et al. 1993). In vivo, the FGFs 
often appear to be primarily stored extracellularly, bound to polyanionic 
substances, such as the heparan sulfates, where they can be enzymatically 
released in active form in response to various physiological stimuli. Extensive 
studies have demonstrated the polyanion binding site of aFGF to be remark
ably nonspecific, with the protein able to strongly complex to a wide variety 
of polyanionic polymers (sulfated polysaccharides, nucleic acids, etc.) and 
small molecules (inositol poly-phosphates and -sulfates, sulfated cyclodex
trins, polyphosphorylated nucleotides, etc.), with a resultant effective stabili
zation ofthe protein (VOLKIN et al. 1993). The binding ofthese poly anions also 
results in significant protection of the major oxidizable thiol group in aFGF, as 
well as a reduction in the rate of deamidation of the protein. On this basis, it 
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has been possible to prepare a number of quite stable formulations of this 
relatively labile protein by including either molar excesses of various multiply 
sulfated or phosphorylated small molecules or lesser quantities of polyanionic 
polymers (TSAI et al. 1993). In addition, inclusion of small quantities of a 
chelating agent further reduce oxidation by metals. Various nonionic poly
mers can also be included as viscosity-enhancing agents to more easily permit 
topical use of aFGF as a wound-healing agent. 

Recently, GOMBOTZ et al. (1994) reported on the use of polyvinylpyr
rolidone (PVP), with MWs ranging from 10 kDa to 40 kDa, to stabilize an 
immunoglobulin M (IgM) antibody against thermally induced aggregation. 
The authors found that while concentrations of PVP in the range 0.1-1.0% 
stabilized the protein, higher concentrations led to increased aggregation. In 
addition, the higher the MW of the PVP, the greater the aggregation induced. 
The authors suggest that specific interactions occur between the polymer and 
antibody, wherein a small amount of PVP binds preferentially to the native 
antibody, resulting in stabilization. At higher concentrations, however, scan
ning calorimetry demonstrates a lowering of the protein's unfolding tempera
ture, which could result in a less-stable system. 

Another example of the influence of formulation on the storage stability 
of a lyophilized protein is seen with hGH (PIKAL et al. 1991; PEARLMAN and 
OESWEIN 1992). Freeze drying, again, prevents many degradation reactions 
from occurring in this case, but small amounts of dimer form upon storage of 
the lyophilized material at 40°C. It was found that by adding glycine in the 
preferred molar ratio of 100: 1 (glycine to hGH), aggregation was minimized. 
In this study, varying amounts of mannitol and glycine were employed as a 
matrix for the lyophilized cake. 

DNase is used as a therapeutic agent to reduce the viscoelastic properties 
of purulent sputum in patients suffering from cystic fibrosis (CF). The protein 
is isolated as a mixture of native protein and material deamidated at Asn 74. 
Separation of the deamidated from the native protein was made by tentacle 
ion-exchange chromatography, with subsequent analysis by tryptic peptide 
mapping and MS (FRENZ et al. 1994). The deamidated DNase has a lower 
activity as measured by an in vitro enzymatic assay. 

DNase is administered to the lungs as an aerosol, by means of an air-jet 
nebulizer. Because of the hyperreactive nature of the airways of CF patients, 
very few excipients were available for formulation of the protein. Since many 
commonly used buffering agents have the potential to cause pulmonary sensi
tivity, DNase was formulated as an isotonic saline solution, stabilized with 
calcium, but without a buffering agent (CIPOLLA et al. 1994). Such an approach 
posed a potential problem for long-term storage of the protein, since small 
amounts of hydroxide ion may leach out of glass, causing a rise in pH, effecting 
an increase in the rate of deamidation. A solution to this problem was found 
by storing the formulated DNase in plastic ampoules, made of high-density 
polypropylene, which did not exhibit the pH fluctuations observed in glass 
vials. 
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As indicated above for tPA and hGH, despite advances in our ability 
to formulate proteins in solution in a stable manner, many preparations are 
freeze dried (lyophilized) to ensure an adequate shelf life. Until recently, the 
preparation of a lyophilized protein formulation was primarily an empirical 
process. This situation has changed significantly, however, in the last several 
years (FRANKS 1990; Hsu et al. 1991; PIKAL et al. 1991). The processes 
of freezing, as well as primary and secondary drying, are now much better 
understood, especially in terms of the glass-transition temperature (Tg'). 
For example, it is now clear that the rate of freezing needs to be carefully 
controlled and that primary drying should be performed at a temperature 
below Tg'. Initial differential scanning calorimetry (DSC) studies appear to be 
particularly useful in optimizing freeze-drying variables. It has also recently 
been argued that it is possible to separately address problems that may 
occur in freezing and drying processes through the use of distinct excipients 
(CARPENTER et al. 1993). In this regard, polyethylene glycol (PEG) has been 
shown to protect several proteins from damage during freezing (and thawing), 
but provides little stabilization during drying. In contrast, several simple 
sugars protected the same proteins during dehydration. Thus, independent 
analysis of these two quite different processes may offer a much more effective 
approach to the rational design of lyophilized formulations. The use of FTIR 
to examine the conformational properties of proteins in the solid state has 
proven particularly useful in such studies (PRESTRELSKI et al. 1993). Thus, 
much more detailed preformulation analyses of proteins employing especially 
DSC and FTIR to probe bulk solution and protein-conformational properties, 
respectively, in terms of both system-phase changes and individual freezing 
and drying processes, may lead to generally applicable rules for lyophilization 
processes. 

Finally, we need to consider the very real possibility that, in the near 
future, formulation problems may often be addressed by direct engineering of 
the protein pharmaceutical itself. This is certainly the case when instability 
constitutes the major obstacle. Although the production of new epitopes and, 
therefore, potential enhancement of immunogenicity is a concern with such 
altered proteins, this is unlikely to be an insurmountable problem. The origin 
of conformational stability has now been dealt with in extensive studies of 
the effect of site-specific mutations on this property in numerous proteins 
(FONTANA 1991; FERSHT et al. 1993). It is clear that the stability of a protein can 
often be dramatically increased by small improvements in the packing of its 
apolar interior or the creation of a novel intramolecular interaction (salt 
bridge, hydrogen bond), as well as other subtle changes. Similarly, the pres
ence of a chemically labile side chain, such as an aspartic residue, which tends 
to deamidate, or an oxidizable thiol group, can be obviated by an acceptable 
mutation at that site. Obviously, the introduction of such alterations produces 
a new pharmaceutical entity. Therefore, it will be imperative that formulation 
considerations be undertaken at the earliest possible time (at the basic re
search stage) if the engineering approach is to be successfully employed. 
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There also exists another, rather intermediate approach in which one can 
chemically derivatize a protein to produce a product that presents reduced 
formulation difficulties. By far, the most common of these modifications is the 
covalent addition of PEG to proteins (SMITH et al. 1993). The presence of 
PEG can have a variety of potentially positive effects on a protein, including 
enhancing its stability and lipid solubility, reducing its immunogenicity and, 
perhaps most importantly, prolonging its rate of plasma clearance. Despite the 
dramatic nature of this modification, it is often possible to retain the biological 
activity of a protein if proper reaction conditions can be identified. Conse
quently, a significant number of proteins have been successfully modified. 
In fact, one PEG-modified protein has already been approved for human 
use (bovine adenosine deaminase), and a second has been recommended for 
approval (L-asparaginase) at the time of writing this paper. These results 
argue that covalent modification of proteins may prove more extensively 
useful when applied to formulation problems, although the intrinsic heteroge
neity often introduced by this approach remains pr015lematic. 

D. Delivery 
The majority of protein pharmaceuticals are administered by injection, which, 
for obvious reasons, is very unpopular with patients and those administering 
the medication. This uncomfortable and stigmatized route of administration 
ultimately limits the more widespread use of protein drugs. However, when 
no alternative route of administration exists and substantial benefit is derived 
from use of the drug, there is little alternative to this approach. For a number 
of chronic applications, patients have been successfully instructed in self ad
ministration of intramuscular (1M) or subcutaneous (SC) injections (of insulin, 
growth hormone, and interferon, for example). While progress in needle tech
nology and administration, including needle less jet-injection devices, repre
sent potentially significant improvements in therapy, there remains a strong 
desire for alternative approaches. Many and varied approaches to the non
injectable delivery of protein drugs exist in the literature, but very few have 
successfully survived the lengthy clinical-trial approval process. 

The parenteral route for proteins almost seems inevitable, since their 
large size and relatively fragile nature does not generally permit them to 
survive the rigors of the gastrointestinal (GI) tract. In contrast, the oral route 
is by far the most preferred path of administration for traditional (low MW) 
drugs. The GI tract has as its primary function the digestion of a variety of 
foodstuffs and is replete with numerous enzymes (including proteases), bile 
salts and other agents to accomplish this task. Such an environment is clearly 
not compatible with the aim of delivering an intact protein to the mesenteric 
blood supply. Even with successful passage across the GI mucosa, a protein 
would have to survive first-pass metabolism through the liver. Furthermore, 
the large molecular dimensions of proteins, relative to traditional drugs, 
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generally impede ready transport across various biological membranes -
particularly epithelial membranes of the GI tract, mucosa or skin. 

In a particularly prescient paper, DAVIS (1990) describes the barriers to 
oral absorption of pep tides and offers a critical assessment of several recent 
claims to successful oral delivery of protein drugs. The author goes on to show 
the naive nature of many approaches, especially in the case of microemulsions 
and particulate carriers, and the necessity for a rigorous understanding of the 
mechanisms involved in protein absorption via the oral route. The need for 
long-term safety studies is also cogently argued. Several additional recent 
papers have reviewed the challenges and possibilities for traversing the GI 
tract as a delivery port for proteins (PUSZTAI 1989; Nellans 1991; SMITH et al. 
1992). A common theme, again, is the enormous difficulty posed by the oral 
route for such metabolically labile species as pep tides and proteins. The prob
lem of obtaining reproducible and consistent absorption is also seen as an 
enormous challenge. Nevertheless, a number of groups continue to explore 
the use of particulate carriers to protect the protein in the GI tract, or as a 
means of effecting absorption via a putative endocytotic process. Based upon 
the extremely low number of particles available for absorption by endocytosis 
(EBEL 1990), the delivery of therapeutic amounts of protein by this method 
should prove very difficult. There exists, however, a promising application of 
this idea to the GI lymphatic tissue (the Peyer's patch) for use in orally 
administered vaccines (ELDRIDGE et al. 1990). In such an approach, an anti
gen is encapsulated in a polymer and delivered orally to the GI tract. Small 
«5.um) particles are taken up with low efficiency into the Peyer's patches, 
and detectable levels of antigen-specific secretory IgA can sometimes be de
tected. Unfortunately, the aim of delivery of most protein drugs is exactly the 
opposite, since absence of an immune response is a desired outcome. 

Even before the advent of biotechnology-based drugs, there was consider
able interest in improving the delivery of proteins by non-oral, non-parenteral 
means. This interest has sharply increased, now that recombinant proteins 
have become available. A number of recent papers examine the potential 
for delivery of proteins and pep tides by such means (LEE 1990; WEARLY 1991; 
TALMADGE 1993). While there are many excellent papers and research pro
grams investigating these novel delivery approaches, it is again sobering to 
realize that very few such systems have been approved for actual clinical use, 
despite intense effort. We believe the,reasons for this are manifold, but that 
the major problem is one of complexity. Alternative drug-delivery systems, 
even for lower MW drugs, are technologically challenging, and proteins add 
additional dimensions of difficulty - both in the formulation and processing 
stages as well as in their biological availability. Despite this, a number of 
interesting approaches have been described in both preclinical and clinical 
studies, including the nasal delivery of proteins, using either absorption 
enhancers or mucoadhesives, which produce a longer retention time at absorp
tion sites, thereby permitting longer periods of uptake (EDMAN and BJORK 
1992; MACHIDA et al. 1993). Absorption enhancers generally act by breaking 
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down the barrier properties of biological membranes and, thus, a significant 
potential exists for damage to the nasal epithelia after chronic exposure. 
Another promising method involves delivery of aerosol forms of proteins to 
the lungs (PATTON and PLATZ 1992; NIVEN et al. 1993). A major advantage of 
the pulmonary delivery route is that the lung presents a large absorptive 
area with minimal degradative enzymatic activity. A problem that needs to be 
addressed with dosing to the lungs is the large variability and generally ineffi
cient delivery possible with currently available aerosol devices. The recent 
licensing of DNase, which is administered as an aerosol to the lungs by an air
jet nebulizer, encourages further exploration of this area. 

I. Controlled-Release Dosage Forms 

Because of the discomfort of frequent injections, one strategy is to develop 
controlled-release technology to reduce injection frequency for chronically 
administered drugs (OKAI;>A et al. 1994). While the patient is still confronted 
with an injection, reducing the frequency to once a month, compared with 
daily administration, is a decided benefit. This approach has been successfully 
applied to the luteinizing hormone releasing hormone (LHRH) antagonist 
leuprolide (OKADA et al. 1988), a small (lO-amino acid residue) peptide. It 
involved microencapsulation of the peptide in a biocompatible, biodegradable 
co-polymer of polylactic and polyglycolic acids (PLGA). The microen
capsulated product need only be injected once monthly, compared with the 
requirement of daily injections of the unencapsulated peptide. SALTZMAN 
(1993) has reviewed the potential use of antibodies in controlled-release 
systems designed to provide a more powerful approach to immunotherapy. 
He also describes a method by which antibodies can be linked to degradable 
polymers. Upon administration of these complexes, the antibody is slowly 
released in a predictable fashion as the polymer backbone degrades. A par
ticularly exciting extension of this technology is that vaccines with a single 
dose of microencapsulated antigen might replace the current multiple series of 
injections (MORRIS et al. 1994). 

A number of groups are applying various microencapsulation strategies to 
protein drugs, and the search for degradable materials for such applications is 
also the subject of much effort (PEPPAS and LANGER 1994). Such an approach 
is difficult to apply to proteins, however, because the typical conditions for the 
microencapsulation process (organic solvents, high shear rates, etc.) are very 
destructive for many labile macromolecules (JONES et al. 1994). In this regard, 
some novel microencapsulation techniques have been developed, which have 
been specifically oriented toward the encapsulation of proteins (EpPSTEIN et al. 
1990; GOMBOTZ et al. 1991). In these cases, encapsulation conditions have been 
specifically tailored to minimize protein degradation and, thus, seem of some 
promise. 

One such protein-microencapsulation technique (GOMBOTz et al. 1991), 
employs PLGA as the polymer. In this method, a protein is stabilized and 
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suspended as a fine powder in a methylene chloride/polymer solution, which 
is sprayed as fine droplets into a tank of liquid nitrogen. The spherical 
microspheres fall through the liquid nitrogen and settle onto a bed of frozen 
ethanol. As this mixture is gradually warmed, the ethanol solubilizes the 
methylene chloride, resulting in a fine suspension of microencapsulated pro
tein. The low temperature and absence of an aqueous phase help to stabilize 
the protein during the process. The authors report a number of apparently 
stable microcapsules prepared using this technique. 

A problem that confronts a microencapsulated protein is that once admin
istered, the protein is present in an essentially aqueous environment at 37°C. 
In order to achieve prolonged activity, the protein must then be stable for an 
extended period of time in this potentially difficult environment. One attempt 
to address this problem uses hydrophobic biodegradable polymers to protect 
labile proteins upon administration (TABATA et al. 1993). Polyanhydrides con
sisting of poly(fatty acid dimer), poly(secbacic acid) and various copolymers 
have been used to prepare small (-100 ,urn) microspheres, into which a num
ber of proteins are encapsulated. Such preparations show significantly less 
degradation of the protein when incubated at 37°C, compared with the non
encapsulated protein. 

Another approach to improving the delivery of therapeutic proteins is by 
specifically targeting the agent to its site of action. In theory, targeting should 
lead to improvements in therapy, since it should result in a more efficient 
utilization of the drug, as well as a reduction in the amount of drug delivered 
to unwanted sites (a reduction in side effects). For example, preferential 
delivery of colloids to the bone marrow by coating the particles with polymers 
has been reported (PORTER et al. 1992). Liposomes, with various antibodies or 
other ligands attached, have also been shown to enhance the delivery of drugs 
to target organs (MORI et al. 1993). While a considerable body of literature 
exists concerning various methods of targeting, very few of these approaches 
have been successfully applied in the clinic. Nonspecific uptake of the target
ing moiety is often cited as the reason for failure, although a significantly 
higher dose of payload may be delivered to the desired site. By far, the most 
successful application of targeting has been in the diagnostic area, where a 
number of products have been approved. This success engenders hope that 
pharmaceutical applications will eventually be possible. 

II. A Practical Delivery Challenge: Insulin 

It is instructive to use the widely prescribed protein drug insulin as an example 
of current and potential delivery attempts. Insulin is employed to treat both 
insulin-dependent and -independent diabetes. Because it requires chronic 
(often several injections per day) parenteral therapy, numerous and varied 
attempts to improve its delivery have been reported. These range from im
provements in injection devices to attempts at oral and nasal delivery and 
development of an artificial pancreas. 
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The need to improve the control of insulin administration (and blood 
glucose levels) was heightened last year with the publication of a large coop
erative study of insulin use in the management of diabetes (THE DIABETES 
CONTROL AND COMPLICATIONS TRIAL RESEARCH GROUP 1993). This extensive, 
multi-center study involved over 1400 patients and concluded that better 
insulin and blood-glucose control (achieved by intensive blood-glucose moni
toring and either multiple daily insulin injections or insulin pumps) resulted in 
drastically reduced complications (diabetic retinopathy) in the patient popula
tion. Thus, the need for superior delivery of insulin is clear, and a means of 
improving compliance and feedback for dosing would be highly desirable. 

In a recent review of the state of the art in insulin delivery (SAUDEK 1993), 
many of the current and future approaches to improving delivery, compliance 
and overall insulin therapy are described. Interestingly, at the present time, 
actual significant improvements for the patient are generally limited to im
proved injection technology and glucose monitoring. Improved injection tech
nology involves such seemingly straightforward approaches as finer needles, 
needleless injectors, pen injectors, external and internal pumps and so forth. 
Oral delivery and other nonparenteral approaches, even after decades of 
research, are still not available to the patient. This observation is not meant 
to trivialize improved injector technology. Such enhancements are vital to 
the comfort and compliance of the patient. Rather, it illustrates in an all too 
sobering fashion just how difficult the challenge of improving delivery of a 
protein drug can be. 

Many laboratories have pursued the oral route for the delivery of insulin. 
These approaches often include a means of stabilizing insulin in the GI tract 
(HOVGAARD et al. 1992) and agents to enhance absorption as well as inhibit 
protease action (PATEL et al. 1991; MORISHITA et al. 1992a,b). The lack 
of success of these efforts is very discouraging and needs to be viewed in the 
context of just how formidable a barrier the GI tract presents to proteins. 
Again, we recommend that one should be very wary of claims of high 
bioavailability of orally delivered proteins. In our experience, such results 
have not lived up to careful scrutiny. Other researchers have examined the 
nasal route for insulin delivery, with reports of modest bioavailability (RYDEN 
and EDMAN 1992). Phosphatidylcholine and other surfactants have been used 
as permeation enhancers in the nasal cavity (BECHGAARD et al. 1993), but the 
tissue-damaging effects of chronic administration of such formulations may 
limit their usefulness (JIAN and LI WAN Po 1993). The lung has also been 
investigated as a port of entry for insulin (OKUMURA et al. 1992; LAUBE et al. 
1993), and these studies present, perhaps, the most encouraging results. As 
noted above, however, dose reproducibility needs to be addressed particu
larly, since insulin possesses a relatively narrow therapeutic window. In sum
mary, the delivery of protein drugs is a daunting endeavor, but one that 
presents a real need for the patient and a significant challenge to the re
searcher. We feel that the ultimate utility of proteins as therapeutic agents is 
limited by our ability to effectively and efficiently deliver these products of 
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biotechnology, and this justifies continued efforts despite the current lack of 
success. 
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CHAPTER 4 

Strategies for Dealing With the 
Immunogenicity of Therapeutic Proteins 
M.L. NUCCI, R.G.L. SHORR, and A. ABUCHOWSKI 

A. Introduction 
As proteins and peptides (hereinafter referred to collectively as "proteins") 
are major components of biological processes, it is logical to assume that their 
potential for use as therapeutics would be extremely high. However, the 
recognizable need for a defense system has implications for the administration 
of protein-based pharmaceuticals (Table 1). Minor differences in the primary 
structure of proteins - even as little as one amino acid from the human 
form of the protein - have been shown to be sufficient for immune system 
recognition. 

During the past 15 years, techniques to manufacture large quantities of 
proteins through recombinant technology have become routine. Prior to 
recombinant technology, the majority of proteins and peptide pharmaceuticals 
were derived from non-human sources. Recombinant technology was seen as 
the ultimate solution to the problem of unwanted immunological responses to 
heterologous proteins through its ability to produce large quantities of human 
proteins. 

It soon became evident that human protein therapeutics could still initiate 
an immune response. Clinical experience has shown that the development of 
antibodies to therapeutic proteins and peptides is common, even for recombi
nant human proteins. Antigen-specific antibodies have been shown to develop 
following the administration of: recombinant insulin (FINEBERG et al. 1983), 
recombinant tissue-type plasminogen activator (REED et al. 1990), recombi
nant human growth hormone (KAPLAN et al. 1986), recombinant interleukin-2 
(ALLEGRETIA et al. 1986), recombinant interferon (ITRI et al. 1987), recombi
nant granulocyte-macrophage colony stimulating factor (GRIBBEN et al. 1990), 
chorionic gonadotropin (MUSCH et al. 1981), leutinizing hormone releasing 
factor (LINDNER et al. 1981), and blood-derived factor VIII (ROBERTS and 
CROMARTIE 1984). The development of antibodies may be associated with 
serious immunological consequences, e.g., anaphylaxis and/or death, neutral
ization of protein efficacy due to either clearance and/or protein inactivation, 
or may have no clinical effect at all (antibody is produced, but has no effect on 
protein activity or circulating life). 

The "immunogenicity of proteins and pep tides is considered to be the 
most serious issue of concern in the use of peptide and proteins as parenterals" 
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Table 1. Factors affecting the immunogenicity of proteins 
and peptides 

Structure: primary and tertiary 
Dosage size and frequency 
Route of administration 
Source of protein 
Disease state 
Genetics 

(MARTIS 1986), yet, the value of protein pharmaceuticals is high enough to 
stimulate the development of strategies to allow for the safe and efficacious 
use of proteins as drugs. For example, protein drugs can always be adminis
tered in a clinical setting so as to have available the necessary resources 
to treat possible hypersensitivity or anaphylaxis, though this restriction is 
associated with an increase in drug cost and decrease in the patient's quality of 
life. 

Immunological responses associated with neutralization or decreased 
circulatory life can be dealt with by increasing the drug dose over the duration 
of the dosing period, such as with blood-clotting factor (ROBERTS and 
CROMARTIE 1984), in which 15% of patients treated with plasma-derived hu
man factor VIII developed neutralizing immunoglobulin G (IgG) (predomi
nantly IgG4) antibodies. This also increases the drug cost as well as the 
potential for serious side effects. 

In certain cases, a tolerance of the offending antigen may be used to 
overcome the neutralization effect of the antibodies, and this procedure has 
been used with success in patients treated with factor VIII (BRACKMAN and 
GORMSEN 1977; BRACKMAN and EGLI 1981; WHITE et al. 1983; EWING et al. 
1988), insulin (GOSSAIN et al. 1985) and polyethylene glycol (PEG)-modified 
adenosine deaminase (ADA; CHUN et al. 1993). 

When no clinical effect is noted following antibody production, there 
is obviously no effect on therapeutic value or potential, but one must keep in 
mind the long-term effects of antibody production in such a situation. There 
are no hard and fast rules to govern whether such antibody production might 
lead to serious problems later on. Serum sickness, which is usually associated 
with large doses of protein therapeutics, has not been seen with either insulin 
or GH treatment, but has developed following the administration of strep
tokinase (ALEXOPOULOS et al. 1984; MCGRATH et al. 1985; MCGRATH and 
PATTERSON 1985). However, streptokinase continues to be used, as its risk
benefit ratio is considered to be acceptable (MCPHERSON and LIVINGSTON 
1989). 

Despite these problems, many programs continue to evaluate protein 
compounds for the clinic because of their direct connection to many disease 
conditions and their potential as successful therapeutics. Research is focused 
on the development of techniques to deliver proteins while avoiding possible 
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anaphylactic or hypersensitivity reactions. Delivery systems under study in
clude encapsulation, route of administration and conjugation with carriers. 
Technologies, such as protein and genetic engineering, are also under consid
eration, sometimes in combination with a delivery system. 

B. Case Histories of Protein Therapeutic Development 
Based on the variability of proteins, it is highly unlikely that any single strategy 
will prove to be effective for every protein. The strategies chosen to reduce 
immunogenicity will vary, based on the protein's inherent characteristics and 
its intended use. During development, much work focuses on techniques and 
methodologies to deliver proteins as efficiently as possible, while avoiding or 
decreasing any possible anaphylactic or hypersensitivity reactions. 

A computer search of the Description category of the Physicians Desk 
Reference (PDR; MEHTA 1993) for proteins showed tl1at there are at least 25 
approved pharmaceuticals either based on proteins or containing proteins as 
excipients. Of the approved protein-based products on the market, five of the 
most commonly recognized are insulin, GR, asparaginase, glucocerebrosidase 
and OKT3, representing the protein classes of hormones, enzymes and mono
clonal antibodies (mAb). Examination of the historical development of each 
illustrates some of the strategies available for producing an effective protein
based pharmaceutical, as well as the diverse nature of successful management 
of protein immunological responses. 

I. Insulin 

Of all protein-based pharmaceuticals approved for use, the one most fre
quently associated with the value of proteins as therapeutics is insulin, used in 
the treatment of insulin-dependent diabetes. Insulin has been used in the 
United States since 1922, and the history of its development is well reviewed 
elsewhere (BLISS 1982; MAYER 1982; MACLEOD 1978). 

Initial clinical use of insulin resulted in the development of unwanted 
immunological side effects (WILLIAMS 1922; TUff 1928), which led to further 
purification of the extract, resulting in a crystalline insulin (recrystallized 
insulin), which was first introduced ipto clinical practice in the late 1940s 
(OWENS 1980). 

In spite of purification, the treatment of human patients with either a 
bovine or porcine source of insulin generally induced an immune response in 
which the presence of antibodies in the blood could be detected (BERSON and 
YALOW 1959, 1964, 1966; BERSON et al. 1956; CHANCE et al. 1976). Impurities in 
commercially available insulins noted by partition chromatography (CARPEN
TER 1958), disc electrophoresis (MIRSKY and KAWAMURA 1966) and gel filtra
tion (STEINER 1967; STEINER et al. 1968) were identified as being primarily 
responsible for the development of circulating antibodies. Studies with 
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homologous insulin in pigs (LOCKWOOD and PROUT 1965; BRUNFELDT and 
DECKERT 1966), cows (RENOLD et al. 1966) and humans (DECKERT et al. 1972) 
suggested that the impurities in the insulin preparations acted as adjuvants for 
antibody development (SCHLICHTKRULL et al. 1974). An additional chromato
graphic step was introduced into the manufacturing process of several com
mercially available insulins, resulting in the manufacture of monocompetent 
insulin preparations. 

The changeover to highly purified insulin was not without immunological 
consequences (CHRISTY et al. 1977; LESLIE 1977; REISNER et al. 1978). Local 
allergic reactions were noted to occur in approximately 10% of patients (GAL
LOWAY et al. 1982), though switching the patient from recrystallized insulin to 
monocompetent insulin was accompanied by a decrease in insulin-specific 
antibody titers in most patients (WILLIAMS 1922; ANDREANI 1973; KURZT and 
NABARRO 1980; FINEBERG et al. 1982). 

The development of recombinant technology, which allowed for the pro
duction of commercial quantities of human proteins, was harnessed to produce 
a human-derived insulin, which was assumed would be free from all immuno
logical responses associated with the heterologous insulins on the market. 
Human-derived insulin became available commercially in the United States in 
1982. Even though bovine insulin differed from human insulin by only three 
amino acids, and porcine differed by only one amino acid (GRAMMAR et al. 
1984), it was believed that even this minor difference was enough to result in 
the elimination of allergic responses following administration of the human 
form of the protein. 

The majority of patients who switched to human insulin demonstrated a 
decrease in antibody titers to insulin (m MARIO et al. 1986; BRODGEN and HEEL 
1987) and a decrease in allergic reactions (FINEBERG et al. 1982; GRAMMAR et al. 
1984; FIREMAN et al. 1982; WILES et al. 1983). Decreases in pre-existing anti
insulin IgG antibodies of up to 58.6% were noted in 15 patients treated with 
recombinant human insulin for 11-12 months. Reduction in the IgG 1, IgG 3 and 
IgG4 subclasses were noted, with the greatest decrease in the IgG4 subclass. 
Local allergy resolution, improvement of lipoatrophic lesions and some de
crease in insulin requirements were also noted (KUMAR 1993). Patients that 
began therapy with human insulin also had lower levels of insulin-specific IgE 
antibodies than did patients who previously received animal insulin (FIREMAN 
et al. 1982). 

However, human insulin [both semisynthetic human insulin (CARVETH
JAHNSON et al. 1982; ALTMAN 1983) and human insulin of recombinant-DNA 
origin (WILES et al. 1983)] retained the ability to cause generalized allergic 
reactions in human patients. IgE antibody to insulin-antigenic determinants 
was shown to be responsible for most immediate-type reactions to insulin 
preparations (LIEBERMAN et al. 1984; GRAMMER 1986), while most cases of 
systemic insulin allergy were associated with an interruption and resumption 
of treatment (BRODGEN and HEEL 1987; DYKIEWICZ et al. 1994; FEINGLOS 
and JEGASOTHY 1979). In certain cases, a previously existing hypersensitivity 
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to animal insulins was associated with hypersensitivity to human insulin 
(LIEBERMAN et al. 1984; GARCIA-ORTEGA 1984; BLANDFORD et al. 1984). One 
patient demonstrated cross reactivity to both porcine- and bovine-insulin 
antibodies, and it was not until that patient was withdrawn from all insulin 
sources for a period of 18 months, then reintroduced to human insulin, that the 
allergic response was eliminated. This problem, and others associated with 
changeover in form of insulin, led to the development of procedures for the 
clinical use of the compound in order to control the development of an 
immune response (AALBERSE et al. 1983a,b). 

Insulin is an example of a successful protein therapeutic, yet its use has 
been (and continues to be) associated with the need for techniques and strat
egies to deal with unwanted immunogenic responses. Recent papers dealing 
with the development of antibodies following insulin administration have 
detailed protamine-specific antibodies mimicking insulin hypersensitivity 
(DYKIEWICZ et al. 1994), or have implicated zinc (zinc and protamine are 
excipients in various insulin preparations) as being responsible for altering 
the three-dimensional structure of insulin and altering its immunogenicity 
(FEINGLOS and JEGASOTHY 1979). Research continues to examine ways to 
improve the administration of the drug in order to reduce side effects and 
better mimic the body's precise delivery of insulin. 

II. Growth Hormone 

GH, used to treat children with GH insufficiency, was originally prepared from 
cadaveric human pituitaries. On average, 45% of children treated developed 
GH-specific antibodies (PREECE 1986). As with insulin, the high incidence of 
unwanted immunological side effects was the stimulus to develop new process
ing methods to improve the purity of the material. 

Subsequent to the introduction of improved purification methodologies, 
antibody formation decreased, such that only 10% of all children being treated 
developed antibodies specific for GH (LUNDIN et al. 1991). The purest prepa
ration available at that time (Crescormon, which is no longer available) was 
associated with antibody formation in only 2% of all patients (LUNDIN et al. 
1991). 

Cadaveric GH was pulled from the United States market in 1985 due to 
deaths from Creutzfeld-Jacob syndrome, in which the drug was implicated as 
a carrier of the agent that caused the neurological disease (NORMAN 1985). The 
inability to purify the cadaveric GH, as well as restrictions on its clinical use 
due to a lack of cadaveric human pituitaries, catalyzed the development and 
manufacture of a recombinant form of the hormone. Recombinant-produced 
GH became available in the United States in 1985. The first clinical experi
ences resulted in most patients developing anti-GH antibodies within a few 
months of treatment (BIERICH 1986). As with insulin, antibody production was 
shown to be associated with an impurity in the preparation. In the case of GH, 
impurities from the E. coli used to manufacture the GH were demonstrated as 
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the antigens. Further purification resulted in the development of a GH with 
low immunogenicity (LUNDIN et al. 1991). 

Fully human GH was first approved for human use in the United States in 
1985. The first report of antibodies specific for this form of GH was noted after 
12 months of treatment in 1.3% of patients (WILTON and GUNNARSON 1988). 
Clinical trial experience between 1985 and 1989 demonstrated an incidence of 
GH-specific antibodies of 1.1 %, with no incidence of allergic reaction. There 
was no antibody-related growth attenuation and no effect on clinical treat
ment (LUDIN et al. 1991), indicating that GH was of low immunogenicity. 

Unlike other proteins, antibodies produced by GH may actually potenti
ate its clinical effect. It has been shown that the biological activity of GH 
can be potentiated by complexing with mAb specific for GH. In hypophy
sectomized rats, injections of bovine GH complexed with mAb induced a 
greater increase in body weight and serum insulin-like growth-factor 1 
(WALLES et al. 1987) than when injected alone. These results have been 
confirmed by other investigators (HOLDER et al. 1985;.l\STON et al. 1987; WANG 
et al. 1990). In some patients, the half-life of the drug was actually extended 
after the development of antibodies (UNDERWOOD et al. 1974). 

III. Asparaginase 

In 1961, asparaginase was isolated from guinea-pig serum and identified as 
the agent responsible for anti-lymphoma activity (BROOME 1961). When E. coli 
asparaginase was also shown to have anti-tumor activity (MASHBURN and 
WRISTON 1964), it became possible to produce material in sufficient quantities 
for clinical trials, with subsequent approval in the United States in the 
late 1960s. Dose-limiting hypersensitivity reactions developed in 3-78% 
(KURTZBERG et al. 1993) of patients treated, with serious anaphylactic reac
tions occurring in less than 10% (EVANS et al. 1982). Antibody neutralization 
diminished therapeutic efficacy, either by decreasing activity and/or increasing 
clearance (KURTZBERG et al. 1993). The potential for adverse immunological 
responses was shown to increase with the number of doses, becoming more 
common upon repeated exposure. 

The potential for asparaginase in the treatment of leukemia provided the 
motivation to develop techniques to overcome its immunological side effects. 
Unlike insulin and GH, recombinant technology played no role in the thera
peutic development of asparaginase. Development was, instead, associated 
with refinement of fermentation techniques, the comparison of several forms 
of asparaginase for immunological potential (ASSELIN et al. 1993) and dosing 
strategies to minimize hypersensitivity (TALLAL et al. 1970; JONES et al. 1979; 
ERTEL et al. 1979; SALLAN et al. 1983; CLAVELL et al. 1986). Dosing at daily 
intervals (ELLISON et al. 1991), rather than weekly intervals (LAND et al. 1989), 
decreased hypersensitivity from 73% to less than 3%. Intramuscular injec
tions, rather than intravenous administration, were chosen as the preferred 
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route, due to the increased risk of hypersensitivity upon intravenous adminis
tration (NESBIT et al. 1979). 

Alternate forms of the enzyme, with low cross reactivity, were made 
available to treat patients hypersensitive to the E. coli form. Recently, a new 
form of the E. coli asparaginase coupled with PEG became available. PEG
asparaginase (ONCASPARR ) is indicated for patients who are hypersensitive 
to the non-PEG-modified form of the enzyme. This protein drug was devel
oped specifically to address the immunological side effects associated with 
the use of asparaginase. The final product incorporated the technology of 
PEGylation, which is associated with a decrease in immunogenicity and anti
genicity of the base protein (ASSELIN et al. 1993). Modification of asparaginase 
with PEG extends the usable therapeutic window, by allowing for extended 
treatment regimens at lower doses (KEATING et al. 1993). 

IV. Glucocerebrosidase 

If there are any diseases in which protein therapeutics demonstrate their 
highest potential, it is in the arena of inherited metabolic disorders. Over 5000 
genetic disorders have been identified, 30% of which are recessive or X-linked 
and are often due to a lack of a specific protein product (COLLINS 1991; 
BELMONT and CASKEY 1986). 

Gaucher's disease is an inherited metabolic disorder resulting from a 
deficiency of the enzyme glucocerebrosidase (f3-glucosidase) (GC). Though 
certain forms of the disease are not associated with clinical symptoms, type-II 
Gaucher's is usually fatal, with death usually occurring before 2 years of age. 

Purified human placental carbohydrate-modified GC (Ceredase) was 
approved for human use in 1991 in the United States for the treatment of 
Gaucher's disease. Unlike the other proteins previously discussed, GC was 
modified with carbohydrate to target the protein to the macrophages of the 
reticuloendothelial cells, where it was believed GC had to be delivered to 
provide efficacy. When administered intravenously to two patients over a 
3-week period, no IgG or IgM antibodies were noted. Patients received either 
11 mg or 28 mg total in nine doses (BRITTON et al. 1978). 

Beneficial responses to clinical treatment (BARTON et al. 1990) led to 
increased numbers of patients receiving carbohydrate-modified Gc. When 
serum from those patients was tested by a sensitive enzyme-linked immuno
sorbent assay (ELISA), a significant number of positive responses for GC
specific antibodies were noted in both normal and Gaucher's patient's sera. 
The high number of positive responses were interpreted by the authors as false 
positives (MURRAY et al. 1991). 

Although antibody response to repeated carbohydrate-modified GC ad
ministration has remained low, and the percentage of patients with clinical 
sequelae following antibody production is also low (two of five patients 
with demonstrable anti-GC antibodies had mild antibody-mediated reactions 
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(PASTORES et a1. 1993); 90% of all patients treated with carbohydrate-modified 
GC develop antibodies to the protein within the first 6 months (RICHARDS 
et a1. 1993). A recombinant form of glucocerebrosidase was developed and 
approved in the United States. 

Like GH, recombinant carbohydrate-modified GC (Cerezyme) was devel
oped to address the concern of possible viral contamination as well as an
swer the need for increased clinical quantities of material for patient use 
(GRABOWSKI et a1. 1993). It was approved for clinical use in the United States 
in 1994. Clinical effectiveness and antibody formation to the recombinant 
form was similar to that noted with the placental form of the enzyme 
(GRABOWSKI et a1. 1993). 

The frequency of reactions to administered recombinant carbohydrate
modified GC was higher than the frequencies reported for patients treated 
with other recombinant human-tissue-derived therapeutic proteins. It was 
theorized that the lack of the hormone during fetal development resulted in its 
being recognized as foreign, even when the human-form of the enzyme was 
used (RICHARDS et a1. 1993). 

A new form of GC to treat Gaucher's disease recently began clinical trials. 
This form of the enzyme is not modified with carbohydrate for targeting 
purposes, rather it is modified with PEG. Development of this form of the 
protein is based on the concept that GC does not require mannose targeting to 
achieve therapeutic effect. 

The enzyme is a recombinant human protein produced in a baculoviral 
vector. The attachment of PEG to the protein results in a compound with 
increased circulating life (CHO et a1. 1994) and decreased immunogenicity. No 
results are currently available from the clinic, but in preclinical studies, PEG
GC was able to degrade both synthetic and natural substrates (YANG et a1. 
1994). 

V.OKT3 

The success rate of transplantation medicine greatly increased upon the devel
opment and approval in the United States in 1986 of the mouse mAb OKT3 to 
reverse organ-allograft rejection. This antibody reacts with the T3 complex on 
killer T cells and renders them inactive. T3 cells are the cells responsible for 
graft rejection. 

However, the use of OKT3 is not without side effects. Chills, fever, 
headache, gastrointestinal (GI) upset and, occasionally, pulmonary edema, 
aseptic meningitis and intragraft thromboses (THISTLETZWAITHE et a1. 1988; 
ABRAMOWSICZ et a1. 1989) have all been associated with its use. More impor
tantly, the use of OKT3 is limited by the development of specific antibodies 
(VIGERAL et a1. 1986; THiSTLEWAITHE et a1. 1984; GOLDSTEIN 1987; JAFFERS et a1. 
1986; GOLDSTEIN et a1. 1986), which are generally anti-idiotypic (CHATENOUD 
et a1. 1986) and oligoclonal (CHATENOUD et a1. 1986). These antibodies result 
in a loss in the therapeutic efficacy of OKT3 (HIRSCH et a1. 1989) and, in 
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some cases, have resulted in anaphylactic shock after repeat treatment 
(ABRAMOWICZ et al. 1992; WERIER et al. 1991). 

It has been postulated that either a humanized mAb specific for T3 or 
the development of different idiotypes of anti-CD3 mAbs would result in an 
OKT3 with decreased immunogenicity (HIRSCH et al. 1989). Research on 
humanized anti-CD3 monoclonals has demonstrated that the humanized ver
sion, even when presented as an Fc fragment, was able to suppress cytolytic T
cell activity at a level comparable to OKT3 (ALEGRE et al. 1992, 1994; WOODLE 
et al. 1992). However, such research has not, to date, been applied to testing in 
the clinic. Studies focusing on the development of techniques to help patients 
develop a tolerance to OKT3, using cyclosporine and azathioprine, have 
shown little success (CHATENOUD et al. 1986). 

C. Strategies Under Development for Increasing the 
Therapeutic Value of Proteins and Peptides 

Various strategies for increasing the therapeutic value of proteins are being 
researched. Though varied in their technology and method, each attempts to 
deliver proteins with a minimum of immunological side effects. The strategies 
discussed will represent only a few of those under development, but these are 
the ones leading the way to an expanded use of proteins in therapy. 

I. Encapsulation 

The enclosure or entrapment of protein pharmaceuticals is posited on the 
premise that a compound so enclosed is protected from immunological attack 
by the body. The protected protein would then be free from the immunologi
cal side effects associated with protein drugs. 

There are several enclosing methods under development, which utilize 
either naturally occurring capsules (erythrocytes), naturally occurring 
materials (lipids, dextran, starch) or synthetic materials (usually polymers). 
The capsules can be membranous· (as in liposomes and semipermeable 
microspheres) or rigid and impermeable (CHANG 1964, 1972; MACHY and 
LERMAN 1987; GREGORIADIS 1984):These materials are generally believed to 
be non-immunogenic, though in certain cases, they have been shown to elicit 
an immune response specific for the material. Polyacrylamide, which is in use 
as a non-immunogenic carrier for haptens, when coupled with bovine serum 
albumin initiated the production of antibodies specific for polyacrylamide 
(DREWES et al. 1978). Liposomes (ALLISON and GREGORIADIS 1974; KINSKY 
and NICOLETTI 1977), polyacrylamide capsules (EDMAN and SJOHOLM 1982), 
polyacrylstarch and precipitated dextran-starch capsules (ARTURRSON et al. 
1985) have all been shown to elicit immune responses. 

Synthetic capsules can be composed of a number of different sub
stances, including lipids, polymethacrylate (KREUTER 1983a-c), polyacryla-
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mide (OPPENHEIM 1981), polyalkylcyanoacrylate (BRASSEUR et al. 1980; 
COUVREUR et al. 1979, 1980, 1982) or polyacrylstarch (ARTURRSON et al. 1984). 
If desired, these capsules can be modified by the surface attachment of a 
number of different markers for either targeting, labeling or sensing. These 
markers can be chemical, fluorescent, magnetic or radioactive, depending on 
the intended target of the capsule. 

Encapsulation can allow for passive or active targeting, or sustained re
lease of a protein pharmaceutical. Passive targeting is the naturally occurring 
distribution of the encapsulated protein after administration, usually by injec
tion. The distribution can be affected by the size, charge density, fluidity, or 
hydrophobicity or lipophilicity of the carrier. Small colloidal particles used as 
protein carriers are generally taken up by the cells of the reticuloendothelial 
system (RES), especially those found in the liver and spleen (STORM et al. 
1991). To profit from clearance by the RES, capsular technology is being 
used to treat diseases of the RES, such as leishmaniasis, cryptococcosis and 
histoplasmosis, as well as to increase the in vitro or in vivo (STORM et al. 1991) 
tumoricidal activity of macrophages through the encapsulation of interferon 
or macrophage-activating factor. 

Active targeting involves the use of a targeting agent, which is linked to 
the protein carrier, such as a mAb specific for certain cells or receptors. Active 
targeting allows for the direct and specific interaction of the drug with the 
target tissue, and protection of the body and protein from interaction with 
each other (TOMLINSON 1988). 

Sustained protein-drug release can potentially eliminate the high peak 
levels associated with single-dose administration and increase the therapeutic 
efficiency of a protein drug. However, sustained release of a protein pharma
ceutical is generally not possible with an unprotected protein, especially if the 
protein is strongly immunogenic. The encapsulation of protein drugs can allow 
for sustained release through the formation of a depot after injection, from 
which the drug is released over a period of time. 

In both visceral and cutaneous leishmaniasis, liposome-encapsulated 
antimicrobial drugs were effective in suppressing the disease in hamsters 
(ALVING et al. 1978), mice (NEW et al. 1978) and dogs (CHAPMAN et al. 1984). 
A prophylactic effect of liposome-encapsulated drugs was noted when the 
liposomes were injected 1 week before leishmanial infection (ALVING et al. 
1980). Toxicity of the liposome-encapsulated drugs was much higher than the 
free drug, but when compared with the therapeutic efficacy, the therapeutic 
index for the liposome-encapsulated drug was approximately 40 times that of 
the free drug (ALVING et al. 1978). 

In cryptococcosis, liposome-encapsulated amphotericin B was more effec
tive than the free drug in mice (GRAYBILL et al. 1982). Increased efficacy was 
mainly due to the ability to deliver large doses of drug without increased 
toxicity, as noted when the equivalent doses of free and liposomally encapsu
lated drug were administered. There was no increased therapeutic efficacy of 
the encapsulated drug when given at the same dose as the free drug (GRAYBILL 
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et al. 1982). Liposome-encapsulated amphotericin B was shown to be success
ful in the treatment of histoplasmosis in humans (LOPEZ-BERESTEIN et al. 
1985). 

When interferon-y and muramyl tripeptide phosphatidylethanolamine 
were incorporated into liposomes, resistance of mice against Listeria 
monocytogenes (L. monocytogenes) infection increased 33- to 66-fold, com
pared with free drug. The RES clearance of the liposomes resulted in more 
rapid clearance of L. monocytogenes infection from the liver and spleen 
(MELISSEN et al. 1993). 

Unfortunately, to date, all capsules developed for non-RES disease indi
cations have shown problems restricting the activity to the intended target site 
(WIDDER et al. 1979, 1982), as well as achieving a circulating life of sufficient 
duration to achieve a significant therapeutic effect. However, new formula
tions of long-circulating liposomes have resulted in a resurgence of interest 
in liposomes for non-RES-disease therapy. When added to the liposome struc
ture, ganglioside GM j increased tumor uptake and circulating life (GABIZON 
1988). These stabilized liposomes, to which PEG was attached to their surface 
(ALLEN 1994; BLUME and CEVC 1993; NEEDHAM et al. 1992; SENIOR et al. 1991), 
demonstrated a reduced affinity for the RES and circulating half-lives of 
several hours (ALLEN et al. 1991; BLUME and CEVC 1990). They were shown to 
localize in high concentrations in solid tumors (GABIZON 1992; HUANG et al. 
1992) and at sites of infection (BAKKER-WOUDENBERG et al. 1993). In mice, 
PEG liposomes delivered doxorubicin more effectively than free doxorubicin, 
resulting in long-term survival of 50% of mice implanted with squamous lung 
carcinoma (AHMAD et al. 1993). 

As passive targeting will not prove effective for all disease indications, 
especially those in which the target tissues are widely spread, e.g., leukemia or 
metastases, direct targeting of capsules is under evaluation. To achieve direct 
targeting, ligands specific for the target tissue can be attached to the surface of 
the capsule. Desialyted fetuin (GREGORIADIS and NEERUNJUN 1975), erythro
cyte membrane glycoprotein (JULIANO 1976), antibodies (WEISSMAN et al. 
1975), or purified receptors or antireceptor molecules (JULIANO and STAMP 
1976) have all been used to target capsules. Magnetic microspheres have been 
used in conjunction with an external magnetic field over the specific target site 
(WIDDER et al. 1983) in order to direct the encapsulated drug. 

Early formulations of non-stabiliz~d liposomes, when targeted with anti
body, were shown to have a reduced circulating time as the antibody increased 
uptake by the RES (ALLEN 1994). Though stabilized liposomes also demon
strated a decreased circulating time when targeted with antibody (TORCHILIN 
et al. 1992), their circulation time was sufficiently extended by stabilization to 
still provide a long circulating time. These targeted liposomes were shown to 
localize to murine lung tissue (HEATH 1987), infarcted rabbit myocardium 
(GABIZON et al. 1989) and lung endothelial cells (MAYER et al. 1986). Though 
therapeutic efficacy was not determined, it was shown that the targeted lipo
somes were able to bind to specific in vivo targets. 
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II. Non-parenteral Routes of Administration 

It has been shown that the route of administration affects the immunological 
response to proteins, usually based on the rapidity with which the protein is 
exposed to the immune system. In those cases, where a single injection of a 
protein drug is required, parenteral delivery of protein drugs is generally not 
an issue. However, non-parenteral routes (oral, transmucosal, pulmonary, 
trans dermal, etc.) are preferred routes for long-term administration of protein 
drugs. Unfortunately, the larger a molecule, generally, the greater the prob
lems that must be overcome in terms of transport and stability across biologi
cal membranes. Proteins are among the largest of drugs. 

Among the non-parenteral delivery systems, transmucosal delivery via 
the vaginal, buccal or rectal routes has been shown to be more successful at 
delivering protein drugs than oral administration. However, of all the possible 
non-parenteral routes, oral administration is probably the preferred in terms 
of patient compliance and ease of beginning and ending administration. Un
fortunately, oral delivery of proteins has been problematic at best, as proteins 
are very susceptible to the acidic environment of the gut as well as to pro
teolytic digestion by GI enzymes. Oral delivery also subjects protein drugs 
to first-pass hepatic metabolism, decreasing their active residence time. Addi
tionally, as most proteins are of a high molecular weight (MW) and are 
hydrophilic, they do not easily cross the intestinal mucosa. 

Little success has been shown for oral protein-drug delivery. Bioavai
labilities of less than 1 % are common (DAVIS 1992). The larger the drug 
administered, the smaller the amount of material transported across the mem
branes. Enhancement of oral delivery has been attempted by the protection 
of the protein through lip os orne encapsulation (SMITH et al. 1992), the use of 
enhancing agents (MURANISHI 1990), or microparticulates and microemulsions 
(RITSCHEL et al. 1990), to little positive effect. 

In general, transmucosal delivery has been more successful than oral 
delivery. Nasal delivery avoids first-pass degradation by the liver and is in use 
in the United States for several approved protein drugs, induding luteinizing 
hormone-releasing hormone analogs, desmopressin, oxytocin and calcitonin. 
The bioavailability of nasally delivered proteins is correlated with their 
MW (FISHER et al. 1987), with molecules greater than 10 kDa requiring 
bioadhesives and/or enhancing agents, to achieve a decent rate of absorption 
(FISHER et al. 1991). Bioavailability on the order of 40%, compared with 
intravenous, intramuscular or subcutaneous administration, is common 
(DAVIS 1992). The most serious disadvantages of nasal delivery are the nega
tive effects of the drugs and/or excipients on nasal ciliary cells, of which proper 
functioning is essential, as well as the presence of proteases and peptidases 
in the mucosa, which may act as a barrier to absorption of the intact, active 
protein (STRATFORD and LEE 1985; LEE 1986). 

Pulmonary delivery for localized therapy has been shown to be a viable 
and effective means of treatment for certain lung diseases. Pulmonary delivery 
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for systemic effect has not been shown to be as effective, since delivery 
externally from the lungs is limited. The ability of the drug to interact with 
endogenous transport systems and its lipophilicity, controls the external diffu
sion of drug molecules (ENNA and SCHANKER 1972). With presently available 
administration methods, 1 % deposition in the alveoli is common. Greater 
deposition is dependent on nebulization and/or increased time of administra
tion (STRATFORD and LEE 1985). 

Vaginal delivery is most commonly used for the treatment of sex-specific 
diseases, where absorption of the drug has been of interest only from the point 
of view of toxicity. Though it is known that certain compounds, such as insulin 
(FISHER 1923; ROBINSON 1927), TSH (COLCHER et al. 1990) and various anti
gens (BENZIGER and EDELSON 1983; STRAUS 1961; FRANKLIN and DUKES 1964; 
ROIG DE VARGAS-LANARES 1978), are absorbed from the vaginal membranes, 
bioavailability appears to be variable and insufficient with cyclic changes in the 
vaginal tissue, affecting the absorption of vaginally administered drugs. How
ever, studies with various protein hormones have- indicated absorption 
sufficient to produce a systemic response (PERACCHIA 1978; WINDSOR and 
CRONHEIM 1961). As with other forms of non-parenteral delivery, larger MW 
proteins require the use of enhancing agents to facilitate absorption. 

Buccal delivery shows promise in that the oral mucosa is less prone to 
damage or irritation than nasal mucosa, it bypasses hepatic first-pass metabo
lism, and promises better patient compliance than rectal or vaginal delivery. 
Tissue-barrier characteristics are drug dependent, with the bioavailability of 
buccally delivered drugs being relatively small, indicating that absorption 
enhancers or enzyme inhibitors to decrease drug degradation during tissue 
transit are required (DE VRIES et al. 1991). Buccal delivery systems must be 
designed to avoid swallowing or salivary washout, and must remain in inti
mate contact with the mucosal membranes for a prolonged period of time 
(VEILLARD et al. 1987; MEYER et al. 1984; NAGAI 1985). 

Transdermal delivery of proteins is limited by the structural nature of the 
skin and physiochemical properties of the drug in question. Large molecules, 
such as proteins, are not well absorbed in their intact form due to their low 
diffusability. However, trans dermal delivery has several advantages over 
parenteral delivery, including the avoidance of first-pass metabolism, poten
tially decreased side effects and the relative ease in beginning and ending drug 
therapy (CHIEN 1983; GUY and HADGRAFT 1985). Several protein drugs are 
currently approved for transdermal delivery. Transdermal delivery has been 
associated with allergic contact sensitivity, usually at the site of application, 
though sites of previous application may show a reaction, indicating residual 
antigen in the skin (TROZAK 1985). 

Transdermal delivery of most drugs is not possible by simple diffusion. 
Even though a drug may penetrate the stratum corneum, the intercellular 
pathway is the major barrier to drug permeation (ELIAS and FRIEND 1975). In 
addition, the skin in metabolically active and drug transformation may occur 
after application, rendering the protein inactive (FRIENKEL 1983; MARTIN et al. 
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1987). Methods to increase percutaneous absorption include iontophoresis 
(PIKAL 1990), occlusion (BARRY et aL 1984), vehicle manipulation (KUBOTA 
et aL 1990), phonophoresis (MURPHY and HADGRAFf 1990) and absorption 
enhancers (WILLIAMS and BARRY 1992). 

ID. Targeting 

Drug targeting is based on the principle that cells display specific markers on 
their surfaces, to which complementary compounds can be directed. By at
taching a protein to these complementary compounds, direct drug delivery 
can be achieved, with a decrease in systemic drug toxicity and an increase in 
therapeutic efficacy. Many different types of compounds have been proposed 
for site-specific delivery, including antibodies or antibody fragments, naturally 
occurring or synthetic polymers, carbohydrates, or particulate carriers such as 
liposomes or synthetic particles. 

Targeted delivery can be achieved by the recognition of physiological 
mechanisms, which result in selective uptake of administered materials. For 
example, since liposomes are selectively taken up by the RES, they can be 
used to deliver drugs to treat or activate RES macrophages. As macromolecu
lar carriers are selectively directed to the lysosomal compartments of cells 
following their pinocytic capture (DUNCAN 1985), they can be used to deliver 
drugs into the cell. Carbohydrates, hormones, drugs, glycoproteins and lectins 
can be used to provide targeting specificity through specific cell-surface recep
tors. A large number of mammalian cells express cell-surface sugar-binding 
proteins, to which glycoconjugate-modified proteins can be targeted. Super
oxide dismutase (SOD) was selectively delivered to macrophages by the 
attachment of mannose or galactose (FUJITA et aL 1992a) and demonstrated 
therapeutic efficacy against hepatic injury following ischemia/reperfusion 
(FUJITA et aL 1992b). 

Due to their specificity, the most common targeting agents are antibodies, 
either whole or fragments. Antibodies can be directly attached to a protein or 
attached to the surface of a carrier. Specific tumor localization of radiolabeled 
antibodies for human melanoma antigens (HELLSTROM et aL 1984; LARSON 
et aL 1984), carcinoembryonic antigens (GASPARINI et aL 1988; HALLER 1988) 
and other cell-surface antigens (JAIN 1990; ANDREW et aL 1986; STARLING et aL 
1989) has been demonstrated. In animal-model studies, antibody-drug conju
gates or antibody-toxin conjugates demonstrate superior effects as anti-tumor 
agents, when compared with free drug (BLAKELY 1992). When conjugated to 
antibody, tumor necrosis factor (TNF) significantly increased cytotoxic activ
ity against cells resistant to TNF alone, with this increased activity appearing 
to be mediated by antibody binding to the cell surface (ZUCKERMAN et aL 
1987). When coupled to antibody, alpha-interferon was also more selective 
and effective than free alpha-interferon (ROSENBLUM et aL 1994; ALKAN et aL 
1988). 
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The size of the antibody molecule (50-150,000 Da) has been shown to 
limit the ability of an antibody-drug conjugate to penetrate all tissues, espe
cially tumor tissues. When used for anti-tumor therapy, intact antibody tends 
to accumulate in the perivascular region of the tumor (KENNEL et al. 1991; 
BORMAN et al. 1991). The generation of antibody fragments by both enzymatic 
and recombinant techniques (COLCHER et al. 1990) results in a compound that 
retains specificity, but is able to penetrate tumors better than the intact anti
body. To increase tumor penetrance, single-chain antigen-binding proteins 
(sFvs) (MW approximately 20,000 Da) were tested. When sFvs directed to the 
human transferrin receptor were bound to exotoxin, human cells bearing the 
targeted receptor were killed (BATRA et al. 1990). sFvs specific for the p55 
subunit of the human interleukin-2 receptor were able to selectively kill 
cell lines with that receptor active in a mixed leukocyte reaction (BATRA et al. 
1990; CHAUDHARY et al. 1990). When used in radioimmunoguided surgery, 
the sFv CC49 localized primary tumors 86% of the time, compared with 75% 
for the intact antibody B72.3. CC49 successfully targeted metastatic disease 
97% of the time, compared with 63% of the time for the intact antibody 
(COHEN et al. 1991). sFvs can be made with novel effector functions or can be 
produced as bifunctional sFvs, thus, extending their delivery capability. While 
Fab and F(ab')2 fragments accumulate in the kidney, sFvs do not (SANDHU 
1992). 

Antibodies can also be engineered to retain the variable (V) domain and 
antigen-binding specificity or the constant (C) domain and effector functions. 
When an intact V domain was coupled with Staphylococcus aureaus nuclease, 
the specificity of the binding site and nuclease activity were combined 
(NEUBERGER et al. 1984). When CD4 was fused to C domains, the resultant 
compound, in the presence of complement, lysed human immunodeficiency 
virus (HIV)-infected CD4+ cells (SMITH et al. 1987). 

When translated to the clinic, to date, there has been little evidence of 
significant clinical response with the use of antibodies as targeting agents 
(GHOSE et al. 1977). In humans, antibodies coupled to chlorambucil, 
daunorubicin or neocarzinostatin showed some positive anti-tumor benefits 
(GHOSE et al. 1977; MELINO et al. 1985; TAKAHASKI et al. 1988), while normal 
tissue binding limited the use of antibody-ricin-A conjugates in clinical trials 
(GOULD et al. 1989). 

As the majority of antibodies in clinical trials are murine based, their use 
is often limited, due to the development of antibodies to the non-human 
component of the conjugate. However, adverse effects following antibody 
development have been minimal, with an incidence of mild allergic phenom
ena of approximately 5% (KHAZAELI et al. 1994). The most serious conse
quence of antibody development appears to be a shortening of circulating 
life (KHAZAELI 1989; KHAZAELI et al. 1988; MEREDITH et al. 1992), with reaction 
to injection varying, based on the antibody injected and disease state 
(KHAZAELI et al. 1994). Patients that were immunocompromised showed less 
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antibody development. Patients with cutaneous T-cell lymphoma had a higher 
anti-antibody response than patients with chronic lymphocytic leukemia 
(KHAZAELI et al. 1994). 

When humanized, immunogenicity has been shown to decrease, as 
shown with the mouse mAb 17-1A, which was found to be completely non
immunogenic in nine out of ten patients after multiple injections (KHAZAELI 
et al. 1994; LOBUGLIO et al. 1989). Immunogenicity can also be decreased by 
the attachment of PEG (GOODMAN et al. 1990) or low-MW dextran (FAGNANI 
et al. 1990), which reduces immunogenicity in xenogeneic hosts. 

Immunogenicity may be more problematic with toxin conjugates, as toxins 
are immunogenic by themselves (GODAL and FODSTAD 1989). Clinical trials 
with ricin A were accompanied by an antibody response to both components 
within 10-12 days, following the initial injection (BYERS et al. 1989). High 
titers of antibodies to ricin A and murine antibodies were found in all patients 
receiving the conjugates (BYERS et al. 1989; SPITLER et al. 1987; WEINER et al. 
1989). In a number of animal models, toxicity due to-non-specific binding was 
an issue in the administration of antibody coupled to radionuclides, in spite of 
a regression noted in some of the studies (BLAKELY 1992). 

Techniques to limit non-specific binding involving the use of external 
magnetic sources coupled with the administration of a magnetic antibody-drug 
conjugate or bispecific antibodies, in which one domain recognizes the target 
antigen (the tissue surface) while the other recognizes a chelated radionuclide, 
are being examined and have been shown to result in a decrease in non
specific toxicity (LE DOUSSAL et al. 1990; KURTZMAN et al. 1988). Bispecific 
antibodies, where one domain recognizes the target and the other recognizes 
the drug, are also under development. These have been shown to increase the 
fibrin specificity and thrombolytic potency of tissue plasminogen activator 
(tPA). and single- and double-chain urokinase-type plasminogen activator 
(BODE et al. 1989; CHARPIE et al. 1990; KUROKAWA et al. 1989; BRANSCOMB et al. 
1990). By choosing an antibody that binds to a specific region on the protein 
adjacent to activation sites for unwanted properties, modulation of these 
activities of plasminogen activator was noted (Bos et al. 1992). Bispecific 
antibodies specific for a target tissue and a drug compound can also be used 
to prelocalize antibody to the target cell, wait for systemic clearance of 
the antibody and then administer therapeutic compound, which binds to the 
target. 

Combinations of delivery systems can also be designed to take advan
tage of properties of each. For the delivery of genes, the combination of 
antibody, polymer and poly-L-Iysine was used to specifically deliver DNA, 
yielding an increased transfection level without an increase in non-specific 
transfection (TRUBETSKOY et al. 1992). The antibody OX36, coupled to avidin, 
increased the brain delivery of a vasoactive intestinal peptide (VIP) analog, 
resulting in a 65% increase in cerebral blood flow, compared with no 
increase for the same dose of VIP administered without the carrier (BICKEL 
et al. 1993). 
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IV. Conjugation 

The attachment of compounds to the surface of proteins to reduce immunoge
nicity is based on the fact that surface determinants of proteins are responsible 
for the resulting immunological response after administration. By attaching 
compounds to the surface, one can hide or disguise these determinants and, 
theoretically, be able to diminish the immune recognition of the protein with 
the result that the protein should circulate longer and have fewer adverse side 
effects. Additionally, should antibodies develop, their ability to react with 
the conjugated protein drug should also be diminished, due to an inability of 
antibody to react with the surface determinants. Early studies on the antige
nicity of proteins demonstrated that modification of proteins with certain 
polymers resulted in a loss of antigenic potential (SELA 1969; HABEEB et al. 
1958; JONES and LESKOWITZ 1965). 

Many compounds are under investigation as modification agents, includ
ing dextran, N-(2-hydroxypropyl) methacrylamide-copolymers (HPMA), 
divinyl ether-maleic acid (DIVEMA), styrene-maleic acid/anhydride (SMA), 
and PEG. Generally, the compound is covalently bound to the protein, only to 
be released during the normal degradation of the adduct. However, if required 
for efficacy, it is possible to provide for controlled degradation and specific 
targeting when designing the adduct, through the proper addition of targeting 
agents and/or degrqdable linkers. A variety of compounds can be linked 
together to perform specific functions, such as targeting, solubilization and 
transportation (YOYOKAMA 1992). The protein may be bound directly to the 
polymer or through a spacer. Spacer design is generally dependent on whether 
the protein needs to be released from the polymer to express activity. 

As most of these compounds are macromolecular and the majority of 
synthetic polymers with MW greater than 80-100,000 Da cannot be excreted 
by the kidneys (KOPECEK 1981), pinocytosis and transfer into lysosomes is the 
major intracellular degradation route (TROUET et al. 1982). Drug-polymer 
linkers can be designed to be stable in the circulation and extracellular space, 
while capable of hydrolysis once internalized in the cells. 

Polymers can be used to increase drug efficacy by functioning as stabili
zers and protectants, altering biodistribution and decreasing toxicity (MAEDA 
et al. 1991). As with liposomes, some polymers are taken up preferentially by 
certain cells and, thus, may be used to primarily target a particular tissue. 
Macromolecular drug conjugates are generally transferred intracellulariy to 
lysosomes. Based on the design of the conjugate, the drug can be delivered 
intracellularly post-degradation of the linkage by lysosomal enzymes. 

Most polymers are chosen because of their low biological activity. 
DIVEMA is used because, by itself, it expresses anticancer activity through 
immune system stimulation (FUNG et al. 1979). When conjugated to doxorubi
cin, the resulting drop in drug toxicity allowed for increased dosages (HIRANO 
et al. 1986). Within 60 days of injection into mice with an intraperitoneal 
tumor, 50% of the mice receiving the doxorubicin conjugate were alive, while 
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all the mice receiving only free doxorubicin were dead within 3 weeks (HIRANO 
et al. 1986). 

Naturally occurring polymers, such as dextran, have been shown to alter 
the physiochemical properties of protein drugs, resulting in increased circulat
ing life, decreased immunogenicity, increased thermal stability and resistance 
to proteolysis (MIYATA et al. 1988). SOD, with 34% of its free amino acids 
modified with dextran (MW 80,000 Da), retained 67% activity, but had a 
higher immunogenicity than SOD in vivo (MIYATA et al. 1988). Asparaginase 
modified with dextran displayed a decreased immunogenicity and a 50% 
reduction in activity (WILEMAN et al. 1983, 1986). Higher MW dextrans were 
shown to increase immunogenicity of attached proteins, haptens or peptides 
(LEES et al. 1994). Oxidized dextran coupled via lysine residues to soybean 
trypsin inhibitor retained significant activity, and demonstrated an increased 
circulating life and decreased immunogenicity by peA (T AKAKURA et al. 
1989a,b). Doxorubicin attached to oxidized dextran had an LDso approxi
mately 3- to 4-fold higher than free doxorubicin, but a much higher therapeutic 
efficacy and increased circulating life (FUJITA et al. 1991). 

Dextran-modified horseradish peroxidase combined with liposomes dem
onstrated increased intracellular stability, such that 9% of the enzyme was 
present in the liver 24 h after administration, compared with no free enzyme 
detectable in the same time frame (MUMTAZ and BACHHAWAT 1992). The rate 
of degradation of the dextran conjugate was decreased, compared with free 
enzyme. Of the conjugate present in the lysosome, 70% was detectable at 24 h, 
compared with 5% of the free enzyme (MUMTAZ and BACHHAWAT 1992). 

HPMA has also been used to modify doxorubicin, and the resultant com
pound demonstrates an increase in circulating life from 2 min to approxi
mately 60 min in mice (SEYMOUR et al. 1990). Tumor drugs levels of 7.5 #g/g 
were achieved following administration of HPMA-doxorubicin conjugates, 
compared with 0.55 #g/g following administration of free doxorubicin. The 
modified doxorubicin was noted to have decreased cardiotoxicity (MAEDA 
et al. 1992). 

When the anti-tumor protein neocarzinostatin was coupled to SMA, the 
antigenicity of the base protein decreased 8-16 times (MAEDA et al. 1984), 
and the compound demonstrated enhanced stability in aqueous, as well as 
the lipid medium (HIRAYAMA et al. 1986). In clinical trials in patients with 
advanced inoperable disease, survival.time increased from a mean of 4 months 
to survival rates of 30-90% at year 3 and year 4 (MAEDA 1991; KONNO et al. 
1983, 1984). More recent clinical trials have indicated that this adduct is 
weakly antigenic, but its clinical efficacy was not compromised (MAEDA et al. 
1992), and the compound was approved in Japan for the treatment of hepato
cellular carcinoma. 

Of all the modification technologies, PEG conjugation appears to provide 
the most consistent pattern in changes of protein characteristics. Recent 
reviews discuss, in detail, the successful use of PEG in protein modification 
(DUNCAN and SPREAFICO 1994; KATRE 1993). PEG compounds generally 
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display increased circulating lives (by 3- to 486-fold, dependent on the protein 
modified), reduced imrnunogenicity and antigenicity, and increased solubility 
(DELGADO et al. 1992). Decreased activity of the protein, common following 
modification, is offset by the increase in circulating time. The increased circu
lating life allows for decreases in the dosage size, thus, resulting in a decrease 
in toxicity as an indirect effect of PEG modification. 

PEG is the only modification polymer conjugated to a protein drug that 
has achieved Food and Drug Administration approval. PEG conjugated to 
ADA (ADAGEN) was approved in 1990 for the treatment of ADA-deficient 
severe combined immunodeficiency disease. Patients currently undergoing 
gene therapy for this disease are treated concurrently with ADAGEN. Pa
tients have been receiving ADAGEN for up to 8 years, with no diminishment 
in therapeutic efficacy. Though several patients did develop antibodies specific 
for the conjugate, they were able to develop a tolerance and continue therapy 
(CHUN et al. 1993). 

PEG conjugated to asparaginase (ONCASPAR)--was approved in the 
United States in 1994 for the treatment of patients hypersensitive to existing 
asparaginase therapy for acute lymphocytic leukemia. Both of these approved 
proteins demonstrate increased circulating lives, decreased immunogenicity 
and antigenicity, and increased stability (Ho et al. 1986, 1988; DAVIS et al. 
1981). Similar changes in the characteristics of other base proteins following 
modification have resulted in clinical trials to study the therapeutic use 
of PEG-SOD, PEG-interleukin-2, PEG-interferon, PEG-GC and PEG
hemoglobin. 

PEG-conjugates have also been used to suppress the production of IgE 
response to specific allergens. When ovalbumin, pollen allergens and bacterial 
allergens were conjugated to PEG, they markedly depressed the ongoing IgE
antibody formation in sensitized animals through the activation of suppressor 
cells (SEHON and LEE 1981; LEE et al. 1981). However, in clinical trials on PEG
honeybee venom, allergen-specific tolerance could not be induced in patients 
with ongoing IgE responses (DREBORG and AKERBLOM 1990). 

v. Protein Engineering 

The biological activity of proteins is governed by surface structure and surface 
determinants. These determinants are based on the three-dimensional struc
ture of the proteins, which, in turn, is based on the amino acid sequence, or 
primary structure, and the ways in which these amino acids interact with each 
other and their environment. The presence of non-protein components, such 
as carbohydrates, also affects the protein's biological activity. The distribution 
of carbohydrates is noted to be a "major determinant of the biological depo
sition and potential safety of therapeutic proteins" (TOMLINSON 1989). Thera
peutic benefits as well as adverse side effects are ultimately due to the shape 
and activity of the protein. Improvement of the clinical efficacy can be accom
plished by the engineering or remodeling of the protein itself. 
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By changing the amino acid sequence or other components of a protein 
through protein engineering, one can alter the circulating life, the ability of the 
protein to interact with receptor sites, and recognition by the immune sys
tem. Protein stability (KAARSHOLM et al. 1993), specificity (WITKOWSKI et al. 
1994) or environmental adaptability (ARNOLD 1993) can be altered by protein 
engineering. New proteins can be designed through the addition of new func
tions (HIGAKI et al. 1992), the incorporation of non-peptidic residues (BACA 
et al. 1993; TUCHSCHERER et al. 1992) or by protein design (JOHNSSON et al. 
1993; BALL 1994). Protein engineering can be used to humanize antibodies for 
therapy, resulting in molecules with improved pharmacokinetics and reduced 
immunogenicity (WINTER and HARRIS 1993; ADAIR 1992), or it can be used to 
alter the thermal stability of food enzymes (GOODENOUGH and JENKINS 1991). 

Proteins can be altered by either site-directed mutagenesis or post
translational modification. Site-directed mutagenesis is a process whereby the 
DNA that codes for the amino acid structure is mutated to precisely alter 
the protein. Several recent reviews discuss the basics of the procedures· 
(FERSHT and WINTER 1992; PETERSEN and MARTEL 1998). The process itself is 
straightforward, however, the resulting change(s) must be examined for each 
mutation. A single mutation can have significant effects on biological activity, 
as is noted for the single-point mutation that is responsible for sickle-cell 
anemia. 

Site-directed mutagenesis has been shown to be successful in changing 
the biological activity of proteins. tPA was engineered at residue 120 from 
asparagine to glutamine. In mice, the mutated tPA circulated longer than the 
wild-type tPA, and was more active in promoting thrombolysis of a labeled 
clot (LAU et al. 1987). When mutated tPA variants were compared to com
mercially available recombinant tPA (ActivaseR), the rates of clearance of 
the two variants were decreased 9-fold and 18-fold in rabbits. Plasma 
plasminogen-activator activity clearance in rabbits was also decreased 9-fold 
and 22-fold, relative to the recombinant version. A 50% clot thrombolysis 
was achieved with doses 8.6-fold and 3-fold lower than the wild type (LARSEN 
et al. 1991). 

Post-translational modification typically consists of side-chain modifica
tions by phosphorylation, glycosylation or farnesylation. As the amino acids of 
terminal chains appear to be responsible for mediating intracellular metabolic 
stability of a protein (BACHMAIR et al.1986), post-translational modification to 
alter terminal or internal protein sequences can result in therapeutic benefits. 
ADA, which is used for the treatment of ADA-deficient severe combined 
deficiency disease, is normally found only in the cytosol. The protein was 
modified through the fusion of a ,B-Iactamase signal sequence with its amino 
terminus. The engineered protein displayed antigenic, catalytic, conforma
tional and immunological properties similar to human ADA. When cloned 
into a mammalian expression vector and transfected into mouse fibroblasts 
and myoblasts, ADA activity was demonstrated in the media (HUGHES et al. 
1994). 
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Individual residues of proteins may also be engineered by pho
sphorylation, glycosylation, suifation, methylation, farnesylation, prenylation, 
myristylation or hydroxylation. Changes in the distribution of carbohydrates 
on the surface of proteins can alter the blood circulating life, recognition by 
the immune system and the ability to access sites of action (TOMLINSON 1989). 
Post-translational modification by the addition of man nose to take advantage 
of preferential uptake and endocytosis by macrophage receptors was used to 
improve the therapeutic efficacy of glucocerebrosidase for Gaucher's disease. 
Only a small increase in uptake was noted. Uptake was mediated by a receptor 
distinct from the classical mannose receptor that binds mannose-bovine serum 
albumin (SATO and BEUTLER 1993). When GC purified from human placental 
tissue or produced by recombinant techniques was modified by the addition 
of mannose to the terminus and administered randomly to 15 patients 
with Gaucher's disease, no difference in therapeutic outcome was noted 
(GRABOWSKI et al. 1995). IgG-antibody formation of 40% was noted in patients 
receiving the tissue-derived protein, compared with 20%-for patients receiving 
the recombinant protein (GRABOWSKI et aI. 1995). 

SOD modified with mannose was preferentially targeted to mouse peri
toneal macrophages, compared with non-modified or galactosylated SOD. 
Macrophages incubated with mannosylated SOD demonstrated a stronger 
inhibitory effect on the release of superoxide anion from phorbol myristate 
acetate-stimulated macrophages (TAKAKURA et al. 1994). The in vivo disposi
tion of human-recombinant SOD (FUJITA et al. 1992), albumin (NISHIKAWA 
et al. 1992), soybean-trypsin inhibitor (TAKAKURA et al. 1989a,b) and uricase 
(FUJITA et al. 1990; YASUDA et al. 1990) were all shown to be controllable by 
modification with various sugars. 

D. Choosing the Proper Strategy for 
a Protein Therapeutic 

The choice of the strategy for a protein therapeutic is based ultimately on 
the desired characteristics of the final product. These, in turn, are based on the 
indications(s), the desired route of administration and, most importantly, the 
characteristics of the base protein. 

Choice of a strategy to reduce immunogenicity should take into account 
what effect the strategy will have on the protein's characteristics. Will the 
strategy inactivate or decrease the desired protein activity? Will the strategy 
result in an extension of activity such that the protein becomes toxic? An 
extensive review of the effects of the methodology on other proteins, espe
cially those that are similar in nature, will assist in predicting the effect the 
technology will have on the base protein. 

Rigorous testing of the protein after it is incorporated with the desired 
methodology is essential. Proteins are extremely sensitive to change, there
fore, an extensive determination of activity, pharmacokinetics and toxicity are 
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required. Though this may seem like a significant amount of effort, it is 
no more than is normally required of the drug development process. What is 
important to keep in mind, when looking at alternate methodologies to reduce 
the immunogenicity of protein therapeutics, is that once the protein is linked 
to some technology, it is a new compound and cannot be defined as the base 
protein. 

E. The Future of Protein Therapeutics 
The clinical application of proteins is beginning to be realized. The choices of 
technologies to overcome the limitations associated with protein therapeutics 
and their refinement continues to produce products that are successful in 
negotiating the regulatory hurdles in the United States and other countries. 

What of the future? As the intricacies of the body and its recognition and 
receptor systems are further defined, it may be possible to use some of the 
strategies defined above, or some combination, to produce a protein drug that 
displays a high level of efficacy and a low to non-existent level of unwanted 
side effects. Gene therapy offers the potential to cure metabolic disorders and 
cancer (TEPPER and MULE 1994; FREEMAN et al. 1993; MOSELEY and CASKEY 
1993); selective immunomodulation offers the possibility that the immune 
system can be selectively manipulated during a protein drug's dosing schedule. 

Until the time that we discover the final cure for the diseases that require 
protein therapy, the strategies described will make it possible for physicians 
and clinicians to provide patients with the best protein-based treatment. Even 
if we do not achieve the realm of the "final cure", we will continue to be able 
to use the strategies already developed, or further refine them, to allow the use 
of proteins as therapeutics. 
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CHAPTER 5 

Targeted Toxin Hybrid Proteins 
R.J. KREITMAN and 1. PASTAN 

A. Introduction 
I. Protein Toxins That Inhibit Protein Synthesis 

The goal of targeted therapy is to kill cells bearing specific receptors. This is 
in contradistinction to cytotoxic chemotherapy, which depends on biochemical 
differences between normal and target cells. Many types of malignant cells, 
including those resistant to cytotoxic chemotherapy, display unique proteins 
on the cell surface, making such cells potentially sensitive to targeted therapy. 
Unlike small chemotherapeutic agents, which enter the cell by passing 
though the membrane, targeted therapy must enter through the specific 
receptors or antigens on the cell surface. Because such sites number only 
thousands per cell, the targeted agent must be extremely potent. Typically, 
protein toxins are used since they kill cells by catalytic mechanisms. In fact, it 
has been shown with both bacterial and plant toxins that only one molecule 
in the cytoplasm of cells is sufficient to kill the cell (CARRASCO et al. 1975; 
YAMAIZUMI et al. 1978; WILLINGHAM, FITzGERALD and PASTAN unpublished 
data). 

1. Plant Toxins 

Protein toxins from eukaryotic organisms, such as plants and fungi, typically 
inhibit protein synthesis by catalytically inactivating ribosomes. Examples 
include ricin, abrin, pokeweed antiviral protein, gelonin and saporin (UCKUN 
1993; VITETTA et al. 1987). Ricin and abrin are composed of a binding domain 
and a catalytic domain connected through a disulfide bond. Other plant toxins 
contain only the catalytic domain. 

2. Bacterial Toxins 

Bacterial toxins, which include diphtheria toxin (DT) and Pseudomonas exo
toxin (PE), are secreted as single chains. They inhibit protein synthesis by 
catalytically ADP ribosylating elongation factor 2 in the cytoplasm of target 
cells. Bacterial toxins contain a binding domain, to bind to target cells, and a 
translocation domain, to gain access to the cytoplasm. 
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II. Structure and Function of Pseudomonas Exotoxin 

1. Definition of Domains and Mechanism of Intoxication 

PE (Fig. 1) is composed of 613 amino acids and contains several domains 
which are structurally and functionally distinct (ALLURED et al. 1986; HWANG 
et al. 1987). Domain Ia (amino acids 1-252) binds to the a2 macroglobulin 
receptor, which is commonly expressed on the surface of animal cells 
(KOUNNAS et al. 1992). After internalization into the target cell, domain II 
(amino acids 253-365) undergoes proteolytic cleavage between Arg279 and 
Gly280, and the remaining C-terminal portion of domain II functions to trans
locate the 37-kDa fragment (amino acids 280-613) into the cytosol (OGATA et 
al. 1990, 1992). The function of domain Ib (amino acids 365-399) is unknown, 
and much of it (amino acids 365-380) can be removed without loss of activity 
(SIEGALL et al. 1989a; KREITMAN et al. 1993a). Domain III (amino acids 400-
613) contains the ADP ribosylating activity. Amino acids 603-613 are not 
needed for enzymatic activity (CHAUDHARY et al. 1990b), but the carboxyl 
terminal amino acids, @DLK, are needed for cytotoxic activity. These can 
be replaced by the endoplasmic reticulum (ER) retention sequence KDEL 
(CHAUDHARY et al. 1990b), suggesting that REDLK functions as an ER reten
tion sequence to transport the 37 -kDa fragment of PE to the ER, the site from 
which it can translocate to the cytosol. 

1 252 

PE I la I' ~ __________ ~ ____ ,, __ 3_6~i_~_4~r_o ____ "_' __ ~~::EDLK 
E EEE 

p~E 
I III 

I la ~ __________ ~ ____ " __ ~I_~~I _____ "_I __ ~I-REDLK 

PE40 
L-___ '' __ ~I~~~I _____ I_" __ ~~REDLK 

PE3S 
L-___ ,, __ ~I_~~I ____ I_" __ ~~REDLK 

Fig. 1. Schematic diagram of Pseudomonas exotoxin (PE) and truncated forms. Do
mains la, II, and Ib are represented by the indicated boxes. Box III represents domain 
III up until amino acid 608, and amino acids 609-613, the C-terminus of PE, is indi
cated. In PE4E, the basic amino acids at positions 57, 246, 247 and 249 are replaced with 
glutamate residues to decrease cell binding. In PE40, domain Ia is missing from PE, and 
in PE38, domain Ib is shortened by removing amino acids 365-380 of PE 
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2. Mutants Lacking Cell Binding 

To prevent targeting of PE to normal cells, domain Ia is either mutated or 
deleted, as shown in Fig. 1. PE4E is a mutated form of PE where four basic 
residues at positions 57, 246, 247 and 249 in domain Ia are converted to 
glutamate (CHAUDHARY et al. 1990c). PE40 is the 40-kDa form of PE where 
domain Ia is deleted. PE40 can be further shortened to PE38 by removing 
amino acids 365-380, which contain a disulfide bond. 

llI. Types of Toxins Made with PE 

1. Chemical Conjugates vs Recombinant Fusions 

PE or PE derivatives were first targeted by chemically coupling the toxin to 
monoclonal antibodies or growth factors (PIRKER et al. 1985; KONDO et al. 
1988; FITZGERALD et al. 1983). More recently, using recombinant-DNA tech
niques, ligands have been fused directly to the amino t.ermini of PE derivatives 
(Fig. 2). The activity of these fusions is made possible by the protease site in 
PE, which allows an intracellular protease to separate the ligand from the 
fragment of PE (amino acids 280-613), which translocates to the cytosol 
(OGATA et al. 1992). An analogous protease site is present for diphtheria toxin 
(WILLIAMS et al. 1990). The absence of such a site in plant toxins like ricin 
makes effective fusions of ligands to those toxins more difficult to make (COOK 
et al. 1993). 

2. Fusion Toxins Containing Transforming Growth Factor-a 

One of the earliest PE-containing fusion toxins was transforming growth 
factor a (TGFa)-PE40, composed of TGFa fused to PE40 (Fig. 2). This 
toxin was very active against cells displaying the epidermal growth
factor receptor (EGFR), with half-maximal protein synthesis inhibition 
(ICso) achieved at concentrations as low as 0.1 ng/ml (SIEGALL et al. 1989b). 
Because EGFRs are present on normal liver cells in humans and mice, the 
single-dose LDso in mice was low (1.5 f-lg intraperitoneally), but antitumor 
effects in mice bearing human EGFR-positive tumors were nevertheless 
observed (PAl et al. 1991; KREITMAN et al. 1992b). To improve the binding 
about IS-fold, TGFa was fused to a derivative of PE40 lacking cysteines 
(Fig. 2), thus eliminating the Cys265~Cys287 and Cys372-Cys379 disulfide 
bonds (EDWARDS et al. 1989). The resultant molecule, TP40, also showed 
antitumor in animal models (HEIMBROOK et al. 1990, 1991; KUNWAR et al. 
1993). 

Because of its specific binding to EGFR-bearing hepatocytes, TP40 was 
brought to clinical trial to be used nonsystemically, as intravesical therapy for 
bladder carcinoma. Forty-three patients with superficial bladder cancer re
ceived between 0.15 mg/week and 9.6 mg/week. No dose-dependent local or 
systemic toxicity was observed. Of 13 patients with carcinoma in situ, 9 showed 
histopathologic resolution of disease post-treatment, although responses were 
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TGFu·PE40 ~GFal II I ~ I III ~REDLK 
~ ~ ~~ TP40 ~GFal II ~~ I III ~ REDLK 

IL2·PE40 IL2 I II I ~ I III ~REDLK 

DAB4B6 IL2 A B IL2 

DAB3891L2 
Or A B IL2 
DT388·1L2 

Anli-Tac(Fv}-PE40 REDLK 

Anli· Tac(Fv}-PE40KDEL KDEL 

Anli-Tac(Fv}-PE38 

Anti-Tac(Fv}-PE38KDEL 

~ ~,E 

ILS-pe"E I ILS la I II I ~ I III ~REDLK 

Fig. 2. Schematic diagram of chimeric toxins made with Pseudomonas exotoxin (PE) 
or diphtheria toxin (DT). la, II, Ib and III represent the respective domains of PE, as 
in Fig. 1. Boxes A and B represent the A chain and truncated B chain of DT, respec
tively. DAB486IL2 consists of methionine followed by the first 486 amino acids of DT, 
followed by human interleukin (IL) 2. Both DT388-IL2 and DAB389IL2 consist of 
methionine followed by the first 388 amino acids of DT, followed by human IL2. 
Between Thr386 of DT and Pro2 of IL2, DT388-IL2 contains the extra amino acids 
RPHMAD (CHAUDHARY et al. 1991), while DAB389IL2 contains HA (WILLIAMS et al. 
1990). Also IPEGEA follows amino acid 131 of IL2 in DT388-IL2. In the recombinant 
immunotoxins, anti-Tac(Fv) is composed ofVH and VL separated by a flexible linker of 
sequence (G4 S)3 

not seen in evaluable patients with more advanced disease. Thus, TP40 was 
effective against low-volume disease in this compartmental protocoL 

3. Fusion Toxins Containing Interleuldn 2 

To target hematologic tumors or autoimmune disorders, where the target cells 
display interleukin2 receptors (IL2Rs), IL2 was fused to PE40 (Fig. 2). IL2-
PE4~was cytotoxic against IL2R-bearing cell lines from patients with adult T
cell leukemia (ATL) and was active in murine models of autoimmune disease, 
but was poorly cytotoxic toward human-activated T-cells or fresh ATL cells 
from patients (LORBERBOUM-GALSKI et aL 1988a, 1989, 1990; KREITMAN et aL 
1990). Similarly, the diphtheria toxin-containing fusion protein DAB486IL2 
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(Fig. 2), which was very cytotoxic toward ATL lines, required high concentra
tions to kill fresh ATL cells (WILLIAMS et al. 1987; KIYOKAWA et al. 1989). A 
possible reason for this phenomenon is that fresh target cells have lower 
affinity sites (IL2Ra-IL2R.B complex, Kd-10 pM) than cell lines (KODAKA 
et al. 1990; WALDMANN 1991). While fresh target cells still have ample low
affinity sites (IL2Ra alone, Kd-lO nM), the binding to IL2 is markedly 
reduced. A desirable alternative was to target low-affinity sites with a high
affinity ligand, such as the anti-Tac antibody. 

4. Recombinant Immnnotoxins 

The monoclonal antibody anti-Tac, which binds to IL2Ra with high affinity 
(Kd = 100 pM), was originally chemically conjugated to PE derivatives, but the 
cytotoxic effects were similar to that seen with IL2-PE40 (BATRA et al. 1989; 
KONDO et al. 1988). To make a single-chain fusion toxin with the binding 
activity of this antibody, anti-Tac was converted to th~ single-chain (Fv) form 
and then anti-Tac(Fv) was fused to PE40 (Fig. 2). The-Fv form is composed 
of the variable heavy (V H) domain fused to the variable light (V L) domain 
through a peptide linker, of sequence (G4S)3' Anti-Tac(Fv)-PE40 was very 
cytotoxic toward ATL cell lines, with IC50s as low as 0.15 ng/ml (CHAUDHARY 
et al. 1989). The recombinant imrnunotoxin was also very cytotoxic toward 
activated human T-cells and fresh malignant cells from patients with ATL 
(CHAUDHARY et al. 1989; BATRA et al. 1990; KREITMAN et al. 1990). More 
recently, other antibodies have been converted to single-chain immunotoxins, 
including anti-erbB2 (e23 and FRP5), anti-LeY (B3 and BR96), anti-ovarian 
cancer (OVB3), anti-transferrin receptor (HB21 and E6), anti-IL2R/3 (Mik
b1) and anti-prostate carcinoma (PR1) monoclonal antibodies (BATRA et al. 
1991,1992; BRINKMANN et al. 1991,1993; CHAUDHARY et al. 1990a; FRIEDMAN et 
al. 1993; KREITMAN et al. 1992c; NICHOLLS et al. 1993; WELS et al. 1992). 

B. Preclinical Development of Anti-Tac(Fv) Toxins 
I. Background 

Anti-Tac(Fv)-PE40KDEL, anti-Tac(Fv)-PE38KD EL and anti-Tac(Fv)-PE38 
are mutants of anti-Tac(Fv)-PE40, as shown in Fig. 2. Anti-Tac(Fv)-PE40 
was converted to anti-Tac(Fv)-PE40KDEL, by replacing the carboxy terminal 
amino acids REDLK with KDEL. This improved cytotoxic activity, and in
creased animal toxicity several-fold (SEETHARAM et al. 1991). In addition, anti
Tac(Fv)-PE40 and anti-Tac(Fv)-PE40KDEL were each shortened slightly to 
anti-Tac(Fv)-PE38 and anti-Tac(Fv)-PE38KDEL, respectively, by removing 
amino acids 365-380 of PE (SIEGALL et al. 1989a; KREITMAN et al. 1993a). This 
also removed the Cys372-Cys379 disulfide bond. We have determined that the 
KDEL mutation increases cytotoxic activity, but that removing amino acids 
365-380 of PE does not change cytotoxic activity (KREITMAN et al. 1993a). As 
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Table 1. Cytotoxicity of anti-IL2R toxins on cell lines. ATAC-4 cells are A431 
epidermoid carcinoma cells transfected with the gene encoding human IL2Ra. Cells 
were incubated with toxins for 18-24h and pulsed with [3H]leucine to determine 
inhibition of protein synthesis 

Cell line Sites/cell ICso (mg/ml) Anti- Anti- DT388- IL2-PE40 
(type) IL2Ra IL2Rf3 Tac(Fv)- Tac(Fv) IL2 

PE38KDEL PE40 

HUT-102 500,000 18,000 0.06 0.2 0.1 3 
(ATL) 

MT-1 500,000 Absent 0.02 0.2 >100 80 
(ATL) 

ATAC-4 200,000 Absent 0.025 0.06 200 23 
(epiderm) 

The ICso is the concentration of toxin necessary for 50% inhibition of protein synthesis. 
Most of the binding and cytotoxicity data was reported previously (LORBERBOUM
GALSKI et al. 1988b, 1990; CHAUDHARY et al. 1989, 1990a; KREITMAN et al. 1993a, 1994) 
ATL, adult T-cell leukemia; IL, interleukin; PE, Pseudomonas exotoxin 

shown in Table 1, the cytotoxic activity of anti-Tac(Fv)-PE38KDEL is higher 
than that of anti-Tac(Fv)-PE40 toward several IL2R-bearing cell lines. It is 
also notable that anti-Tac(Fv)-PE38KDEL is much more cytotoxic than the 
IL2 toxins IL2-PE40 and DT388-IL2 toward cell lines with low or undetect
able levels of IL2Rj3, which is needed to form the high-affinity IL2R. 

II. Efficacy Data on Relevant Human Cells 

1. Human Activated T-Lymphocytes 

To determine whether anti-Tac(Fv) toxins could target cells that mediate 
autoimmune diseases, we tested the recombinant immunotoxins against acti
vated human T-Iymphocytes. Cells obtained from normal peripheral blood 
were activated using either phytohemagglutinin (PHA) or with the mixed 
lymphocyte reaction (MLR). In the latter case, cells from two normal individu
als were incubated together until they became IL2R-bearing activated T
lymphoblasts. Anti-Tac(Fv) toxins were very cytotoxic against such cells, with 
ICsos of as low as 0.025 ng/ml. In contrast, normal resting lymphocytes were 
resistant, even at 1000 ng/ml (KREITMAN et al. 1993a). The cytotoxic activity 
of anti-Tac(Fv)-PE38KDEL toward activated human T-cells was >1000-fold 
higher than that of IL2-PE40 and was also greater than that of either DT388-
IL2 or DAB389IL2. Both of the latter fusion proteins contain IL2 following 
the methionine and the first 388 amino acids of DT (CHAUDHARY et al. 1991; 
WILUAMS et al. 1990). While DT388-IL2 and DAB389IL2 differ slightly in 
junctional amino acids, in our assays, their cytotoxic activity was similar. 
DAB389IL2 is currently undergoing clinical testing. As shown in Fig. 3, the 
difference between the cytotoxicity of anti-Tac(Fv)-PE38KDEL and that of 
DT388-IL2 or DAB389IL2 on the activated human T-cells ranged from several-
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Fig. 3. Comparison of recombinant toxins against activated-human T-cells. Human T
cells were activated using either the mixed lymphocyte reaction (e), or phytohemag
glutinin (other markers) as described previously (KREITMAN et al. 1993a; PURl et al. 
1994). Each type of point marker refers to a separate assay 

fold to over 100-fold, depending on different states of T-cell activation (Fig. 3). 
We have found that towards both MLR and PH A-activated T-cells, the cyto
toxic activity of anti-Tac(Fv)-PE40, anti-Tac(Fv)-PE38 and anti-Tac(Fv)
PE40KDEL is similar to that of anti-Tac(Fv)-PE38KDEL (KREITMAN et al. 
1993a). We propose two possible reasons for the improved activity of anti
Tac(Fv) toxins over IL2 toxins. The first is that while the ATL cell line HUT-
102 contains up to 18,000 high-affinity IL2Rs/cell, activated T-cells contain 
only 2000-4000 (ROBB et al. 1984). Alternatively, after internalization into a 
target cell, IL2 may direct the toxin to be destroyed in lysozomes (LOWENTHAL 
et al. 1986), whereas anti-Tac(Fv) may allow more toxin molecules to reach 
the ER, where they can access the cytoplasm. 

2. Fresh Adult T-Cell Leukemia Cells 

In terms of activity against malignant target cells, we did not believe that 
activity against ATL cell lines would necessarily be predictive of the potential 
therapeutic utility of anti-Tac(Fv) toxins. One reason for this is that cells from 
patients may have much lower numbers of IL2Rs than do cell lines. Another 
reason is that the intracellular transport and processing of the toxin within 
the target cells in patients might be so slow that the toxin is degraded before 
reaching the cytoplasm. Thus, we tested the recombinant immunotoxin 
against fresh cells from patients with A TL and chronic lymphocytic leukemia 
(eLL). 

To study the effect of recombinant immunotoxin against cells from pa
tients with ATL, the Ficoll-purified cells of 40 A TL patients were incubated 
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Fig. 4A,B. Cytotoxicity of recombinant toxins against fresh human cells. Fresh adult 
T-cell leukemia (ATL) (A) or chronic lymphocytic leukemia (CLL) (B) cells were 
incubated with the indicated recombinant toxin for 60 h and pulsed with [3H]leucine 
to determine inhibition of protein synthesis, as described previously (KREITMAN 

et al. 1992a, 1993b; SAITO et al. 1994). The solid circles indicate a patient with the 
prolymphocytic variant of CLL 

with toxins for 2-3 days and then labeled with [3H]-leucine. All samples 
showed sensitivity to anti-Tac(Fv)-PE40 as well as anti-Tac(Fv)-PE40KDEL 
and we have yet to find a resistant sample. The activities of anti-Tac(Fv)-PE38 
and anti-Tac(Fv)-PE38KDEL were essentially identical to those of anti
Tac(Fv)-PE40 and anti-Tac(Fv)-PE40KDEL, respectively. (KREITMAN et al. 
1993a). Figure.4A shows a scatter plot of the ICsos. The activity of anti
Tac(Fv)-PE40KDEL was usually several-fold to 40-fold higher than that of 
anti-Tac(Fv)-PE40 (KREITMAN et al. 1993b; SAITO et al. 1994), but the effect of 
the KDEL terminus was negligible towards cells from some patients. Also, the 
soluble IL2R levels present in the serum of ATL patients, who have recently 
obtained partial response to chemotherapy, did not completely block the 
cytotoxic activity of the immunotoxin. The response of fresh A TL cells to 
DT388-IL2 was usually lower (Fig. 4A). This is probably because fresh cells 
from ATL patients display 1600 to >20,000 IL2Ra sites/cell, but high-affinity 
sites usually number only a few hundred (KODAKA et al. 1990). 

3. Fresh Chronic Lymphocytic Leukemia Cells 

CLL cells proved to be much different in immunotoxin sensitivity than ATL 
cells. Just over half of the cells tested were found to be sensitive to anti
Tac(Fv)-PE38KDEL, with ICsos <10 ng/ml, but the remainder were resistant 
(Fig. 4B). The resistant cells often displayed well over 1000 IL2Ra sites/cell 
(KREITMAN et al. 1992a). Moreover, without the KDEL carboxyl terminal 
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mutation, anti-Tac(Fv)-PE40 showed poor reactivity with all of the CLL 
samples (Fig. 4B). This data indicated that CLL cells, perhaps as a result of 
terminal differentiation, had lost the ability to transport the intracellular toxin 
containing REDLK, and some samples had even lost the ability to recognize 
the KDEL-ER localization signal. The poor reactivity of CLL cells with 
DT388-IL2 was expected, since such cells usually display <100 high-affinity 
IL2R sites/cell (YAGURA et al. 1990). An important question is whether the less 
differentiated proliferating cells of patients with CLL, which are the most 
important therapeutic targets, have not yet lost sensitivity to REDLK or even 
IL2-containing toxins. If so, patients with CLL, and similar tumors such 
as lymphomas, would not necessarily require a KDEL-containing toxin to 
respond. 

III. Efficacy Data in an Animal Model of IL2R-Bearing Cancer 

1. Production of the Human ATAC·4 Line 

We were limited in testing anti-Tac(Fv) toxins in animal models of leukemia 
or autoimmune disease because anti-Tac does not bind to murine IL2Ra. 
Therefore, A431 cells, which grow well in animals, were transfected with a 
gene encoding the human IL2Ra. The resultant AT AC-4 cells expressed 
200,000 IL2Ra sites/cell and showed high sensitivity to anti-Tac(Fv) toxins, 
with ICsos <0.1 ng/ml (KREITMAN et al. 1993a, 1994). ATAC-4 cells were 
considered an appropriate model for human A TL, despite the fact that the 
number of IL2Ra sites on ATAC-4 is over lO-fold higher, because ATAC-4 
cells are devoid of the IL2RP chain that is thought to be important for high 
rates of internalization (ROBB and GREEN 1987). 

2. Toxicity of Anti-Tac(Fv) Toxins in Mice 

To determine the maximum tolerated dose (MTD) of anti-Tac(Fv) toxins in 
mice, they were tested at different doses intravenously (i.v.). When given daily 
for 3 days (OD X 3), the maximum nonlethal dose of anti-Tac(Fv)
PE38KDEL was 0.1 mg/kg X 3. Twice this amount could be given safely every 
other day for three doses (OOD X 3). The cause of death in the mice was 
hepatocellular necrosis, probably due to nonspecific uptake of the toxin in 
hepatocytes. This was observed in mice receiving the MTD, but not in those 
receiving half this dose (KREITMAN et al. 1994). It should be added, however, 
that because of the high variability of transaminases in normal mice and high 
normal levels in mice, the mice receiving lower doses could have had several
fold elevations of transaminase that were undetected. 

3. Pharmacokinetics in Mice 

To determine how long cytotoxic levels of anti-Tac(Fv) toxin would remain 
in the circulation of mice, 1 JIg (0.05 mg/kg) of anti-Tac(Fv)-PE38KDEL was 
administered i.v., and serum levels were determined by testing the cytotoxic 
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Fig. SA,B. Pharmacokinetics of recombinant immunotoxins. A Anti-Tac(Fv)
PE38KDEL (O.OSmg/kg) was injected i.v. into mice and serum levels determined. 
Points shown are averages of duplicate mice. B Anti-Tac(Fv)-Pseudomonas exotoxin 
(PE) 38 (O.7Smg/kg) was injected i.v. into Cynomolgus monkeys. Serum levels are the 
means of triplicate monkeys. Standard deviations are indicated by error bars, when 
larger than the size of the point markers 

activity of the serum. Figure 5A shows that the T 1I2a was ~ 1 min, and the 
T 1I2f3 was 44 min. Thus, while the half life of the 63-kDa anti-Tac(Fv)
PE38KDEL was short, the levels even 4 h after injection were> lOOO-fold 
higher than the ICso toward AT AC-4 cells. 

4. Antitumor Activity in Tumor-Bearing Mice 

To examine the antitumor activity of anti-Tac(Fv) toxins, several different 
nonlethal doses of anti-Tac(Fv)-PE38KDEL, anti-Tac(Fv)-PE38 or anti
Tac(Fv)-PE40 were administered to nude mice 4 days after injection with 
AT AC-4 cells, when tumors approximately 75 mm3 had formed. Figure 6A 
shows that antitumor activity was dose dependent and was significant, even 
at 1 % of the LDso. The antitumor effect was specific, since treatment with the 
anti-Tac(Fv)-PE38KDEL AspSS3 mutant lacking ADP-ribosylation activity, or 
the Mik-f31(Fv)-PE38KDEL toxin lacking IL2Ra-binding activity showed no 
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Fig.6A,B. Antitumor activity of anti-Tac(Fv)-PE38KDEL.in mice. Nude mice were 
injected subcutaneously with AT AC-4 cells (3 X 106), were treated on day 0 and, on 
day 4, began three daily doses of immunotoxin given i.v. A Mice received anti-Tac(Fv)
PE38KDEL at dose levels of 2.S,ug/kg (A), S,uglkg (0), lO,ug/kg (.), SO,ug/kg (L1) or 
100,ug/kg (0). B The antitumor effect of anti-Tac(Fv)-PE38KDEL 100,ug/kg (0) was 
contrasted with that of Mik-f31(Fv)-PE38KDEL 100,uglkg (0), which does not 
bind to interleukin (IL)2Ra. A, B The control group was treated with anti-Tac(Fv)
PE38KDELAsP553100,ug/kg (e), which has no ADP ribosylation activity due to conver
sion of Glu553 of PE to Asp (KREITMAN et al. 1994) 

antitumor activity (Fig. 6B) (KREITMAN et al. 1994). In repeated experiments, 
complete remissions were observed in 16 of 19 mice receiving 7% of the LD50• 

Complete remissions were often durable, lasting over 3 months, until the mice 
were sacrificed. Alternatively, mice relapsing after high doses were found to 
be carrying tumors that had lost expression of the IL2Ra-encoding plasmid 
(KREITMAN et al. 1994). This was attributed to the fact that ATAC-4 cells that 
express IL2Ra could be selected in vitro using neomycin-containing media, 
but not in vivo. 

IV. Primate Testing 

The low levels of IL2Ra on resting lymphocytes and high levels of IL2Ra on 
activated T-cells from non-human primates react with anti-Taco Therefore, 
toxicity in primates should be useful in predicting targeted toxicity in humans, 
and possibly in predicting toxicity due to nonspecific internalization of the 
toxin in normal cells. 

1. Pharmacokinetics in Cynomolgus Monkeys 

The average serum levels of anti-Tac(Fv)-PE38 in three Cynomolgus monkeys 
after injection of 0.75 mg/kg i.v. are shown in Fig. 5B. Prior to injection, the 
monkeys were screened for the absence of neutralizing antibodies to the toxin, 
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and serum levels were determined by their cytotoxic activity, as in Fig. 5A. 
The terminal half-life was 114 min., over twice the level found in mice. The 
difference is probably due to delayed excretion in primates, since the serum 
levels are too high to be explained by toxin binding to the low levels of cell
associated or soluble-intravascular IL2Ra. A prolonged half-life should en
hance antitumor activity, provided it does not increase toxicity and limit the 
maximum tolerated dose. 

2. Toxicity in Cynomolgus Monkeys 

The toxicity of anti-Tac(Fv)-PE38 and anti-Tac(Fv)-PE38KDEL was assessed 
by injecting Cynomolgus monkeys i.v. every other day for 3 days. The every 
other day administration schedule was chosen for several reasons. First, the 
nonspecific toxicity of the immunotoxins was evident in mice within 2 days 
after the dose, so that a patient could be spared the second and third doses if 
hypertransaminasemia or other laboratory abnormalities appeared by day two 
after the first injection. Second, a treatment course of at least 1 week could be 
given before the onset of anti-toxin neutralizing antibodies. 

Table 2 shows the immunotoxin levels and transaminase elevations fol
lowing various doses of anti-Tac(Fv)-PE38 and anti-Tac(Fv)-PE38KDEL in 
Cynomolgus monkeys. Anti-Tac(Fv)-PE38 resulted in transaminase eleva
tions that were roughly proportional to both the dose and the 10-min post
injection serum level. Interestingly, the 1 mg/kg x 3 dose was over fivefold 
higher than the MTD of anti-Tac(Fv)-PE38 in mice when given as three daily 
doses (KREITMAN et al. 1994). The lowest dose of 0.02 mg/kg Lv. QOD x 3 is 
considered the no-effect dose. Data is also shown for monkeys treated with 
three doses of anti-Tac(Fv)-PE38KDEL, either 0.02 mg/kg or 0.2 mg/kg. Mild 
but significant transaminase elevations were observed in most of these mon
keys, and one of four monkeys treated with the low dose of anti-Tac(Fv)
PE38KD EL developed a grade-III elevation of AL T. The monkeys showed no 
evidence of renal insufficiency, capillary-leak syndrome or hypersensitivity 
reactions. Based on this data, we chose anti-Tac(Fv)-PE38 (LMB-2) for a 
phase-I trial in patients with CD25+ hematologic malignancies, since this 
immunotoxin consistently appeared relatively nontoxic at low doses. At this 
time, the maximum tolerated dose of anti-Tac(Fv)-PE38 remains unknown 
after treatment of 22 patients with doses up to 40 J1g/kg Lv. QOD x 3. The 
most common toxicities include fever and transaminase elevations not associ
ated with decreases in hepatic function. Several partial responses have been 
observed, and most of the patients have not developed immunogenicity to the 
first cycle. 

v. Production Issues 

A method for the large-scale production of anti-Tac(Fv)-PE38KDEL, which 
utilizes an IL2Ra-affinity column, was recently reported (SPENCE et al. 1993). 
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Table 2. Toxicity of anti-Tac(Fv) containing immunotoxins in monkeys 

Dose given i.v. Pre Day 1 Day 3 Day 5 
days 1, 3, 5 

Mean serum or 
plasma levels 
lOmin post 
(ng/ml) 
1. Anti- 0.02mglkg 390 ± 10 270 ± 70 280 ± 45 

Tac(Fv)-PE38 (n = 4) 
2. Anti- O.3mg/kg 8000 ± 1000 5900 ± 540 5400 ± 880 

Tac(Fv)-PE38 (n = 4) 
3. Anti- 0.75mg/kg 27 28 23 

Tac(Fv)-PE38 (n = 1) 
4. Anti- 1.0mg/kg 37 34 27 

Tac(Fv)-PE38 (n = 1) 
6. Anti- 0.02mglkg 310 ± 10 300 ± 20 290 ± 40 

Tac(Fv)- (n = 4) 

PE38KDEL 
6. Anti- 0.2mg/kg 2900 ± 400 2300 ± 200 1200 ± 600 

Tac(Fv)- (n = 2) 
PE38KDEL 

Transaminase 
grades 
1. Anti- 0.02mg/kg 0-1 0-1 0-1 0-1 

Tac(Fv)-PE38 (n = 4) 
1. Anti- 0.3mg/kg 0-1 0-11 I-II I-II 

Tac(Fv)-PE38 (n = 1) 
1. Anti- 0.75mg/kg 0 III III III 

Tac(Fv)-PE38 (n = 1) 
2. Anti- 1.0mg/kg 0 II IV III 

Tac(Fv)-PE38 (n = 1) 
3. Anti- 0.02mglkg 0-1 0-1 I-II I-III 

Tac(Fv)- (n = 4) 
PE38KDEL 

3. Anti- 0.2mg/kg 0-1 0-11 I-II I-II 
Tac(Fv)- (n = 2) 
PE38KDEL 

Cynomolgus monkeys were treated with the indicated immunotoxin diluted into 1 mil 
kg HSA-PSB as a I-min bolus i.v. infusion on days 1, 3 and 5. Serum levels were 
determined by the cytotoxic activity of dilutions of monkey serum drawn lOmin after 
each dose, using a standard curve generated from purified immunotoxin. Blood for 
chemistry determinations was drawn prior to the dose on days 1, 3 and 5. Grade I, II, 
III and IV toxicity is defined as either transaminase being <2.5-fold, 2.6- to 5-fold, 
5.1- to 20-fold and >20-fold the upper limit of normal, respectively, which for each 
transaminase is 50U/1. PE, Pseudomonas exotoxin; i.v., intravenous 

We have recently published a more conventional method not utilizing protein
containing columns, which also produces the protein in high yield and with low 
endotoxin content (BUCHNER et al. 1992; KREITMAN and PASTAN 1993). DNA 
encoding the protein is placed in an expression vector utilizing the T7 pro
moter (STUDIER and MOFFAT 1986). E. coli cells containing the plasmid are 
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grown in a fermenter, and induced by the addition of a lactose analog for 
90 min. The crude insoluble protein (inclusion bodies) is isolated by repeated 
washings in the detergent triton-X-100. These washings remove most of the 
endotoxin from the protein. The crude protein is then denatured and reduced 
in 6 M guanidine solution containing dithioerythritol and refolded in a redox 
buffer containing oxidized glutathione. After concentrating and dialyzing the 
refolded protein, monomeric immunotoxin is isolated by anion exchange and 
size-exclusion chromatography. The yield of fully active protein is currently 
3.5-5% of total recombinant protein, or 170-250 mg from a 10-1 fermentation 
induced at an 00650 of 6-8. This method has been found to give very good 
yields when applied to the production of other proteins, such as OT -containing 
chimeric toxins, IL4 and toxins containing IL2, IL4 or IL6 (KREITMAN and 
PASTAN 1993). 

c. Preclinical Development of IL6-PE4E 

I. Background 

IL6Rs have been found on multiple myeloma and hepatocellular carcinoma 
cells (KAWANO et al. 1988; SIEGALL et al. 1990b). While hepatoma is an impor
tant cause of cancer throughout the world, prostate cancer incidence is in
creasing in the United States, and such cells also express IL6R (SIEGALL et al. 
1990c). Moreover, in a recent study, 11 of 13 malignant prostates from patients 
contained readily detectable levels of IL6R messenger RNA (mRNA) 
(SIEGSMUND and PASTAN 1994). In 1988, it was shown that IL6R-bearing cells 
could be targeted using a recombinant fusion of IL6 with PE40 (SIEGALL et al. 
1988). IL6-PE4E , a chimeric toxin having nearly tenfold the cytotoxic activity of 
IL6-PE40, was obtained by fusing IL6 to the amino terminus ofPE4E (SIEGALL 
et al. 1990a). IL6_PE4E was found to be cytotoxic to hepatocellular, epidermoid 
and prostatic carcinoma, and myeloma cell lines with IC50s as low as 1 ng/ml 
(SIEGALL et al. 1990a, 1990c). IL6-PE4E was found to have antitumor activity 
against a human IL6R-bearing hepatocellular carcinoma when administered 
to nude mice carrying these tumors (SIEGALL et al. 1991). While this agent is 
being explored for in vivo therapy of IL6R-bearing tumors in humans, a 
more immediate goal is to use this agent for purging marrow of patients 
with mUltiple myeloma prior to autologous bone-marrow transplantation 
(ABMT). 

II. Study of IL 6_PE4E for Ex Vivo Marrow Purging in 
Multiple Myeloma 

1. Rationale 

Multiple myeloma causes 10% of the hematologic malignancies and 10,000 
deaths in the United States per year (ALEXANIAN and OIMOPOULOS 1994). 
While conventional chemotherapy is not curative and rarely induces complete 
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responses, ablative chemoradiotherapy, followed by autologous bone-marrow 
transplantation, induces complete remissions in close to 50% of patients. 
However, long-term survival is uncommon because of the high frequency of 
relapse. While it is unclear whether relapse is primarily due to reinfusion of 
tumor cells or due to failure of the ablative chemotherapy to kill sufficient 
tumor in vivo, purging bone marrow prior to reinfusion with monoclonal 
antibodies and complement has recently been attempted (ANDERSON et al. 
1993). Because recombinant toxins can kill receptor-bearing cells without 
requiring complement, IL6_PE4E was developed as a potential purging agent. 
The normal hematopoietic cells to be treated would include not only bone 
marrow, but also stem cells isolated from the blood of the patient (FERMAND 
et al. 1993; JAGANNATH et al. 1992). 

The goal in developing IL6-PE4E for this purpose was to determine 
whether the recombinant toxin was safe ex vivo as well as effective. This 
required a number of studies, including determining whether IL6_PE4E could 
kill myeloma cells in bone marrow, and whether"IL6-PE4E would spare 
normal hematopoietic precursors, which are needed for engraftment. Finally, 
in lieu of extensive non-human primate toxicology studies, it was necessary to 
show the absence of significant carryover of active toxin into patients during 
reinfusion. 

2. Efficacy Against Fresh Marrow Cells from Myeloma Patients 

We did not believe it was relevant to mix myeloma cell lines with normal bone 
marrow and determine if the myeloma cells were killed in order to show that 
IL6_PE4E could kill multiple myeloma cells in the bone marrow. The reason for 
this is that, while myeloma cell lines express 10,000-20,000 IL6Rs/cell, fresh 
cells from the bone marrow of patients express only about 500 sites/cell 
(KAWANO et al. 1988). Therefore, we took Ficoll-purified fresh bone-marrow 
aspirates from 15 patients and tested them for sensitivity to IL6_PE4E• It was 
found that samples from five patients were very sensitive, with ICsos ranging 
from <1 ng/ml to 6 ng/ml; three patients showed intermediate sensitivity, with 
ICsos ranging from 30 ng/ml to 140 ng/ml; and the remaining seven patients 
showed little or no sensitivity (KREITMAN et al. 1992d). It was found that the 
marrow samples that were the most active, the ones showing the most [3H]_ 
leucine uptake in the absence of toxin, had the highest sensitivity to IL6_PE4E• 

Since all samples were contaminated with normal bone marrow, which was 
found to be resistant to IL6-PE4E, we could not exclude the possibility that 
in some of the "resistant" samples, the malignant cells were actually killed. 
However, the signal was too low to detect because of low [3H]-leucine incorpo
ration, even in the absence of toxin. 

3. Safety Toward Fresh Normal Marrow Cells 

We have tested several bone-marrow specimens from normal patients, who 
had bone marrow donated for the purpose of allogeneic bone-marrow trans
plantation. No sensitivity to IL6_PE4E at 1000 ng/ml was detected (KREITMAN et 
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al. 1992d). However, since the stem cells constitute a very small percentage of 
normal bone marrow, selective toxicity to these cells could not be ruled out by 
this study. 

4. Safety of IL6_PE4E Toward Normal Hematopoietic Progenitors 

To determine whether IL6_PE4E would kill normal CFU-GM and BFU-E 
populations from patient marrow, these cells were isolated from the marrow of 
four multiple-myeloma patients and one normal patient. After incubating 
these progenitor cells with 1000 ng/ml IL6_PE4E , no significant change in vi
ability was observed (KREITMAN et al. 1992d). 

5. Lack of Prevention of Bone Marrow Engraftment 

In vitro assays are limited in their ability to demonstrate the safety of a purging 
agent, because one cannot, at this time, be sure that the progenitor cells tested 
are identical to, or representative of, stem cells. -Because murine IL6Rs 
bind human IL6, we decided to expose murine bone marrow to high levels 
of IL6_PE4E, and determine whether the toxin prevented bone-marrow 
engraftment in the mice. Accordingly, syngeneic-donor bone marrow was 
exposed to 300 J.Lg/ml IL6-PE4E under purging conditions, and the marrow 
was infused into syngeneic lethally irradiated mice. Conditions were chosen 
so that 100% of lethally irradiated mice would die without transplant, and 
50% of the irradiated mice would survive if transplanted with marrow 
not treated with toxin. No significant difference in survival was observed, 
whether the marrow was treated or not with IL6-PE4E • This study strongly 
indicates that ex vivo IL6-PE4E would not prevent marrow engraftment in 
humans. 

6. Carryover of IL6_PE4E In Vivo 

The rationale for the use of IL6-PE4E for ex vivo purging of bone marrow, 
rather than in vivo treatment of multiple myeloma, is to avoid the potential in 
vivo toxicity of the drug, at least until the potential in vivo toxicity of IL6_PE4E 

to primates is better understood. However, it is clear that 100% of the drug 
will not be washed from the bone-marrow cells prior to reinfusion into the 
patient. While it is not clear that cell-associated IL6-PE4E could dissociate from 
the cells in vivo and cause toxicity, the possibility nevertheless exists. IL6_PE4E 

could become cell associated by two mechanisms. The first is by binding to 
IL6Rs on the malignant (or possibly normal) cells. The second is by non
specifically binding with the cells. 

To determine the maximum carryover by specific binding, we would as
sume that 3-108 cells/kg of body weight (2.1 X 1010 cells for a 70 kg patient) are 
exposed to 80,ug/ml IL6-PE4E in a volume of 260 ml. If the cells were 1 % 
myeloma cells and each contained 1000 sites/cell, which is just above the 
maximum number of 840 sites/cell for fresh myeloma cells reported previously 
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(KAWANO et al. 1988), a maximum of 2.1 X 1011 molecules, 3.5 X 10-13 mol, or 
30 ng of IL6-PE4E, would carryover into the patient. This would amount to a 
maximum of 0.4 ng/kg single dose, which represents less than 111,000,000 of 
the LDso in mice of 450 .ug/kg i.v. (KREITMAN and PASTAN 1993). 

The maximum carryover by nonspecific binding must be determined em
pirically. We needed to determine the amount of IL6-PE4E that might stay 
bound nonspecifically to bone-marrow stem cells, even after the washing steps, 
and after reinfusion into the patient disassociate from the cell and represent 
active IL6_PE4E in vivo. To do this, human bone-marrow or stem cells (6.7 X 

107/ml) that were exposed to IL6-PE4E at 80.ug/ml and washed according the 
typical purging protocol, were added to IL6R-bearing U266 cells. The amount 
of active toxin could then be determined using a standard cytotoxicity curve 
with purified IL6_PE4E on U266 myeloma cells. It was found that 6.7 X 104 
washed bone-marrow cells contained no detectable cytotoxic activity. Since 
the ICso of purified IL6-PE4E on U266 cells in the same assay was 0.6 ng/ml, this 
indicates that a 70-kg pati~nt receiving 2 X 1010 washed autologous cells would 
receive <18.ug active toxin or <0.26.ug/kg. This would represent <111700 of 
the mouse LDso. 

III. Production of IL6_PE4E 

We have recently reported a procedure for the large-scale production of 
IL6_PE4E, which is nearly identical to that described for anti-Tac(Fv)
PE38KDEL (KREITMAN and PASTAN 1993). Interestingly, the yield of purified 
monomer was 20% of total recombinant inclusion body protein, which was at 
least four times the yield of anti-Tac(Fv)-PE38KDEL. Moreover, the expres
sion levels of IL6-PE4E were high, so that 100 mg purified monomer could be 
obtained from 20 g E. coli cell paste, obtained after inducing a 2-1 culture at an 
OD6S0 of 2. 

D. Summary 
Anti-Tac(Fv)-PE38 and Anti-Tac(Fv)-PE38KDEL are cytotoxic in tissue cul
ture toward A TL cell lines as well as fresh cells from patients with A TL and 
CLL, and activated human T-lymphocytes. These molecules are well tolerated 
in non-human primates at levels that induce complete regression of IL2R
bearing carcinoma xenografts in mice. Responses to anti-Tac(Fv)-PE38 have 
already been seen in a phase-I trial in patients with CD25+ hematologic 
malignancies, and the trial is yet to be completed. 

It.6_PE4E is cytotoxic in tissue culture toward epidermoid, hepatocellular 
and prostatic carcinoma and multiple myeloma cell lines, and also fresh bone 
marrow samples from patients with multiple myeloma. It shows no evidence 
of toxicity toward hematopoietic progenitors, and even at 300 mg/ml does not 
prevent normal murine bone marrow from engrafting into syngeneic lethally 
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irradiated mice. After washing the cells, no significant active toxin should 
carryover in vivo after bone marrow reinfusion. A clinical trial is being 
considered for multiple myeloma patients using myeloablative therapy which 
incorporates IL6-PE4E as an agent to purge autologous bone marrow or stem 
cells isolated from blood prior to reinfusion in the patient. Non-human pri
mate toxicology studies are continuing to determine the safety of IL6_PE4E 

used in vivo to treat mUltiple myeloma and possibly prostate and hepatocellu
lar carcinoma. 
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CHAPTER 6 

SB 209763: A Humanized Monoclonal 
Antibody for the Prophylaxis and 
Treatment of Respiratory Syncytial 
Virus Infection 
T.G. PORTER, S.G. GRIEGO, T.K. HART, D.E. EVERITT, and S.B. DILLON 

A. Introduction 
Respiratory syncytial virus (RSV) is a major and highly contagious respiratory 
pathogen that most people are exposed to within the'-first year or two of life. 
It is the dominant cause of severe lower respiratory-tract disease (bronchiolitis 
and pneumonia) in infants and young children, leading to approximately 
100,000 hospitalizations each year in the United States alone (HEILMAN 1990). 
There are two major antigenically distinct subgroups of RSV, A and B, which 
can circulate simultaneously and are responsible for predictable winter epi
demics each year. In adults and older children, symptoms resemble the com
mon cold and are normally mild and confined to the upper respiratory tract. 
However, in infants and young children, RSV infection often progresses to the 
lower respiratory tract, where it can lead to serious respiratory complications 
requiring hospitalization and, in rare cases, may even result in death. Infants 
with underlying cardiac or pulmonary disease, and some premature/low
birth-weight infants are at considerably higher risk of more severe disease and 
increased mortality from RSV infection, and are candidates for prophylactic 
intervention during the winter months. Although not well studied, immuno
suppressed adult populations (the elderly, organ-transplant recipients) are 
also prone to life-threatening infections. 

Significant safety and efficacy hurdles continue to face the development of 
an effective RSV vaccine (HALL 1994) and the only treatment for RSV that is 
available, ribavirin (Virazole, ICN), has not been widely used by the medical 
community. A clear unmet medical need for effective RSV intervention exists. 
Currently, passive antibody administration represents the most promising 
approach for the treatment and prevention of RSV disease and is well 
supported by epidemiological, animal-model and clinical studies (HEMMING 
and PRINCE 1992; GROOTHUIS 1994). Recently, Respigam (RSVIG), a pooled 
human serum immunoglobulin (HSlg) preparation containing high levels of 
neutralizing antibodies to RSV, became the first product approved by the 
United States Food and Drug Administration (FDA) for the prevention of 
RSV disease in children under 24 months of age with bronchopulmonary 
dysplasia (BPD) or a history of prematurity (::535 weeks gestation). In a 
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pivotal phase-III clinical study, administration of high doses of Respigam 
(0.75 g!kg), by intravenous (IV) infusion at monthly intervals throughout 
the RSV season, resulted in significantly fewer RSV lower respiratory-tract 
infections and a lower incidence of hospitalization due to RSV infection. The 
approval of Respigam provides strong conceptual support for second
generation monoclonal antibody (mAb) approaches. In addition to retaining 
the long circulating half-life and immunocompatability of RSVIG, anti-RSV 
mAbs, such as SB 209763, promise clinical advantages over HSIg preparations, 
including reduced safety concerns surrounding blood-derived products and, 
with much lower doses expected, easier methods of administration. 

B. Early Challenges in the Development of SB 209763 
I. Selection of Target Antigen 

In the discovery phase of any antiviral mAb program, the selection of the· 
appropriate viral antigen is critical and, ideally, will be guided by clinical 
epidemiological and/or animal-model data correlating protection or a favor
able clinical outcome to antibody levels against specific viral antigens. Owing 
to their ready accessibility, viral surface proteins are common, although not 
exclusive, antibody targets. 

During natural infection by RSV, the induction of neutralizing antibodies 
appears to be limited to the two major surface glycoproteins, G and F, which 
are responsible for virus attachment and membrane fusion, respectively. The 
fusion (F) protein is essential for viral entry, mediating membrane fusion 
between the virus and the host cell. By inducing membrane fusion between 
infected cells with adjacent uninfected cells to form multinucleated giant cells 
(syncytia), the F protein is also implicated in later stages of infection, pro
moting cell-to-cell spread of the virus. The F protein is highly conserved 
between strains of both A and B subtypes of RSV (COLLINS 1994) and is the 
most important viral antigen for inducing cross-protective immunity against 
both subtypes of RSV. The G glycoprotein, which is responsible for attach
ment of RSV to the host cell, is much less conserved, and major antigenic 
differences between the A and B subtypes are linked to this protein. Animal 
studies with neutralizing mAbs to F and G confirmed that passive administra
tion in advance of challenge can completely prevent infection (TAYLOR et al. 
1984; WALSH et al. 1984). However, mAbs directed to the G protein would not 
necessarily be expected to prevent cell-to-cell spread of the virus through 
syncytia formation; thus, antibodies to the F protein may be more relevant for 
clearing established infection. Recent studies show that mAbs directed to the 
F protein are clearly more effective than mAbs to the G protein, when admin
istered therapeutically after initiation of infection (TAYLOR 1993). These key 
factors, high conservation across both subtypes of the virus and its integral 
role in both viral entry and cell to cell spread, have made the RSV F protein 
a preferred target antigen for current anti-RSV mAbs in development. 



SB 209763: A Humanized Monoclonal Antibody 113 

II. Molecular Engineering of SB 209763 

The clinical utility of murine monoclonal antibodies has been severely re
stricted by their short circulating half-lives (2-3 days or less) and inherent 
immunogenicity in humans. Over the last decade, a key goal in the molecular 
engineering of murine mAbs has been to overcome their immunogenicity and 
to extend their plasma half-life so that sustained therapeutic levels of antibody 
can be achieved. mAb "humanization" technologies have been introduced 
to minimize the murine component of the antibody (ADAIR 1992; MARK and 
PADLAN 1994). A common strategy involves the direct transplantation of 
the complementarity determining regions (CDRs) responsible for antigen 
binding from a parent murine antibody into recipient human heavy-chain and 
light-chain variable-region (VH) frameworks. SB 209763, which is in deve
lopment by SmithKline Beecham, under a license agreement with Scotgen 
Biopharmaceuticals Ltd., was derived from a well-characterized murine 
anti-RSV mAb using CDR grafting technology (see TEMPEST et al.1991 where 
SB 209763 is referred to as HuRSV19HFNSNK). The parent murine mAb 
selected for humanization, mAb 19, recognized a defined epitope on the 
RSV F protein, had potent neutralizing and fusion-inhibition activity in 
vitro, recognized a panel of RSV subgroup A and B isolates, and both 
prevented and cleared RSV infection in mice (TEMPEST et al. 1991; TAYLOR 
et al. 1991). As reported for other mAbs, direct transplant of the mAb 19 
heavy- and light-chain CDRs into human VH frameworks resulted in a 
humanized mAb, RSHZOO, with very poor binding affinity. A comparison of 
the murine and human heavy-chain VH sequences revealed a difference in 
the framework region immediately adjacent to CDR3, in which an arginine, 
normally present at position 94 in the majority of mouse and human VHs, was 
absent in mAb 19. This arginine is normally able to form a salt bridge with 
aspartic acid at position 101, contributing to the conformation of CDR3, and 
it was speculated that a salt bridge had been imposed in RSHZOO, thus altering 
the conformation of CDR3 and affecting its interaction with antigen. Accord
ingly, a modified mAb, SB 209763 (RSHZ19), was constructed with amino 
acids 91-94 (PheCysAsnSer) from the mAb 19 being used to replace the 
human VH framework amino acids (Fig. 1). These changes resulted in restora
tion of antigen-binding ability and the antiviral properties of the parent 
murine monoclonal antibody. 

During construction of the humanized mAb, an IgG1 isotype was selected 
for several reasons: (1) it has a long circulating half-life (approximately 
3 weeks in humans), making it suitable for long-term prophylaxis and/or 
chronic therapy, (2) it retains effector functions that can aid in clearing an 
infected cell, and (3) importantly, there were established large-scale produc
tion and purification procedures for IgGs. Other antibody isotypes, such as 
IgA and IgM, have much shorter half-lives (5-6 days), are potentially more 
difficult to produce at large-scale and may not access sites of infection as 
effectively when administered systemically. 
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Fig.l. SB 209763: a humanized monoclonal antibody (mAb) specific for respiratory 
syncytial virus (RSV). The hyper-variable complementarity determining regions 
(CDRs) of mAb19, a well-characterized murine mAb specific for the RSV-fusion 
protein, were grafted into a human immunoglobulin G1 (IgG1) kappa mAb frame
work. The resulting reshaped antibody, RSHZOO, showed weak affinity for RSV; 
however, an additional alteration to the framework region immediately flanking CDR3 
of the heavy chain (inset) restored binding affinity and antiviral activity (TEMPEST et al. 
1991) 

ill. Production 

As for many protein agents, cost of goods and scale of production were 
important commercial factors to consider early in the development of SB 
209763. A manufacturing process would need to produce multi-kilogram 
amounts of mAb and be commercially cost effective. Since secreted glycopro
teins require correct postranslational processing, mammalian cell lines remain 
the expression system of choice for manufacturing mAbs, and commercial 
production is routinely carried out in large-scale bioreactors. Associated 
costs of mammalian cell culture can often be high, placing emphasis on the 
generation of a stable, high-expressing manufacturing cell line together with 
an efficient downstream purification process that would ensure safety of the 
product through removal and/or inactivation of extraneous contaminants. At 
thebutset of our studies on SB 209763, there was little clinical information, 
especially in non-immunocompromized patient populations, on the antigenic
ity, pharmacokinetic and biological properties of human or humanized mAbs 
produced by recombinant DNA technology. Most human mAbs had been 
produced by adaptations of traditional hybridoma technology, involving im-
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mortalization of human B cells with heteromyeloma fusion partners. Our 
choice of an amplifiable Chinese Hamster Ovary (CHO) cell-expression sys
tem for production of recombinant SB 209763 was based on favorable past 
experiences demonstrating that CHO cells are capable of high-level heterolo
gous protein expression and are well suited to large-scale cell culture (TRILL et 
al. 1995). An expression plasmid containing the SB 209763 coding sequences 
was co-transfected with a plasmid containing dihydrofolate reductase (dhfr) 
into a dhfr-deficient CHO cell line. Following selection and co-amplification in 
media containing increasing concentrations of methotrexate, a stable, high
level-production cell line expressing SB 209763 at levels >20 pglcell/day was 
generated that was amenable to large-scale culture in stirred-tank bioreactors. 
An efficient purification process was also established that removed contami
nants derived from the host cell, cell-culture medium and raw materials used 
in the process, and yielded a clinical good manufacturing practices (GMP) 
grade SB 209763 (SHADLE et al. 1995). The principles of fermentation and 
purification of recombinapt DNA (rDNA)-derived mAbs, such as SB 209763, 
will be discussed further in Chap. 2 by LUBINIECKI and coworkers. 

IV. Primary Structure Analysis 

All antibodies contain at least one N-linked carbohydrate in their constant 
regions that can be important in the maintenance of antibody-effector func
tions (TAO and MORRISON 1989). As a humanized antibody expressed in an 
unnatural cell line, it was important to evaluate any changes in the primary 
structure of SB 209763 resulting from differences in post-translational process
ing of the mAb. Accordingly, the primary amino acid and carbohydrate struc
ture of SB 209763 expressed in CHO cells was extensively characterized using 
an integrated approach that combined mass spectrometry with conventional 
analytical methods (ROBERTS et al. 1995). The study verified more than 99% of 
the light- and heavy-chain amino acid sequences and confirmed the Nand C 
termini of both chains. The mAb was found to be exclusively glycosylated 
at the Asn296 site of the CH2 domain and there was no evidence for 
nonglycosylated forms of SB 209763 or for O-linked carbohydrate. The carbo
hydrate structure of CHO-expressed SB 209763 consisted predominantly of 
biantennary, core fucosylated carbohydrates lacking sialic acid. This was simi
lar but less complex than that observed in a pool of carbohydrate structures 
reported for IgGs purified from human serum (TANDAI et al. 1991), which 
contained both terminal sialic acid and bisecting N-acetyl glucosamine 
(GlcNAc). 

c. Preclinical Evaluation Prior to Testing in Humans 
Preclinical pharmacology and safety studies are routinely designed to evaluate 
and estimate potential adverse events associated with drug administration and 
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to identify a safe starting dose and dose-escalation regimen for early clinical 
trials (FDA 1994). As a protein agent intended for both acute therapy and 
longer term prophylaxis of a respiratory virus, particular issues facing SB 
209763 included: (1) appropriate efficacy and potency testing in vitro and in 
vivo, (2) antigenic variation and viral resistance, (3) immunogenicity after 
single and repeat administration, (4) demonstration of appropriate pharmaco
kinetics and biodistribution, and (5) a well-characterized preclinical safety 
profile. 

I. Fusion Inhibition: An In Vitro Correlate of Protection 

Several antibody-mediated effector mechanisms can contribute to viral 
clearance in vivo (DIMMOCK 1993). As part of their preclinical characterization, 
antiviral antibodies are typically evaluated for: (1) in vitro neutralizing 
activity against prototype and wild-type serologically diverse virus isolates, 
(2) complement fixation, (3) antibody-dependent cell-mediated cytotoxicity 
(ADCC), (4) affinity fonarget antigen, (5) epitope specificity, and (6) activity 
in animal models, where available. Owing to species differences in recognition, 
the role of antibody Fc effector functions in vivo is often hard to elucidate. 
However, the demonstrated ability of Fab and Fab2 antibody fragments lack
ing Fc to neutralize virus in vitro and in animal models of RSV infection 
(PRINCE et al. 1990; CROWE et al. 1994) suggests that effector functions, such as 
complement fixation and ADCC, may not be essential for the activity of 
mAbs, such as SB 209763, although their contribution to clearance of RSV in 
human infection is unknown. 

Standard viral neutralization assays, such as plaque reduction, are com
monly used for screening and quantifying the antiviral activities of candidate 
antibodies in vitro. In this format, where immune serum or mAbs are incu
bated together with virus in advance (1 h) of exposure to permissive cells, the 
assay typically measures antibodies that block cell attachment and/or penetra
tion of cell-free virus. In cases such as RSV, where infection can be spread 
through contact of infected with uninfected cells, standard neutralization as
says may fail to identify antibodies that interfere with such later stages of viral 
infection and, consequently, may not always be the best correlate of protection 
in vivo. Studies conducted on large panels of mAbs directed to different 
epitopes of the RS virus F protein hav,e shown that only a subset of neutraliz
ing mAbs also interfere with virus/cell or cell/cell membrane fusion (BEELER 
and COELINGH 1989). The epitopes recognized by the fusion-inhibiting mAbs 
tended to be more conserved in wild-type strains, suggesting a requirement of 
these regions for viral infectivity. The significance of this finding was further 
defined by TAYLOR et al. (1992; ARBIZA et al. 1992) in studies that profiled in 
vitro versus in vivo biological properties of a panel of murine- and bovine
neutralizing and fusion-inhibiting mAbs. The results of these studies demon
strated that neither IgG isotype, ability to fix complement or neutralizing titer 
correlated with the ability of the mAbs to passively protect mice from RSV 
challenge. Only those mAbs that inhibited the formation of multinucleated 
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giant cells (syncytia) in RSV-infected cell cultures correlated directly with 
high-level protection in vivo. The ability of SB 209763 to inhibit RSV -induced 
giant-cell formation in Vero cell monolayers is illustrated in Fig. 2. Whereas 
numerous large multinucleated cells are evident in RSV-infected cultures 

Fig. 2a,b. Inhibition of giant cell formation by SB 209763. Phase-contrast light micro
graphs of VERO cultures infected with the long strain of RSV. Cultures were incu
bated with virus for 4 h and then washed. Media with or without SB 209763 was added 
and the cultures allowed to incubate for 3-4 days. a Control well containing numerous 
multi-nucleated syncytia (arrows). b Well that contained lOjlg/ml SB 209763 in the 
incubation medium. SB 209763 completely blocked the formation of syncytia. Bar = 
100jlm 
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grown in the absence of mAb, the number of these giant cells is drastically 
reduced when the RSV-infected cells are grown in the presence of SB 209763. 

For preclinical characterization of SB 209763 and other anti-RSV mAbs, 
we used a RSV fusion-inhibition (FJ) assay that differs from the traditional 
neutralization assay by allowing cells to be infected by RSV prior to exposure 
with the mAb. mAbs are not added to cell cultures until 4-18 h post-infection 
and remain in culture for the duration of the assay. RSV-infected cells are 
then detected utilizing anti-F protein antiserum together with a horseradish 
peroxidase (HRP)-labeled secondary antibody. Color development was 
shown to be directly proportional to spread of infection and equivalent 
to directly scoring cell monolayers for syncytia formation by microscopy. An 
alternative "microneutralization" assay combines features of the plaque
reduction assay (antibody is premixed with virus) and the FJ assay (antibody 
remains for the duration of the assay), thereby measuring all forms of virus 
neutralization. 

As shown in Table 1, SB 209763 showed high--potency and equivalent 
activity in both the FIand neutralization assays (EC50 of 1.3 ± O.5.ug/ml 
and 0.9 ± O.5.ug/ml, respectively). Interestingly, unlike SB 209763, the ratios of 
neutralization to FI titers in a group of normal adult subjects ranged from 10 
to more than 50 (Table 1), indicating that, in all cases, fusion-inhibiting anti-

Table 1. Fusion inhibition and neutralization of type A respiratory syncytial virus 
(Long strain) by normal adult human sera 

Donor 

TT 
FD 
DH 
CW 
BL 
MC 
GM 
BS 
GS 
PK 
CDP 
JS 
DL 

SB 209763 
Gammar S19610 

Fusion-inhibition titer 
(dilution X 10-1) 

99 
87 
77 

115 
130 
94 
18 
41 
11 

545 
106 
276 

10 

1.3 ± 0.5 .ug/ml 
12.5-25.uglml 

Neutralization titer 
(dilution X 10-1) 

1250 
1219 
2041 
5943 
2404 
2015 
765 

1490 
109 

6409 
880 

2647 
85 

0.9 ± O.5.uglml 
65-130.uglml 

NTIFI ratio 

12.6 
14.0 
26.5 
51.7 
18.5 
21.4 
42.5 
36.3 

9.9 
11.8 
8.3 
9.6 
8.5 

0.7 
5 

Sera was obtained from healthy adults (male and female). Five-fold dilutions of serum 
were added to VERO cells infected with 96 TCIDso RS Long virus according to either 
the neutralization or fusion inhibition format described in the text. Titers represent 
the reciprocal dilution, or concentration of reference standard, which caused a 50% 
reduction in enzyme-linked immunosorbent assay (ELISA) signal based on regression 
analysis 
FI, fusion inhibition titer; NT, neutralization titer 
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bodies represented a much lower fraction of the overall neutralization activity 
in immune serum. The ratio of neutralizing to FI titers in a commercially 
available HSIg preparation, Gammar™, was also approximately fivefold 
higher, potentially accounting for the much higher neutralization titers 
(> 1: 250) in circulation required to provide protection in animal models of 
RSV, compared with mAbs, such as SB 209763, where titers of less than 1 :50 
appear to be protective (WYDE et al. 1995). If PI is truly a correlate for 
protection, the relatively low FI titers observed may contribute to the frequent 
reinfection of adults by RSV throughout life. 

II. Antigenic Variation 

Antigenic variation and the production of viral escape mutants is a potential 
issue facing all anti-viral agents, including mAbs. It was, therefore, very 
important to investigate the conservation of the SB 209763 epitope across 
serologically diverse stra,ins of RSV. Furthermore,- as significant changes 
in the antigenic properties of culture-adapted prototypic laboratory virus 
strains were possible, it was essential to include fresh clinical isolates that 
had undergone minimal adaptation in vitro. By immunofluorescence assay, 
SB 209763 recognized 56 clinical virus isolates from nasopharyngeal aspirates 
of infected children collected between 1984 and 1995 from diverse geographi
cal regions in both the northern and southern hemispheres. In addition, the 
mAb also demonstrated potent neutralization activity (EC50's 0.4-3.ug/ml) 
against a subgroup of these isolates representing both A and B subgroups 
of RSV (WYDE et al. 1995). The data indicate that the epitope region of SB 
209763 is well conserved; however, the generation of escape mutant viruses 
in response to treatment with SB 209763 is still of theoretical concern and 
will be addressed by active monitoring of viral isolates obtained during 
clinical trials. 

III. Animal Models of Respiratory Syncytial Virus Infection 

Several issues surround the choice of animal models for testing anti-viral 
agents, including antibodies, for RSV infection. Following the failure of a 
formalin-inactivated RSV vaccine and subsequent enhancement of disease 
upon natural RSV infection in vaccinated children (KIM et al. 1969), the 
potential for disease exacerbation by any RSV immunotherapy needs to be 
evaluated. Many laboratory animal species can be infected experimentally 
with human RSV; however, clinical signs of disease, if any, are usually limited 
to the upper respiratory tract, and pulmonary pathological effects are minimal. 
The chimpanzee and calf represent disease models, as they develop clinical 
signs of RSV illness, such as profuse rhinorrhea, cough and sneezing. 
However, the cost and limited availability of seronegative chimpanzees (an 
endangered species) and the large size of calves have precluded extensive use 
of these models. Owl monkeys, which exhibit only mild rhinorrhea, have also 
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been used for the evaluation of vaccines and therapeutic agents (HEMMING 
et al. 1985). 

The most extensively used and well-characterized small-animal models of 
human RSV infection are cotton rats (Sigmodon hispidus) or Balb/c mice. 
Human RSV replicates for 7-9 days in the upper and lower respiratory tract 
of these animals (104_105 PFU/g tissue), causes mild to moderate pulmonary 
histopathologic changes in the absence of overt upper or lower respiratory
tract disease, and induces neutralizing antibody titers, which correlate with 
resistance to reinfection. Protective serum antibody titers (1 :200-1 :400), 
achieved by convalescent serum or administration of HSIg, which are associ
ated with protection from lung infection in cotton rats, roughly correlate to 
levels of maternally derived antibodies in young infants with relative resis
tance to serious RSV infection, and to titers associated with efficacy in RSVIG 
treated patients. 

SB 209763 was effective in reducing lung virus titers in both Balb/c mouse 
and cotton rat models of RSV infection. Complete clearance of virus was 
observed in mice treated with 5 mg/kg SB 209763 (TEMPEsTet al.1991), and SB 
209763 completely protected cotton rats from lower respiratory-tract infection 
at 10 mg/kg (WYDE et al. 1995). In the latter study, SB 209763 was shown to 
be greater than 100-fold more potent than GammarTM. In the same study, 
histopathology in cotton rats was proportional to RSV titers in the lung and 
inversely proportional to SB 209763 dose, providing no evidence for disease 
exacerbation. 

IV. Safety and Pharmacokinetics 

Preclinical safety and pharmacokinetic studies were designed to support the 
IV and intramuscular (1M) administration of SB 209763. The selection of 
animal species for toxicity testing of monoclonal antibodies is generally guided 
by the results of a human tissue-binding study, in which the cross-reactivity of 
SB 209763 with normal human tissues is examined. By immunohistochemical 
analysis, SB 209763 did not bind to human tissues; hence, we chose to conduct 
our toxicology assessment of SB 209763 in non-human primates because of the 
homology of primate immunoglobulins (LEWIS et al. 1993) and the likelihood 
of reduced antigenicity of a humanized antibody in monkeys. Interestingly, 
examples of antiviral mAbs that cross-react with human tissue, potentially as 
a result of viral mimicry of host proteins, have been reported (FUJINAMI et al. 
1983) that would necessitate the need for screening of animal tissues from a 
variety of hosts for a similar epitope-expression pattern. By conducting studies 
in monkeys, we were able to assess the long-term safety and repeat-dose 
regimens of SB 209763 that would have been precluded in lower species, 
where a high incidence of immunogenicity following administration of a 
human or humanized mAb was observed. 

SB 209763 was well tolerated by the monkeys in all acute and chronic 
studies. No cardiovascular effects, adverse clinical effects or clinical pathology 
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were recorded over a 3-month observation period following single or repeat 
doses of SB 209763, administered IV or 1M, to cynomolgus macaques at doses 
up to 200 mg/kg, a 20-fold multiple of the clinical dose (DAVIS et al. 1995). 
Furthermore, in an age group more representative of the primary target 
population (infants), SB 209763 was equally well tolerated when administered 
as five daily doses of 10 mg/kg and 40 mg/kg to infant baboons. SB 209763 
was antigenic in the macaques; however, the incidence of responses was 
low (2/14). The initial antibody responses were primarily directed toward the 
human framework of the humanized rnAb and not the murine-derived CDRs. 
Antibody responses were seen following a single IV or 1M dose and repeated 
administration did not increase the incidence of responses(DAVIs et a1.1995). 

Results of pharmacokinetic studies of SB 209763 in non-human primates 
were equally encouraging (DAVIS et al. 1995) and supported both IV and 1M 
administration of the humanized mAb. SB 209763 exhibited essentially iden
tical pharmacokinetics in adult macaques and infant baboons, demonstrating a 
typical biphasic decline in plasma concentration with a long terminal half-life 
of 21-24 days, which is consistent with the expected half-life for an endog
enous IgGJ (around 23 days) in humans. Absorption of SB 209763 after 
1M administration was rapid and complete (bioavailability >82%). Owing to 
the potential for pre-exiting antibodies to RSV in human plasma that could 
compete for binding to F protein, a standard antigen-based enzyme-linked 
immonosorbent assay (ELISA) was unsuitable for the detection of circulating 
levels of SB 209763 in clinical samples. To avoid this problem, an ELISA was 
developed and evaluated during preclinical studies (DAVIS et al. 1995) that 
utilized two bovine anti-idiotypic mAbs, Bll and B12, raised to the parent 
murine mAb (rnAb 19), which recognized only the CDR domains of SB 
209763. The format of the anti-idiotypic sandwhich ELISA is shown schemati
cally in Fig. 3. Following capture of SB 209763 from a plasma sample by one 

... .. ......... HRP strepltlvldln 

.... ... ........... Biotin conjugate 

S8209763 . . .. .. ........... . 

. ................ Anti-Idiolype 812 

..... .......................................................... ... AntI-ldlolype 811 

Fig. 3. Double anti-idiotype "sandwich" enzyme-linked immunosorbent assay 
(ELISA) used to measure SB 209763 levels in monkey and human plasma 
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anti-idiotypic mAb, BU, bound to a microtiter plate, the complex was probed 
with biotinylated B12, then detected with HRP-conjugated streptavidin. The 
anti-idiotype sandwich ELISA provided a specific and highly sensitive assay 
for both preclinical and clinical studies with a lower level of detection, around 
1 ng/mI, in undiluted human plasma. 

D. Challenges for the Early Clinical Development of 
SB 209763 

The early clinical development of SB 209763 presented the dual challenge of 
introducing a novel protein into human use and designing an appropriate 
sequence of studies to show efficacy in a frail pediatric population. The target 
indications required that pivotal studies of treatment efficacy be conducted in 
hospitalized infants infected with RSV. The studies of prophylaxis needed 
to enroll infants at high risk of serious RSV disea!Se,who had prematurity, 
underlying congenital heart disease or BPD. Among the issues we needed 
to address included: (1) the study population for first administration of SB 
209763, with accompanying safety considerations, (2) the usefulness of 
pharmacodynamic markers of pharmacologic effect, (3) the choice of formula
tions for IV or 1M administration, (4) the extent of concern and surveillance 
for an immune response to SB 209763, (5) the transition into the appropriate 
pediatric populations, and (6) the choice of the dose range. 

Clinical development of SB 209763 proceeded after preclinical develop
ment criteria had been satisfied; the completed toxicology studies described 
above confirmed that: (1) there was no significant toxicity associated with 
either IV or 1M administration to primates, (2) the pharmacokinetics in pri
mates were as expected for IgG, and (3) there was no binding to human tissue 
in vitro. The clinical plan called for parallel development of the IV formulation 
for treatment of acute RSV infection and the 1M formulation for prophylaxis 
of infants and young children at risk of serious infection. Each indication was 
to begin with a single dose, dose-rising safety and pharmacokinetic study in 
healthy volunteers, followed by a phase-IIa safety study in the target pediatric 
populations. Following safety and pharmacokinetic checkpoints, pivotal trials 
could then proceed. 

I. Selection of the Initial Study Population and 
Safety Considerations 

It was necessary to move as efficiently as possible into large-scale pivotal 
studies in the appropriate pediatric populations, but only after adequate safety 
had been demonstrated. Early meetings with pediatric investigators and mem
bers of pediatric Institutional Review Boards (IRBs) made it clear that some 
evidence of safety in adults was necessary prior to subjecting infants to studies 
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of a novel investigational recombinant biologic product. A traditional ap
proach would have been to begin with adults or older adolescents who had an 
indication for the therapy, and then to study successively younger cohorts of 
subjects. However, an appropriate older population at reasonable risk of 
serious RSV disease that would be suitable for a first clinical study could not 
be identified. 

Healthy volunteers offered many advantages for a first study, including 
the ability to give informed consent, a competent immune system so that any 
potential antigenicity of the product could be monitored, and efficiency of 
recruitment and follow-up. However, at that time, we were aware of only one 
mAb, a human mAb to cytomegalovirus (AZUMA et al. 1991) that had been 
tested in early studies in human volunteers. Draft guidelines (FDA 1994) 
for the development of mAbs published by the FDA Center for Biologics 
Evaluation and Research (CBER) suggested that " ... healthy volunteers are 
generally not appropriate." for clinical studies, and this was related to the 
" ... potential immunogepicity of most mAbs studied to date (guidelines is
sued in 1994) and the usual paucity of detailed toxicity data in healthy animals 
that possess the target antigen or in an animal disease model ... ". It was also 
suggested that a research subject might not be able to receive mAb therapy in 
the future if anti-mAb antibodies developed. Other toxicity-related concerns 
included the consequences of targeting a native receptor, such as antibodies 
aimed at lymphocytes that may cause a cytokine-release syndrome. Addition
ally, the expected long half-life of a mAb would preclude the rapid withdrawal 
of exposure if adverse effects occurred. 

Nevertheless, the guidelines noted situations in which healthy volunteers 
might be used in phase I, including circumstances when the risks of studying a 
new agent in the index population are too high, or when the index population 
is too ill to give interpretable safety data. After reviewing relevant literature 
and toxicology results, we reasoned that SB 209763 should not pose signifi
cantly more risk to a healthy volunteer than pooled native immune globulins. 
SB 209763 would be given in a relatively small volume, would lack the poten
tial for passing blood-borne infectious agents and would present a very low 
risk for an adverse immune response. Murine mAbs clearly elicit an immune 
response (SEQUEIRA and CUTLER 1992), but adverse clinical consequences are 
rarely seen when murine mAbs are administered, even in the presence of 
known high human anti-mouse antibody (HAMA) concentrations (HENRY 
et al. 1992; RUSSELL et al. 1992). Furthermore, SB 209763 did not target any 
native tissue receptors and was not expected to form antigen-antibody com
plexes in healthy, uninfected individuals. Since the beginning of our clinical 
program, several further examples have been published of healthy volunteers 
being used for early studies of mAbs or mAb fragments (STEPHENS 1994). 
Concerns about immunogenicity expressed in the CBER draft guidelines were 
based primarily on early experience with murine or chimeric antibodies that 
had been evaluated prior to 1994. 



124 T.G. PORTER et al. 

A further concern about the use of healthy volunteers for the initial 
clinical study was that the pharmacokinetics in adults might be misleading and 
would not correspond to those in a pediatric group, which would include low
weight premature infants and RSV-infected infants that may have circulating 
antigen. However, literature describing the kinetics of IV immune globulin 
(IVIG) identified age- and weight-related kinetic differences only for infants 
weighing less than about 1 kg. We, thus, felt reassured that an early study in 
adults could give relevant information. 

II. Pharmacodynamic Markers to Establish Pharmacologic Effect 

As described, RSV infection in mouse and cotton rat models of disease served 
as reasonable models to measure virus clearance, neutralization and FI titers, 
although no available model exists that closely mimics human disease. The 
preclinical studies showed that dose correlated closely with plasma levels of 
SB 209763, PI titers and clearance of RSV from lung tissue. In humans, the· 
ultimate endpoints for· the prophylaxis indication would be prevention of 
serious infections requiring hospitalization, and for treatment, reduction in 
measures of length and severity of infection in infants hospitalized with 
severe infection. As no accurate or acceptable method for quantifying lower 
respiratory-tract virus during clinical trials is available, FI titers appeared to be 
the most useful potential marker of pharmacologic effect that might ultimately 
predict clinical efficacy. 

III. Formulation Considerations for Clinical Studies 

Studies of RSVIG (GROOTHUIS et al. 1993) have been hampered by the large 
volume (up to 700ml per dose) required by this preparation. A key advantage 
of mAb products would be a significant reduction in dose (both concentration 
and volume) requirements. An initial formulation of 10 mg/rnl was considered 
adequate for the therapy trials of IV administration of SB 209763. At this 
concentration, the highest dose (10mg/kg) could easily be delivered IV to a 
10 kg infant in a volume of only lOrnl. It was recognized that an 1M dose form 
would be more acceptable for prophylactic outpatient administration of SB 
209763, although the volume would need to be minimized. Formulation devel
opment led to a high-concentration formulation of SB 209763 that could be 
administered as 1M injections of less than 1 ml, a volume expected to be well 
tolerated, even in infants. 

IV. Surveillance for Anti-SB 209763 Antibodies 

As noted previously, antigenicity is a major concern for new proteins given to 
humans. An immune response could lead to rapid clearance of the therapeutic 
antibody. Adverse clinical effects could include serum sickness, glomerular 
pathology from antigen-antibody complexes or anaphylaxis. Antibodies to 
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SB 209763 were analyzed using an ELISA method (DAVIS et al. 1995) for 
8-10 weeks after the final dose of the humanized mAb. 

v. Transition to the Target Pediatric Population and Choice of Dose 

The phase-I checkpoints for both the treatment and prophylaxis indications 
required that minimal toxicity and no clinically relevant antigenicity be 
identified. In addition, the terminal half-life of SB 209763 needed to be 
long enough so that a single dose would be adequate for therapy and that 
a dosing interval of 1 month or greater would be sufficient for prophylaxis. 
The initial dose, 0.025 mg/kg given IV, was chosen to be about 1/1000 of 
the dose that was clearly nontoxic in primates. Preclinical pharmacology stud
ies, discussed previously, guided the selection ofthe maximum dose, 10 mg/kg. 
For prophylaxis, pharmacokinetic modeling based on the results of the adult 
volunteer studies predicted that concentrations that cleared virus in animal 
species could be maintained with this dose for at least -8 weeks following a 
single dose. ' 

A further consideration for clinical development was that the RSV season 
spans only about half of the year and is juxtaposed across hemispheres. Thus, 
an efficient program was devised to conduct sequential studies in both the 
northern and the southern hemispheres. As the initial study of healthy adult 
volunteers was concluding in the United States, preliminary results allowed 
the start of a phase-lla study in Australia, early in the RSV season of the 
southern hemisphere. 

VI. Results of Early Clinical Studies 

In the first clinical study, SB 209763 or placebo was administered IV to 26 
healthy adult men. Single ascending doses ranging from 0.025 mg/kg to 
1O.0mg/kg (n = 16) or placebo (saline; n = 10) were given over 30 min 
(EvERITI et al. 1995; 1996). Subjects had serial blood samples taken over 
10 weeks of follow-up for the determination of pharmacokinetics, antibodies 
to SB 209763 and PI titers. SB 209763 was safe and well tolerated, and no vital 
sign or laboratory abnormalities were considered related to study drug. Con
sistent with the long half-life of human IgGl in humans, SB 209763 had a low 
plasma clearance and a long elimination half-life of approximately 23 days 
(Fig. 4). The pharmacokinetics of SB 209763 appeared to be dose proportional 
over the 400-fold dose range of 0.025-lOmg/kg. Low intersubject variability in 
total plasma clearance, steady-state volume of distribution and elimination 
half-life was observed. There was no evidence of an antibody response. Pre
existing anti-RSV antibodies made it difficult to quantify changes in PI titers in 
this study. Nevertheless, modest increases in RS virus FI activity of approxi
mately threefold were observed, even in the presence of pre-existing anti-RS 
antibody, when 10 mg/kg SB 209763 was administered (4/4 subjects) and when 
5 mg/kg SB 209763 was administered (2/4 subjects). 
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Fig.4. Plasma SB 209763 concentration versus time profile. Mean (standard deviation) 
plasma SB 209763 concentration versus time profiles following a single intravenous 
infusion to healthy adult male volunteers (n = 4/group). E = 1.2Smg/kg, J = S.Omg/kg, 
C = 1O.Omgikg 

This study was followed by a single IV -dose study in previously healthy or 
stable infants aged 1 month to less than 36 months, who were hospitalized with 
RSV infection (HoGG 1996). The design and dosing scheme were the same as 
that <lescribed for the initial study of healthy adult volunteers. There were 26 
patients with an average age of 9 months (range 1-28 months) that completed 
the study. SB 209763 was well tolerated and no antibodies developed to the 
humanized mAb. The mean terminal half-life of SB 209763 was independent 
of dose and averaged 28.4 days (range 17.6-35.3 days), similar to the half-life 
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noted above in healthy adults. Pharmacokinetic area under the curve (AVC) 
values varied minimally «two-fold) within each dose group and were ap
proximately dose proportional. 

In the second clinical study in healthy volunteers, 26 adult men received 
either a single dose or repeated 1M doses of placebo or SB 209763 (THOMPSON 
1996). Single doses of placebo or 0.021 mg/kg, 0.25 mg/kg or 1.25 mg/kg of 
SB 209763 were received by six, two, two, and four subjects, respectively. Two 
doses of placebo, 2.5 mg/kg or 5.0 mg/kg of SB 209763 were administered 
8 weeks apart to each of four subjects, who were followed for 8 weeks after 
each dose. The top dose was limited by the 5-ml volume required in each of 
two injection sites at this dose. SB 209763 was well tolerated with no significant 
injection site irritation. No evidence of an antibody response was observed 
following a single or repeat dose of SB 209763. Maximum plasma concentra
tion (Cmax) and AVC increased in an approximately dose-proportional man
ner. The apparent terminal elimination half-life averaged 34 days (range 
18-48 days) and appeared to be dose independent. 

E. Conclusion 
In summary, IV and 1M doses of SB 209763 were well tolerated in healthy 
volunteers, infants and young children. In addition, no clinically relevant 
antigenicity was identified in phase-I and phase-II a studies. Doses up to 10 mg/ 
kg can be administered to young infants in a formulation and volume that 
caused no local reactivity following 1M administration. The pharmacokinetics 
of SB 209763 in humans is similar to that of native IgG. The initial use of 
healthy volunteers proved to be an efficient way to gain early data on safety. 
The pharmacokinetics of SB 209763 were remarkably similar in healthy adults, 
premature infants and infants acutely infected with RSV. This approach al
lowed RSV-infected infants to be studied with the assurance that SB 209763 
should be safe, not strongly antigenic, and with a sufficient terminal half-life 
that should allow clinical efficacy. Pivotal trials of ultimate clinical efficacy 
have proceeded following the early preclinical and clinical program that has 
been described. 
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CHAPTER 7 

Preclinical Development of 
Antisense Therapeutics 
AA LEVIN, S.P. HENRY, C.F. BENNETI, D.L. COLE, G.E. HARDEE, 
and G.S. SRIVATSA 

A. Introduction 
Phosphorothioate oligodeoxynucleotides appear to be an important new 
class of human therapeutic agents and are the first compounds shown to 
have the properties required of antisense drugs. They have well-demonstrated 
antisense modes of drug action, are stable in vitro and have very acceptable 
half-lives in vivo. When administered by injection, phosphorothioate 
oligodeoxynucleotides distribute rapidly to tissues and show excellent phar
macokinetics. To date, they have exhibited mild and manageable toxicities at 
projected and demonstrated therapeutic doses. Phosphorothioate oligodeoxy
nucleotides are readily taken up by cells in vivo without need for 
added uptake enhancers. At lengths of 20-21 nucleotides or less, they exhibit 
messenger RNA (mRNA) affinities sufficient to inhibit gene expression at 
doses which, in turn, can provide good therapeutic indices and acceptable cost 
to the patient. 

B. Pharmacology of Antisense Oligodeoxynucleotides 
I. Molecular Pharmacology of Antisense OligodeoxynucIeotides 

Antisense drugs are nucleic acid oligomer analogs that bind target mRNA 
receptors through Watson-Crick base pairing. In our experience, screening 
an adequate number of candidate oligomers for antisense activity is extremely 
important to the design of these drugs (BENNETI et al. 1995; CHIANG et al. 
1991; DEAN and MCKAY 1994). Superficially, it is a simple matter to design 
an antisense molecule to target mRNA at a specific base sequence. In 
practice, however, mRNAs are highly structured molecules. Secondary 
and tertiary mRNA structure and mRNA-bound proteins can all limit drug 
access to a target base sequence. Thus, screening multiple oligodeo
xynucleotide sequences aids identification of accessible sites on a given target 
mRNA. 

In this manner, virtually thousands of unique oligodeoxynucleotides 
could be made and tested against one target mRNA As an alternative to that 
resource-intensive exercise, the initial activity screen is often limited to 15-30 
unique oligodeoxynucleotide sequences. The length of screened oligodeoxy-
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nucleotides depends, in part, on their chemistry and base composition. For 
first-generation phosphorothioate oligodeoxynucleotides, 17-mers to 21-mers 
are sufficiently long to hybridize target mRNA under physiological condi
tions. If the target sequence is particularly rich in adenosine or thymidine 
residues, longer oligomers may be needed. Modification of native DNA 
or RNA structure can afford increased affinity and permit use of shorter 
oligomers. 

At this time, it is not possible to predict which regions of an mRNA 
will be most accessible to antisense oligodeoxynucleotides. For this reason, 
oligodeoxynucleotides should be designed to hybridize to various regions 
of the target mRNA, including the 5'-untranslated region, the coding region 
and the 3'-untranslated region. Commercial computer programs can aid 
mRNA target selection. Because predicted secondary structure for large 
RNAs may not be accurate, however, the programs' main use is to identify 
regions that might form poorly accessible hairpins or other self-hybridized 
structures. 

In addition to antisense drug action, oligodeoxynucleotides, like all 
other drugs, may produce other effects when added to cells (STEIN and CHENG 
1993; STEIN and KRIEG 1994; STEIN 1995; CROOKE and BENNETT 1996). Several 
examples of non-antisense effects of oligodeoxynucleotides have recently 
been described, including inhibition of cell proliferation, attachment to plastic 
substrates, inhibition of phospholipase A2 and inhibition of human immunode
ficiency virus (HIV) binding to CD4 (CROOKE and BENNETT 1996; WATSON et 
al. 1992; STEIN et al. 1991; BENNETT et al. 1994). Therefore, it is necessary that 
direct inhibition of the targeted protein be demonstrated before claiming an 
antisense mechanism for an oligodeoxynucleotide drug. It is also important 
to include control oligodeoxynucleotides in the assay to reveal any non
sequence-specific oligodeoxynucleotide effects. There is no single best control 
oligodeoxynucleotide for this use, as each oligodeoxynucleotide sequence 
may take a unique three-dimensional shape and can, thus, potentially have 
unique non-antisense pharmacological effects. Ideally, several control 
oligodeoxynucleotides are used, including some with various numbers of 
base-pairing mismatches with the target mRNA sequence. Finally, to demon
strate specificity of an oligodeoxynucleotide drug for inhibiting the expression 
of its targeted protein, effects on expression of protein coded by closely 
related genes should be examined. As an example of this latter approach, 
and of the specificity that has been achieved with first-generation 
phosphorothioate antisense oligodeoxynucleotides, complete selectivity for 
inhibiting expression of either the single-base mutated form or the wild-type 
form of the ha-ras gene product has been recently demonstrated (MONIA et al. 
1992). 

Using proper controls, it has been possible to consistently demonstrate 
that oligodeoxynucleotides inhibit targeted gene expression by an antisense 
mechanism of action, and it has been shown that resulting pharmacological 
effects can be attributed to reduction in targeted protein concentration. It 
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has been further demonstrated that phosphorothioate oligodeoxynucleotides 
targeted to human intercellular adhesion molecule 1 (ICAM-1) mRNA may 
inhibit protein expression by multiple antisense mechanisms of action, 
depending in part on the region of mRNA targeted; oligodeoxynucleotides 
that bind the 3'-untranslated region of ICAM-1 mRNA achieved reduction in 
mRNA concentration by an RNase H-dependent mechanism, whereas 
oligodeoxynucleotides targeting the 5' untranslated region inhibited ICAM-1 
expression by an RNase-independent mechanism (CHIANG et al. 1991). This 
work was later extended to two additional cell adhesion molecules, vascular 
cell adhesion molecule 1 (VCAM-1) and E-selectin (BENNETI et al. 1995). 
Similar observations were made for oligodeoxynucleotides targeting pro
tein kinase C-a (PKCa) expression (DEAN et al. 1994). Taken together, 
these studies demonstrate that there are several molecular level antisense 
mechanisms by which mRNA-bound oligodeoxynucleotides may reduce gene 
expression. 

A classic drug-design goal is inhibition of protein-function via drug bind
ing to the target protein itself or, perhaps, to a protein involved in biosynthesis 
of the target protein. In contrast, the goal of antisense drug design is inhi
bition of protein production, through drug binding to mRNA. Targeting 
protein production instead of protein function affords a distinct advantage to 
antisense drugs over conventional drugs; antisense drugs can be designed to 
inhibit a single member of a closely related family of isoenzymes. In fact, 
antisense oligodeoxynucleotides can be designed to selectively discriminate 
among spliced mRNA variants of the same protein. Thus, antisense drugs can 
be used to explore the molecular pharmacology of specifically reduced protein 
isotype levels, a therapeutic goal virtually inaccessible through classical drug 
design. 

The PKCs, for example, are a family of serine-threonine protein kinases, 
which play important roles in transmitting extracellular signals to the cell 
nucleus. Currently, there are 12 known, genetically unique, isoenzymes of 
PKC. An oligodeoxynucleotide, ISIS 3521, which selectively inhibited PKCa 
isotype expression in human-lung carcinoma cells without affecting expression 
of other PKC isoenzymes, has been identified (DEAN et al. 1994). Cells treated 
with ISIS 3521 for prolonged periods exhibited reduced ICAM-1 expression in 
response to phorbol-ester treatment, but not tumor necrosis factor treatment. 
This demonstrated that at least two independent mechanisms exist for regulat
ing ICAM-1 expression, one dependent on PKCa, the other not requiring 
PKCa. Similar application of antisense oligodeoxynucleotides will be very 
useful in determining roles of other isoenzymes in normal and abnormal or 
disease physiological processes. 

O1igodeoxynucleotides targeting various viral gene products have demon
strated reductions in viral replication (AGRAWAL 1992; AGRAWAL et al. 1988b; 
AZAD et al. 1993, 1995; LrszIEwrcz et al. 1993). In the case of viral assays, 
however, it has been difficult to demonstrate that oligodeoxynucleotides 
inhibit replication solely by an antisense mechanism of action. ISIS 2922 is a 
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21-mer phosphorothioate oligodeoxynucleotide, targeting the immediate 
early gene product of human cytomegalovirus (CMV) (AZAD et al. 1993). 
This oligodeoxynucleotide was selected from a large number of candidate 
oligodeoxynucleotides based on its potency in inhibiting replication of CMV. 
Characterization of molecular mechanisms of action suggests that ISIS 2922 
is capable of inhibiting immediate early gene expression through an antisense 
mechanism of action, when the gene products are expressed exogenously 
in cells (ANDERSON et al. 1996). In in vitro viral replication assays, the 
oligodeoxynucleotide inhibits replication of CMV in a manner not entirely 
consistent with an antisense mechanism of action (ANDERSON et al. 1996; 
AZAD et al. 1993). Thus, this antiviral oligodeoxynucleotide is probably work
ing by a dual mechanism of action, in which the antisense mechanism plays a 
role. Similar findings have been reported for an antiviral oligodeoxynucleotide 
targeted to HIV. 

II. In Vivo Pharmacology of Antisense Oligodeoxynucleotides 

An early task facing antisense oligodeoxynucleotide researchers was the 
demonstration that oligodeoxynucleotides would inhibit expression of tar
geted gene products when administered in vivo. Direct intracerebral injections 
of antisense oligodeoxynucleotides were among the earliest successful in 
vivo applications, demonstrating inhibition of gene expression in the brain 
(CHIASSON et al. 1992; CROOKE and BENNETI 1996; HOOPER et al. 1994; 
WEISS et al. 1993; ZHOU et al. 1994). A number of investigators subsequently 
demonstrated reduction in target protein expression, following direct 
intracerebral injection and characterized the resulting pharmacological 
effects. 

DEAN and McKAy were the first to demonstrate that systemic adminis
tration of an antisense phosphorothioate oligodeoxynucleotide targeted to 
a normal host gene resulted in reduced targeted gene expression in normal 
tissue, thus, demonstrating that phosphorothioate oligodeoxynucleotides are 
capable of reaching the desired sites of action when administered systemically, 
and do so without formulation enhancements (DEAN and MCKAY 1994). In this 
case, they used an oligodeoxynucleotide targeting murine PKCa to selectively 
reduce expression of PKCa in the liver (DEAN and MCKAY 1994). 

An antisense oligodeoxynucleotide targeting PKCa mRNA, ISIS 3521, 
has been used to treat nude mice bearing human-tumor xenografts. Marked 
reduction in tumor growth has been observed in the model for glioblastoma 
(Y AZAKI et al. 1996). Animals tolerated treatment with the human PKCa 
antisense oligodeoxynucleotide. ISIS 3521 is specific for human PKCa and, 
thus; does not affect PKCa expression in murine cells or tissues; therefore, 
mice were treated with murine-specific antisense PKCa oligodeoxynucleotide 
in parallel studies. These studies demonstrated that prolonged treatment with 
a murine PKCa phosphorothioate oligodeoxynucleotide, ISIS 4189, did not 
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produce adverse effects, which could be correlated with the resulting reduc
tion in PKCa levels, despite direct demonstration of reduction of PKCa in 
murine tissue (DEAN and MCKAY 1994). These results suggest that in normal 
tissues, PKCa is not critical for cell survival or tissue function, possibly due to 
compensatory mechanisms provided by other PKC isoenzymes. In contrast, 
for some transformed cells, PKCa appears to have a critical role in maintain
ing cell proliferation, possibly due to increased demands placed on the cell 
by the transformation process. Systematically administered first-generation 
phosphorothioate oligodeoxynucleotides can produce pharmacological effects 
in a matter consistent with an antisense mechanism of action and demonstrate 
the value of selective isotypic pharmacology. 

In addition to cancer and viral diseases, antisense oligodeoxynucleotides 
have also shown therapeutic potential for the treatment of inflammatory 
diseases. An antisense oligodeoxynucleotide targeting murine ICAM-1 
significantly prolonged survival of a heterotopic heart allograft when adminis
tered by continuous intravenous (i.v.) infusion for either 7 days or 14 days 
(STEPKOWSKI et al. 1994). Histological examination of heart allografts from 
animals treated with the antisense oligodeoxynucleotide revealed marked 
reduction in leukocyte infiltration and tissue damage in animals treated 
with the antisense oligodeoxynucleotides. Two control oligonucletides failed 
to prolOIlg survival of the allograft, demonstrating that the effect of the 
ICAM-1 antisense oligodeoxynucleotide was sequence specific. The anti
ICAM-1 oligodeoxynucleotide exhibited synergistic effects on allograft 
survival when combined with other immunosuppresive therapies, and induced 
tolerance when combined with monoclonal antibodies to LFA-l. These stud
ies have been extended to pancreatic islet grafts with similar effects (KATZ 
et al. 1995). 

More recently, reductions in ICAM-1 expression in lung tissue follow
ing endotoxin challenge were demonstrated in mice treated with a murine
specific oligodeoxynucleotide, directly demonstrating that the ICAM-1 
antisense oligodeoxynucleotide reduces expression in vivo (KUMASAKA et al. 
1996). The ICAM-1 antisense oligodeoxynucleotide reduced neutrophil 
trafficking into the airways of mice treated with endotoxin, to an extent similar 
to monoclonal antibodies to ICAM-1, demonstrating that similar pharmaco
logical effects may be obtained by two different antisense methods for 
interfering with ICAM-1 function (KUMASAKA et al. 1996). The murine 
ICAM-1 antisense oligodeoxynucleotide showed activity in murine models of 
colitis (BENNETT et al. 1997), demonstrating a range of anti-inflammatory 
activity. 

These studies strongly suggest that first-generation phosphorothioate 
oligodeoxynucleotides can inhibit expression of the targeted gene product, 
both in vitro and in vivo. Thus, oligodeoxynucleotides are capable of distribut
ing to target tissues, and are taken up by cells in the tissues in a manner such 
that they have access to targeted mRNA. In addition, antisense inhibition of 
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targeted gene expression can produce profound pharmacological activity, 
which may be exploited therapeutically. As discussed below, there are some 
limitations to first-generation phosphorothioate oligodeoxynucleotides, many 
of which can be alleviated either through formulation or novel medicinal
chemical modifications. 

C. Pharmacokinetics and Toxicity of 
OligodeoxynucIeotide Therapeutics 

The first generation of antisense therapeutic agents are nearly all 
phosphorothioate oligodeoxynucleotides. A number of different sequences 
have been examined in preclinical studies and the pattern of plasma and tissue 
distribution, as well as the toxic effects, have been remarkably similar for all, 
suggesting that the pharmacokinetic profiles and toxicologic effects are se
quence independent (AGRAWAL et al. 1988b; COSSUM et al. 1993; SANDS et al. 
1994; SRINIVASAN and IVERSEN 1995). It has become clear, as our experience 
with this class of compounds increases, that this high degree of predictability, 
from sequence to sequence, is conducive to drug development, because the 
existing information for the class is relevant to each new oligodeo
xynucleotide. Thus, a significant body of knowledge on oligodeoxynucleotide 
pharmacokinetics and toxicity is developing. 

The toxicity and the kinetics of the disposition of oligodeoxynucleotides 
may be influenced by oligodeoxynucleotide-protein interactions, making 
it possible that there could be specific sequence motifs that might alter 
the toxicity of some oligodeoxynucleotides, resulting in differences in potency 
or toxic effects. However, the experience to date suggests that only quantita
tive differences exist and, qualitatively, the toxicities are similar (MciNTYRE 
et al. 1993). In addition, it is also possible that exaggerated pharmacologic 
activity associated with inhibition of expression of specific proteins could 
be associated with sequence-specific toxicities. Thus, while it is possible 
that there could be subtleties in some aspects of the kinetics and toxicity 
that are sequence dependent, it is clear that most of the toxicities and 
the pharmacokinetic profiles (observed to date) are independent of 
sequence. 

Existing data on the preclinical pharmacokinetics and toxicity, as well as 
data on the pharmacokinetics from early clinical trials, support the continued 
use of these compounds in clinical trials and their eventual use as marketed 
therapeutic agents. 

I. Pharmacokinetics and Metabolism 

The toxicity and pharmacokinetics of phosphorothioate oligodeoxy
nucleotides have been characterized in mice, rats and monkeys exposed for as 
long as 26 weeks. Because the oral bioavailability of the present generation 
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of oligodeoxynucleotide therapeutic agents is limited, existing data on the 
pharmacokinetics is limited to parenteral routes of exposure, including i.v., 
intradermal, subcutaneous, intraperitoneal (i.p.) and intravitreal injections 
(COSSUM et al. 1993, 1994; AGRAWAL et al. 1991, 1995a; IVERSEN 1991; LEEDS et 
al. 1996b; SANDS et al. 1994; SRINIVASAN and IVERSEN 1995). There is significant 
absorption from these types of injections as well as marked systemic exposure. 
The only possible exception may be intravitreal injections, which limit sys
temic exposure and maintain local concentrations in the eye for extended 
periods of time (LEEDS et al. 1996a). 

Systemically administered phosphorothioate oligodeoxynucleotides 
circulate in blood and are widely distributed to tissues. The kinetics of 
phosphorothioate oligodeoxynucleotides in plasma are mUltiphasic. Initial 
clearance rates are in the order of 1 h or less, with much longer terminal 
elimination phases (t1l2 ~40 h). Much of the initial rate of clearance from 
plasma can be explained on the basis of the rapid uptake by tissues. Typically, 
the half-life of this early phase is in the order of 10--30 min in mice and rats, 
and 30-60 min in primates and humans (COSSUM et al. 1993; AGRAWAL et al. 
1989; SANDS et al. 1994; GLOVER et al. 1997). The distribution kinetics and the 
half-lives appear to be sequence independent, but we have observed in rats, 
monkeys and humans that plasma kinetics are dose dependent. With increas
ing doses of oligodeoxynucleotide administered by i.v. injections, the plasma 
concentrations increase in a greater-than-dose linear manner. In phase-I clini
cal trials, plasma area under curves (AVCs) for ISIS 2302, a 20-mer 
phosphorothioate, increased sixfold over a fourfold range of doses (GLOVER et 
al. 1997). In some species, half-lives are seen to increase with dose, but in man, 
there is a reduction in the volume of distribution with dose. In normal volun
teers given various doses of ISIS 2302 by 2-h i.v. infusion, as dose was in
creased from 0.5 mg/kg to 2.0 mg/kg, there was a change in volume of 
distribution (steady state) from 155.4 ml/kg to 97.5 mllkg. These nonlinearities 
result in AVC values that increase from approximately 250,ltg/min/ml to 
1560,ltg/minlml as dose was increased from 0.5 mg/kg to 2.0 mg/kg adminis
tered as a 2-h infusion (GLOVER et al. 1997). These data, and data in animals, 
suggest that there is some saturable component to the plasma disposition and 
we propose that tissue distribution may be one of the factors that changes with 
dose. 

After systemic exposure, radiolabel derived from phosphorothioate 
oligodeoxynucleotides can be found in most organs and tissues. The major 
sites of distribution are the liver, kidney, spleen and bone marrow. The brain 
and the testes, because of their blood barriers, are sites of little or no accumu
lation (COSSUM et al. 1993, 1994; AGRAWAL et al. 1991). However, direct 
intrathecal administration of oligodeoxynucleotides results in significant dis
tribution to the brain (SZKLARCZYK and KACZMAREK 1995; WHITESELL et al. 
1993). 

After i.v. or intradermal injections, the kidney is the site of the highest 
concentration of oligodeoxynucleotide, but the liver has significant concen-
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trations and, because of its greater mass, is the major organ for oligodeoxy
nucleotide deposition. The spleen, lymph nodes, bone and bone marrow are 
also sites of deposition of phosphorothioate oligodeoxynucleotides, but the 
concentrations are well below those in liver and kidney. Phosphorothioate 
oligodeoxynucleotides can be detected in most other tissues as well, but the 
concentrations are lower. Similar organ-distribution patterns have been ob
served with a number of different phosphorothioate-oligodeoxynucleotide 
sequences of varying lengths, suggesting that the distribution is independent 
of sequence (COSSUM et al. 1993, 1994; AGRAWAL et al. 1991; SANDS et al. 
1994). 

As doses are increased, there is a change in the pattern of distribution of 
oligodeoxynucleotide to various organs, with a slightly smaller percentage of 
the total dose accumulating in the liver and kidney, and a greater percentage 
accumulating in other organs, such as the lymph nodes and spleen (GEARY et 
al. 1997). This pattern of changes is consistent with a saturable component in 
the distribution to the liver and possibly kidney. BeGa1.!se this change in distri- . 
bution occurs at high doses, or perhaps after long-term administration, the 
saturable processes may be important for the interpretation of high-dose 
toxicology study data and chronically administered clinical doses. For in
stance, when there is repeated low-dose exposure over long periods, organ 
concentrations may rise to some saturating concentrations. If this is the case, 
then repeated administration could produce shifts in the steady-state plasma 
profile and organ distribution, a phenomenon that will be examined in upcom
ing preclinical studies. Because organ distribution is thought to be an impor
tant factor in the plasma kinetics, the saturable nature of the organ distribution 
is thought to playa role in the nonlinear plasma kinetics (GEARY et al. 1997). 

What is the fate of oligodeoxynucleotides in tissues? Techniques such as 
fluorescent labeling, immunohistochemistry and autoradiography have been 
employed to localize oligodeoxynucleotides in tissues (RApPAPORT et al. 1995; 
PLENAT et al. 1994; SANDS et al. 1994). In these studies, the specific cell 
types that take up oligodeoxynucleotides after in vivo administration have 
been characterized. In the livers of mice treated with phosphorothioate 
oligodeoxynucleotide, Kupffer cells are enlarged and contain basophilic 
granules, which are thought to contain oligodeoxynucleotide (SARMIENTO 
et al. 1994). The most remarkable accumulation of oligodeoxynucleotides 
is within cells of the proximal tubules in the kidney. In proximal tubular 
cells, it is possible, with routine histology, to visualize granular inclusions 
that are thought to contain oligodeoxynucleotide (SARMIENTO et al. 1994). 
With autoradiography, it is possible to identify the granules containing 
oligodeoxynucleotide-derived material and it is possible to differentiate cortex 
from medulla because of the significantly higher concentrations in the cortex 
(proximal tubules) (RAPPAPORT et al. 1995; SANDS et al. 1994). Micropuncture 
studies have demonstrated that the proximal tubule accumulates phosphoro
thioate oligodeoxynucleotides as a result of tubular reabsorption (RAPPAPORT 
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et al. 1995; OBERBAUER et al. 1995). The transport mechanisms into cells and 
the sites of oligodeoxynucleotide binding are under investigation, but may be 
the result of binding to the scavenger receptor (SAWAI et al. 1995; WU-PONG et 
al. 1994). The critical information obtained from these studies is the clear 
evidence of uptake into cells in animals treated with phosphorothioate 
oligodeoxynucleotides (SANDS et al. 1994; PLENAT et al. 1994; OBERBAUER et 
al. 1995). At this time, it is not clear whether cellular accumulation of 
phosphorothioate oligodeoxynucleotide into cytoplasmic granules within tis
sue results in delivery to a functional compartment for producing antisense 
effects, or whether it is a nonfunctional cellular uptake mechanism as demon
strated for cultured cells (BENNETT et al. 1992; NESTLE et al. 1994). Studies are 
currently being conducted to identify functional cellular-uptake pathways in 
tissues. 

A strategy for determining the factors that influence the disposition of 
oligodeoxynucleotide is to make chemical modifications that alter various 
physical-chemical properties of oligodeoxynucleotide-, such as protein binding 
or lipophilicity, and studying the disposition characteristics of the modified 
compounds. For example, by modifying the protein-binding characteristics 
of a compound, it is possible to examine the role of protein binding in 
renal disposition. Altering the protein-binding characteristics of oligodeoxy
nucleotides by chemical modifications could have significant impact on the 
distribution of oligodeoxynucleotide to the kidney in the following way; 
reducing the plasma-protein binding would increase the amount of free 
oligodeoxynucleotide circulating and might increase the amount of oligo
deoxynucleotide filtered by the kidney and then reabsorbed in the proximal 
tubules. In fact, 2'-propoxy modifications to a phospho diester oligodeoxy
nucleotide reduced binding to albumin and increased accumulation in 
the kidney, compared with an unmodified phosphorothioate oligodeoxy
nucleotide with a similar sequence (CROOKE et al. 1996). Although part of this 
renal accumulation could have been the result of increased metabolic stability 
of the modified oligodeoxynucleotide, reduced protein binding cannot be 
excluded as a factor controlling this change in disposition. It is also possible 
to add specific substituents to an oligodeoxynucleotide to take advantage 
of cellular transport mechanisms, not only to enhance cellular uptake, but 
to direct the distribution to specific tissue. When the lipophilicity of a 
phosphorothioate oligodeoxynucleotide was markedly increased by the inclu
sion of a cholesterol modification at the 5' end, there was a dramatic increase 
in the accumulation in the liver. It should also be noted that the alteration 
and disposition could be related to binding to receptors in other cholesterol
binding proteins. Thus, by modifying the physical-chemical properties of the 
oligodeoxynucleotides, it is possible to obtain an understanding of the factors 
that control disposition and organ distribution for oligodeoxynucleotides. 
Clearly, protein binding and lipophilicity are key factors in these processes, 
just as they are for small molecules. 
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Once distributed from plasma, phosphorothioate oligodeoxynucleotides 
are slowly cleared from tissues (COSSUM et al. 1993, 1994; PLENAT et al. 1994; 
SANDS et al. 1994; SAIJO et al. 1994; AGRAWAL et al. 1991, 1995b). Using 14C_ 
labeled phosphorothioate oligodeoxynucleotides, where the label was on the 
C-2 position of thymidine, the terminal elimination half-lives from liver, renal 
cortex, medulla and bone marrow were 62 h, 78 h, 116 hand 156 h, respec
tively (COSSUM et al. 1993). With half-lives greater than 48 h, every-other-day 
administration will result in almost constant or increasing tissue levels 
with multiple-dose regimens. The slow clearance from tissues is the result of 
the relatively slow rate of metabolism and clearance (through nuclease
mediated processes) of these compounds in tissues. With half-lives greater 
than 48 h, repetitive dosing on a daily basis is not necessary to maintain tissue 
concentrations of phosphorothioate oligodeoxynucleotides, and pharmaco
logically active concentrations might be maintained with less frequent 
administration. 

While the initial disappearance from plasma is asso<.:iated with distribution 
to the tissues, the terminal-elimination phase may be associated with the 
prolonged metabolic clearance of oligodeoxynucleotide by metabolism in 
plasma, tissues and excretion. The terminal-elimination phase of the plasma 
distribution has been characterized in studies employing radiolabeled 
oligodeoxynucleotides. A 20-mer phosphorothioate oligodeoxynucleotide 
labeled at the C-2 position of thymidine with 14C had a terminal-elimination 
half-life of 51 h (COSSUM et al. 1993). This long terminal-elimination half-life 
has also been observed in studies employing 35S-radiolabeled phosphoro
thioate (AGRAWAL et al. 1991). 

Depending on the nature of the radiolabel, the end products of metabo
lism are eliminated in the expired air C4C labeled) or in the urinee5S-labeled 
oligodeoxynucleotide). An oligodeoxynucleotide labeled at the C-2 position 
of thymidine was primarily metabolized to 14C02. Approximately 50% of a 
3.7-mg/kg dose was eliminated in the expired air (COSSUM et al. 1993, 1994). 
In contrast, following i.v. or i.p. injection of 30 mg/kg of a 20-mer phosphoro
thioate thiated with 35S, approximately 30% of the radio label was eliminated 
in the urine. The apparent differences can be explained based on site of 
radio labeling. The 14C_2 of thymidine was metabolized to 14C02, while the 
35S-radiolabeled phosphorothioate was eliminated in urine, presumably as 
sulfur-containing metabolites or chair-shortened metabolites. A small, but 
significant fraction of the administered dose was recovered from urine as intact 
oligodeoxynucleotide in mice treated with a 29-mer oligodeoxynucleotide 35S_ 
GEM 91, but significant amounts of compound were identified as metabolites 
of the parent compound (AGRAWAL et al. 1991, 1995b). Independent of the site 
of radiolabeling, all studies to date conclude that the principle pathway for the 
metabolism and, therefore, clearance of oligodeoxynucleotides is through 
nuclease-mediated shortening from the 3' -or 5' -termini. 

The plasma and tissue pharmacokinetics of phosphorothioate olig
odeoxynucleotides differ from those of naturally occurring phosphodiester 
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oligodeoxynucleotides. One reason for the difference in pharmacokinetics is 
the increased resistance of the phosphorothioate linkage to nuclease activity, 
compared with the phosphodiester bond. This resistance is demonstrated in 
the longer plasma half-lives of intact phosphorothioate oligodeoxynucleotides 
compared with phospho diester oligodeoxynucleotides (SANDS et al. 1994). For 
example, polyacrylamide-gel electrophoretic (PAGE) analysis of the plasma 
of monkeys dosed with 30 mg/kg of a phosphodiester oligodeoxynucleotide 
by i.v. injection, demonstrated that within 5 min, more than approximately 
50% of parent 25-mer was degraded and within 15 min, little, if any, intact 
oligodeoxynucleotide could be detected. Thus, the half-life for the degra
dation of phospho diester oligodeoxynucleotide is in the order of 5 min. In 
contrast, administration of phosphorothioate oligodeoxynucleotides to mon
keys at a dose of 1 mg/kg or 5 mg/kg had an initial plasma half-life of 
0.6-1 h (AGRAWAL et al. 1995b). A series of studies comparing the disposition 
of phosphorothioate or phospho diester oligodeoxynucleotides internally 
labeled on cytosines with a 3H-methyl further illustrate the remarkable 
differences in metaboliC pattern between these two oligodeoxynucleotide 
backbones. When the livers, spleen and kidneys of mice treated with 
phosphodiester oligodeoxynucleotides were analyzed by paired ion chro
matography, little or no parent compound was observed after 1 min. The 
only radiolabel extracted from these tissues co eluted with 3H-5-methyl-2'
deoxydeoxymethyl cytosine or tritiated thymidine, suggesting a rapid and 
complete metabolic degradation of the administered oligodeoxynucleotide. 
Phosphorothioate oligodeoxynucleotide-treated mice had significant tritium 
activity associated with a high-performance liquid chromatography (HPLC) 
peak that co eluted with parent compound, and no radiolabel was associated 
with 3H-5-methyl-2' -deoxydeoxymethyl cytosine or tritiated thymidine, sug
gesting that full degradation to the monomeric forms was retarded by the 
presence of the phosphorothioate backbone. In fact, after 24 h, approximately 
20% of the radiolabel in these tissues remained in a form that coeluted with 
parent compound (SANDS et al. 1994). 

Recent advances in analytical methods are allowing us to characterize 
both the plasma kinetics and the tissue disposition of phosphorothioate 
oligodeoxynucleotides without radio labeling. Using capillary gel electro
phoresis (CGE), it is now possible to quantitate chain-shortened metabolites 
of phosphorothioate oligodeoxynucleotides down through at least 8-mers 
and possibly shorter. These methods have been applied to both preclinical 
(GEARY et al. 1997) and clinical studies (LEEDS et al. 1996b; GLOVER et al. 1996 
submitted). Using CGE to analyze chloroform-phenol extracts of plasma, 
we can confirm the clearance of parent drug from the plasma with half-lives 
on the order of 60 min in non-human primates and in man, and it 
is also possible to determine the clearance rates of the metabolites. The 
data from these studies suggest that both parent oligodeoxynucleotide and 
metabolites are cleared from plasma with similar half-lives (GLOVER et al. 
1997). 
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The technique of CGE separates oligodeoxynucleotides on the basis of 
molecular weights in a manner analogous to size-exclusion chromatography. 
With this technique, it is possible to demonstrate there is a pattern of metabo
lites that is consistent with excision of single nucleotides. Typical electrophero
grams taken from tissues or plasma a few minutes after injection demonstrate 
the presence of parent oligodeoxynucleotide as a predominant oligodeoxy
nucleotide species. Peaks that comigrate with parent minus one nucleotide and 
parent minus two nucleotides (n-l, n-2, n-3, etc.) decrease in concentration 
with decreased size. At early times, the pattern of metabolites is such that the 
parent and the long-chain metabolites represent a greater portion of the total 
oligodeoxynucleotide pool and the smaller metabolites comprise a lesser 
fraction. In tissue, this pattern shifts to shorter metabolites over the course 
of several days, suggesting that there is a progressive shortening of the 
oligodeoxynucleotide, one base at a time, by exonucleases. Because both CGE 
and the more traditional gel-electrophoresis techniques separate oligodeoxy
nucleotide metabolites solely on the basis of molecularsize (mass) and charge; 
these techniques provide no information on the site or direction of the exonu
clease activity. By modifying the oligodeoxynucleotide, it is possible to deter
mine the site of degradation. The ends of the oligodeoxynucleotide can be 
protected from nuclease degradation by conjugating various groups on the 
2' position of the sugar(s) of the terminal nucleotides. When organic groups 
are conjugated to the 3' end or the 5' end there is a reduction in the rate 
of metabolic degradation. However, the stability of phosphorothioate 
oligodeoxynucleotides is more greatly enhanced by protecting the 3' end 
rather than the 5' -end, suggesting that the chain shortening of pho
sphorothioate oligodeoxynucleotides occurs primarily from the 3' end. Thus, 
it appears that the successive removal of bases from the 3' end of the 
oligodeoxynucleotide is the major pathway for metabolic degradation 
(TEMSAMANI et al. 1993). This same pattern of metabolites has been reported 
for all species from mouse to man, suggesting that the metabolic pathways are 
similar. The metabolism, kinetics of distribution and the plasma half-lives are 
scalable from species to species, allowing for good interspecies extrapolations. 
This interspecies predictability facilitates the development of these com
pounds as therapeutic agents. 

ll. Toxicity of Phosphorothioate Oligodeoxynucleotides 

The systemic toxicities of phosphorothioate oligodeoxynucleotides have been 
studied extensively, in both rodents and monkeys, for a number of different 
sequences (MciNTYRE et al. 1993; SARMIENTO et al. 1994; SRINIVASAN and 
IVERSEN 1995; CORNISH et al. 1993; GALBRAITH et al. 1994). Like the pharmaco
kinetic properties discussed above, the toxicity of phosphorothioate 
oligodeoxynucleotides appears to be more closely related to the class of the 
molecule, rather than the specific sequence. Thus, it is possible to generalize 
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about the toxicologic profiles of phosphorothioate oligodeoxynucleotides. 
There are, however, data suggesting that there are some sequence-related 
differences in the potency of toxicities, but qualitatively, the toxicities of all 
phosphorothioate oligodeoxynucleotides are similar (MciNTYRE et al. 1993). 
Although there is the suggestion of common toxicities for phosphorothioate 
oligodeoxynucleotides in general, there are notable differences observed in 
the toxicity profiles between rodents and monkeys, as will be described below. 

Administration of phosphorothioate oligodeoxynucleotides to mice and 
rats produces a series of histologic changes that have been characterized as a 
general immune stimulation (BRANDA et al. 1993). This immunostimulation is 
characterized by splenomegaly, lymphoid hyperplasia and diffuse histocytosis 
in multiple organs. Marked splenomegaly was observed in animals treated 
with phosphorothioate oligodeoxynucleotides at doses of 50 mg/kg and higher 
with spleen weights increasing up to 2.5-fold over controls (SARMIENTO et al. 
1994). We have observed splenomegaly at doses as low as 20 mg/kg when 
administered daily for 14 days (unpublished data). -The splenomegaly was 
accompanied by B-cell hyperplasia, histiocytosis in the connective-tissue cap
sule and marked extramedullary hematopoiesis. Hematology indicated that 
there were changes in circulating cells associated with the cellular changes in 
the spleen with increased total leukocytes, especially neutrophil and monocyte 
counts. Consistent with the increase in the number of monocytes, there 
were numerous other tissues and organs from mice treated with 24-mer 
phosphorothioate oligodeoxynucleotides that showed evidence for histio
cytic infiltration, including liver, kidney, heart, thymus, pancreas and 
periadrenal tissues (SARMIENTO et al. 1994). Similar changes have been ob
served with other phosphorothioate-oligodeoxynucleotide sequences at com
parable doses (HENRY et al. 1997a,b). 

A notable difference in potency of immunostimulation was observed in 
studies in which mice that were dosed with a 24-mer phosphorothioate 
oligodeoxynucleotide designed to hybridize to rei a, the p65 subunit of NF-KB 
(GAG GGG AAA CAG ATCGTC CAT GGT), or the sense construct to 
that sequence (ACC ATG GACGAT CTG TTT CCC CTC). Mice injected 
intraperitoneally daily for 3 days with 25 mg/kg of the sense sequence had 
increases in spleen weights of greater than twofold over control values. In 
contrast, the mice injected with the antisense sequence under identical con
ditions had a 1.3-fold increase in spleen weights. Although potency differed, 
histologic examination of the spleens demonstrated that the effects in the 
spleens were qualitatively similar. An explanation for the differences in poten
cies for immune stimulation between these two compounds is currently un
available. Possibilities range from an antisense effect, which specifically 
blocks the immune stimulation by inhibiting the NF-KB signaling pathway, to 
differences in tertiary structure or sequence motifs between the oligodeoxy
nucleotides, which influence immune stimulation. Differences in the ability of 
oligodeoxynucleotides to stimulate B-cell proliferation may be modulated by 
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certain sequence motifs (BRANDA et al. 1993; YAMAMOTO et al. 1994; KRIEG 
et al. 1995). Although some of these motifs have been described in the litera
ture, for example palindromic sequences and CpG motifs (KRIEG et al. 1995; 
YAMAMOTO et al. 1994), it is apparent from studies in our laboratories 
with oligodeoxynucleotides that do not contain CG motifs, that the stimula
tion of B-cell proliferation is probably dependent on a complex set of rules 
that control the interactions of oligodeoxynucleotide with lymphocytes 
and not a single motif (unpublished observations). High-affinity receptors 
have been proposed that might control these interactions (BENNETT et al. 
1985). Obviously, the identification and structural mapping of high-affinity 
binding sites on the B lymphocytes will aid in the understanding of this 
interaction. 

The occurrence of immune stimulation in rodents treated with phos
phorothioate oligodeoxynucleotides might be related to the polyanionic na
ture of the compounds. Polyanions, including bacterial DNA, are known to 
stimulate B-cell proliferation (DIAMANTSTEIN et.al, 1971; DIAMANTSTEIN· 
and BLISTEIN-WILLINGER 1978; TALMADGE et al. 1985). The polyanionic 
phosphorothioate oligodeoxynucleotides appear to be behaving in the same 
way. The immunostimulation in rodents by polyanions and nucleic acids may, 
in part, be associated with the poly anion-stimulated B-cell hyperplasia and 
release of cytokines and interferons (KLINMAN et al. 1996; YAMAMOTO et al. 
1994). 

Studies in cynomolgus monkeys with the phosphorothioate 
oligodeoxynucleotide ISIS 2302 ( GCC CAA GCT GGC ATC CGT CA), at 
doses up to 50 mg/kg every other day for 28 days, demonstrated that there was 
little or no evidence for immune stimulation in the monkey. However, the 
same sequence in mice produced generalized immunostimulation at doses of 
20 mg/kg and above (HENRY et al. 1997a). We have examined the pharmaco
kinetics of this compound and other phosphorothioate oligodeoxynucleotides 
in rodents and primates, and cannot identify any differences in plasma 
kinetics or tissue distribution that would explain the species differences in 
sensitivity to immunostimulation (HENRY et al. 1997b). Therefore, we 
conclude that rodents are markedly more sensitive to phosphorothioate 
oligodeoxynucleotide-induced immunostimulation than primates, and we sug
gest that the immunostimulatory effects may not be a prominent adverse effect 
in humans. In clinical trials with the ISIS 2302, there have been no indications 
of immunostimulation at doses of 2 mg/kg infused over 2 h every other day for 
four doses (GLOVER et al. 1997). 

Other toxicologic effects were also noted in rodents treated with 
phosphorothioate oligodeoxynucleotides. Treatment of rodents with repeated 
doses of 100 mg/kg or higher of the antisense to rei a (see above for sequence) 
induced significant histopathologic changes in the livers and kidneys. Doses 
of 100 mg/kg and 150 mg/kg administered three times a week for 2 weeks 
produced renal proximal tubular degeneration (SARMIENTO et al. 1994). The 
extent of tubular degeneration in this study was not sufficient to produce 
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changes in blood urea nitrogen or creatine; however, longer duration of 
treatment or higher doses have induced both histologic and serum-chemistry 
changes. Note that the doses required to produce such toxicities far 
exceed doses intended for use in clinical studies that are in the range of 1-
2 mg/kg. 

In the livers from mice treated with 100-150 mg/kg of a phosphorothioate 
oligodeoxynucleotide, there was multifocal hepatocellular degeneration, or 
necrosis, accompanied by hypertrophy of Kupffer cells. This hepatic change 
was accompanied by serum-chemistry changes consistent with some hepatic 
dysfunction (SARMIENTO et al. 1994). Tissue-distribution studies have shown 
that liver and kidney are sites of deposition of phosphorothioate 
oligodeoxynucleotide and both Kupffer cells, and proximal tubular cells con
tained basophilic granules (SARMIENTO et al. 1994). These basophilic granules 
are thought to be composed of oligodeoxynucleotides or material derived 
from oligodeoxynucleotide, as demonstrated by autoradiographic studies as 
discussed above (SANDS et al. 1994; PLENAT et al. 1994; SAWAI et al. 1995; 
YAMAMOTO et al. 1994; OimRBAUER et al. 1995). Changes in the bone marrow 
were also observed after 2 weeks of treatment with 100-150 mg/kg of the reI a 
antisense. There was a reduction in the number of megakaryocytes accompa
nied by approximately 50% reduction in circulating platelets (SARMIENTO et al. 
1994). . 

Treatment of primates with phosphorothioate oligodeoxynucleotides pro
duces a pattern of toxicities quite distinct from those described in rodents. In 
primates, the dose-limiting toxicities reported in the literature are an inhibi
tion of the clotting cascade and the activation of the complement cascade 
(HENRY et al. 1994; CORNISH et al. 1993; GALBRAITH et al. 1994). Both of these 
toxicities are thought be related to the polyanionic nature of the molecules and 
the binding of these compounds to protein factors in plasma. Phosphoro
thioate oligodeoxynucleotides inhibit the clotting cascade, as indicated by a 
concentration-dependent prolongation of APTT. The prolongation of APTT 
is linearly related to plasma concentration, is readily reversed and directly 
parallels the plasma concentrations. The inhibition of the clotting cascade can 
be reproduced in vitro and phosphorothioate oligodeoxynucleotides have 
been reported to produce this inhibition, independent of the nucleotide se
quence (HENRY, unpublished observations). At a dose of2 mg/kg, infused over 
2 h, there is an approximate 50% increase in APTT in normal human volun
teers (GLOVER et al. 1997). The mechanism of this inhibition, like that of the 
immunostimulation in rodents, may be related to the poly anionic nature of the 
compounds. It is well known that the poly anions are inhibitors of clotting, and 
phosphorothioate oligodeoxynucleotides may be acting through similar 
mechanisms. If phosphorothioate oligodeoxynucleotides inhibit the clotting 
cascade as a result of their polyanionic properties, then binding and inhibition 
of thrombin would be a likely mechanism of action, similar to heparin's mode 
of action (ROSENBERGER 1989). In fact, there is a novel oligodeoxynucleotide
based anticoagulant in clinical trials that exploits this property (BOCK et al. 
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1992). The small degree of inhibition of the coagulation cascade and 
the transient nature of the effect suggests that this effect is not clinically 
significant (GLOVER et al. 1997). Clinical trials with as many as 11 different 
oligodeoxynucleotides, using doses up to 2 mg/kg continuously, with no-dose 
limiting effects on coagulation, have been reported to date. 

The binding of phosphorothioate oligodeoxynucleotides to another class 
of plasma proteins may be responsible for the activation of the complement 
cascade. Rapid infusions of phosphorothioate oligodeoxynucleotides cause 
the activation of the complement cascade and the release of complement split 
products C3a and C5a with physiologic consequences (CORNISH et al. 1993; 
GALBRAITH et al. 1994; HENRY et al. 1996). The result of this activation and 
the release of anaphylatoxins in some monkeys treated with high doses over 
short infusion times results in marked hematologic effects and marked hemo
dynamic changes. Hematologic changes are characterized by transient reduc
tions in neutrophils, presumably due to margination, followed by neutrophilia 
as neutrophils are recruited from immature populations by the release of 
chemotactic factors. Over the same time course in some monkeys, the activa
tion of the complement cascade produces marked reductions in heart rate, 
blood pressure and, subsequently, cardiac output. This cardiovascular collapse 
can be lethal in some animals (CORNISH et al. 1993; GALBRAITH et al. 1994). 
We have established clear relationships between plasma concentrations of 
oligodeoxynucleotide and the activation of the complement cascade, 
such that there are well-defined thresholds of oligodeoxynucleotide concen
trations that must be exceeded prior to the activation of the cascade. 
Complement activation in monkeys is common to all phosphorothioate 
oligodeoxynucleotides studied to date, and similar threshold concentrations 
have been identified with a series of phosphorothioate oligodeoxynucleotides 
(HENRY et al. 1997a). The levels at which we observe complement activation 
by the alternative pathway are approximately four- to sevenfold greater than 
plasma levels observed in normal volunteers treated with a 2-h infusion of 
2 mg/kg of ISIS 2302 (GLOvER et al. 1997). 

The toxicities of phosphorothioate oligodeoxynucleotides are being char
acterized in a number of laboratories. Although there is further characteriza
tion to be done, it is apparent that there are well-defined dose-response 
relationships for all the toxicities. The pattern of toxicity differs little from 
sequence to sequence, with some sljght differences in potency with some 
sequences (MciNTYRE et al. 1993). An acceptable safety margin exists between 
toxicities and targeted clinical doses (Figs. 1 and 2). This consistency in toxicity 
profiles, combined with the predictability in the pharmacokinetics from 
animals to man, provides a framework within which we can design safe 
clinical trials and therapeutic dose regimens. Further work is necessary to 
understand the mechanisms of the toxicologic effects of phosphorothioate 
oligodeoxynucleotides and it will be important for workers in the field to 
begin to understand the relationships between tissue concentrations of 
oligodeoxynucleotides and toxicity. An understanding of the relationships 
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between organ concentrations and toxicity will allow clinicians to design safe 
and effective dose regimens for chronic administration of this class of thera
peutic agents. 

D. Chemistry, Manufacture and Control of 
Phosphorothioate Oligodeoxynucleotide Drugs 

Currently, phosphorothioate-oligodeoxynucleotide drugs are synthesized 
for clinical use by sequential coupling of activated 3'-phosphoramidite 
nucleoside monomers to a starting nucleoside that is covalently bound to 
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Fig. 1. Dose-response relationship in mice following repeated intravenous injection of 
a phosphorothicate oligonucleotide every other day for 28 days. Similar dose reponse 
is observed for other phosphorothioate oligonucleotides although the exact results 
depend on the dose regimen and route of administration 
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Fig.2. Dose-response relationship in monkeys following repeated intravenous injec
tion of phosphorothioate oligonucleotide every other day for 28 days. Similar dose 
response is observed for other phosphorothioate oligonucleotides although the exact 
results depend on the dose regimen 

solid support. These unique trivalent phosphorous monomers are highly 
reactive and, thus, preferable to less reactive pentavalent phosphorous 
monomers. Successful sequential synthesis of an oligomeric molecule of 
defined sequence demands that all coupling steps proceed in very high yield, 
near' unity. To bring antisense phosphorothioate oligodeoxynucleotides 
into human clinical use, it has been necessary to develop chemistry that 
allows monomers to couple with stepwise yields of 98.5% and higher. At 
these extremely high stepwise yields, the manufacture of phosphorothioate 
DNA oligomers by sequential solid phase-supported synthesis becomes 
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practical and effective (RAVIKUMAR et al. 1995). In this section, we highlight 
our experience in optimizing the synthesis, purification and quality control 
of phosphorothioate oligodeoxynucleotides. We also discuss the biological 
and regulatory implications of the presence of related oligonucleotides that 
is unique to the development of synthetic phosphorothioate oligodeoxy
nucleotide therapeutics. 

I. Synthesis of Phosphorothioate Oligodeoxynucleotides 

1. Chemistry of Elongation 
Strategies for sequential organic synthesis of any oligomeric molecule are 
dictated by synthon-coupling efficiency. In the case of phosphorothioate oligo
mers, the synthesis starting material is a 5' -protected nucleoside covalently 
bound to solid support via its 3' -hydroxyl group. Each synthesis elongation 
cycle for the addition of one monomer to the growing chain begins with 
removal of a 5' -OR protecting group. Commonly, the 5' -OR protecting group 
is a 4, 4' -dimethoxytrityl (DMT) group. The DMT group is removed by mild 
acid treatment, liberating the DMT cation as the counter ion of the acid anion. 
A dry solvent wash is used to remove DMT salts and excess acid, with effi
ciency of DMT removal at each step being key to overall synthesis yield. Small 
amounts of DMT cation may be converted to DMT alcohol by reaction with 
trace water present in the reaction mixture. The free 5' -hydroxyl groups are 
next allowed to react with activated 3' -phosphoramidite nucleoside monomer. 
Following this rapid reaction, unreacted monomer is washed from the support 
with dry solvent. 

A number of unproductive events may occur during the course of an 
elongation cycle. First, some chains bearing free 5' hydroxyls may fail to 
elongate. Chains that have not elongated are subjected to a 5' -hydroxyl "cap
ping" reaction. Capping is typically done by acetylation with acetic anhydride 
with the aid of an activating nitrogenous base. If the capping reaction proceeds 
in quantitative yield and the resulting ester is stable throughout the full syn
thesis, these capped elongation failures (sometimes referred to as "deletion 
sequences", "shortmers" or "deletionmers") will appear as impurities with 
lengths of n -1, n - 2, n - 3, etc., in the crude final product (n-mer); their 
length depends on how early a failure to elongate occurred in a given 
shortmer. In practice, reverse-phase RPLC purification of crude trityl-on 
product limits deletion-sequence impurities in final product to n - 1 and 
n - 2. This class of impurities is sometimes referred to as "terminal deletion 
sequences". The n -1 and n - 2 terminal deletion sequences have a slightly 
lower affinity for target mRNA than the full-length sequence and would be 
expected to display pharmacological activity marginally lower than the full
length drug. The presence of low levels of these terminal deletion sequences is, 
therefore, relatively inconsequential from the standpoint of antisense biologi
cal activity and safety. 
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It is possible that some chains that fail to elongate, as for steric reasons, 
will also avoid capping. Some of these chains may then resume reacting with 
incoming phosphoramidite monomer in subsequent elongation cycles. These, 
too, will exhibit lengths of n-1, n-2, etc., as final-product impurities, but their 
nucleoside ("base") deletions will be internal to the chain, as opposed to being 
at the 5' end. These related compounds are sometimes referred to as "internal 
deletion sequences". In addition, some chains may not remain detritylated 
and, thus, will fail to elongate. The trityl cation is stable in dry solution, as 
evidenced by its persistent bright-orange color in the reaction mixture. These 
reactive cations may absorb to the anionic solid support and/or its organic 
bonded phase of growing oligomer chains. After the wash step is completed, 
the absorbed DMT cations may desorb during or prior to addition of the next 
monomer solution. Free DMT cations can then rapidly retritylate 5'-hydroxyl 
groups and, in the absence of acid, the equilibrium will lie far to the side of the 
DMT-ether. The retritylated oligomers will then fail to elongate. During sub
sequent elongation cycles, these chains will have a high probability of being 
successfully deprotected and elongated. This mechanism, thus, constitutes an 
additional source of "internal deletion sequences". 

From a biological-activity standpoint, these internal deletion sequences, 
which are of different base sequence than the intended oligoncleotide 
sequence, would not be expected to bind well to target mRNA and would, 
therefore, be inactive. They may, however, bind nonspecifically to plasma 
proteins, resulting in a safety profile similar to that of the oligodeoxy
nucleotide drug. 

In the event that there is a mRNA target complementary to an internal 
deletion-sequence impurity, hybridization leading to an unintended biological 
response is possible. However, at the low level of internal deletion sequences 
present in the purified product, significant pharmacologic effect from 
antisense action is unlikely. Therefore, the final product may be rationally 
controlled by measuring full-length content, usually by PAGE or CGE, and 
setting a control specification for total deletion sequences. 

2. Chemistry of Sulfurizatiou 

In the synthesis of phosphorothioate DNA oligomers, the sulfur atom at 
each phosphate linkage is introduced, during the elongation cycle. After the 
coupling reaction, the intermediate linkage is in (trivalent) phosphite 
triester form. The phosphite is then oxidatively sulfurized to the (pentavalent) 
phosphorothioate. Yield of this sulfurization reaction is high, in the order of 
99.7-99.8%. The remaining 0.2-0.3% comprises phosphites that have reacted 
withAtrace water or, in some cases, sulfurization-reaction byproducts, to form 
phosphodiester linkages identical to those in natural DNA. 

For a 20-mer containing 19 internucleotide linkages, the total incidence 
of full-length "monophosphodiester" oligomers is about 19 times 0.2-0.3%, or 
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about 4-6% offull-length chains. A much smaller fraction Of oligomers contain 
more than one phosphodiester linkage (higher order partial phosphodiesters). 
Monophosphodiester oligomers are stable to attack by endonucleases, as 
endonucleolytic cleavage does not proceed at a significant rates unless a 
phosphorothioate oligomer contains at least three adjacent phospho diester 
linkages (personal communication). If a phosphodiester linkage is at the 3'- or 
5' terminus of an oligomer, one nucleotide may be cleaved from this minor 
(perhaps 0.5%) impurity, but will produce a stable phosphorothioate oligomer 
with nearly the same affinity for mRNA target as the parent drug. 

The stability of lower order (mono-, di-, tri-) partial phosphodiester 
sequences is essentially equal to that of the parent drug, and their affinity 
for the mRNA target is slightly enhanced relative to the parent drug. The 
partial phosphodiester sequences are, therefore, not impurities at all in 
the classical sense, but are actually related compounds with similar activity 
and safety profile as the fully thioated drug. Nonetheless, phosphorous 
e1p) NMR spectroscopy or weak anion-exchange HPLC is used to determine 
and control the levels of these related compounds in phosphorothioate drug 
substances. 

3. O,O-Linked Phosphorothioate DNA Diastereoisomerism 

O,O-linked, phosphorothioate diester internucleotide linkages are chiral; 
thus, a 20-mer phosphorothioate DNA oligomer could, in principle, contain 
524,288 diastereomers. Clearly, it is beyond the selectivity and peak capacities 
of any existing or anticipated separation technologies to speciate this number 
of diastereomers in a synthetic bulk drug substance. 

It is likewise difficult to conceive of separation methods for isolation of a 
single pure diastereomer from a reaction mixture containing 524,288 virtually 
identical compounds. Stereocontrolled synthesis of phosphorothioate DNA 
oligodeoxynucleotides has been attempted with the highest enantiomeric 
excesses yet reported (SUSKA et al. 1993). The net stereoselectivity achieved 
is low enough, however, that the best short oligomers are only about 60% 
stereochemically pure. A 20-mer made via this stereocontrolled chemistry 
would, thus, contain all the 524,288 diastereomers contained in material made 
by non-stereo controlled chemistry. In the attempt to make a stereo-pure drug, 
qualitatively, the same mixture is produced as if no stereo control had been 
attempted and, at the same time, one cannot know or determine the dias
tereomeric composition of the product. 

Since it is not presently possible to synthesize O,O-linked phosphoro
thioate oligodeoxynucleotides with 100% enantiomeric excess at each linkage, 
the key issue is whether or not manufacture of the drug substance is under 
proce5<; control and reproducibly delivers drug substance with essentially the 
same diastereomeric composition, to provide assurance that drug studied in 
animal toxicity studies has the same diastereomeric composition as drug used 
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in human clinical trials and later manufactured for market. It has been demon
strated that solid-phase synthesis of phosphorothioate oligodeoxynucleotides 
by phosphoramidite coupling is under inherent process control, such that 
the enantiomer ratio at each linkage, irrespective of flanking base identity, 
sequence, and chain position, does not significantly vary from 1: 1 
(WYRZYKIEWICZ and COLE 1995). The products of such syntheses, thus, have 
essentially the same diastereomeric composition, lot to lot. In an incompletely 
stereocontrolled synthesis, by contrast, individual diastereomers might fall to 
low levels in a given lot, but cannot be detected using current analytical 
technology. If a given diastereomer were present at lOa-fold higher, but still 
low level in a later lot, this large percentage change would go undetected, i.e., 
it is possible to have large variations in the diastereomeric ratios of the final 
drug substance that are undetected and uncontrolled. From a regulatory and 
patient-safety point of view, it is vastly preferable to have a reproducible and 
controllable non-stereos elective process, rather than an inherently uncontrol
lable stereos elective process. 

It is also important to note that it is not presently possible to know which 
of a half million diastereomeric phosphorothioate 20-mers of identical se
quence would have (marginally) the highest affinity for target mRNA and, 
presumably, the greatest drug activity. It is not possible even to reliably predict 
whether the all-Sp or the all-Rp compound will be most active, for example, 
having made and tested such compounds against mixed R/S compounds. With
out the ability to predict which single diastereomer might be (marginally) 
the best antisense drug, there has been no reason to accept the lack of pro
cess control inherent in producing a diastereomerically enriched, but not 
diastereomerically pure product. Finally, the cost of stereocontrolled synthetic 
oligomers would be high because of the lower process yields involved. 
For all these technical, safety-related and regulatory reasons, non
stereos elective chemistry is utilized for the manufacture of phosphorothioate 
oligodeoxynucleotide antisense drugs. 

II. Purification of Phosphorothioate Oligodeoxynucleotides 

In current solid-phase supported phosphorothioate DNA manufacture, 
reverse-phase preparative HPLC plays a key role; 5'-DMT-protected full
length oligomer and internal deletionmers are readily separated from less 
lipophilic capped or free hydroxy-terminal deletionmers, up to and including 
n-1 length terminal deletionmers, which arise from failure to couple in the 
final elongation step. Reverse-phase HPLC is also highly effective for remov
ing 5'-DMT internal deletionmers of length n-2 and shorter from full-length 
DMT-on product. Preparative reverse-phase HPLC purification typically 
takes a crude product of about 73% full-length assay to 90% full-length assay 
in a single step. The method does not, however, achieve complete selectivity 
for full-length product and n-1 internal trityl-on deletionmers. This chromato
graphic selectivity problem has not been completely solved by either reverse-
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phase HPLC of 5' -protected intermediates or by anion-exchange HPLC of a 
fully deprotected product. From a manufacturing standpoint, the key issue is 
analytical control. Using length-selective analytical methodologies, such as 
PAGE and CGE, as in-process control checks, it has been possible to ensure 
that the impurity profiles of manufactured bulk drug-substance lots are con
stant lot-to-lot in terms of total deletionmer content. 

ill. Quality Control of Phosphorothioate Oligodeoxynucleotides 

Oligodeoxynucleotides intended for use in clinical studies require thorough 
characterization of their overall quality (KAMBHAMPATI et al. 1993). Identity 
of the oligodeoxynucleotide drug substance is commonly established by a 
combination of techniques including mass spectrometry for confirmation 
of molecular weight, 31p NMR spectroscopy for confirmation of backbone 
phosphorothioate structure, and elemental analysis. The presence of a charac
teristic ultraviolet (UV) maximum in the vicinity of260nm may be used to 
confirm the presence of a DNA strand. CGE migration time and/or anion
exchange chromatography retention time, when recorded against a reference 
standard (with a previously established sequence authenticity), may serve as 
additional confirmation of identity. Other indirect approaches for establishing 
sequence authenticity include base composition analysis and DNA duplex 
melting temperature. 

Unequivocal identity of the oligodeoxynucleotide drug may only be 
established by sequencing the sample. Due to their inherent stability to 
nucleases, the conventional enzyme-based procedures for direct digestion of 
oligodeoxynucleotides to the nucleobases are not practical for phosphoro
thioate oligodeoxynucleotides. Chemical conversion of the phosphorothioate 
to the corresponding phospho diester prior to enzymatic degradation has been 
successfully applied to determine both the base composition and sequence 
(SCHUEITE et al. 1994; WYRZYKIEWICZ and COLE 1994). More recently, this 
approach was utilized in establishing the sequence of phosphorothioate 
oligodeoxynucleotides through application of matrix-assisted laser desorption 
ionization time of flight (MALDI-TOF) mass spectrometry (SCHUEITE et al. 
1995). 

The purity of the phosphorothioate drug substance is commonly estab
lished by a combination of impurity profile (area-%) and assay (% by weight). 
The primary objectives of the impurity profile analysis are to separate com
pounds of closely related structure, as well as any adventitious impurities from 
the analyte of interest, and to have adequate sensitivity to accurately quanti
tate these structurally related impurities at low levels. CGE, by virtue of its 
lengtli-based mechanism of separation, resolves the failure sequences in syn
thetic oligodeoxynucleotides, but is insensitive to changes in the phosphate 
backbone, resulting in comigration of the full-length partial (or complete) 
phosphodiester compounds with the fully thioated sequence. Anion-exchange 
HPLC has been shown to be selective for differences in the phosphate back-
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bone and has proven to be a useful complementary technique for establishing 
a comprehensive impurity profile of phosphorothioate oligodeoxynucleotides 
(COHEN et al. 1993; BERGOT and EGAN 1992; AGRAWAL et al. 1990;WARREN and 
VELLA 1993; SRIVATSA et al. 1997). The %-w/w assay is performed either by 
HPLC or electrophoresis against a reference standard of pre-established 
purity (SRIVATSA et al. 1994; CARLSON et al. 1994). This serves as a final 
confirmation of mass balance for the drug substance and can demonstrate that 
the drug substance is free of significant levels of adventitious impurities. 
Finally, each drug-substance sample is tested by a variety of analytical tech
niques to assure that it is free of other potential impurities, such as residual 
organic volatile compounds and heavy metals. 

Prior to use in preclinical or clinical applications, it is necessary to assure 
the microbiological quality of a drug substance. Currently, the limulus ameb
ocyte lysate (LAL) test is used to detect the presence of endotoxins in pharma
ceutical preparations. The test is based on an endotoxin-induced clotting of 
the LAL. Phosphorothioate oligodeoxynucleotidesinhibit gelling of the LAL, 
rendering the detection of endotoxin present in the sample difficult. Dilutions 
necessary to overcome this inhibition effectively raise the endotoxin limit of 
detection and reduce accuracy of the endotoxin assay. At the present time, 
the detection limits are sufficient to support 3 mg/kg i.v. administration of 
phosphorothioate oligodeoxynucleotides over a 2-h infusion period. Attempts 
to overcome this inhibition problem include precipitation of the pho
sphorothioate oligodeoxynucleotide from the sample by utilization of divalent 
cations prior to LAL analysis. This approach has been shown to lower the 
endotoxin limit of detection by approximately lOOO-fold by significantly reduc
ing the inhibition of the gel formation by the oligodeoxynucleotide matrix 
(FELDMAN et al. 1995). 

In summary, utilization of the most efficient chemistries for synthesis and 
purification, coupled with state-of-the-art quality-control programs, help as
sure the high quality of drug substance used in establishing the safety and 
efficacy of antisense oligodeoxynucleotides. 

E. Formulation and Drug Delivery of 
Oligodeoxynucleotides 

I. Physical-Chemical Properties 

Due to the presence of a mixture of diastereisomers, phosphorothioate 
oligodeoxynucleotides are amorphous solids possessing the expected physical 
properties of hygroscopicity, low-bulk density, electrostatic charge pick up and 
poorly defined melting point prior to decomposition. Their good chemical 
stability allows storage in the form of a lyophilized powder, spray-dried 
powder or a concentrated, sterile solution; more than 3 years of storage is 
possible at refrigerated temperatures. 
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Due to their polyanionic nature, phosphorothioate oJigodeoxynucleotides 
are infinitely soluble in neutral and basic conditions. Drug-product concen
trations are limited (in select applications) only by an increase in solution 
viscosity. The apparent solubility is also influenced by the counterion compo
sition, ionic strength and pH. Phosphorothioate oligodeoxynucleotides have 
an apparent pKa in the vicinity of 2 and will come out of solution in acidic 
environments, i.e., the stomach. This precipitation is readily reversible with 
increasing pH or by acid-mediated hydrolysis (unpublished results). 

Instability of phosphorothioates has been primarily attributed two degra
dation mechanisms: oxidation and acid-catalyzed hydrolysis. Oxidation of the 
P=S bond in the backbone has been observed at elevated temperatures and 
under intense UV light, leading to partial phosphodiesters (still pharmacologi
cally active) and are readily monitored by anion-exchange HPLC. Under 
acidic conditions, hydrolysis reactions followed by chain-shortening depurina
tion reactions have been documented by length-sensitive electrophoretic 
techniques (unpublished results). 

Phosphorothioate formulations in simple buffer solutions show remark
able chemical stability which allows for room-temperature stable products 
with a shelf life of at least 2 years. While the predominant mechanism of 
degradation is oxidation, it is difficult to detect a statistically significant impact 
upon the low rate of oxidation by the addition of antioxidants or headspace 
oxygen control. 

II. Formulation 

In animal studies, there is overwhelming evidence of biological activity of 
oligodeoxynucleotides upon i.v. injections of simple solutions. Thus, it has 
been relatively straightforward to formulate the first-generation drug products 
in support of early clinical trials. Simple, buffered solutions have been success
fully used in clinical studies by i.v., intradermal, subcutaneous and intra
vitreal injections. These formulations have, thus far, been non-preserved and 
are amenable to terminal sterilization. Early data are supportive of oral, 
transdermal and pulmonary routes of delivery using these simple solutions 
(FUHRMAN et al. 1995). 

As antisense technology is broadly applicable to any clinical indication 
involving downregulation of protein expression, it has the potential to access 
clinical indications that require chronic, systemic dosing. In addition to the 
obvious demands of high bioavailability, low toxicity etc., these chronic, sys
temic applications place high demands on pharmaceutical elegance and ease 
of use. It has been recently reported that tritium-labeled ISIS-3082, a novel 20-
mer phoshorothioate that targets murine ICAM-1 mRNA, can be incorpo
rated into a variety of lipid and aqueous formulations. All formulations are 
capable of moving approximately 6% of the total reactivity to the receptor 
compartment of a Franz diffusion cell across hairless mouse skin, when driven 
from an occluded donor compartment. However, cardiolipin phosphatidylcho-
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line cholesterol liposomes increased the dermal retention of radioactivity by 
6.5-fold. Subsequently, CGE analysis showed the radioactivity to be corre
lated with intact, i.e., full-length, oligodeoxynucelotide (OCHELTREE et al. 
1996). 

As poly anionic species inherently possess a high degree of water solu
bility, the phosphorothioate oligodeoxynucleotides present obvious oppor
tunities for traditional sustained-release strategies. Complexation and/or 
non-covalent interactions with other ionic or charge-inducable species have 
been reported in the literature, including divalent counterions, polycations, 
polysaccarides, proteins, polyamines and dendrimers. In general, these inter
actions produce complexes with reduced solubilities, which may be mani
pulated with respect to dosage-form parameters predicted by solubility 
(equilibria) and dissolution (kinetic) theories. Therefore, these formulations 
generally must account for the injection volume, dose, vehicle-buffering effect, 
counter-ion excess and effective surface area for dissolution. The usefulness of 
other strategies that rely upon masking the depot from· the biological environ
ment (microparticulate systems, implants) will be determined as effective 
doses are defined in humans. 

III. Drug Delivery: Targeting, Uptake and Release 

As pointed out earlier in this review, targeting among cell populations is 
often unnecessary since specificity is inherent. Other considerations, such 
as dose conservation, non-specific effects and toxicity (previously reviewed) 
may provide some justification for targeting of phosphorothioate oligo
nucelotides. Interesting progress has been reported regarding the passive 
targeting achieved using liposome-encapsulated therapeutics. Accumulation 
at sites of infection, inflammation and tumor growth have been attributed 
to increased circulation times of these materials and the leaky vasculatures 
associated with these processes (LASIC and NEEDHAM 1995; BOMAN et al. 
1995). One caution regarding these observations is worth noting. Since 
the mononuclear phagocyte system (MPS) is largely responsible for 
clearing these materials from circulation, misleading data regarding 
circulation time may be obtained in species with less-evolved systems, i.e., 
rodents. 

Until recently, there existed the academic debate of whether oligo
nucleotides would reach their sites of action in intact cells. This question has 
stimulated a great deal of research interest in the areas of targeting, cellular 
uptake and release. It is now an accepted technique to use cationic lipids for 
cell transfections in in vitro screening assays (FELGNER et al. 1995). Use of 
these systems in vivo have been limited to date by instability and toxicity 
problems. However, a system with increased in vitro stability in the presence 
of serum has been reported (LEWIS et al. 1996). Similarly, the use of the 
cationic polymer, polyethylenimine, for increasing cellular transfection in cul
ture and in newborn mice has been recently reported (BOUSSIF et al. 1995). 
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Looking past the question of uptake, a novel approach to releasing endosomal 
contents into the cytoplasm after uptake has been recently reported (LEE et al. 
1996). A 58-kDa protein isolated from Listeria monocytogenes was incorpo
rated into pH-sensitive liposomes. The intracellular fate of this system was 
monitored with a pH-sensitive fluorescent dye. It could be determined that as 
soon as the endosome began to acidify, the lip os orne/endosome contents were 
released into the cytosol. As with the other delivery systems mentioned above, 
the eventual usefulness (incremental improvements) of a particular approach 
will be determined in the near future as we further define the mechanisms 
and governing restrictions for the inter- and intracellular trafficking of 
oligonucleotides. 

F. Summary 
In this chapter, we have summarized the fundamental pharmacology, pharma
cokinetics, toxicology, manufacture, quality control and formulation issues 
that apply to the development of phosphorothioate oligodeoxynucleotides 
as therapeutic agents. Our experience with this first generation of antisense 
therapeutics demonstrates that these compounds have marked pharmacologic 
activities, an attractive pharmacokinetic profile and clearly defined dose-re
lated toxicities that provide ample safety margins for the intended therapeutic 
dose ranges. In addition, many of the early doubts regarding the ability to 
manufacture and assay oligodeoxynucleotides have been successfully ad
dressed. With the economies of scale currently achievable, the manufacturing 
costs of these first-generation oligodeoxynucleotides have been dramatically 
lowered, making the dream of practical oligodeoxynudeotide therapeutics 
more of a reality. Based on our preclinical and clinical experience to date, we 
can confidently rephrase the commonly asked question from "Does antisense 
technology work?" to "How successfully can antisense drugs be marketed?" 
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CHAPTER 8 

Formulation and Delivery of Nucleic Acids 
H.E.J. HOFLAND and L. HUANG 

A. Introduction 
The aim of gene therapy is to correct diseases at their origin by delivery and 
subsequent expression of exogenous DNA, which encodes for a missing or 
defective gene product. Two distinct strategies for DNA delivery can be 
employed. The ex vivo strategy uses the cells of a patient; into which the DNA 
is introduced in vitro. The genetically modified cells are selected, expanded 
and, finally, transplanted back into the patient (BERNS et al. 1995). This is a 
relatively efficient method for gene delivery. Most disorders, however, require 
direct gene transfer, i.e., delivery of the nucleic acids directly into the affected 
tissues in vivo. One of the major challenges for the direct gene-transfer ap
proach is to develop a vehicle that is able to protect the nucleic acids from 
degradation, while delivering the genes of interest to specific tissues and 
target-cell compartments. 

Vehicles for gene transfer, which have successfully demonstrated the de
livery of exogenous genes in vivo, can be divided into two major groups: the 
viral and the non-viral vectors, each with their own specific advantages and 
disadvantages. Viruses are very efficient gene-transfer vehicles; however, sig
nificant limitations are inherent to their use. Retroviral vectors, for instance, 
are very useful for the ex vivo approach, but since they only transduce dividing 
cells, their use for direct gene transfer is limited. Adenoviruses have been 
shown to transfect somatic cells efficiently and with a surprising persistence 
(since their genome is not integrated into the host genome, as is the case with 
retroviruses and adeno-associated viruses). However, they do have the disad
vantage of being immunogenic. Success has been obtained in deleting parts 
or even the whole wild-type viral gendme, such that transduced cells do not 
express viral proteins. However, proteins carried on the viral envelope are still 
seen by the immune system, which prevents subsequent reinfections with the 
same vector. Other less-characterized viruses have been used for direct gene 
transf~r, such as adeno-associated virus, herpes virus, vaccinia virus, polio 
virus or human immunodeficiency virus (HIV). One of the more common 
problems associated with viral vectors is obtaining pharmaceutically signifi
cant quantities and/or concentrations. Furthermore, the fact that their gene 
products, even of replication incompetent viruses, may be toxic, and the slight 
possibility that replication competent viruses could emerge through recomb i-
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nation or contamination of the stock, make these vehicles less attractive for 
use in a clinical setting (MULLIGAN 1993). 

Considering these limitations, synthetic carriers offer an attractive alter
native. Non-viral vectors are being developed under the assumption that they 
will overcome the problems associated with viral gene delivery. Although non
viral gene delivery vehicles are still relatively inefficient and the resulting gene 
expression is transient in nature, their non-immunogenic nature allows for 
repeated treatments. Problems associated with these non-viral systems will be 
discussed in this chapter, as well as some of the strategies used to overcome 
them. 

B. Formulation of DNA 
I. Naked-DNA Injections 

In special situations, polynucleotide transfer and expression does not require· 
a delivery system. In fact, it has been well established that DNA delivery 
systems, such as lipid/DNA complexes, actually inhibit gene uptake and ex
pression by myofibers, compared with direct injection of naked DNA into 
skeletal muscle (WOLFF et al. 1990; JIAO et al. 1992), heart muscle (ARDEHALI 
et al. 1995), and liver (HICKMAN et al. 1994). One of the advantages of direct 
injection into the muscle is that the expression appears to be more persistent 
than that found in other tissues. Although the mechanisms of polynucleotide 
uptake by the muscle are unknown, parameters such as needle type, speed and 
site of injection, and the type of solute used appear to have a strong impact on 
the transfection efficiency (WOLFF et al. 1991). The levels of expression, 
however, are still relatively low. Muscle regeneration, induced by the myotoxic 
local anesthetic bupivacaine, significantly increased gene expression following 
plasmid injection (WELLS 1993). Much of this effect is attributed to the uptake 
and expression of the plasmid by a greater number of muscle fibers. Possible 
clinical applications may be found in genetic muscle diseases, such as the 
expression of the dystrophin gene as a therapy for Duchenne's muscular 
dystrophy (ACSADI et al. 1991) or heterologous expression of a transgene in 
diseases in which muscle is not involved, such as blood-clotting factor IX. Most 
of the efforts, however, are focused on genes encoding antigens to be used for 
vaccines (ULMER et al. 1993). 

The use of unformulated plasmid DNA, "naked DNA", is only useful in 
two specialized cases. In general plasmid DNA, which is a large and negatively 
charged polymer, will not cross the hydrophobic, negatively charged cell mem
branes without the help of a carrier. In addition, the plasmid DNA needs to be 
protected from degradation by endonucleases during transport from the site of 
administration to the site of action. DNA delivery vehicles should be able to 
do both. In the following section, different DNA formulations and delivery 
strategies will be discussed. 



Formulation and Delivery of Nucleic Acids 167 

II. Gene Guns 

Gene guns offer a physical method to literally shoot plasmid DNA into cells. 
Plasmid DNA is coated with gold particles and transferred to a mylar carrier 
sheet. At gene transfer, the particles on the carrier sheet are accelerated by an 
electric arc, which is generated by a high-voltage discharge. The discharge will 
accelerate the DNA-coated gold particles to high velocity, enabling efficient 
penetration of target organs in vivo or single-cell layers in vitro (YANG et al. 
1990; ANDREE et al. 1994; SUN et al. 1995). Important parameters that deter
mine the efficiency of DNA transfer by this technique include DNA to gold 
ratio, the amount of DNA/gold particles per carrier sheet, and the voltage 
used at discharge. Although the DNA transfer is relatively efficient, the major 
drawback of this system is that, for in vivo use, the target tissues (except for the 
skin) have to be surgically exposed. 

III. Polymer-Based Formulations 

There is a wide variety of cationic polymers that have been shown to complex 
to DNA and facilitate gene transfer. The structure of the polymer does 
not appear to have a major effect on the transfection efficiency, as is demon
strated by the variety of structures that have been used, for example: (1) 
linear polymers, such as poly(L-lysine), (2) branched polymers, such as 
polyethylenimine (PEL), and (3) spheroidal polymers, such as starburst 
dendrimers (Fig. 1). In the following sections, the use of each of these types of 
polymers for gene transfer will be discussed in more detail. 

Poly(L-lysine)/DNA complexes have been widely used for DNA transfec
tions. However, this polymer alone only binds to the DNA, but does not 
promote its cellular uptake. Gene transfer is achieved by conjugating the 
poly(L-lysine) to other molecules that do not bind to DNA by themselves, 
but do enhance transport across membranes, such as the lipid N
glutarylphosphatidyl-ethanolamine (ZHOU et al. 1991) or by conjugating the 
poly(L-lysine) to adenoviral envelopes (KUPFER et al. 1994; GAO et al. 1993). 
Another way to enhance the transfection efficiency of poly(L-lysine)/DNA 
complexes is by conjugating the polymer to a targeting ligand (Table 2). 

PEL is a very efficient and very affordable means of gene delivery. Every 
third atom of PEL is a protonable aming nitrogen atom, which allows for DNA 
binding and offers a substantial buffering capacity below physiological pH (see 
Sect. E). PEl/DNA complexes, at only slight excess positive charge, led to 
efficient luciferase gene expression both in vitro in a variety of cell types and 
in vivo by direct intracranial injections into newborn mice (BOUSSIF et al. 
1995). 

S~arburst dendrimers are spheroidal polycations that are synthesized in a 
well-defined manner, allowing for a very predictable size, shape and surface 
charge of the polymer, which makes them an interesting tool for DNA delivery 
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Poly(L-lysine) 

PEl 

Fig."la-c. Three examples of morphologically different polymers that are used for 
nucleotide delivery. A linear polymer, poly(L-lysine) (a); a branched polymer, 
polycthylenimine (PEl, b); and a spheroidal polymer, polyamidoamine (PAMAM) 
starburst dendrimer ( c) 



Formulation and Delivery of Nucleic Acids 

Star bur t Dendrimer ---
'"' /' ~',,-~'"'G2 

~ / r GI 

HN~H 

~ / 
~~ ~ 

~ '\ / 
~, "~f~, 

-----~ 
Fig. la-c. Continued 

169 

J 

(HAENSLER and SZOKA 1993a; KUKOWSKA-LATALLO et al. 1996). The capability 
of dendrimers to transfect cells depends on the size and number of primary 
amino groups on the surface, and the shape of the polymer. These character
istics are determined by the core molecule and by the number of polymeri
zation rounds, i.e., the number of generations of the dendrimer. Increasing 
transfection efficiency was found with increasing generation from GS to GlO, 
with a plateau at GS. No transfection activity was found for generations 
smaller than S. The restriction of transfection efficiency to GS and higher is 
most likely due to the charge density and the spherical shape of these 
dendrimers. However, larger dendrimers with even higher density of surface 
charge will form large aggregates when complexed to the DNA that are no 
longer able to transfect cells in vitro. KUKOWSKA-LATALLO et al. (1996) ob
served that DEAE-Dextran added to the media during transfection signifi
cantly enhances the transfection efficiency of the dendrimer. One advantage of 

c 
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Table 1. Studies employing "passive targeting" by local administration of the DNA 
formulation in vivo 

Route of administration Vehicle Reference 

Injection into skeletal muscle Naked DNA WOLFF et al. 1990, 1991; 
ACSADI et al. 1991; JIAO et al. 
1992; WELLS 1993; ULMER 
et al. 1993 

Injection into heart muscle Naked DNA ARDEHALI et al. 1995 
Injection into liver Naked DNA HICKMAN et al. 1994 
Epidermis Naked DNA ANDREE et al. 1994 

(gene gun) 
Liver, skin, muscle, Naked DNA YANG et al. 1990 

mammary tissue (gene gun) 
Intra-tumor Naked DNA SUN et al. 1995 

(gene gun) 
Intra-tumor Cationic NABEL 1992; NABEL et al. 1993; 

liposomes SON and HUANG 1994; 
MISSOL et al. 1995 

Intra-tracheal installation Cationic YOSHIMURA et al. 1992; HYDE 
liposomes et al. 1993 

Intra-tracheal aerosol Cationic STRIBLING et al. 1992; 
administration liposomes BRIGHAM and SCHREIER 1993 

Intra-nasal Cationic CAPLEN et al. 1995 
liposomes 

Intraperitoneal Cationic Yu et al. 1995; AOKI et al. 1995 
liposomes 

Balloon isolated regions of Cationic PLAUTZ et aL 1993; RAJAWALIA 
vasculature liposomes et al. 1995 

Bile duct Cationic T AKEHARA et aL 1995 
liposomes 

Intracranial Cationic SCHWARTZ et al. 1995; CAO et 
liposomes aL 1995 

Portal vein Cationic HARA et aL 1995b 
liposomes 

Intra-liver HVJ-anionic KATO et aL 1993 
liposomes 

Infusion into coronary artery HVJ -anionic SAWA et aL 1995 
liposomes 

Direct into liver HVJ-anionic TOMITA et aL 1993; KATO et aL 
Renal artery liposomes 1993 
Portal vein injection HVJ-anionic TOMITA et aL 1992 

liposomes KANEDA et aL 1989 
HVJ-anionic 

liposomes 
Intracranial PEl polymer BOUSSIF et aL 1995 
Caudal vena cava Poly(L-lysine) PERALES et al. 1994 
Tail vein Poly(L-lysine) STANKOVICS et aL 1994 
Tail vein Poly(L-lysine) TRUBETSKOY et aL 1992a,b 
Caudal vena cava Poly(L-lysine) FERKOL et aL 1995 
Intra~tracheal instillation Poly(L-lysine) GAO et aL 1993 

HVJ, Hemagglutinating Virus of Japan; PEl, polyethylenimine 
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using dendrimers for DNA transfer is their relatively low toxicity. Another 
major advantage is the fact that the complexes are highly soluble in aqueous 
solutions, allowing up to 1 mg DNA to be complexed to 65 mg polymer, 
leading to very active polymerlDNA complexes. DendrimerIDNA complexes 
are stable in solution for weeks and retain their transfection efficiency for 
many cell types in vitro over this period of time. 

IV. Lipid-Based Formulations 

1. Liposome Encapsulation 

Polynucleotides can be encapsulated inside liposomes and delivered to cells in 
vivo (OSTRO et a1. 1977; NICOLAU et a1. 1983; SORIANO et a1. 1983; ALINO et a1. 
1996). Different preparation methods, such as the freeze-thaw method (ZHOU 
et a1. 1992c) or the reverse-phase evaporation method (LEIBIGER et a1. 1991) 
will lead to the formation of large unilamellar liposomes with a high encapsu
lation volume, capable of encapsulating up to 40% of the DNA. The encap
sulated DNA is protected from the environment, which is essential for 
intravenous administration. A long history of liposome research showed that 
liposomes are readily taken up by the reticulo endothelial system (RES) and 
destroyed. Both size and surface characteristics of the liposomes are very 
important for an increased circulation half-life of the liposomes. Reducing the 
size of the liposomes avoids nonspecific entrapment of the liposomes in the 
capillary beds, and subsequent uptake and elimination by macrophages. An
other strategy that can be followed is coating the liposomes with molecules 
that provide a steric barrier for opsonisation by serum proteins, which leads to 
escape from RES uptake. Although conventionalliposomes are able to pack
age DNA, their DNA transfer and subsequent expression of the genes is very 
low. This is most likely due to the fact that these liposomes do not escape 
the lysosomal degradation once taken up by the cells. A very elegant way to 
escape the endosome is by utilizing pH-sensitive liposomes. The pH drop in 
the late endosomes will cause these liposomes to fuse with the endosome 
membrane, thus offering an escape for the entrapped DNA (ZHOU et a1. 
1992c). Another exciting application for liposomal delivery systems lies in the 
fact that they can be targeted to specific sites in the body by using ligands, such 
as immunoglobulins (WANG and HUANG 1987a,b, 1989; ZHOU and HUANG 
1992b). 

A combination of the use of negatively charged pH-sensitive liposomes 
containing condensed folate PEG and DNA/poly(L-lysine) complex, associ
ated as a targeting ligand, was shown to be capable of delivering the DNA 
specifically to cells expressing the folate receptor (LEE and HUANG 1996). 

2. Cationic LipidlNucleotide Complex 

FELGNER et a1. (1987) introduced the use of positively charged lipids in the 
form of liposomes for the introduction of DNA into mammalian cells. They 
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showed that these cationic liposomelDNA complexes were very active in 
transfecting cells and are also very easy to use. In a direct comparison of the 
transfection efficiency of cationic liposome/DNA complexes to pH-sensitive 
and non-pH-sensitive liposomes, it was found that the transfection efficiency 
of pH-sensitive liposomes was only 1-30% that of cationic liposomelDNA 
complexes, and no transfection efficiency could be observed for non-pH
sensitive liposomes (LEGENDRE and SZOKA 1992). This is likely due to the very 
high, nonspecific cellular uptake of DNA complexed with cationic lipids. Ever 
since this initial report, the field of synthetic gene delivery vehicles has grown 
immensely. The idea of using synthetic, i.e., non-immunogenic and non-toxic 
vehicles for in vivo gene transfer is very appealing. Cationic lipid-mediated 
gene transfer has become so important that a large portion of this chapter is 
devoted to it. Lipid-mediated DNA (BARTHEL et al. 1993) or RNA (Lu et al. 
1994) transfer is dependent on a number of parameters. Important are the type 
of lipid used, the amount and type of helper lipid and the lipid to DNA ratio. 
DNA quality and dose concentration has a major impact on the formation of· 
the complex, cationic iiposome size, temperature during assembly of the 
complex, cell type in vitro, and in vivo route of administration. In order to 
understand the mechanisms behind DNA binding, condensation and, ulti
mately, transport into the cells, a number of studies have been reported on 
structure of the cationic lipid in relation to its ability to transfect cells. Each 
cationic lipid can be divided into four functional units that have an impact on 
DNA binding, transfection efficiency and toxicity of the lipid. These units are: 
(1) a DNA-binding moiety, (2) a hydrophobic moiety (membrane anchor), (3) 
a spacer between the hydrophilic headgroup and the hydrophobic alkyl chains, 
and (4) the chemical bond linking the headgroup to the lipid (GAO and HUANG 
1995). Another very important component of the cationic lipid formulation is 
the helper lipid. In the following sections, each of these moieties will be 
discussed in more detail. 

3. DNA-Binding Moiety 

It appears that regular DNA-binding molecules, such as spermine (BEHR et al. 
1989) or poly(L-lysine) (ZHOU et al. 1991), can be made into efficient gene 
delivery vehicles, simply by making these molecules more hydrophobic. Proto
nated amines are generally used as the DNA-binding domains. Polycationic 
lipids, such as DOGS (Fig. 2) or DOSPA (Fig. 3), contain both primary and 
secondary arnines. Monocationic lipids, such as DOTMA (Fig. 4), usually have 

Fig.2a-c. Structure-function relationships of lipids were investigated (REMY et al. 
1994). The DNA binding motif was systematically varied by changing the number 
of positive charges in the headgroup of the lipid, e.g., spermine (3+) (a), ornithine (2+) 
(b), glycine (1 +) (c). The following relative transfection efficiencies were found: 
spermine/ornithine/glycine = 20/1/0 
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Fig.3a-d. Four examples of cationic lipids used for nucleotide delivery. Each cationic 
lipid can be divided into four functional units: the DNA-binding moiety, a hydrophobic 
moiety (membrane anchor), a spacer between the hydrophilic headgroup and the 
hydrophobic alkyl chains, and the chemical bond linking the headgroup to the lipid. 
a DOSPA; b DOTAP; c DDAB; d DC-Chol 
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Fig. 4a,b. Structure-function relationships of cationic lipids were investigated by sys
tematically varying the headgroup (X) or the lipid tails (R). The following relative 
transfection efficiencies were found: a DORIEIDORIE-HPIDORIE-HBIDORIE
HPelDOTMA = 2.2/1.9/1.4/1.2/1.0. b DMRIEIDORIEIDORIIDPRIE/DSRIE = 5.21 
2.212.1/2.010.8. (FELGNER et al. 1994) 

a quaternary amine. However, FARHooD et al. (1992) found that DC-Chol with 
a tertiary amine is more active and less toxic than the same molecule with a 
quarternary amine. FELGNER et al. (1994) reported a systematic study on the 
effects of changes in the chemical structure of the cationic lipid. A general 
cationic lipid structure was used in the cationic headgroup (H) and was 
varied systematically (Fig. 4). Each formulation contained 50 mol% DOPE. 
The following enhancements on the transfection efficiency were found (the 
transfection efficiency of DOTMA was defined as 1): DORIEIDORIE-HP/ 
DORIE-HBIDORIE-HPeIDOTMA = 2.2/1.9/1.4/1.2/1.0. The substitution of 
one cf the methyls by a hydroxyethyl group in DOTMA led to an enhanced 
transfection efficiency. It is suggested that the hydroxyl group increases the 
polarity of the headgroups, which in turn enhances the hydration and stabili
zation of the membranes. Cationic liposomes with a polyvalent cationic 
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headgroup show better transfection efficiency than the monovalent ones 
(BEHR et al. 1989; HAWLEy-NELSON et al. 1993). One explanation is that 
polyvalent cationic liposomes tend to form more compact complexes with the 
DNA, resulting in an enhanced delivery of the DNA. Another explanation 
is the buffering capacity of the polyamines, which may lead to rupture of 
the endosomes (Sect. E). REMY et al. (1994) also studied structure-function 
relationships of a wide range of lipids that were systematically varied, both 
in the lipid-binding motif with various positive charges, such as polyarnines 
(spermine[3+], ornithine [2+ D, quaternary ammonium-bearing lipids [glycine 
(+) (Fig. 2)], or lipids conjugated to DNA-binding molecules, such as acridine, 
ornithine, netropsin, and in the lipid moiety of the molecules. DNA was 
complexed to these compounds at various ratios. The lipid with the spermine 
headgroup was 20-fold more active than the ornithine lipid, and the single 
positively charged lipid showed no detectable expression. Polyamines have 
been shown to hydrogen bond to the floor of the DNA minor groove. The non
ionic acridine will intercalate in between the base pairs,and netropsin deriva~ . 
tives will fill the minor groove. Similar results were found for polymerlDNA 
complexes. When the DNA-binding moiety consisted of intercalating com
pounds, no gene transfer could be observed (HAENSLER and SZOKA 1993b; 
WAGNER et al. 1991a). An explanation for the transfection efficiency of 
polyamine-lipids lies in the fact that they are not only able to bind to the 
DNA but are also able to condense it. In addition, polyamines serve as a 
proton buffer, which may enhance escape from the endosomal compartment 
(Sect. E). The same explanation holds true for differences found in transfec
tion efficiencies for various polyamine lipids containing different numbers 
of positive charge. Binding affinity of these molecules for the DNA is only part 
of the explanation. The other part remains unclear, since a number of 
mono cationic lipids have been shown to be at least as active as the ornithine 
lipid (DOTMA or DDAB). 

4. Hydrophobic Moiety 

Liposome membranes can be made more fluid by decreasing the number of 
carbon atoms in the alkyl chain, or by introducing cis unsaturated bonds. This 
results in a reduction of the phase-transition temperature, which allows for 
a higher membrane-membrane interaction and may lead to enhanced fusion 
(lipid mixing between membranes) of the lipidlDNA complex with the 
endosome. FELGNER et al. (1994) found a relationship between lipid chain 
length and transfection efficiency. The following transfection enhancements 
were found upon changing the lipid tail (Fig. 4): DMRIEIDORIEIDORII 
DPRIEIDSRIE = 5.212.212.112.010.8. Again, these numbers are relative to 
DOTMA (defined as having a transfection efficiency of 1), which has a slightly 
different headgroup. These relative transfection efficiencies were obtained 
using equal transfection conditions with respect to DNA and lipid concentra-
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tions. However, considering the fact that each of these formulations have 
different optimum transfection conditions, these transfection enhancements 
are less pronounced if the optimal formulation was chosen in each case, e.g., in 
a matrix experiment systematically altering 64 conditions, the optimal DMRIE 
formulation is only l.4-fold better than the optimal DOTMA formulation. 
For the lipospermines this effect is even less pronounced (REMY et al. 1994). 
Although the spermine headgroup appeared to be essential for transfection 
efficiency, the lipid moiety appeared not to be. Several spermine derivatives 
were synthesized (diacyl chain stearyl (C18)2-Spermine vs oleyl (C9=9)2-
Spermine vs palmitoyl (C16)2-Spermine vs mono acyl chain (C18)-Spermine) 
with no significant change in transfection efficiency. Using a cholesterol as 
the lipid moiety instead of alkyl chains offers several advantages. Cholesterol 
derivatives have been shown to be very efficient for gene transfer (GAO and 
HUANG 1991; FARHOOD et al. 1992; Guo et al. 1993), with relatively less toxicity. 

5. Spacer 

The spacer that is used between the positively charged headgroup and the 
alkyl chain should allow for uncompromised binding to the DNA. The effect 
of the length of the spacer arm between the cationic head group and the alkyl 
chains on the transfection activity varies. Some lipids are active with no or only 
one carbon spacer, such as DDAB (Fig. 3) or DOTMA (Fig. 4). Increasing 
their spacer up to 5 C atoms did not improve their transfection efficiency 
(FELGNER et al. 1994). For cholesterol derivatives (Fig. 3), however, the length 
of the spacer appears to play an important role. A spacer length between 3 C 
atoms and 6 C atoms gives optimal transfection efficiency, as reported by 
FARHOOD et al. (1992). Similar results were reported by ITo et al. (1990) for 
didodecyl- and dimyristyl-N-[p-(2-trimethylammonioethyloxy)( CH2)n ]-(L)
glutamate bromide, where the optimal spacer length (n) was between 2 C 
atoms and 6 C atoms. The transfection efficiency was substantially reduced 
upon increasing the spacer arm to 8-11 C atoms. Lipids containing polyamine 
headgroups are also sensitive to the spacer length. Removal of the glycine 
spacer of DOGS (Fig. 2) totally removes the transfection activity (REMY et al. 
1994). It is suggested that the spacer allows the spermine headgroup to bind in 
the minor groove of the DNA. 

6. Linker 

The linker between the lipid tails and the cationic headgroup determines 
stability of the lipid. However, if the lipids are more stable, they are also 
potentially more toxic. Therefore, it is preferable to use biodegradable linkers 
that provide enough stability as well as reduce toxicity (ITO et al. 1990; 
FARH('OD et al. 1992; GAO and HUANG 1991; REMY et al. 1994). Biodegradable 
amide bonds or carbamoyl bonds may be used; however, ester bonds may be 
too unstable. 
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7. Helper Lipid 

Most cationic lipid formulations require the use of a second, neutral "helper" 
lipid, such as DOPE. DOPE is a non-bilayer-forming lipid, which can only be 
incorporated in membranes in the presence of another highly hydra table lipid. 
The DOPE molecule has a cone-shaped configuration, which gives the com
pound the ability to form hexagonal-II phases (LITZINGER and HUANG 1992). 
Hexagonal structures are membrane-fusion intermediates. Therefore, altering 
the shape of the helper lipid changes its ability to form these hexagonal 
structures and, thus, inhibits its ability to fuse membranes. Membrane fusion 
seems to be essential for the escape of the DNA from the endosomal compart
ment. The importance of DOPE cone shape was illustrated by FELGNER et al. 
(1994). Upon increasing the size of the hydrophilic headgroup, the cone shape 
was transformed into a cylindrical shape. The result was a reduction in the 
transfection efficiency. The following relative transfection enhancements 
were found: 1.0/0.3/0.25/0.15/0.05/0.01 for DOPE/PMMEIDPE/PDME· 
DOPClCPE, respectively (Fig. 5a). Similarly, the cone shape of DOPE was 
transformed into a cylinder shape by either decreasing the number of C atoms 
of the alkyl chains or by removing their unsaturated bonds. This led to a 
significant reduction in the transfection efficiency of the formulation, i.e., 
DOPE was approximately fivefold more active than DMPE, DPPE, or DSPE 
(Fig. 5b). The use of single-alkyl chain neutral lipids had a very poor transfec
tion efficiency of 1 % compared with DOPE (Fig.5c). Another interesting 
observation was that larger vesicles (ML V s diameter 300-700 nm) appeared 
to have a higher transfection efficiency than that obtained with smaller vesicles 
(SUVs diameter 50-100 nm) in vitro. Optimal transfection conditions in vivo 
with respect to particles' size, lipidlDNA ratio, final charge of the complex, etc. 
are likely to differ substantially from optimal conditions found in vitro. 

One of the major problems encountered in formulating DNA delivery 
systems is the high degree of variability. The behavior of DNA-polycation 
complexes is very much dependent on the method for complexing. Reproduc
ibility, especially of in vivo results is difficult (PERALES et al. 1994). The inher
ent disadvantage of the use of liposomes is that they are relatively large 
and rigid structures that provide a scaffold for the DNA to wrap around. Over 
time, the liposomelDNA complexes will aggregate, forming complexes that 
continuously increase in size (STERNBERG et al. 1994). Eventually these large 
complexes are no longer able to transfect cells. Similar problems are encoun
tered when working with polymer-based systems. The instability of the 
complex dictates that the lipids and DNA are mixed at the bedside of the 
patient and used immediately. A single-vial, stable pharmaceutical formula
tion is preferred. Recently, a publication by HOFLAND et al. (1996) offered a 
solution to this instability problem. The rationale was to use the cationic lipids 
in the form of micelles rather than liposomes. Micelles are much smaller than 
liposomes and, therefore, alleviate the three-dimensional packing constraints 
due to the morphology of the liposomes. This allows for a much more efficient 
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Fig. 5a-c. Structure-function relationships of various helper lipids were investigated 
by systematically varying the headgroup (X) or the lipid tails (R). The following 
relative transfection efficiencies were found: a DOPE/PMMEIDPE/PDMEIDOPC/ 
CPE = 1.0/0.3/0.25/0.15/0.05/0.01. b DOPE is approximately fivefold more active than 
either DMPE, DPPE, or DSPE. c Using single alkyl chain neutral lipids had very poor 
transfj;!ction efficiency of 1 % as compared to DOPE 

a 
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coating of the DNA by the lipids. After removal of the detergent (octyl 
glucoside) by dialysis, lipidlDNA complexes were obtained that maintained 
their transfection efficiency over at least 3 months when stored at 4DC or at 
least 9 months when frozen at _20De. Also, a marked increase in stability of 
the complex in the presence of serum was found, which has an important 
impact on the in vivo application of these stable complexes. Finally, it was 
shown that after complexation, the free uncomplexed lipid could be removed 
from the lipid/DNA complex. Thus, removing the toxicity of the formulation, 
which is associated with the free cationic lipids, allowed for much higher lipid/ 
DNA doses to be delivered and much higher gene expression. 

C. Delivery to Target Cells 
Nonviral gene delivery systems rely on normal cellular uptake mechanisms. A 
schematic view of the pr9cesses involved in uptake aiidsubsequent expression 
of the trans gene is shown in Fig. 6. Before the nucleotide delivery system is 
able to reach the cell surface, several hurdles need to be taken. For example, 
after intravenous administration, serum inactivation and DNA degradation 
must be avoided or, in the case of cystic-fibrosis gene therapy (using intra
tracheal administration), the delivery system must be able to penetrate a thick 
layer of mucus covering the target cells. The most simple way of helping the 
delivery system reach the target cells is by "passive targeting" or local admin
istration, i.e., physically placing the formulation in the proximity of the cells 
that need to be transfected. A number of studies have been published using a 
variety of administration sites (Table 1). The systemic biodistribution of gene 
expression is also dependent on the route of administration. TIERRY et al. 
(1995) showed that after intravenous administration of (DOGSIDOPE)IDNA 
complexes, the highest luciferase expression was found in the lung. Relative to 
this expression level, 78% was found in the spleen and 63% in the liver. After 
intraperitoneal injection, however, the highest expression was found in the 
spleen, and only 25% and 18% of this level was found in the liver and lung, 
respectively. Expression in spleen was also the highest after subcutaneous 
injection. Respective liver and lung expression were 28% and 72%. 

Knowing the mechanisms that are involved in biodistribution and cellular 
uptake is the first step in developing targeted gene delivery vehicles for 
intravenous administration. MAHATO et al. (1995a) showed that following 
intravenous injection of [32P]-labeled DNA, the radioactivity was rapidly 
eliminated from the plasma. Approximately 70% of the dose was taken up by 
the liver within the first minute after injection, and no gene expression was 
founa. Although Lru et al. (1995) did observe some gene expression after 
intra"lenous injection of naked DNA, they showed that expression levels were 
significantly increased upon using lipid/DNA complexes. The blood clearance 
was found to be equally rapid when DNA was complexed to cationic lipids 
(DDABIDOPE). The percentage of total radioactivity that accumulated in 
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the lung and in the liver within the first minute after injection was 35% and 
40%, respectively. Similarly, for (DOTMNDOPE)/DNA complexes, the 
accumulation in the liver after 1 min was 55% and in the lung, 25%. Hepatic 
accumulation occurred preferentially in the non-parenchymal (Kupffer) 
cells. 

MAHATO et al. (1995b) demonstrated that the overall charge of the lipid/ 
DNA complex is an important factor determining its biodistribution. Chang-
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ing the Zeta potential of the complex from negative to positive results in a 
sharp decrease in lung accumulation, accompanied by an increase in spleen 
accumulation. However, the effect of charge on biodistribution can be clouded 
by the effect of the size of the complex on the biodistribution. Large particles 
(>400 nm) will simply embolize in the capillary beds, which explains the accu
mulation in the lung. Furthermore, large particles are known to be rapidly 
cleared from the circulation by the reticuloendothelial system. 

D. Cell Entry 
When the DNA reaches the cells, the cellular uptake is most likely not the 
cause of the low transfection efficiency of non-viral vectors. In an in vitro 
setting, it was demonstrated that 6 h after adding lipid/DNA complex at a dose 
of 2 flg DNA to 2 X 105 COS cells, each cell contained an average of 3 X 105 

copies of the plasmid. However, only less than 50% .. of these cells actually 
expressed the transgene. Therefore, the inefficiency of non-viral vectors ap
pears not to be due to cell entry (ZABNER et al. 1995). This suggests that the 
success of non-viral delivery of DNA is merely due to a mass-action effect. 
Electron micrographs showed that both lipid/DNA complexes (ZABNER et al. 
1995) and also lipopoly(L-lysine)/DNA complexes (ZHOU and HUANG 1992a) 
are predominantly taken up by endocytosis. After endocytosis, the DNA
containing particles are retained in perinuclear vesicles. Escape from these 
vesicles is thought to be a major barrier for transfection. These studies are in 
contradiction to earlier suggestions that the main mechanism of cell entry is by 
membrane fusion (FELGNER and RINGOLD 1989; LEGENDRE and SZOKA 1993). 
Other studies find that the effect of lysosomotropic agents is dependent on 
both the formulation and cell type, suggesting that both membrane fusion and 
endocytosis may occur, depending on the cell type and formulation used 
(LEGENDRE and SZOKA 1992). 

I. Receptor-Mediated Uptake 

Uptake of non-viral DNA delivery systems is a rather nonspecific process. 
Due to the excess positive charge of the complex, it will bind to the negatively 
charged cell membrane and can subsequently be taken up by either endocyto
sis or membrane fusion. The specificity of gene expression can be increased 
and possible toxicity can be reduced by adding targeting ligands to the surface 
of the DNA delivery vehicle. Various targeting ligands have been described 
in literature for a variety of DNA delivery systems; an overview is given in 
Table 2. Using proteins as targeting ligands, such as asialoglycoprotein or 
antibodies, is inherently associated with the problem of evoking an immune 
response (STANKOVICS et al. 1994). However, reducing the size of antibodies 
to Fab fragments, or smaller, may prevent immune responses against these 
molecules. 
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Table 2. Studies employing "active targeting" by the use of targeting ligands 

Targeting Targeted receptor/tissue Vehicle Reference 
ligand 

In vitro 
Cyclic RGD Integrin Poly(L-lysine) HART et al. 1995 

peptide 
Fab fragment Polymeric immunoglobulin Poly(L-lysine) FERKOL et al. 

receptor on (lung) 1993 
epithelial cells 

Adenovirus Poly(L-lysine) KUPFER et al. 
1994 

IgG CD-3 T-cell receptor Poly(L-lysine) BUSCHLE et al. 
1995 

Surfactant Airway epithelial cells Poly(L-lysine) Ross et al. 1995 
Protein A 

Transferrin Tf-receptor Poly(L-lysine) WAGNER et al. 

Folate Folate rect<ptor on tumor cells Poly(L-IysltJ.e )/ 
1991b, 1992 

LEE and HUANG 
anionic 1996 
liposome 

Asialofetuin Asialoglycoprotein Cationic HARA et al. 
receptor of hepatocytes liposome 1995a; REMY 

et al. 1995 
Galactose Asialoglycoprotein Bisacridine HAENSLER and 

receptor of hepatocytes SZOKA 1993b 

In vivo 
Asialofetuin Asialoglycoprotein Cationic HARA et al. 

receptor of hepatocytes liposome 1995b 
Asialoorosom Asialoglycoprotein Poly(L-lysine) STANKOVICS 

ucoid receptor of hepatocytes et al. 1994 
Galactose Asialoglycoprotein Poly(L-lysine) PERALES et al. 

receptor of hepatocytes 1994 
IgG Thrombomodulin of lung Poly(L-lysine) TRUBETSKOY 

endothelial cells et al. 1992a; 
TRUBETSKOY 
et al. 1992b 

Fab fragment Polymeric immunoglobulin Poly(L-lysine) FERKOL et al. 
receptor on (lung) 1995 
epithelial cells 

Strategies, as discussed above, may be combined. TRUBETSKOY et al. 
(1992a) showed that the transfection efficiency of DNA complexed with N
terminal modified poly(L-lysine) conjugated with anti-thrombomodulin anti
body, could be enhanced 10- to 20-fold by addition of cationic liposomes. 

E. Endosomal Release 
Although the mechanisms behind cellular uptake of DNA with or without 
carrier are still unclear, the current belief is that, at least in an in vivo situation, 
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DNA enters the cell by endocytosis (LEGENDRE and SZOKA 1992; ZHOU and 
HUANG 1994; ZABNER et al. 1995). This route of entry is (still) very inefficient, 
since most of the DNA will either be retained in perinuclear vesicles or end up 
in the lysosomes, where it will be degraded. Therefore, a number of strategies 
have been explored to enhance endosomal release. An overview of the strat
egies is given in Table 3. Endosomal release implies rupture of the endosome 
compartment. Two distinctly different strategies are followed: first, by using 
fusogenic lipids or peptides to disrupt membranes, which may form hexagonal 
structures or pores in the membranes; second by using DNA delivery systems 
with high buffering capacity, which will avoid acidification of the endosome 
and subsequently lead to rupture of the endosomal membrane (REMY et al. 
1994). The rationale that polymerlDNA complexes are taken up by cells via 
endocytosis, and that endosomes can be ruptured if the pH drop of the late 
endosomes is inhibited by the buffering capacity of the formulation, led to 
the use of PEl as a DNA delivery polymer (BOUSSIF et al. 1995). Liposome
mediated gene delivery ,can be greatly enhanced when a pH-sensitive formu
lation is used (ZHOU et al. 1992c). Enhanced expression of genes transferred 
by pH-sensitive liposomes is subscribed to the instability of the formulation at 
a lower pH. The pH-sensitive liposomes will destabilize the endosome, thus 
allowing escape into the cytoplasm before lysosomal degradation can take 
place. Other groups also describe the use of fusogenic delivery systems. 
Plasmid DNA was encapsulated into liposomes containing the nuclear protein 
high-mobility group I and fused with inactivated Hemagglutinating Virus of 
Japan (HVJ). Expression of various genes could be obtained with this fusion 
hybrid of liposome and virus (KATO et al. 1993; TOMITA et al. 1992, 1993; 
KANEDA et al. 1989; SAWA et al. 1995). In vitro levels of transfection found with 
this system were similar or slightly better than lipofectin-mediated transfec
tion, depending on the cell type (MORISHITA et al. 1993). One problem for 

Table 3. Studies employing delivery systems containing endosomolytic agents 

Endosomolytic agent 

In vitro 
Adenovirus 

Fusogenic peptide 
from influenza virus 

GALA 

In vivo 
Sendai Virus 

Adenovirus 
Adenovirus 

Vehicle 

Poly(L-lysine) 

Poly(L-lysine) 
Cationic liposomes 

Polyamidoamine 
dendrimers 

Anionic liposomes 

Poly(L-lysine) 
Cationic lipids 

Reference 

KUPFER et al. 1994; CURIEL et al. 
1992; WAGNER et al. 1992 

Mmoux et al. 1993; LIANG et al. 
1996; MORAD POUR et al. 1996 

HAENSLER and SZOKA 1993a 

TOMITA et al. 1992, 1993; KATO 
et al. 1993; KANEDA et al. 1989 

GAO et al. 1993 
RAJA WALIA et al. 1995 
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intravenous delivery of these fusogenic liposomes is their size, which is well 
over 1 J.lIn (KANEDA et al. 1987). These large liposomes are readily taken up by 
the reticuloendothelial system. The circulation half-life could be improved by 
size reduction, but this in turn means an extreme reduction of the encapsula
tion efficiency of the DNA. Cationic lipid/DNA complexes generally use the 
fusogenic helper lipid, DOPE (FARHOOD et al. 1995; LITZINGER and HUANG 
1992). Upon adhesion of the cationic lipids to the negatively charged lipids in 
the membranes, it is believed that phase separation may occur. This initiates 
the presence of DOPE-rich regions inducing hexagonal phases and membrane 
destabilization. 

F. Nuclear Localization 
Xu and SZOKA (1996) showed that the DNA in a cationic liposome/DNA 
complex can be displaced.from the complex by adding-anionic liposomes. This 
DNA release is suggested to be due to the multivalent nature of the anionic 
lipid surface, and the collaborative effects of electrostatic interactions and 
hydrophilic-hydrophobic interactions of the lipids. Lipid mixing results in 
neutralization of the charges, which allows for diffusion of the cationic lipids 
away from the DNA. Thus, the anionic lipids in the liposomes will compete 
with the DNA for binding to cationic lipids. Likewise, it is suggested that the 
anionic lipids present in the endosome membrane can displace the DNA from 
cationic lipid/DNA complex. This study shows that DNA release by competi
tion is a very efficient process. Equal moles of anionic lipid added to the 
cationic lipid/DNA complex leads to 80% release of the DNA. This suggests 
that the rate-limiting step in transfection is neither the release from the 
endosome nor the uncoating of the DNA, but the transport of the DNA from 
the cytoplasm into the nucleus. Microinjection studies also revealed that this 
transport is an inefficient process (CAPECCHI 1980). DNA injected into the 
nucleus led to expression of the transgene, where microinjectionof the same 
DNA into the cytoplasm did not. Microinjection studies also revealed that the 
DNA has to be uncoated before it enters the nucleus, because lipid/DNA 
complexes that were directly injected into the nucleus did not lead to gene 
expression. This is in agreement with the studies of Xu and SZOKA (1996), 
who observed that even at a 100-fold charge, excess DNA, tRNA, ATP, 
poly(glutamic acid), spermine, spermidine and histones were not able to dis
place DNA from the cationic lipid/DNA complex. 

One strategy to circumvent the requirement for nuclear transport is given 
by a powerful cytoplasmic expression system utilizing the T7 promoter. It was 
shown that the purified T7 RNA polymerase could be co-delivered with the 
DNA, using DC-Cholliposomes (GAO and HUANG 1993; GAO et al. 1994). This 
system is particularly suitable for expression of short RNA molecules, such as 
anti-sense or ribozymes. 
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G. Gene Expression 

After conquering all the hurdles described above, the DNA finally reaches the 
nucleus, where the transgene can be expressed. ZABNER et al. (1995) showed 
that upon microinjection of the monocationic lipid DMRIEIDNA complex 
into the nucleus, the transfection efficiency was dependent on the lipid/DNA 
ratio. At ratios at which the lipidlDNA was optimal for transfection, the 
expression was less when the complex was microinjected, compared with 
microinjection of naked DNA. At suboptimallipidlDNA ratios, however, the 
expression was increased. This suggests that gene expression may be inhibited 
due to lack of dissociation of the lipid from the DNA. REMY et al. (1994) 
suggested that an explanation for the higher transfection efficiencies of 
polyamine-containing delivery systems lies in the high affinity of polyamines 
for DNA and leads to competitive uncoating of the plasmid DNA by the 
chromosomal DNA. 

Many studies focus on improving the transfection efficiency from the level 
of transcription, i.e., gene expression. SON and HUANG (1994) reported an 
interesting finding. Injection of cisplatin in the intraperitoneal cavity, 1 week 
before intra-tumor injection of the DC-ChollDNA complex, leads to an en
hancement of 10- to 20-fold that of the transfection efficiency. This phenom
enon is specific for cisplatin. Other anti-cancer drugs, such as transplatin, 
carboplatin and other unrelated agents, did not have an effect. Although the 
exact mechanism behind this enhanced transfection is not fully understood, it 
is likely to be associated with cisplatin's induced damage to DNA and proteins, 
which triggers increased repair mechanisms, anti-oxidant levels and PKC acti
vation, which leads to increased gene expression. This offers new possibilities 
for gene-therapy treatment of cancer patients that fail to respond to conven
tional chemotherapy. The expression of the transgene can directly be en
hanced by incorporating protein kinase C activator, i.e., phobol ester, into the 
formulation (ZHOU et al. 1992c). 

From a molecular point of view, it is clear that one of the major factors in 
gene expression is the promoter that drives the transcription of the transgene. 
LI et al. (1992) showed that the use of cytomegalovirus (CMV) promoter 
yielded higher transfection efficiencies than the use of rous sarcoma virus 
(RSV), Simian virus-40 (SV -40) or human alpha-1 antitrypsin (hAA T) 
promoters. 

Although some groups have reported some longer persistence of 
trans gene expression (ZHU et al. 1993; THIERRY et al. 1995), a typical time 
course of expression following non-viral DNA delivery in vivo is 100% for the 
first 3 days, followed by a rapid decrease, such that after 1 week only 1-10% of 
the initial expression is found. The expression of the transgene can be pro
longed for up to 3 months by including the human papovirus BKV sequence 
of the viral early region and origin of replication, so that the plasmid is 
maintained episomally (THIERRY et al. 1995; LIU et al. 1995). Another way to 
improve the duration of expression is by using vectors that are integrated into 
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the host genome. Adenovirus associated viral (AA V) vectors have an advan
tage over retroviruses, as the integration is site specific in a non-coding region 
of chromosome 19. Therefore, the chance of oncogenesis should be reduced 
and the transgene should be present for the entire life span of the host cell and 
its progeny (MuZYCZKA 1992). 

When gene delivery is no longer the limiting factor in reaching therapeutic 
levels of the transgene, the problem of how to regulate gene expression must 
be addressed. Tissue-specific promoters, or even inducible promoters, would 
be an elegant way to keep the expression of the desired transgene within the 
therapeutic window. One example is given by WANG and HUANG (1989), who 
used pH-sensitive anionic immunoliposomes for the delivery of the Herpes 
tyrosine-kinase gene under the rat promoter for the phosphoenolpyruvate 
carboxy kinase gene. This promoter can be regulated by cAMP drugs 
(WYNSHAW-BoRIS et al. 1984). Another example of inducible gene expression 
is via the tetracycline (tet)-regulated transactivation system (SHOCKETT and 
SCHATZ 1996). This systeQ'l is based on the transcriptional transactivators that 
interact specifically with bacterial cis-regulatory elements, and tetracycline 
that modulates the binding of the transactivators. The gene will be switched on 
by giving the patient low, non-toxic doses of the antibiotic. 
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CHAPTER 9 

Safe, Efficient Production of 
Retroviral Vectors 
H. KOTANI and G.J. MCGARRITY 

A. Introduction 
The first clinical trials in gene therapy were held in the United States in 1990 
at the National Institutes of Health (NIH). The first trial was for gene marking. 
Lymphocytes were removed from a melanoma biopsy, expanded in vitro and 
transduced with a retroviral vector carrying a gene that conferred resistance 
to the neomycin analogue, G-418. The clinical objective was to determine the 
distribution and longevity of these marked lymphocytes. Shortly thereafter, on 
14 September 1990, the first clinical trial in gene therapy was initiated. A child 
with a form of severe combined immune deficiency (SCID), due to a defect in 
the adenosine deaminase (ADA) gene, was re-infused with her own lympho
cytes which had been propagated ex vivo and transduced with the retroviral 
vector (LASN) that contained the wild-type ADA gene. Results of this and a 
related ADA trial, which involved the introduction of the gene into CD34+ 
cells from umbilical-cord blood obtained from neonates, have been published 
(BLAESE et al. 1995; KOHN et al. 1995). 

The initial clinical studies in gene therapy were for trials involving a small 
number of patients, usually less than 15. Typically, this meant that volume of 
vector was not a deciding factor. More often, the deciding factor was defining 
and achieving good manufacturing practices (GMP) as they applied to the 
new field of gene therapy. Also critical was the development of quality-control 
(QC) assays that were essential for lot release. Many of the required QC 
assays for gene-therapy products were similar to other products manufactured 
from mammalian cell lines (SMITH et al. 1996). 

In the United States, the Food and Drug Administration (FDA) is the 
appropriate regulatory agency that has oversight of human trials in gene 
therapy. At one point, the Recombinant DNA Advisory Committee (RAC) of 
the NIH held public meetings to review and approve clinical proposals for 
clinical trials in this field, although the FDA always had to give final approval. 
Because of the role of the RAC, a public record exists of the disease targets 
and the type of gene delivery system, or vectors, that are in use and develop
ment. Eventually, RAC review of proposed clinical trials ended; the FDA 
is now the sole reviewer of clinical trials in the United States. Regulatory 
authorities in many European countries, Japan and the Peoples Republic of 
China have also approved clinical trials in the specialty. The journal, Human 
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Gene Therapy, publishes an update of United States and international clinical 
protocols in the field (ANONYMOUS 1997). 

The purpose of this chapter is to review safe and effective methods that 
have been employed to manufacture retroviral vectors in large scale. This 
technology is still at an early stage. At the time of writing, no product employ
ing retroviral or other vectors for gene therapy has been approved for com
mercial use. Nevertheless, it is believed that material presented here should 
contribute to an understanding of the issues needed to produce these vectors 
on a commercial scale. 

B. Vectors 
A variety of methods have been utilized to deliver genes to cells. The instru
ment of gene delivery is defined as a vector. Two major types of vectors have 
been employed; viral and non-viral, or synthetic. Viral vectors have been. 
developed from different viruses. To date, vectors "derived from retrovirus, 
adenovirus, herpes virus, adeno-associated virus (AA V) and a canary pox 
virus have been used in human trials. Each viral-vector type has specific 
characteristics that may make it more appropriate for a specific cell target or 
a specific clinical condition. To develop a viral vector from its parent virus, the 
vector is rendered replication incompetent and a significant portion of the viral 
genome is removed to accommodate the foreign genes to be inserted. The 
vector will generally contain only sequences of the transgene(s), plus any 
promoter, enhancer or related sequences that aim to maximize or control gene 
expression, as well as sequences needed to assemble or package the vector, 
such as psi for retroviruses. The structural genes, e.g., capsid of adenovirus or 
envelope of retrovirus, are encoded in trans in packaging elements in a cell 
referred to as a packaging cell (without vector sequences) or a producer cell 
for retroviral vectors (with packaging sequences). 

The major viral vectors employed in gene-therapy trials have been 
retroviral, adenoviral and AA V systems; these have been reviewed 
(MCGARRITY and CHIANG 1997; BLAESE 1997). Non-viral vector systems have 
also been described, including the use of plasmid DNA, as well as DNA 
packaged within liposomes and other carriers. 

I. Retroviral Vectors 

Retroviral vectors have been the most frequently used gene-transfer system. 
Retroviral vectors have been developed from the Moloney strain of mouse 
leukemia virus (Mo-MuLv). Replication-incompetent retroviral vectors have 
been widely used in early gene marking and phase-II-II clinical trials 
(MCGARRITY and CHIANG 1997). Among the more than 170 RAC-approved 
human gene-therapy protocols reported at the end of 1997, approximately 
70% have employed retroviral vectors. The Mo-MuLV has a simple genome, 
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consisting of three genes: gag, pol and env, which are contained within long 
terminal repeats (LTR) at the 5' and 3' ends ofthe genome. The parental virus 
is diploid, meaning that two RNA molecules are present. The RNA genome is 
contained within a viral envelope, which is partially obtained from the plasma 
membrane of the host cell. Following incorporation of the virus (or vector) 
into the host cell via specific receptors, the RNA is converted to DNA by viral 
reverse transcriptase. The proviral DNA is integrated randomly into the host 
genome. Viral proteins are transcribed from the provirus, and RNA is pack
aged into virions utilizing viral nucleotide sequences known as psi, or 
encapsidation factor. The virions are released by budding into the extracellu
lar fluid. The infection does not lyse the host cells, and viruses are continuously 
generated. The difference between the life cycle of the wild-type virus and the 
vector is that the entire set of molecular components necessary to generate 
vectors are found only in the producer cells, not in the cells transduced by 
the vectors. The components necessary to generate vectors are provided by 
the producer cells on at least two DNA fragments. If the vector is used to 
transduce a target cell, the proviral DNA is integrated into the host genome 
and the transgene DNA is expressed. However, progeny vectors are not 
produced. 

Current retroviral vectors can incorporate approximately 8 kb of nucle
otides. To generate replication-incompetent retroviral vectors, packaging cell
line systems have been developed from a variety of permanent cell cultures 
(Table 1). To generate amphotropic packaging cell lines, viral structural genes 
(pol, gag and env) were transfected into mouse or human cells. Vector 
sequences were then transfected into the packaging cell containing the 
transgene(s), along with the psi sequence and appropriate internal promoters 
for the second transgene (if any) into the packaging cells. Vectors are elabo
rated from vector producer cells (VPC) into the culture supernatant. These 
supernatants are then collected and processed to yield the vector product. A 
description of retroviral packaging and producer cells is shown in Fig. l. 
Retroviral vectors budding from the plasma membrane of producer cells are 
shown in Fig. 2. 

Retroviral vectors have been demonstrated to efficiently transduce many 
different types of human cells in vitro and have been extensively employed for 

Table 1. Retroviral packaging cell lines 

Host Packaging cells Parent cells Helper genome References 

Mouse PA317 NIH3T3 Single helper MILLER and 
genome BUITIMORE 1986 

Mouse IJICRIP NIH3T3 Split genome DANOS and 
MULLIGAN 1988 

Mouse GP + envAM 12 NIH3T3 Split genome MARKOWITZ et al. 1988 
Dog DA D17 Split genome MENTO 1994 
Human ProPak 293 Split genome RIGG et al. 1996 
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1 Transtec!ion 

Empty Vector 

Relroviral Vector 

Fig. 1. Production of retroviral vector producer cells (VPCs). The retroviral genes gag, 
pol and env are depicted as g, p, and e, respectively. Psi (4) refers to the retroviral 
packaging or encapsulation sequences. Rx refers to the transgene 

ex-vivo gene-therapy protocols, including hematopoietic cells, fibroblasts and 
tumor cells. Retroviral-mediated gene-therapy protocols have been used for 
a variety of different diseases, including genetic diseases, acquired diseases, 
especially acquired immunodeficiency syndrome (AIDS), and cancer. Current 
retroviral-vector systems have limitations since they can only transduce repli
cating cells and are rapidly inactivated by human serum. The efficiency of 
retroviral vectors to transduce certain human cells, such as peripherallympho
cytes and hematopoietic stem cells, is low. Nevertheless, these vectors have 
found broad utilization in early clinical trials, especially in in vitro protocols, 
where cells are removed from the patient, propagated in the laboratory, trans
duced with the retroviral vector and re-infused into the patient. 

c. Production of Retroviral Vectors 
A variety of methods have been developed for growing mammalian cells in 
large scale. These have been reviewed (FINTER et al. 1990; LUBINIECKI 1990). 
Most of these methods are appropriate for gene therapy in general, and 
retroviral vectors specifically. However, mouse retroviral VPCs are typically 
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Fig.2A,B. Electron micrographs of GITk1SvNa vector (A x12,500, B XSO,OOO) 



198 H. KOTANI and G.1. MCGARRITY 

anchorage dependent. Efficient retroviral production has not been reported in 
suspension cultures. For vector production, the cells are cultured as monolay
ers. In early manufacturing, tissue-culture flasks and roller bottles have been 
widely used. More recently, technology for larger scale production of 
retroviral vectors has been developed, and several articles have been pub
lished. A significant production concern in gene therapy is the potential of the 
system to generate replication-competent retroviruses (RCR). This can occur 
in the producer cell through the recombination of sequences from vector and 
helper sequences of packaging cells. Different packaging cell lines have been 
generated to minimize the potential of RCR generation. This is achieved by 
minimizing the homology between vector and helper sequences and by placing 
the viral structural genes on two or more molecules instead of one, to generate 
a split packaging cell. Theoretically, recombination can also occur between 
the vector sequences and other endogenous retroviral sequences in either the 
packaging or the transduced host cells. Different producer cells have been 
generated from murine cells, which contain a significant amount of retroviral" 
sequences. In addition,· it is also theoretically possible for a recombination 
event to occur between the retroviral vector and endogneous-retroviral se
quences in the human target cell, although this has never been observed in an 
in vitro system. 

I. Production Methods 

1. Batch Systems 

In our laboratories, VPCs derived from the amphotropic retroviral-vector 
packaging cells PA317, which were derived from NIH 3T3 cells, have been 
extensively used. PA317 has been described (MILLER and BUTIIMORE 1986). 
Vectors bud from VPCs into the culture supernatant without causing cell lysis. 
Multiple supernatant harvests are collected at intervals following addition of 
fresh medium to confluent cells. These VPCs have been propagated on flat 
surfaces in a variety of culture vessels. 

2. Roller Bottles 

Roller-bottle technology remains a widely used method for viral-vaccine pro
duction, despite being labor intensive. and lacking control systems such as pH
and dissolved-oxygen monitors used in bioreactors. Robotic roller-bottle sys
tems offer potential to increase process reliability and consistency. Robotic 
systems can automate virtually all roller-bottle processes: inoculation, medium 
change, decantation of supernatant, cell washing, trypsinization and cell har
vesting in a standardized, efficient manner. The surface areas of roller bottles 
yield cell numbers that are commercially relevant, using either 850 cm2 or 
1700 cm2 roller bottles. 

For the production of retroviral-vector supernatant, we reported results of 
vector titers from roller bottles under different conditions, including different 
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cultivation temperatures, surface areas of roller bottle and harvest times of 
supernatant using many different producer cell lines, all derived from PA317 
packaging cells (KOTANI et al. 1994). A non-GMP production of G1Na.40 
vector production in 850 cm2 roller bottles at 37°C is shown in Fig. 3. The 
medium was changed every day, and daily samples were taken after cell 
confluence was reached. The vector titer was 5 X 106 colony-forming units 
(CFU)/ml at day 5 and remained at approximately that level until day 11, 
when it declined slowly. These results suggested that vectors can be collected 
continuously for at least for 2 weeks, although clonal variability can influence 
this characteristic. These collections were free of RCR. The maximum number 
of harvests is dependent on the type and clone of the producer cell line. The 
vector titer is partially dependent on the number of cells because vector yield 
per cell is limited. Some cell lines and clones tend to detach from the surface 
of the roller bottle after reaching confluence. We reported selection of one 
clone due to its increased titer, rapid growth and effeftiveness in vitro and in 
vivo (LYONS et al. 1995). When different cultivation temperatures of producer 
cell lines were compared, highest titers were always at 32°C, an approximate 1-
log increase at 32°C, compared with at 37°C. Collection of supernatants every 
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Fig. 3. Production of G1Na.4 vectors in roller bottles 
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48 h can further increase the number of retroviral vector particles collected. 
This is influenced by the half-life of retroviral vectors at 37°C, estimated to be 
4-6 h (KOTANI et al. 1994). Roller-bottle production can be a useful method for 
small-scale production with or without robotics. 

Additional vector-transduction efficiency can be achieved by centrifuga
tion of the vector onto the target cells (KOTANI et al. 1994) or having the vector 
flow over the target cells (CHUCK and PAULSSON 1996). 

3. Multilayered Propagator 

Various efforts have been made to increase the surface area for cell growth by 
using multiple surfaces with multiplates mounted horizontally in a vessel such 
as Cell Factory (NUNC). Retroviral VPC lines have been grown at 32°C in this 
system. Medium and cells are added manually. Supernatant is collected by 
gravity. New medium can be added into the same system for further harvests 
as multiple collection at least three or five times. 1n limited studies in this. 
laboratory, titers were similar to that obtained in roller bottles. 

II. Bioreactors 

1. Cell Cube Bioreactor 

The Cell Cube bioreactor is a perfused system with controlled monitors that 
contain multiple plates in a densely stacked module for anchorage-dependent 
cells. This is scale able to a maximum of 16 cube units (340,000 cm2). The 
system has been used to expand a variety of anchorage-dependent cells as an 
alternate method to roller bottles. We investigated the possibility of large
scale retroviral-vector production by means of the Cell Cube system. Three 
different producer cell lines were cultured with Dulbecco's modified Eagle's 
medium (DMEM) containing 10% fetal bovine serum (FBS) in 1 cube unit 
(21,250 cm2) at 32°C using a batch collection. There were 2 I supernatants 
collected every 48 h. High-titer vectors (>7 X 106 CFU/ml) were generated for 
more than 3 weeks after the study was ended without the presence of RCR. 
The vector titers obtained from this system were significantly higher than that 
of the roller bottle. 

The results of a development non-GMP, run in 16 cube units, with 
PA317/G1NaSvAd.24-producer cell line that produce an ADA vector, are 
shown in Fig. 4. VPCs were cultivated at 32°C with perfusion for 23 days. The 
vector reached a titer of 6 X 106 CFU/ml on day 3 with 20 I of harvest/day and 
yielded the highest titer on day 8 with 30 I harvest/day. Titer declined gradu
ally thereafter, possibly due to the rapid decline of glucose concentration 
because of uncontrolled dissolved oxygen. Cell metabolism increased as 
evidenced by glucose fermentation by the large number of cells (approxi
mately 1.6 X 1011 cells) in the system. The oxygen limitation in the long culture 
period may limit scale up. However, a newer generation oxygenerator is now 
available, which may alleviate this problem. 
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Fig. 4. Production of G1NaSvAd.24 vector in Cell Cube bioreactor. Vector titer 
(squares), glucose concentration (circles) 

The summary of gene-therapy protocols from other laboratories list 1 
Cell Cube unit and 2 Cell Cube units that have been successfully employed, and 
have produced clinical-grade vector supernatants for phase-II-II cancer gene
therapy protocols (SMILEY et al. 1997). The supernatant was produced consis
tently for 3 weeks without detectable RCR. Due to a high concentration of cell 
density and a reduced volume, vector titer became higher than that of standard 
monolayer culture systems. 

2. Hollow-Fiber Bioreactor 

Hollow-fiber perfusion bioreactors have been used to cultivate mammalian 
cells for large-scale production of secreted proteins and monoclonal anti
bodies. This technology was also used for production of viruses, including 
retroviruses and viral proteins for vaccines or diagnostic purposes. In another 
laboratory, the PA317/LNL-6-producer cell line (carrying the gene conferring 
resistance to the neomycin analogue G418) was grown in the Cellco Cellmax 
type-B artificial capillary cartridge with DMEM+10% FBS at 34°C under 
monitoring of lactate production and glucose-consumption rates (BLAESE, 
personal communication). The medium was replaced with AIM-V serum-free 
medium, and daily supernatant harvests were collected. The vector titer from 
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the cartridge was significantly higher than that from flasks in DMEM contain
ing 10% FBS (1.2 X 107 CFU/ml vs 8.6 X 105 CFU/ml), due to high cell density. 
Further scale-up capability of this system as a single unit has not been 
reported. 

3. Microcarrier Beads in Bioreactor 

Anchorage-dependent cells require a surface. Microcarriers have been devel
oped for large-scale vaccine production and therapeutic and diagnostic pro
teins (GRIFFITHS 1991). Several types of micro carriers are available. Collagen 
microcarriers allow cells to grow, not only the surface of beads, but the inside 
of beads as well, resulting in higher cell density. Developments in this field 
resulted in effective microcarriers for fluidized beds, but were less successful 
for stirred suspensions. Microcarrier beads in stirred-tank fermentors 
with batch or semi-batch systems and perfusion systems have been widely 
employed for production of cells and secreted proteins from engineered· 
mammalian cells in industry. Fluidization produces less mechanical stress to 
microcarriers. A report has been published on the production of retroviral 
vectors (MENTO 1994). Producer cells were grown on Sephadex beads 
(Pharmacia Cytodex) in a CelliGen bioreactor (New Brunswick Scientific, 
New Brunswick, NJ) with a continuous perfusion system. The supernatant 
containing vector was processed for downstream processing, including concen
tration, purification by size-exclusion column, and lyophilization for a direct 
injection of vectors into patients, who were human immunodeficiency virus 
(HIV) positive, as gene-therapy protocol (MARTINEAU et al. 1997). 

4. Packed-Bed Air-Lift Bioreactor 

Several methods have been employed for the larger scale production of 
retroviral vectors. All systems have advantages and disadvantages. In general, 
we believe that methods used in mammalian cell culture in biotechnology 
should work well for retroviral-vector production. In gene transfer, high titer 
of non-replicating vectors is one of the critical issues for efficient gene transfer 
into target cells. The number of vector particles in culture supernatants de
pends, in part, on the number of cells in the culture system per defined time 
period. High-ceIl-density culture systems generate higher titer in the super
natant than that in low-ceIl-density culture systems. However, the highest 
attainable titers achieved from current retroviral producer cells are typically 
106_107 CFU/ml. 

To increase the vector concentration and stability and remove chemical 
contaminants and inhibitors, further downstream processing is necessary. 
This' includes clarification, concentration, purification and lyophilization. 
Retr~)Viral vectors are relatively fragile. The mouse leukemia-virus envelope 
contains gp70, which is sensitive to shear. Supernatants that are viscous with 
many foreign proteins from medium and mammalian cells are more difficult to 
clarify, concentrate and purify. Despite this, we have been able to generate 
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retroviral vector having titer in excess of 5 X lOB CFU/ml following down
stream processing (KOTANI unpublished results). We reported the lyophiliza
tion of retroviral vectors (KOTANI et al. 1994). 

We have been investigating various technologies to produce retroviral 
vectors. High-cell-density culture systems using macroporous carriers in 
packed-bed bioreactors have been used in the biotechnology field for pro
duction of monoclonal antibodies and secreted proteins. Those bioreactors, 
however, usually have an external oxgenator and recirculation loop for 
medium exchange. The external-medium recirculation system becomes the 
limiting factor for scalability of bioreactors. 

We have designed a novel bioreactor called a packed-bed air-lift 
bioreactor (GTI-AL2) to overcome the above problems for long-term, con
tinuous production of retroviral vectors (U .S. Patent 5,563,068). The AL series 
of bioreactor is a packed-bed bioreactor containing macroporous glass beads 
using an internal air-lift mechanism for both mixing and oxygenation of me
dium. High-titer vectors have been successfully produced in the bioreactor, in 
the order of 107-10B CFU/ml. Producer cells grow on macroporous glass beads 
in a packed bed. Medium mixing and oxygenation in the bioreactor were 
easily provided by an air-lift sparging mechanism. The configuration of the 
bioreactor is shown in Fig. 5. Macroporous glass beads were packed in a 
second column that is situated in the center of the bioreactor. The packed-bed 
column was made of stainless-steel mesh. Oxygenation by sparging was per
formed in the medium between the reactor column and the column where the 
beads are held. Oxygen supply to cells grown on macroporous beads in the 
packed-bed is very effective by medium circulation through the bead bed. This 
sized AL reactor contains a packed-bed volume consisting of 700 ml porous 
borosilicate glass beads 3-5 mm in diameter. During production, 5% CO2 in 
air was constantly sparged into the medium. Air flow was controlled. Dis
solved oxygen in the bioreactor was monitored; an oxygen monitor in the 
culture medium was maintained above 50% of air saturation by regulating the 
air flow rate. The pH in the reactor sustained in the range of 7.1-7.3. PA317/ 
G1Tk1SvNa.7 VPCs grown on borosilicate beads are shown in Fig. 6. 

5. Serum-Containing Prodnction 

PA317/G1Na.40 producer cell line (NeoR gene) was cultured in an 850-cm2 

roller bottle in DMEM+lO% FBS and inoculated (2X10B cells) into the AL2 
bioreactor and incubated at 37°C. The medium used for perfusion was 
DMEM + 10% heat-inactivated FBS, 0.1 % pluronic F-68 and 10 ppm antifoam 
C. The perfusion rate was controlled by the glucose and lactate concentrations 
in the supernatant by a peristaltic pump. The vector titer, vector yield, glucose/ 
lactate concentrations and medium perfusion rates for a representative 34-day 
run in the AL2 bioreactor is shown in Fig. 7. Vector titer increased logarithmi
cally during the first week of culture from 5X105 CFU/ml to 9X107 CFU/ml. 
Total vector yield per day reached more than 2-3 X lOll CFU by increasing 
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Fig. S. Schematic configuration of the packed-bed 
air-lift bioreactor. Arrows indicate patterns of 
medium flow 

medium perfusion from day 1 through day 15 and then maintaining a constant 
perfusion rate until the end of the run. The titer gradually declined to 
106 CFU/ml. The highest vector yield was 9X1011 CFU/day. The reason for the 
decline in vector titer after 3 weeks of culture is unknown. This phenomenon 
has been observed in different producer cells using different cultivation proce
dures in both small and large scale.' The decline in the amount of vector 
produced may be due to cessation of an essential vector component, for 
example, gag. Two other producer cell lines were also cultured for more than 
1 month in the bioreactor, with similar results for titer and total vector yield. 
A total of 12 l/day of vector supernatant was harvested continuously. Samples 
from different stages of cultures in the bioreactor were free of detectable 
RCR, as determined by a biological S+/L- assay. 

Cell growth in the bioreactor was estimated by the cell-specific metabolic 
rates of glucose and lactose. The total number of cells in this size bioreactor 
was estimated to be 4XI01O• Cells grew exponentially during 10 days in culture 



Fig.6A-C. Electron micrographs of PA317/G 1 TklSvNa.7 vector producer cells grown 
on a borosilicate bead. (A, x22.4; B, x21O; C, x1820) 
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Fig. 7. Production of GINaAO vector in AL2 bioreactor. Vector titer (open squares), 
vector yield (open diamonds), glucose concentration (+), lactate concentration (filled 
squares) 

and remained at plateau levels until the end of culture, demonstrating a 200-
fold increase from the initial cell inoculum (2X108 cells). Consequently, the 
cell numbers needed to inoculate the bioreactor were relatively small, only 2% 
of final cell concentration. Cell-doubling time in the bioreactor was approxi
mately 27 h, similar to 28 h measured in a 175-cm2 flask. Cell concentration in 
the packed-bead bed was estimated as lX107 cellslbead. 

The AL2 bioreactor demonstrated the capability to maintain high cell 
density and continuous high-titer production of retroviral vectors, without 
detectable RCR events for at least 1 month of culture run with 20 different 
runs. The downstream procedures involve clarification, concentration, purifi
cation and eventual lyophilization. Based on the result from these pilot stud
ies, the packed-bed air-lift bioreactor is scale able for a large production of 
retroviral vectors. Larger versions of the AL2 bioreactor described here have 
been constructed (AL3, 2.4L and AL4, 11.5L bead volume) and perform 
similarly to the AL2 regarding vector titer. 
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Table 2. Comparison of different technologies for retroviral vector production 

Roller bottle (850cm2) Cell Cube AL2 Bioreactor 

No. of units 
Total no. of cells 
Harvest/day (1) 
Vector titer (CFU/ml) 
Production mode 
Run time (day) 
Total harvest per run (1) 
Labor 
RCR 

100 
4 X lOiD 

15 
2 X 107 

Batch 
3 
80 
Intensive 
Neg 

4 
4 X lOiD 

10 
2-3 X 107 

Continuous 
>21 
210 
Moderate 
Neg 

1 
4 X lOiD 

13 
2-5 X 107 

Continuous 
>28 
280 
Minimum 
Neg 

RCR, replication competent retrovirus; CFU, colony forming units; Neg, negative 

Most large-scale production techniques developed for mammalian cell 
cultures can also be utilized to produce retroviral vectors. In the large-scale 
mammalian cell culture, factors such as hydrodynamic shear, oxygen-transfer 
limitation, surface-area limitation and lactate build up must be addressed. 
Table 2 shows the comparison of three different technologies: roller bottles, 
Cell Cube and AL2 bioreactor. These comparisons were performed on the 
same numbers of PA317/GITklSvNa.7 producer cells in each system 
(4XI01O). The average vector titer (2-3 X 107 CFU/ml) was similar among the 
three methods. However, the duration of operation time, labor intensity and 
the harvested volume are significantly different. The roller-bottle production 
was harvested for at least 72 h after 100% confluence; the harvest was 80 l. 
However, Cell Cube and AL2 bioreactors can operate at least for 21 days and 
28 days, respectively, before the significant decline of vector titer is observed, 
typically after 3 weeks of culture. Due to the continuous perfusion system, the 
harvest of supernatants in the Cell Cube and AL2 were 210 l/run and 280 l/run, 
respectively. The most significant difference is labor for upstream operation 
among the three methods. The AL2 bioreactor required minimum labor, 
suggesting the potential for future large-scale production. No RCRs were 
detected by biological assay, even following a I-month long production period. 

D. Downstream Processing 
Currently, the majority of human trials in gene therapy utilizing retroviral 
gene transfer are ex-vivo, meaning that patient cells, e.g., lymphocytes, bone 
marrow, tumor cells, skin fibroblast, etc., were transduced with the vector 
during logarithmic growth of the cells in vitro (or ex vivo) and then adminis
tered to the patient. The majority of clinical trials in the field are phase-I 
or phase-II-II clinical trials. Therefore, supernatants as sources of vectors 
have been used for transduction of target cells in vitro. Many ex vivo gene
transfer protocols are limited, due to the target cell or low vector titers. Low 
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transduction efficiency may also be due to the presence of inhibitors or con
taminants in the harvested supernatant. For example, vector-free gp70, empty 
vectors and defective vectors can be present in these preparations and may 
compete with infectious vector for the retroviral receptor on the target cell. 
Retroviral vectors are relatively stable against phycochemical treatments, such 
as pH, ionic strength and shear forces. To increase titer, therefore, vector 
supernatants can be concentrated by several methods, including polyethylene 
glycol (PEG) precipitation, sucrose-gradient ultracentrifugation or tangential
flow ultrafiltration. To achieve a high efficiency of gene transfer to target cells, 
such as hematopoietic cells, myoblasts or endotherial cells, vectors must dem
onstrate not only high titer but also a high degree of purity. 

Purification techniques have been employed for live viruses, including 
vaccines in the laboratory. Column-chromatographic purification technology 
has been incorporated for gene-therapy vectors. An ion-exchange column 
demonstrated purification capability of retroviral vectors due to strong an
ionic-charge properties of viral vectors. Size-exclusion chromatography has 
also been employed (MCCORMACK et al. 1997). Recovery of a high yield of 
retroviral vector from a G1Tk1SvNa.1 vector supernatant by column chroma
tography is demonstrated in Fig. 8. 

E.GMP Production of Retroviral Vectors 
The ;,>resent state of gene-therapy product development is comparable to the 
early stages of recombinant proteins and monoclonal antibodies. Many clinical 
protocols have been approved by the FDA and other regulatory agencies 
throughout the world. However, as stated, most are phase I and often are for 
diseases that have no successful alternate therapies. Many patients have a 
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Table 3. Quality control (QC) assays 

QC Assays for master cell bank 
1. Sterility 
2. Mycoplasma 
3. Transmission electron microscopy for viruses 
4. Assays for adventitious viruses 

MAP test 
In vitro virus assay 
In vivo virus assay 

5. Identity 
Isoenzyme and cytogenetics analysis 
Southern analysis 
Functional test (if necessary) 

6. Tumorigenicity 
7. Potency 

Biological vector titer 
8. Replication competent retrovirus 

Mus dunni cocultivation followed by S+/L- assay 
Mus dunni amplification followed by S+/L- assay 

QC assay for product lots 
1. Sterility 
2. Mycoplasma 
3. Pyrogenicity 
4. Identity 

Southern analysis and/or function test 
5. Potency 

Vector titer 
6. RCA assay by cocultivation and amplification 

Supernatant 5% of total supernatant 
Producer cells 1 % of total pooled cells or 108 cells 
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short life expectancy. Typically, companies and academic institutions manu
facture vectors for phase-lor phase-II-II clinical trials involving a small num
ber of patients. For making clinical-grade vectors, production and QC must be 
carried according to GMP requirements. Currently, the retroviral vectors have 
been primarily produced in batch systems. Scale-up in most cases was achieved 
by increasing vessel size or number of vessels, including multilayered vessels 
and roller bottles. However, those technologies have limitations. 

I. Cell Banking 

Clinical-grade retroviral vectors are produced by the cells from cell banks 
[Master Cell Bank (MCB) and Working Cell Bank (WCB)] under GMP. Cell 
lines l,lsed in MCB for gene therapy must meet the same requirements as those 
used for production of recombinant proteins and monoclonocal antibodies 
(WIEBE and MAY 1990), as well as those criteria specific for gene therapy, such 
as analysis for the transgene(s) by Southern analysis and/or a functional bioas
say as well as assays for RCR. Each cell bank must demonstrate genetic 
stability, and be free of adventitious agents, including bacteria, fungi, myco
plasma and viruses. Tests are shown in Table 3. Both culture supernatant and 
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VPC must be assayed for RCR according to FDA recommendations, which is 
1 % for VPC, up to a maximum of 1 X 108, and 5% of the supernatant volume 
for RCR assays. 

Validation of vector production under serum-containing medium or se
rum-free (SF) medium is important for safety and standardization concerns. It 
is believed that most clinical-grade vectors for phase I or phase 1111 used super
natant produced from VPCs in FBS-containing medium. The use of FBS raises 
several issues, including FBS regulatory concerns over adventitious agents. To 
overcome these regulatory hurdles, we developed SF cell banking and produc
tion systems. A complete SF process of retroviral-vector production is achiev
able. The VPCs from an original MCB is adapted in a SF medium and 
cryopreserved; development of freezing medium is essential for SF cell banks. 

The characterization of cell banks for use in gene therapy are similar to 
that described for cell banks for use in production of recombinant proteins 
(WEIBE and MAY, 1990). The principles for gene therapy are a modification of 
those described by WIEBE and MAY:' 

1. The origin and general characterization of the cells should be known. This 
means the origin and passage history of the cell lines. The origin should 
include definition of the species, sex, organ and/or tissue of the cells. Delib
erate alterations to the cell line should be described, such as transfection of 
plasmids to make the packaging cell, as well as transfection of vector DNA 
to make the retroviral VPC. Other characterization should also be noted, 
including morphology, cloning data, vector titer and confirmation of animal 
species. 

2. The cell bank itself and cells derived from the bank must be demonstrated 
to be free of adventitious agents by sensitive, validated assays. 

3. Particular attention must be made to demonstrate absence of RCR, by 
means of sensitive, validated assays. In addition, the product identity must 
be demonstrated by inoculation of the vector made from the cell banks into 
appropriate target cells to show delivery and expression of the specific 
transgene. This can be accomplished by molecular probes in a Southern 
assay and an appropriate bioassay. 

4. A maximum limit of population doublings for continuous cell culture dur
ing production should be defined, and the cells characterized at appropriate 
passages at, prior to, and beyond that passage level. The population 
doublings from the WCB through the end of production and the post
production period should be calculated. Any production that goes beyond 
this number of population doublings must be re-characterized to minimize 
the potential of spurious findings in QC assays. Parameters to be considered 
include cell growth, morphology, vector titer, absence of RCR, overall 
product quality and transducibility of target cells with subsequent expres
sion of the transgene. These characteristics should be defined in develop
ment runs, and this information should be used to generate a certificate of 
analysis for final product lots. 
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5. Cell-culture-derived contaminants must be defined and appropriate sensi
tive assays developed. Appropriate assays are needed to validate removal 
of these materials during purification. 

Upon controlled freezing and storage in liquid nitrogen, the cell banks main
tain viability for long periods. High viability of cell banks after 20 years and 
27 years of storage has been described (WEIBE and MAY 1990). We have had 
similar experiences with a large number of animal and human cells, often 
spanning 25-30 years (unpublished). Many of our early packaging cells and 
producer cells for retroviral vectors have been maintained for 7-9 years in 
liquid nitrogen, and no change in viability as been detected. 

For cryopreservation of cells grown in SF medium, the freeze medium 
must contain 7 mg/ml of protein plus cryopreservatives. 

II. Serum-Free Upstream Processing 

Retroviral vectors have been produced by cells grown in SF medium. The AL3 
bioreactor is a larger version of the AL2 described earlier and has a 9.5-1 vessel 
for GMP production. The VPCs from one frozen SF-WCB vial are recovered 
and expanded in SF medium in flasks and roller bottles and then inoculated 
into an AL3 bioreactor. Cells attach and grow on the glass surface of the 
borosilicate beads and appropriate oxygen transport and medium circulation 
is obtained by air sparging via air lift. The AL3 bioreactor is a perfused and 
continuous harvesting system. Comparative results of G1Tk1SvNa7 vector 
production in the AL3 bioreactor with DMEM+2% FBS and SF medium are 
shown in Fig. 9. In the SF system, an inoculum five times larger than that 
required in serum-containing medium is necessary. The vector titer reached 
the maximum level on day 3 in the SF system and remained relatively stable 
throughout the 21 days of operation. The perfusion rate was modulated to 
maintain a constant glucose-consumption rate. The average titer was 1.5 X 

107 CFU/ml and the vector yield was 3 X 1011 CFU/day, demonstrating the 
comparability of the SF system to the one employing the serum system. We are 
validating this SF system for GMP production. 

III. Serum-Free Downstream Processing 

In most early ex vivo clinical trials, culture supernatants containing vectors 
and prepared in serum-containing medium without purification were used to 
transduce target lymphocytes, bone marrow or tumor cells. The negative 
aspec;;t of this approach is low transduction efficiency due to low vector 
titer and/or inhibitors in the supernatant. Representative titers were 1-
lOX1D5 CFU/ml. The supernatant contains many undefined components from 
cell-culture-conditioned medium. We have developed a supernatant produc
tion by the AL3 bioreactor under SF conditions, followed by hollow-fiber 
concentration and the column chromatographic-purification process. The 
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Fig.9. Comparative studies of G1Tk1SvNa.7 vector production in AL3 bioreactor 
under serum-containing (FBS) medium and serum-free (SF) medium 

stages of this process are outlined in Fig. 10. All harvests are collected and 
processed as batches. The daily unprocessed vector supernatant (20 l/day) was 
harvested at 4a C. A collection of 2-day harvests (401) was clarified through a 
0.22-fm filter to remove cellular debris and concentrated up to 20 times using 
300 k molecular weight cut-off hollow fiber. No significant loss of vector oc
curred with this process. This process effected a partial removal of cellular and 
medium proteins as well as fragmented vector proteins. The concentrated 
materials were treated with Benzonase (DNase), resulting in a significant 
reduction (2-3 log) of host DNA and frozen at -80aC as a batch. Batches were 
then pooled after thawing to form a lot and then applied to an anion-exchange 
column chromatography. The retroviral vectors bound to resins and eluted 
with a high-salt solution. The chromatogram shows a clear vector fraction was 
obtained by a step gradient. Representative results are shown in Fig. 11. The 
vector fraction was diafiltrated and concentrated by a hollow fiber. The final 
vector with the titer of 108 CFU/ml was formulated, filled in vials as liquid 
formulation, and frozen to -80a C. Long-term stability studies at -80a C are in 
progress. The final vector demonstrated low proteins (10-50 pg/ml) and DNA 
levels (50-500 pg/patient dose). 

F. In-Process Assays 
A number of assays have been developed to characterize the upstream- and 
downstream-production processes. Table 4 shows the list of assays for each 
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stage of process. For upstream processes, glucose and lactate analyses of 
supernatant were analyzed to assess the metabolic status of cell growth. 
Lactate dehydrogenase (LDH) measurement monitored cell viability. The 
biological vector titer assay was used to monitor vector yield. For the down
stream process, total protein at each stage was characterized by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)/silver stain
ing, and cellular and vector proteins were analyzed by Western blotting. 
Cellular DNA was assessed by slot-blot analysis. Adventitious agents, RCR 
and general safety tests, including endotoxin and microbiological tests, were 
also assayed, as listed in Table 4. The final vector titer was assayed as a 
potency parameter, and vector identity was determined by Southern analysis. 

To evaluate purity and consistency, final column-purified vectors were 
compared with the original vector supernatant before any processing. The 
purity was demonstrated to be approximately 99% and 99.9%, based on 
protein and DNA concentration, respectively (Table 5). 

Table 4. List of in-process assays 

Upstream 

LDH, glucose, lactate 
Viral titer 
Total protein 

Southern (cell copy 
number) 

Western blots 
RNA titer 
RCR 
Adventitious agents 
Microbiological assays 

Downstream 

Viral titer 
Total protein 
Specific activity (relative 

purity) 
Western blots 

DNA assay 
Host-cell proteins 
Media-derived proteins 
Adventitious agents 
Microbiological assays 

Final 

Viral titer 
Transduction of target cells 
Specific activity (relative 

purity) 
SDS-PAGE/silver staining 

DNA assay 
Southern (identity) 
General safety 
Microbiological assay 
RCR 

LD H lactate dehydrogenase; SDS-P AGE sodium dodecyl sulphate polyacrylamide gel 
electrophoresis 

Table 5. Purity of vectors 

Vector titer 
(CFU/ml) 

Percentage 
recovery 

Specific activity 
(CFU/mg) 

DNA/dose (ng) 

Bioreactor 
supernatant 

1-2 X 107 

ND 

5-10 X 106 

400-10000 

CFU, colony forming units 

Sucrose-gradient 
purified 

7::!::3 

50-500 

Column-chromatography 
purified 

1-3 X 108 

65 ::!:: 30 

0.05-0.5 
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G. Quality Control 
The QC and quality assurance (QA) procedures and principles used for other 
biotechnology products are applicable to retroviral gene-therapy products. As 
in these areas, the assays in gene therapy depend on the sensitivity and repro
ducibility of qualitative and quantitative procedures. Assessment of vector 
safety must be provided under good laboratory practices (GLP), and the 
products for patient administration must be manufactured under compliance 
of GMP. Reviews are available for cell-banking procedures, including QA/QC 
(WIEBE and MAY 1990), and for gene therapy from an international perspec
tive (SMITH et al. 1996). As noted by SMITH et al. (1996), regulatory concerns of 
these products focus on environmental issues, potential pathogenicity of the 
agent, and full characterization and QA of the cell banks and the final product 
(Table 3). These common assays include those for adventitious agents, animal 
safety and pyrogenicity, among others. Specific assays that are critical for 
retroviral (and other) vectors are a clear demonstration that the transgene is 
present and intact in the" vector and appropriate target cell(s), and that the 
final product lot as well as the cell banks are free of detectable RCR. The 
sensitivity of the Southern and RCR assays must be specified, based on valida
tion studies. It is critical to know at what sensitivity an aberrant form of the 
vector can be detected. In addition to documenting that the transgene is 
present and intact, it is critical to demonstrate that the transgene is expressing 
a protein that is functioning. This can be achieved by a variety of methods, 
including Northern analysis, immunological detection of the expressed gene 
product, a biological assay or other procedures. 

Sensitive, validated assays are required to detect RCR. At the time of 
writing, the FDA recommends that 1 % of the VPC, up to a maximum of 
108 cells and 5 % of the supernatant be assayed for RCR by means of a biologi
cal assay. Both S+/L- and vector-rescue assays are widely used, employing a 
variety of indicator cell lines, such as mink or feline. The inocula are made into 
a line of Mus dunni, propagated for 1-2 weeks and then inoculated into the 
indicator cell line and endpoints, such as focus formation (S+/L-), color 
change or antibiotic resistance (vector rescue) are measured. Vector rescue is 
used in this laboratory since we have demonstrated increased sensitivity. Mus 
dunni cells are available from the American Type Culture Collection. 

Final products must be characteri~ed for parameters such as presence of 
extraneous protein and DNA. Impurities that are of interest include host-cell 
protein, endotoxins, DNA and other potential contaminants, such as ligands 
that could interfere with efficient transduction. 

H. Safety 
In the United States, biosafety levels of human etiologic agents are prescribed 
by the Center for Disease Control (CDC)/NIH Publication, Biosafety in 
Microbiological and Biomedical Laboratories (1993). The Moloney 
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amphotropic strain of the murine leukemia virus is the origin of most 
retroviral vectors. The NIH Guidelines (1997) classify this strain of the virus to 
be risk-group 2 (RG2) and recommends a containment level appropriate for 
RG2 human etiologic agents, BL-2. Appendix B-V-1 of the NIH Guidelines 
states that murine retroviral vectors that contain less than 50% of their respec
tive parental-viral genome and shown to be free of detectable RCR can be 
maintained, handled and administered under BL1 containment. 

For manufacture of replication-incompetent retroviral vectors, BL-2 con
tainment is necessary, since freedom from RCR cannot be assured throughout 
the manufacturing period. This requirement has added significance in light 
of the NIH Guidelines requirement for special practices involving volumes 
larger than 10 I (Appendix K of the NIH Guidelines). In 1997, the NIH RAC 
modified the large-scale guidelines to allow opening of the bioreactor and 
removal of the retroviral product prior to sterilization of the vessel. The use of 
closed systems is necessary for production and downstream processing of the 
product. 

Some animal studies have been performed to evaluate the pathogenic 
potential of RCR in non-human primates. CORNEITA et al. reported the lack of 
detectable symptoms in three normal and one immunosuppressed rhesus mon
key (CORNEITA et al. 1990). Between 2.5X107 CFU and 1.9X108 CFU of RCR 
were administered intravenously. The authors noted a rapid clearance from 
the bloodstream. No virus was detectable in the serum throughout the study 
period, which was as long as 725 days. A contributing factor to the rapid 
clearance was the likely rapid inactivation of murine retrovirus by sera of 
humans and old-world monkeys. In addition to the failure to detect virus, the 
authors also noted the animals were free of clinical symptoms. 

In another study, the development of malignant lymphoma in three mon
keys, which were severely immunosuppressed and inoculated with apparently 
high levels of RCR, drastically altered risk assessment of RCR and retroviral 
vectors (DONAHUE et al. 1992). The cancers developed from genomic integra
tion of an RCR (not vector) and the malignancy was detected following 
6-7 months of retroviremia. Following this publication, FDA's Center for 
Biologics Evaluation and Research (CBER) issued guidelines for the monitor
ing of patients receiving retroviral vectors. To date, no RCR has been reported 
in two studies (MARTINEAU et al. 1997; LONG et al. 1998). At the present time, 
CBER requires assays to detect presence of antibodies to vector or vector 
components, proviral DNA and RCR in lymphocytes. In addition, biological 
assays, such as S+ L- or vector rescue, should be performed whenever the 
above molecular or immunological assays are positive. 

GUNTER et al. (1993) summarized testing requirements for the testing of 
cell banks and product lots for RCR. Even with molecular design of vectors to 
minimize molecular-recombination events leading to RCR, breakouts still oc
cur. One RCR detected has been characterized (OITO et al. 1994). This RCR 
was shown to occur through partial homology between the vector and packag
ing line, with eight of ten nucleotides in the RCR being homologous. RCR has 
also been detected in split-packaging cell lines (CHONG and VILE 1996). 
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The potential effects of RCR in humans is unknown. The only available 
data come from extrapolation of the results of reporting lymphoma in three 
of eight severely immunosuppressed rhesus monkeys exposed to apparently 
large numbers of RCR (DONAHUE et a1. 1992). However, clinical correlates of 
this degree of immunosuppression exist, especially in allogeneic tissue and 
organ transplantation. 

Limited data from patient monitoring exist; no RCR has been detected in 
these studies (MARTINEAU et a1. 1997; LONG et a1. 1998). The latter study is 
particularly informative. This publication described results of patient monitor
ing for clinical trials that involved the direct injection of VPCs (not vectors) 
into brain tumors by either stereotactic implantation or injection into residual 
tumor and peritumoral areas following resection. The VPC obviously had 
passed all QC assays before the product lot was released. However, it is 
possible that RCR could be generated in situ from the viable VPC. The failure 
to detect RCR in this study may be due to: (1) no RCR having been generated, 
(2) inactivation of any RCR by human serum, or (3) relative insensitivity of 
the polymerase chain reaction (PCR) and biological assays. 

The FDA recently published a paper describing some considerations re
garding safety monitoring of patients receiving retroviral vectors. This may 
lead to alternate recommendations for assays for RCR in product lots, trans
duced cells used in in vitro clinical protocols prior to administration to pa
tients, and patient monitoring (WILSON et a1. 1997). A review is available on 
the potential mechanism for RCR recombinations and the efficiency to detect 
RCR in various assays (ANDERSON et a1. 1993). 

A long history exists in research work on the parental Moloney murine 
leukemia virus. We are unaware of any untoward effects of working with this 
agent among laboratory workers or animal caretakers. A general review of 
safety in the biotechnology industry has been published (MCGARRITY and 
HOERNER 1995). 

I. Summary and Conclusions 
The data and recommendations for production of retroviral vectors contained 
in the review are similar to other uses of mammalian cells for biotechnology 
products. In gene therapy, as in other cell-based products, a critical character
istic is the need for properly designed production systems consisting of vali
dated processes, facilities and equipment. In addition, QC and manufacturing 
processes must be strictly followed to generate a safe, consistent and well
characterized product. 

Retroviral vector gene-therapy products differ from other cell-based 
products in two respects. First, since retroviral vectors integrate into the host 
genome, little or no control is available to remove the product. This differs 
from standard pharmaceutical products, recombinant proteins and mono
clonal antibodies. Each of these have relatively short half-lives in vivo. 
Retroviral vectors can, theoretically, continue to express their gene products 
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for prolonged periods. While the use of suicide genes, such as thymidine 
kinase from Herpes simplex virus, has been used for therapeutic purposes, it is 
not routinely used to destroy cells containing the proviral DNA. 

Another difference in gene therapy is the availability of PCR, which offers 
exquisite sensitivity to detect DNA and RNA. Procedures are routinely used 
that can detect a single DNA molecule in 500,000 or more cells. With this 
technology, it is possible to measure drug (vector) distribution in vivo as never 
before. This has been utilized in toxicology studies, using animal models as 
well as patient monitoring to assay for either vector or RCR in lymphocytes. 

While no gene-therapy product has been approved for commercial use, we 
are confident that the principles of GLP and GMP can be applied to this 
emerging technology. These would, by following the precedents successfully 
set, by our predecessors in the fields of monoclonal antibodies and recombi
nant proteins. 
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CHAPTER 10 

Clinical Systems for the Production of Cells 
and Tissues for Human Therapy 
R.D. ARMSTRONG, M.R. KOLLER, J. MALUTA, and W.e. OGIER 

A. Introduction 
Many medical conditions can now be effectively resolved with the use of 
transplanted cells, tissues or organs. Numerous other conditions are the tar
gets of ongoing preclinical and clinical transplantation research. Despite the 
remarkable success of transplantation therapies, a number of issues hamper 
their use in widespread clinical practice (EDGINGTON 1992a,b; KOLLER and 
PALSSON 1993; LANGER and VACANTI 1993; EMERSON 1996). First, the demand 
for organs and tissues from suitable donors to be used in allogeneic (non-self) 
transplantation has far outweighed their availability. Consequently, investiga
tors have increasingly turned to the use of autologous (the patient's own) cells 
and tissues, or to the use of xenogeneic (non-human) materials for trans
plantation therapies. Second, transplantation procedures continue to be cost 
prohibitive for otherwise medically warranted applications. Third, the pro
curement of suitable tissues is often prohibitively invasive for the donor, in 
many cases requiring cadaveric material to be used. As a result, the full 
potential of transplantation therapies has not yet been realized. 

The development of ex vivo cell-production processes promises to change 
this situation, by enabling a large therapeutic number of cells, or even func
tional tissue, to be produced from a small starting volume of clinical material. 
Biological science has now progressed such that, for many human tissues, 
methodology has been developed to grow key cell populations ex vivo. With 
this achievement comes the opportunity for the increasing and more diverse 
use of transplantation therapies. 

Two key components are necessary in order to grow therapeutic cells and 
tissues ex vivo: (1) a process for replication and/or differentiation of cells of 
self or donor origin to form functional tissue or produce large volumes of 
progenitor cells; and (2) an ex vivo system comprised of biocompatible mate
rials controlled by automated hardware that provides the essential physiologi
cal conditions (appropriate cell-growth surface character, medium exchange 
rate and continuous oxygenation) for cell growth, and enables the complete 
viable recovery of the cells or tissue for therapy. 

Once an effective biological process is developed for the production of 
therapeutic cells or tissue, there typically exists a corresponding critical need 
for medical-device technology to implement the process, and to do so on a 
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Fig. 1. Components of a successful cell-therapy product. A cell-therapy product is first 
based on a biological process, which generates a cell population that is therapeutically 
useful. This process must then be implemented in a device, so that the process can be 
carried out at the clinical scale in a reproducible and sterile manner. Finally, the device 
must be incorporated into an automated good manufacturing procedures (GMP) pro
cess, allowing the procedure to be performed in accordance with regulatory guidelines 
and in a cost-effective manner. Only then will the ultimate goal of worldwide patient 
therapy be realized 

clinical scale. A further extension of this requirement is the need for automa
tion technology, to bring cost effectiveness and a high degree of reliability to 
the ex vivo production of cells for therapeutic use. With these two additional 
technologies - medical devices and process automation of the medical device. 
- the routine production of human cells and tissues for patient therapy is 
enabled without the use of "artsy" manual techniques requiring specialized 
research laboratories (Fig. 1). The development of device and automation 
technologies, thereby, facilitates access by patients and physicians worldwide 
to life-saving and life-enhancing biological advancements in cell therapy and 
tissue engineering. 

B. Cell Therapy and Tissue Engineering 
In response to clinical needs in transplantation and as the result of an expand
ing understanding of the mechanisms of immunology and cell biology, two 
related fields of medical expertise have evolved which have been termed "cell 
therapy" and "tissue engineering." Cell therapy is the older concept and 
generally refers to the use of living cells, rather than drugs, to treat a clinical 
disorder or disease (EMERSON 1996). Tissue engineering is the newer field of 
endeavor, which generally refers to the application of multiple engineer
ing, physiology, and cell-biology disciplines to develop a living (or partly 
living) tissue, which is then used for a transplantation therapy (EDGINGTON 

1992a,b; KOLLER and PALSSON 1993; LANGER and VACANTI 1993). The tissue
engineered product may be different in some key aspect from a directly 
explanted donor or patient tissue, or be enhanced in quantity while main
taining native or enhanced tissue function. Often, the progenitor cells for a 
tissue may be produced for the cell therapy and, once infused, will form or 
repair the targeted tissue in situ. For this review, such approach will be termed 
"celt-expansion therapy". Numerous university laboratories and companies 
are engaged in such projects to develop and produce human tissues for 
transplantation, and tissue engineering has become a recognized academic 
discipline. 
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I. Ex Vivo Gene Therapy 

In parallel with the advancements in cell-expansion therapy and tissue engi
neering, and largely dependent upon their success, are the numerous gene
therapy approaches being advanced to initial clinical trials involving the 
ex vivo genetic manipulation of cells and tissue (MULLIGAN 1993). For gene 
therapy, cells are isolated ex vivo and a new gene, typically carried by a viral 
vector, is introduced into the genome of cells. The objective is to achieve 
correction of a defective gene, regulation of a disease condition or production 
of a beneficial therapeutic molecule. Once the genetic modification occurs, a 
therapeutic dose of the cells is needed, requiring production of greater quan
tities of the "new cells". Accordingly, ex vivo gene therapy requires several 
critical manipulations of human cells and tissues ex vivo in order to produce 
the cells needed for therapy. In fact, it has been limitations in these ex vivo 
procedures that has slowed recent clinical progress, rather than problems with 
the molecular biological components (such as the genes or vectors). 

II. Stem-Cell Therapy 

Hematopoietic stem-cell transplantation (such as bone-marrow transplanta
tion) in patients who have received systemic cancer chemotherapy or radiation 
therapy, resulting in hematopoietic toxicity, is one of the most widely prac
ticed forms of cell therapy today (KOLLER and PALSSON 1993; EMERSON 1996). 
Hematopoietic stem-cell transplantation involves the reinfusion of early-stage 
cells that originate in the bone marrow, so that these cells may reconstitute the 
blood and immune system of a patient along with other components of bone
marrow tissue. Through this cell-therapy process, the hematological toxicity 
that is a common side effect (or in the case of hematological malignancies, an 
intended consequence) of aggressive cancer treatment is remedied. This form 
of transplantation has been practiced for a number of years and is now rou
tinely used to treat an estimated 40,000 patients per year worldwide. Further
more, the use of hematopoietic stem-cell transplantation has been growing at 
a rate of approximately 30% per year (BORTIN et al. 1992). A limitation to the 
further increased used of this life-saving therapy is a better (cost effective, less 
invasive, widespread availability) source of the key therapeutic cells. A solu
tion to this problem may be obtained if these cells could be effectively pro
duced ex vivo. 

Bone marrow is a soft amorphous tissue comprised of many different cell 
types, ranging from mesenchymal accessory (such as stromal) cell populations 
to stem cells and the other more mature cells of the hematopoietic system. The 
key pr6cess conditions for ex vivo bone-marrow growth were developed by 
mimicking the natural environment of bone marrow by providing slow, con
trolled nutrient perfusion and uniform levels of oxygenation of the stem and 
stromal cell components under precise conditions of temperature and medium 
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composition. Consistent with the principles of tissue engineering, it is essential 
to provide culture conditions that are concurrently amenable for each of the 
many different cell types that are found in human bone marrow - conditions 
found inside bone-marrow cavities in the body. Using this approach, human 
stem cells found in bone marrow were able to survive in culture for an ex
tended period for the first time, as well as replicate to produce more stem 
cells and mature progenitor cells, all as part of the marrow growth process 
(SCHWARTZ et al. 1991; KOLLER et al. 1993). This result is in direct contrast with 
alternative approaches that were taken in an attempt to grow human stem 
cells, based on conventional biological experimentation principles (Fig. 2). In 
these examples, hematopoietic stem/progenitor cells were isolated, e.g., via 
antibody-mediated cell selection based on their so-called CD34 cell-surface 
antigen, prior to a cell-culture process. In this procedure, the cultured stem 
cells do not grow, but die or irreversibly differentiate, and the cultures lose 
proliferative activity over a short period of time (HAYLOCK et al. 1992; 
SUTHERLAND et al. 1993; VERFAILLIE 1993). Presumably" critical heterogeneous· 
tissue interactions have been eliminated by the removal of most of the stromal 
and accessory cell elements and by the employment of non-physiological 
culture conditions. 

Starting Population 

• 
Bone Marrow Stem and Progenitor Cells .-------

AASTROMTM CPS Cell Production Alternative Approaches 

Increase 

Increase 

Increase 

T-cell 
depleted 

Stem Cells 
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Mature Cells 
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Fig. %. Stem and hematopoietic progenitor cell production using a tissue-engineering 
approach versus alternative approaches based on CD34 + cell purification. The 
AASTROM cell-production system (CPS) results in an increased number of stem, as 
well as early and late progenitor cells. Culture of purified CD34 + cells typically results 
in an increased number of late progenitors, but decreased numbers of stem and early 
progenitor cells 
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Production of bone-marrow stem and progenitor cells is an excellent example 
of the merging interface of cell therapy with tissue engineering. This process 
was developed by scientists at the University of Michigan and AASTROM 
Biosciences, Inc. (SCHWARTZ et al. 1991; PALS SON et al. 1993; KOLLER et al. 
1993). Its development for clinical application to the treatment of patients 
illustrates the interrelationship between cell- and tissue-production methodol
ogy and the medical-device and automated-system requirements to implement 
practical cell therapies. 

C. Critical Requirements for Ex Vivo Cell Production 
Cell- and organ-transplantation therapies have been practiced around the 
world in a diverse number of clinical and laboratory settings. Varying degrees 
of regulatory oversight have been applied, depending on a number of factors. 
In the United States, the Food and Drug Administration (FDA) has regulated 
certain products used in organ transplantation and has encouraged the prac
tice of cell-therapy procedures under "Points to Consider" documents, which 
have, either explicitly or in effect, mandated good manufacturing practices 
(GMP) for the production of tissues and cells for therapy (FDA 1993). Re
cently, the FDA and its counterparts in other parts of the world have taken 
further steps toward comprehensive regulation of cell and transplantation 
therapies. 

The inherent complexities of the numerous sequential laboratory pro
cesses used in cell therapies and the diversity of materials and reagents in
volved in these therapies likely makes their regulation challenging, but no 
less necessary. Efforts by manufacturers to reduce the inherent complexity and 
number of process steps required, and to more effectively provide for control 
of the processes and the materials used, will have a number of general benefits. 
These include: (1) more reliable and, thus, safer and more effective patient 
therapy, (2) inherently superior cost effectiveness, (3) greater practicability, 
and (4) greater worldwide availability of therapies to physicians and patients. 

I. Process Reliability and Control: Automation 

Perhaps the most critical of all issues to be addressed is the technical art 
inherent to most cell-culture processes. Just as it is probable to obtain ten 
different souffles from ten different cooks working from the same recipe, site
to-site differences in cell culture are often as variable and subtle. For clinical 
cell-culture processes to move from the realm of limited experimental practice 
to routine and widespread clinical use, the technical art or sophistication must 
be eliminated such that the same cell product will be reliably obtained whether 
the cell-production process is performed in France or Indiana. This challenge 
can be best met by implementing a well-characterized, robust process that 
involves minimal human intervention and decision making. 
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• reduced environmental controls 
• reduced facility size, complexity 
• reduced training investment 

Patient • reduced capital investment 

FACILITY 

• major reduction in labor cost 

PROCESS • elimination of paired technicians 
• reduced operator error 
• automated documentation 

cells 
PRODUCT 

• enhanced quality assurance 
• reliable delivery of therapy 
• enhanced cost-effectiveness 
• potential for on-site GMP delivery 

Fig. 3. Benefits of cell-production process automation. Process automation yields ben~ . 
efits in the facility design, tell-production process, and product quality 

While the human variability factor is desirably eliminated from the pro
cessing of cells and tissues, the FDA and other regulatory agencies have 
appropriately required that human oversight be maintained for purposes of 
monitoring process control and product quality. Highly controlled and re
peated operator training as well as thoroughly documented standard operating 
procedures (SOPs) and operator checklists may be used to address inherent 
variability in the practice of cell-production processes in the absence of pro
cess automation. However, in practice, these approaches may require the use 
of redundant personnel to check each others' work, and carry an inherently 
high expense. 

Generally, if a laboratory process is under control and can lead to the 
same result repeatedly, then it can, and usually should, be automated if the 
manufacturer desires to replicate the process in multiple facilities. Significant 
cost savings may also result from automation in a single facility as well (Fig. 3). 
From a strategic point of view, the implementation of medical processes as 
automated medical devices may be desirable, because it eliminates variability 
due to human error or human initiative, reduces the need for highly skilled 
labor and, thus, reduces the cost ofthe process and the therapy, and makes the 
process amenable for widespread distribution without adverse consequences 
to otherwise successful clinical outcomes. In cell therapy, automation also 
meets a general desire by clinicians to provide better quality assurance to their 
patients. 

II. Process Sterility: Closed Systems 

With any cell-culture procedure, a major concern is the maintenance of steril
ity. When the product cells are to be transplanted into patients - which often 
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occurs at a time when the patient is immunosuppressed or immuno
compromised, as is the case with stem-cell transplants and organ transplants -
the absence of microorganisms and viral contaminants is essential. Most 
laboratory cell-culture procedures are carried out under aseptic conditions, 
involving the practice of so-called sterile technique by trained laboratory 
technicians. Many of the bioreactor systems that have been developed for 
laboratory applications offer advantages over manual culture processes in 
that, once the culture is initiated, the culture chamber and fluid pathway are 
maintained in a sterile closed environment. However, even with these systems, 
the initial setup, inoculation and harvest steps, such as medium priming and 
collection of cells at the completion of the process, require non-sterile manual 
procedures and are at risk of contamination. In fact, laboratory cell-culture 
systems are only partly closed, i.e., they involve numerous aseptic connections, 
are inconveniently operated in a laminar air-flow hood to further minimize the 
risk of contamination and require pre- and post-processing steps requiring the 
use of open centrifuge tul;>es and other conventional laboratory technology. 

If patient treatment is the end goal of a cell-culture process, it is far 
preferable for the process to be carried out within a system where the culture 
chamber and fluid path are functionally closed to the external environment, 
with sterile integrity maintained from the time the device is manufactured 
until it is ultimately disposed. Various medical technologies have been devel
oped for use in blood banking, intravenous fluids administration and peri
toneal dialysis, which may be adapted for use in the clinical cell-culture 
laboratory to facilitate "closing" of otherwise open processes. For example, 
tubing connection devices and microbial-filtration devices validated to achieve 
a sterility-assurance level of less than one potential contamination in a million 
connections are termed "sterile" under FDA guidelines. Better yet, are device 
systems that provide for pre-connection and subsequent pre-sterilization of 
tubing connections during manufacture, such that aseptic or open connections 
and fluid transfers are largely eliminated. With the successful implementation 
of such technology, expensive controlled-environment laboratory facilities 
may be eliminated as a requirement in cell and tissue therapy. 

Gene therapy brings an additional set of requirements to the field of cell 
therapy, including the need to contain potentially infective viral gene vectors 
within a closed system. To a large extent, achievement of the requirements for 
cell-therapy-process sterility, as met by effective closed-system medical-device 
design, should result in achievement of the requirements for process con
tainment. This is less true of traditional laboratory-based sterility-assurance 
measures, such as laminar flow hoods, where the risk of spillage and other 
containment lapses that are inherent in "open" devices tend to mandate even 
more burdensome protective measures, including glove boxes or whole body 
suits. The regulatory requirements for gene therapy remain at a comparatively 
early stage, reflecting, in part, the numerous additional associated issues of 
patent, and process safety. Effective process and system designs have the 
potential to enhance the widespread utilization of these exciting new forms of 
medicine. 
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ill. Cell Recovery 

In cell therapy, the product of the cell-culture process is the cells. Accordingly, 
efficient recovery and collection of the cells at the completion of the culture 
process is an important feature of an effective clinical cell-culture system. 
Recovery of cells from many cell-production devices is a challenge. At the end 
of the growth process, the cells are either packed into the interstices of a make
do dialysis cartridge, or they are suspended in many liters of culture medium. 
The former necessitates unreasonable and irreproducible physical force to 
dislodge cells - being neither reliable nor easily automated - and the latter 
case requires time, patience and a certain degree of good fortune - being 
neither reliable nor straightforwardly implemented within a closed system. 

A superior approach for production of cells as the product is to culture 
cells in a defined, reasonable space, without physical barriers to recovery, so 
that the simple elution of the cell product results in a manageable, concen
trated volume of cells amenable to final washing jn a commercial, closed-. 
system cell washer designed for clinical use, e.g., washing of blood cells prior 
to transfusion. An ideal clinical cell-production system would allow for the 
efficient and complete recovery of all cells produced, including both adherent 
and non-adherent cell types, where applicable. Furthermore, it should be 
possible to complete the harvest process without breaking the sterile barrier of 
the fluid path of the culture chamber. 

IV. Optimization of Key Culture Parameters by Design 

In any cell-culture process, there are several fundamental parameters that 
require periodic control. At larger scales, the process control requirements 
become even more critical, often requiring very frequent monitoring. For 
example, cultures must be provided with medium that allows for normal 
metabolic functions and growth, and typically this medium is delivered to the 
cell via a pumping mechanism (a bioreactor) or by a technician manually 
feeding or exchanging the medium on a regular basis. Use of an excess volume 
of medium can reduce the immediate control requirements, but in large-scale 
cultures this can be economically limiting - and in some cultures, for example 
the growth of bone-marrow stem cells, this approach is not feasible for biologi
cal reasons. In general, the rate of medium exchange determines the extent to 
which cells in culture are exposed to their own metabolic products, including 
waste products, and excessive exposure can defeat the ability of a cultured cell 
population to achieve the desired objective. 

Attention to this important parameter led to the observation that bone
marrow stem-cell cultures require perfusion of fresh medium to maintain the 
abil!ty to expand the immature stem and progenitor cell populations. Static 
culture methods using an excess of medium in situ caused, within a few days, 
irreversible differentiation of the early stem and progenitor cells to generate 
more mature cell populations (HAYLOCK et al. 1992; SUTHERLAND et al. 1993; 
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VERFAILLIE 1993). Such cultures act as though under stress and lose the capa
bility for self regeneration. Likewise, too frequent a rate of medium exchange 
(corresponding to very rapid perfusion) causes such cultures to lose their 
ability to differentiate at all or to regenerate or expand the early stem and 
progenitor cells, presumably because important growth-factor products of the 
cultures are being removed too rapidly (SCHWARTZ et al. 1991; KOLLER et al. 
1996). 

The growth of cells or tissue also requires a source of oxygen, usually with 
the added presence of carbon dioxide to buffer the culture medium. Different 
cell types have different oxygenation requirements, and all cell cultures have 
differing oxygen-delivery requirements, depending on the cell density of the 
culture process (FLEISCHAKER and SINS KEY 1981; PENG and PALSSON 1996). 
Accordingly, a controllable and, ideally, flexible means for providing oxygen 
to the cells is a necessary component of the culture system. Under conditions 
of controlled medium perfusion, internal oxygenation may also be a critical 
requirement, since the common practice of using an" external oxygenation 
circuit (the adaptation of a blood-oxygenator device) can require medium 
circulation rates between the oxygenator and the culture chamber that are too 
rapid to allow for effective growth of a desired cell population. In fact, most 
cells experience physiologically defined, very uniform perfusion and oxygen
ation conditions in their native in vivo environment. 

Uniform distribution of the cell population and medium supply in the 
culture chamber are also important for the achievement of effective process 
control. This control is often achieved by use of a suspension culture design, 
which can be effective in cases where cell-to-cell interactions are not as impor
tant as cell-to-medium interactions. Examples of suspension culture systems 
include various stirred-tank designs (ZANDSTRA et al. 1994) and gas
permeable, non-adherent plastic bags (KLINGEMANN et al. 1993). Aside from 
use with mature blood cells, such as T cells, which circulate freely in the body 
in suspension, such designs are often deleterious for the growth of human 
tissues, as they do not support the development of three-dimensional structure 
in tissue. Analogous to the breeding of exotic animals, human stem cells 
are very discriminating in their reproductive behavior, requiring a carefully 
maintained combination of biological, chemical and physical parameters. The 
growth of bone marrow is precluded in environments favoring single-cell 
suspensions, because stem cells appear" to require contact with the stromal 
and other accessory cells that are all part of bone marrow, in order to replicate 
(KOLLER et al. 1995; NAUGHTON 1995). Microcarrier particles can be added 
to stirred-tank bioreactors to encourage growth of adherent cells, but separa
tion of the cells from the microcarriers at the end of a culture process can 
be proDlematic, and such technology limits the ability to achieve controlled 
perfusion and oxygenation conditions, as well as the efficient utilization of 
growth medium, which can often be very expensive. Furthermore, these car
riers are not amenable to the growth of heterologous cell mixtures, such as 
bone marrow. 
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It is, perhaps, an obvious extension to note that the optimization of culture 
processes to produce specific cells and tissues for patient therapy is an included 
requirement for gene therapies, based on the infusion or transplant of such 
cells and tissues. An additional challenge presented by such gene therapies 
is the common need to introduce the gene vector or gene carrier into the 
cell or tissue of interest during the growth process, to ensure its satisfac
tory incorporation into the genome of the cell or tissue. Because of the 
concentration-dependent kinetics of gene transfer, as conventionally prac
ticed, culture-device designs employing excess volumes of culture medium are 
at a distinct disadvantage in such integrated processes. They also impede the 
"pulsing" of gene-vector exposure, which is more readily applied in perfusion 
culture systems. In general, device designs that allow for effective introduction 
of gene vectors without disruption of optimized cell-growth processes will find 
more use in gene therapy than alternative designs. 

v. Good Manufacturing Practices 

The FDA and other regulatory authorities have increasingly turned to the 
application of GMP guidelines in order to bring quality assurance to the 
production of cells and tissues for human therapeutic use. These GMPs have 
their origin with pharmaceutical companies and other industrial concerns, 
which have come under regulation over the past century. The past decade has 
seen a dramatic refocusing of the regulation of blood-transfusion medicine 
and, more recently, the translation of similar standards to other cell- and gene
therapy clinical-research programs. This refocusing is intended to protect the 
public from exposure to infectious agents and ensure other aspects of product 
quality. Indeed, the FDA treats academic research laboratories generating 
experimental cell populations for transplantation as manufacturers of biologi
cal and related products, and has addressed its guidelines and regulations to all 
such manufacturers. 

The essence of GMP is: (1) use of equipment, facilities and reagents that 
are validated to be capable of reliably producing the desired product without 
introduction of pathogenic substances; (2) process control that, through vali
dation, demonstrates an ability to produce a product within desired specifica
tions, and (3) final product and process documentation controls that prevent 
mix-ups or inappropriate release of a product before complete review of test 
and production records is conducted and accepted. 

In a manufacturing environment that largely involves manual processes 
and human oversight, GMP is accomplished by selecting well-qualified per
sonnel, providing them with extensive training, conducting extensive valida
tionprocedures, selecting the use of equipment and reagents that have, in turn, 
been produced under GMP, and developing a system of SOPs and extensive 
documentation that provides for quality assurance. In a multi-step biological 
laboratory process, such documentation may be many hundreds of pages, 
much of it representing forms to be filled out in their entirety during the 
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manufacturing process. It is not uncommon for a therapeutic cell- or tissue
production process extending over several weeks to require in the order of 
100 h of technician, supervisor, maintenance and quality-assurance personnel 
direct labor - more than half of it directed toward quality-assurance objectives 
rather than the direct handling of the biological product. 

In an automated manufacturing environment, the same principles of pro
cess validation are used to demonstrate that the process is stable and capable 
of meeting specifications, but under the direction of automated instrumenta
tion. Principles of statistical process control are then implemented to monitor 
the process to assure consistent conformance to specifications. If the cell
handling equipment is automated, it is feasible to integrate and also automate 
process monitoring and documentation to a significant degree, although final 
quality assurance (inspection of final records and release of product) should 
remain in human hands. As with many other industries, automation of biologi
cal processes has the potential to reduce labor inputs by as much as an order 
of magnitude, while at th~ same time improving varia-us measures of quality 
assurance to a similar degree. Automated-process implementation, process 
control and process documentation have been widely adopted by the pharma
ceutical industry, largely in order to cope with extensive regulatory and qual
ity-assurance requirements (other elements of product cost are often relatively 
small in pharmaceuticals). In the cell-therapy field, such efforts to reduce cost 
and improve quality assurance will be even more critical, given that most 
processes are patient specific and, hence, involve a much greater degree of 
manufacturing. 

In the current environment, as cell-culture processes become initially 
prominent in clinical care, much of the process control and record keeping 
depends on highly skilled, trained operators practicing manual technique and 
maintaining detailed records. The future of cell therapy lies in the availability 
of equipment and materials that are designed and manufactured for the in
tended purpose and automation that allows processes to be readily imple
mented, validated, controlled and documented. Only under these conditions 
can cell therapy be delivered to the market in a cost-effective manner. 

D. Cell-Culture Devices and Procedures 
In nature, tissue function and viability is-dependent on the life-support process 
that is mediated by the whole organism. Nutrients, physiological salts, hor
monal and other growth factors, and oxygen, are all brought to the tissue 
through the vascular system from other tissues within the organism. The waste 
products produced by the tissue, which can often be toxic, are carried away 
by thevascular system for disposal by other tissues within the organism. The 
other major components of tissue maintenance and repair are cellular; a pool 
of progenitor or stem cells that can replace cells that are lost or damaged, as 
well as the mesenchymal support or accessory cells that are critical for physi
ological tissue function (NAUGHTON 1995). 
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The ex vivo reconstitution of human tissue requires these same elements 
to be managed by the culture devices and procedures. In other words, the 
different cell types required to reconstitute tissue function must be maintained 
in a physical and biological environment that is biocompatible and provides a 
means to control delivery of nutrients and oxygen to the cells, and carry away 
waste or other byproducts of the growing cell populations. 

During the past decade, increasing numbers of medical researchers have 
sought to develop treatments based, in part, on the culture of human blood 
cells, including lymphocytes, monocytes, neutrophil precursors, and immature 
blood cells, including stem and progenitor cells. The evolution of technologies 
adapted or developed to meet these needs provides an excellent demonstra
tion of the need for clinical systems for the production of cells for human 
therapy. 

I. Traditional Cell-Culture Processes: 
Research Laboratory Environment 

Traditional cell-culture technologies depend on controlled environments for 
cell handling. Cell-culture laboratories incorporate such features as laminar 
flow hoods, controlled access to the laboratory by gowned personnel and 
regular sterilization procedures to decontaminate laboratory surfaces. Person
nel require extensive training to practice sterile technique, i.e., to avoid 
contamination of open containers and cell-transfer devices by contact with 
non-sterile materials. Despite these prophylactic measures, outbreaks of con
tamination in traditional cell-culture laboratories, e.g., by fungus, is a common 
occurrence - often with the impact of halting operations for days or weeks 
while the source of contamination is determined and resolved. Traditional 
cell-culture technologies further depend on incubation in an environment 
providing controlled gas mixtures and controlled temperature, usually satis
fied by the use of commercial incubators ranging in size from large bench-top 
units to large floor-standing units. 

Therapeutic requirements for numbers of blood cells (typically 1-100 
billion per patient treatment) and limitations in maximum cell-culture density 
(typically one billion per liter of medium), together with space requirements 
for major laboratory hardware (hoods, incubators, refrigerators) and person
nel activity, have resulted in considerable laboratory space requirements per 
patient therapy. Laboratory support operations, including preparation of me
dia and the practice of various assays and other quality-assurance activities, 
expand these space requirements and associated capital investments and labor 
costs. Use of traditional cell-culture technology for patient therapy, thus, 
resuhs in relatively high costs per patient treatment, reflecting the deprecia
tion and ongoing expenses of laboratory infrastructure and personnel. 

Ironically, such a laboratory environment is not conducive to the reliable 
and routine production of large numbers of cells for patient therapy, given 
its reliance on manual, highly skilled technique. Achieving GMP in such an 
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environment is a daunting challenge, requiring the development and adher
ence to volumes of SOPs to eliminate inherent variability in laboratory prac
tices. Technology choices, which underlie these limitations in the current 
practice of cell therapy, along with the economic limitations posed by direct 
labor inputs, are detailed below. 

1. Culture Flasks and RoUer Bottles 

The earliest cell cultures were achieved in glass Petri dishes, which were 
largely supplanted by pre-sterilized plastic tissue-culture flasks in the 1960s 
and 1970s. Early attempts at large-scale culture of human cells for therapy in 
the mid-1980s involved the use of numerous glass roller bottles in a room-sized 
mechanized facility. Even today, most cell therapies have their genesis in 
plastic tissue-culture flasks, and process scale-up involves the use of more, 
larger, so-called T-flasks, which are fed with culture medium manually in a 
laminar flow hood. 

As described earlier, one preferable objective is to provide a culture 
process that can deliver medium and oxygenation at uniform and controlled 
rates that mimic serum perfusion of tissue in vivo. In order to achieve these 
relatively slow delivery rates, a means of internally oxygenating the cells is 
often required. This is one requirement that is well met (ignoring other re
quirements) using the simplest of cell-culture processes - a culture dish or 
flask. Here, the surface of the culture is uniformly exposed to oxygen, and 
oxygen is available to the cells as needed. Similar conditions can be realized in 
a flat-bed bioreactor, with a gas-permeable/liquid-impermeable membrane a 
short distance from the cell bed (PENG and PALSSON 1996). This allows for a 
system to have variable medium-perfusion rates from static to high, with the 
oxygenation of the culture remaining constant and uniform. Such a design is 
also amenable to protection from environmental contamination. 

2. Flexible Tissue-Culture Containers 

Flexible tissue-culture containers, or culture bags, were developed in the mid 
1980s in response to clinicians' desires to perform cultures of cells for human 
therapy in a reproducible and reliable manner across multiple laboratories 
and institutions. The use of aseptic-tubing-connections technology, used com
monly in the medical-device industry (such as for blood collection and trans
fusion containers), rather than conventional sterile technique in laminar flow 
hoods, reduces the probability of contamination to less than one chance per 
1000 connections. Flexible containers fitted with aseptic connectors were ap
propriated from blood banking, where blood-platelet concentrates are stored 
for several days in incubators inside gas-permeable/liquid-impermeable plastic 
containers (called "bags"), which permitted bicarbonate pH buffering of the 
platelets by the carbon-dioxide gas in the incubator. In the late 1980s, exten
sive trials of various forms of lymphocyte therapy were conducted using such 
culture bags, with low incidence of contamination. Today, these culture con-
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tainers continue to find use in experimental cell therapies where oxygen
consumption requirements are minimal and non-adherent cells grow satisfac
torily in static suspension culture. Such containers do not, however, support 
the growth of human stem cells, which require contact with a heterogeneous 
population of adherent stromal cells. Advantages of culture bags include 
relative simplicity of use, reduced skill-level requirements, and potential use 
without laminar flow hoods. However, to date, processes utilizing culture 
bags remain labor- and space intensive and are limited in their biological and, 
hence, clinical applicability. 

3. Bioreactors 

Semiautomated "platform" culture systems - typically referred to as 
bioreactors - have been available commercially for many years, and employ 
a variety of types of culture technologies. These are platform technologies in 
that they have been applied to the scale-up of numerous culture processes 
initially developed in purely manual culture systems. Of the different 
bioreactors used for mammalian cell culture, most have been designed to 
allow for the production of high-density cultures of a single homogeneous cell 
type. Typical application of these high-density systems is to produce, as the 
end product, a conditioned medium produced by the cells. This is the case, for 
example, with monoclonal-antibody production by hybridomas, or viral-vec
tor production by "packaging" cell lines. Cell-therapy applications differ from 
those applications where the therapeutic end product is the harvested cells 
themselves. 

These systems have made an important first step toward a usable clinical 
system, in that once setup and running, they provide varying degrees of auto
mated regulation of medium flow, oxygen delivery, temperature and pH 
controls, and they allow for the production of large numbers of cells. While 
bioreactors, thus, provide some economies of labor and minimization of the 
potential for mid-process contamination, their setup and harvest procedures 
involve considerable labor requirements and open processing steps, most of 
which require laminar flow hood operation (some bioreactors are sold as large 
bench-top environmental containment chambers to house the various indi
vidual components, which must be manually assembled and primed). The 
labor required in setup alone can offset any in-process labor savings, for 
example. Furthermore, they are optimally designed for use with a homoge
neous cell mixture, and not the mixture of cell types that exists within tissues, 
such as bone marrow, and many are best suited for production of protein 
products, e.g., from culture of hybridomas, rather than manufacture of cells 
and tissues as the end product. 

Many bioreactors have a high medium-flow-rate requirement for opera
tion. The reason for this feature is that the oxygenation mechanism is to 
oxygenate the medium outside of the growth chamber immediately before the 
medium is perfused into the growth chamber. Since a high-density culture will 
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quickly deplete the medium of oxygen, the medium must have a short resi
dence time in the chamber in order to be reoxygenated and recirculated back 
into the culture chamber. Furthermore, this process results in an absence of 
uniformity in oxygenation of the growing tissue, since cells proximal to the 
medium inlet see much higher concentrations of oxygen than do the cells 
proximal to the medium outlet. This results in different cells growing in differ
ent areas of the bioreactor - a major drawback if a uniformly heterogeneous 
tissue is the desired product. 

An additional limitation is that many of the bioreactor designs, such as 
the various three-dimensional matrix-based designs (hollow-fiber cartridges or 
porous ceramics), can impede the successful recovery of expanded cells and/or 
tissues, particularly when cell growth is vigorous, and can also limit mid
procedure access to cells for purposes of process monitoring. For example, 
bioreactor devices based on hollow-fiber dialysis cartridges typically produce 
cells in the extracapillary space between the densely packed fibers. Recovery 
of viable cells from such devices is often problematic and never quantitative, 
usually requiring extensive physical agitation and rapid flushing with large 
syringes or pumps. 

The various tradeoffs described have limited the utility of these 
systems and, in general, such bioreactors have not been used for human 
cell therapy to the same extent as the less automated, but more practical, 
culture-bag systems. 

II. AASTROM CeU-Production System 

There is increasing need for a cell-culture system that can provide for large
scale production of cells for therapeutic purposes, as well as be operated 
effectively in a clinical setting, similar to other blood-cell-processing instru
mentation. AASTROM Biosciences, Inc. has developed a system with the 
goal of satisfying requirements for use in a clinical, GMP environment. The 
AASTROM CPS is at the final prototype stage, and not yet approved or 
available for sale. Although initially targeted for use with bone-marrow
derived stem-cell mixtures, the AASTROMTM CPS has also been demon
strated to be employed to efficiently produce cells of different lineages, such as 
blood T -cells, or mesenchymal fibroblasts. 

1. System Description 

The AASTROM CPS is targeted to meet the challenging, multiple require
ments of a clinical cell-production system. It is a functionally sterile, closed 
system that eliminates the use of open labware and laminar flow hoods. The 
largely automated process provides a level of process control and reliability 
that previously has not been available in clinical cell-culture applications. The 
net result is a system with the capability of providing a cell product generated 
via a validated process under GMP. 
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The AASTROM CPS embodies a modular, closed-system process includ
ing a pre-sterilized, single-use disposable cell cassette operated by automated 
instruments. The instrumentation components of the system include an incu
bator unit and processor unit, along with a user-interface comprised of a 
computer-based system manager (Fig. 4). 

a. Disposable Cell Cassette 

The cell cassette provides a functionally closed, sterile environment in which 
cell production can occur. The single-use cartridge is provided fully assembled 
in a sterile package, opened just prior to use. The sterile fluid pathway con
tained in the cell cassette includes: the cell-growth chamber, a container for 
medium supply, a pump mechanism for delivery of medium to the growth 
chamber, a container for the collection of waste medium exiting the growth 
chamber, a container for the collection of harvested cells, interconnected 
tubing between the components, and sterile barriet-e!ements throughout to 
protect the culture from contamination during use. The cell-cassette design 

Fig.4. Photograph of the prototype AASTROM cell-production system (CPS). The 
AASTROM CPS consists of the incubator(s) (left), system manager (center), and 
processor (right). A disposible cell cassette is being inoculated with cells as it sits on the 
processor platform 
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facilitates the introduction of culture medium, growth factors, and the intro
duction of the cells, in a contamination-free manner. The culture-chamber 
portion of the in-line fluid pathway contained in the cell cassette is where the 
key culture conditions are implemented. Since all fluid components are con
tained within the cell cassette, and the cassette is configured as a cartridge for 
one-step insertion into the control instrumentation, there is no risk of cross 
mixing patient materials when carrying out multiple patient expansions, and 
there is immediate turn-around time for the next use of the instruments. 

The cell-cassette design is generic and adaptable to different medium 
conditions and the growth of either adherent cells (such as chondrocytes, 
fibroblasts, dendritic cells) or non-adherent cells (such as T-cell lymphocytes, 
CD34 progenitor cells). Furthermore, the culture chamber is configured for 
straightforward, complete removal of adherent and non-adherent cells in an 
automated manner. Finally, since all fluid components are self contained 
within the cell cassette, and the cassette is configured as a cartridge for one
step insertion into the control instruments, there is 00- risk of cross mixing 
patient materials during processing of multiple patient cultures. The cell cas
sette also facilitates immediate turn-around time of instruments for next use. 

b. Incubator 

A dedicated, small incubator controls the biological and physical environment 
and operations of each cell cassette necessary to support the cell-growth 
process. The incubator receives and self engages the disposable cell cassette, 
much like a VCR or video cassette. The incubator controls: (1) the flow of 
medium to the growth chamber, (2) the temperature of the growth-medium 
supply compartment, (3) the temperature of the growth-chamber compart
ment, and (4) the concentration and flow rate of gases delivered to the gas 
compartment of the culture chamber. The incubator also monitors various 
safety/alarm parameters to assure that the cell-production process is proceed
ing as expected and has the capacity for feedback control in the event that 
direct process monitoring is required. In the unlikely event of failure of an 
incubator, the cell cassette is readily transferred to another incubator without 
interruption of the culture process. 

c. Processor 

The processor performs the initial priming of the cell cassette with growth 
medium and, through instructions to the operator, the controlled inoculation 
of cells. The same unit also performs the removal (harvest) of the cells from 
the growth chamber at the completion of the cell-production process, sterilely 
transferring the cells to a pre-attached harvest container (analogous to a 
blood-transfusion bag). The heart of the processor is a mechanical platform 
which provides the cell cassette with automated tilting motions and valve 
actuations necessary to achieve priming and even distribution of cells for each 
procedure, and for final recovery of cells. The automated-system design pro-
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vides for a high level of sterility assurance during each procedure by replacing 
the need for operator manipUlation of culture devices within a laminar air flow 
hood. 

d. System Manager 

A user-friendly interface is a key component to a reliable, clinical system. This 
objective is accomplished in the AASTROM CPS through a central system 
manager, which employs a graphic CRT display. The system manager provides 
a convenient central-user interface and provides for redundant monitoring of 
each incubator in the network. Up to 50 incubators are monitored by a single 
system manager, providing the capacity to treat approximately 500-1000 pa
tients per year (depending on the specific cell or gene therapy). The system 
manager can also perform procedure-scheduling tasks for the operators and 
provide a daily or weekly printed record of alarm events for quality-control 
and record-keeping purposes. The system manager also allows the operator to 
tailor a "batch-record" report of the entire cell-production process as required 
by GMP, stored either electronically or in printed form. The system manager 
is intended to facilitate GMP at any clinical facility. 

e. ID Key 

The ID key contains a non-volatile semiconductor memory device and clock 
and is affixed to the cell cassette at the beginning of a cell-production pro
cedure. It is initialized by the system manager, utilizing data entered by the 
operator or obtained from a hospital information system with identifying 
patient information and specific protocol instructions. The ID key is accessed 
by the incubator or processor during each phase of the cell-production process 
to transfer protocol instructions and record the timing of major events and 
occurrence of alarms. The ID key provides reliable identification of the 
cell product, instructs the instruments for the cell-production process, prevents 
mix-ups and operator error, and stores the primary data for a complete pro
cess history record (effectively a "manufacturing batch record" for the cell 
product). 

E. Applications for On-Site Delivery of 
Therapeutic Cell Production 

The AASTROM CPS brings together two major breakthroughs in cell 
therapy: the ability to successfully grow human bone-marrow cells for support
ive cellular therapy, and an automated-system concept that allows that and 
other processes to be reliably practiced at the point of use, in a conventional 
hospital-laboratory environment, with numerous features to facilitate GMP. 
The AASTROM CPS is, therefore, potentially useful in a number of cell- and 
gene-therapy applications. 
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I. Bone-Marrow Cell Production 

Features of the cell cassette that make the AASTROM CPS particularly 
well suited for the growth of human bone marrow include: (1) unobstructed 
radial-flow fluid delivery allowing for substantially uniform exposure of 
cells to culture medium and fluid dynamic effects, (2) uniform internal 
oxygenation, to ensure all cells in the chamber are exposed to the same 
controlled oxygen levels, and (3) a large biocompatible uniform surface for 
adherent cell attachment and growth. The perfusion of the medium through 
the culture chamber occurs as a "single pass"; there is no recirculation. 
This provides a means for effective and controlled medium conditioning 
and removal of culture waste products. The internal oxygenation process 
circumvents the typical bioreactor requirement for external re-oxygenation 
achieved through rapid recirculation of medium. Furthermore, the chamber 
design is configured for simple and complete removal of both adherent and 
non-adherent cells. 

With the successful production of the key bone-marrow cells in therapeu
tic quantities, a substitute for conventional bone-marrow transplantation or 
stem-cell therapy is enabled. This capability should result in potential advan
tages for the marrow donor in reducing the invasiveness of tissue procure
ment, along with various other clinical benefits. The use of ex vivo-produced 
bone-marrow stem cells and progenitor cells for stem-cell therapy is an excel
lent demonstration of how the lost function of a damaged or destroyed tissue 
can be repaired or restored with ex vivo tissue-engineered cells. 

II. Other Cell and Tissue Production 

The AASTROM CPS has been designed with the flexibility to accommodate 
additional applications in cell therapy via modifications to the culture process 
and, as necessary, to the culture environment. This may be accomplished by 
a family of cell cassettes, each uniquely optimized for a specific cell product. 
These include the production of lymphocytes, dendritic cells or various struc
tural body tissues. The flexibility and system reliability achieved by using the 
ID key to instruct the processor and incubator enables the system to imple
ment additional protocols in a well-controlled manner, readily amenable to 
validation by developers of new cell- and gene-therapy applications of the 
system. 

Additional potential applications include the production of stem and pro
genitor cells from umbilical-cord blood, as well as the expansion of mesenchy
mal stem and progenitor cells to produce connective and solid organ tissues. 
The AASTROM CPS has recently been employed for the production of 
immature and mature lymphoid cells for the developing field of T-cell therapy. 
It is also being developed to implement the growth of these diverse types of 
tissues in the emerging field of gene therapy, where production of cells and 
tissues is a common requirement. The efficient perfusion design of the 
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AASTROM CPS may also facilitate the introduction of gene vectors into cells 
and tissues during cell-growth processes. 

F. Summary 
Cell therapies have shown great promise, but due to several limiting factors, 
have not yet realized their full potential. Once basic biological processes for ex 
vivo cell and tissue production are identified, the next requirement for thera
peutic utilization is the need for clinical systems employing device technology 
and automation for process implementation. These clinical systems should 
ideally be amenable for routine use by the approximately 10,000 hospitals and 
clinics in the developed and developing world, which serve the patients in
tended to benefit from the transplantation of cells and tissues in native or 
altered form. The requirements for practical clinical systems for cell and gene 
therapy are not unlike the requirements for a validated, well-controlled, and 
reliable manufacturing process. The demands on clinical systems with the 
potential to achieve widespread therapeutic utilization and remain competi
tive over years of potential use are somewhat greater, and may turn on the 
effective automation of critical process and quality-assurance elements. As the 
field of cell therapy becomes increasingly established, the parallel need for 
efficient biological processes and effective, user-friendly automation should 
increasingly become equally important objectives for scientists, clinicians, en
trepreneurs, and major corporations seeking to enhance the practice of medi
cine based on biotechnology and, more particularly, the therapeutic potential 
of cell therapy. 
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