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6.1.1 INTRODUCTION

The human body is a verifable pharmacopia of useful protein drugs. After
all, it is the collection of our own, endogenously produced enzymes, hor-
mones, and antibodies that are responsible for maintaining homeostasis, sta-
bilizing wounds, fighting infections, neutralizing toxins, keeping cancerous
cells in check, and generally keeping us alive. It is only when we lose the
function of certain enzymes, hormones, or antibodies—or when our bodies
are overwhelmed with some kind of trauma (blood loss, stroke, heart attack,
massive infection, or heavy tumor burdenj—that we need some suppiementa-
tion to our natural protein drugs. The fact that our bodies or body fluids
contain some kind of miraculous healing or “vital” substances was recognized
even in ancient times by the Chinese, Moche Indians, Maasai, ancient Scyth-
ians, Gypsies, and early Christians when would-be warriors or the sick and
sinful were encouraged to drink such body fluids as blood or urine to imbue
health, healing, or strength. However, the general failure of these primitive
protein cocktails was probably evident to most patients and many physicians
especially by the Middle ages. Given the abysmal failure of oral protein deliv-
ery, Italian physicians, in the late 1400s began experimenting with a different
approach, namely intravenous delivery via blood transfusions. The first
recorded instance of a therapeutic blood transfusion was for the treatment of
Pope Innocent VIII who fell into a stroke-induced coma in 1492 [1]. Although
this effort ultimately failed, efforts to refine or improve blood transfusions
from animals to humans or humans to humans as a way to treat wounds and
other illnesses continued for another 300 years. The first therapeutically suc-
cessful blood transfusion, and perhaps the first example of the successful use
of a protein drug (albeit impure albumin), was performed in England by
James Blundell in 1825 to treat a woman suffering from postpartum hemor-
thaging [2]. By 1844 Blundell and his colleague Samual Armstrong Lane
became the first to use blood (i.e., factor VIII) to treat a genetic disease—
hemophilia [3]. Throughout the 1800s and early 1900s, blood transfusions
became more refined (through blood typing and the use of aseptic conditions)
and blood became a therapeutic protein product to treat wounds (albumin),
infections (antibodies, antiglobulins), and other genetic disorders.
Obviously blood is not the only source of protein drugs. As far back as 1796
other sources of protein pharmaceuticals were beginning to be recognized. In
particular, the work of Edward Jenner in developing an effective small-pox
vaccine [4] could possibly be described as the first example of using protein
drugs for prophylactic purposes. Keeping with the ancient theme of using
“yital” body fluids for medical applications, Jenner used the fluid from cow-
pox pustules as the source of his protein pharmaceutical (cow-pox viral coat
proteins). In the 1870s Louis Pasteur extended Jenner’s ideas by developing
vaccines for cholera, anthrax, and rabies using deactivated bacterial cells or
dried nerve tissues. Pasteur formulated the dried bacterial or viral protein
components into injectable solutions. In this regard Pasteur was the first to
introduce the concept of “synthetic” or ex vivo biological products as potential
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drugs. However the idea of working with a purified, active ingredient, espe-
cially with biological material, was still many years away. The principle of
prophylactic vaccines, developed by Jenner and refined by Pasteur, was also
extended to the development of “therapeutic vaccines” or antivenoms in the
late 1800s. Antivenoms are generated using a method developed by Albert
Calmette in 1895, which he devised to treat victims of cobra bites. Antivenoms
are created by injecting a small amount of the targeted venom into animals
such as horses, sheep, or rabbits. This leads to the production of different anti-
bodies against the toxin. The mixture of antibodies is then harvested from the
animal’s blood and serves as the antivenom for a specified source venom.

Up until the mid-1800s the true source of the therapeutic powers of blood
or the prophylactic powers of pustules or bacterial extracts was not known.
Then in 1838 the concept of proteins was introduced by Jons Jakob Berzelius
[5]. Berzelius argued that proteins (he is credited for creating the name) found
in blood and bacteria were special organic substances that behaved or func-
tioned as chemical compounds. This led to the realization that many different
proteins existed in blood and other biological tissues and that they could
potentially be isolated and treated as pure substances, just like all other
chemical or small-molecule drug entities. However, it was not until 1922 that
the technology to isolate therapeutically useful proteins was put to good use.
Thanks largely to the work of four Canadian scientists (Banting, Best, Collip,
and MacLeod), insulin became the first “pure” protein therapeutic to be used
in the successful treatment of a human disease—diabetes. Before 1922, type
I diabetes was a near-certain death sentence characterized by an agonizingly
long and painful wasting process. The fact that it frequently afflicted adoles-
cent children made it particularly devastating. Althongh the cause of diabetes
was partially known by 1910, early efforts to use unpurified pancreatic extracts
met with repeated failure and severe allergic reactions. The use of purified
insulin, on the other hand, had absolutely stunning results. It is hard not to
overstate the kind of spectacular recoveries observed among diabetic patients
nor the effect that insulin, as a drug, had on the public as well as on the
medical and pharmaceutical community. Indeed, the insulin “effect” not only
saved the lives of millions of diabetics, but it essentially launched the modern
concept of “pure” protein pharmaceuticals and laid the foundation to today’s
modern biotech industry.

Most of today’s protein pharmaceuticals fall into 5 general classes: (1)
hormones, (2) vaccines, (3) antibiotics, (4) antibodies, and (5) enzymes. Three
of these classes, hormones, antibodies, and enzymes, are primarily used to
treat noninfectious or endogenous diseases (i.e., genetic diseases or diseases
of aging), whereas the remaining two classes, vaccines and antibiotics, are
used to treat or prevent infectious or exogenous diseases (i.e., bacterial or
viral infections). Interestingly all five drug classes were essentially identified
or defined only in the past 80 years. Insulin, a hormone, was the first purified
protein drug to be marketed (1922). Shortly after, in 1923, purified diptheria
toxoid (a 58-kDa protein) was introduced, making it the first purified vaccine
product [6]. The first purified peptide antibiotic, gramicidin 8, was introduced
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in Russia in 1943 as a topical wound-healing agent. The first purified antive-
noms or antitoxin antibodies were introduced in the 1950s and the first mono-
clonal antibody—QKT3 (muronomab or Orthoclone)—was approved for
human use in 1986 [7]. The first purified enzyme to be approved for thera-
peutic use, Activase, was marketed in 1987 Interestingly, the first human
recombinant protein used in disease management was also insulin (Humulin)
[8], which was introduced in 1982 by Eli Lilly.

Up until 1982 all peptide and protein pharmaceuticals were isolated from
“natural” sources, meaning they were purified from animal {(or human} bio-
fluids and tissues. Working with natural sources is exceedingly difficult,
expensive, and can lead to the transmittance of undetected infectious materi-
als (viruses, bacteria, prions) to patients. Because most proteins of pharma-
ceutical interest are relatively scarce, it was often necessary to process tens
or hundreds of kilograms of tissue or fluid to produce a few milligrams of the
desired product in pure form. For instance, up until the 1980s the preparation
of sufficient human growth hormone (somatotropin) for a single treatment to
combat dwarfism would require the extraction and homogenization of several
adult human (cadaver) brains [6].

For the more abundant proteins (such as albumin) it is possible to find them
in concentrations of about 35g/L in selected tissues or biofluids [9]. This
makes their isolation and purification relatively simple. However, many
important protein pharmaceuticals are only found in concentrations of 1 or
2pg/L. At such low concentrations, it is almost impossible to isolate and
purify these compounds from the thousands of other proteins that are in the
body. Furthermore, even if one wanted to produce enough material for com-
mercial purposes, it would probably require the processing or homogenization
of the entire world supply of cattle, pigs, or humans. Today most protein
pharmaceuticals -are produced through recombinant methods, imncluding
insulin, growth hormone, and most monoclonal antibodies. This allows large
quantities of even the rarest protein to be purified and prepared under tightly
controlled manufacturing conditions without the concerns over contamina-
tion with host viruses (HIV, HCV), toxins, or prions (that cause diseases such
as CID or BSE). Although mast protein drugs are biosynthetically produced
(via cell culture), a small number of peptide pharmaceuticals (<20 residues)
are produced chemically via automated peptide synthesis. These include
Leuprolide (Eligard), Oxytocin (Oxytocin), Calcitonin (Miacalein), and
Abarelix (Plenaxis), for example. Peptides and proteins that continue to be
isolated from natural sources include Menotropin {Repronex) and Hyaluroni-
dase {Vitrase), for example.

Since the introduction of insulin in 1922, more than 110 distinct protein or
peptide drugs have been approved for human use by the U.S. Food and Drug
Administration (FDA) [10], with 50 being hormones, 2 being vaccines, 2
being peptide antibiotics, 26 being antibodies or antibody mixtures, and 17
being enzymes (see Tables 6.1-1-6.1-3). These peplide/protein pharmaceuti-
cals range in size from less than 10 amino acids to over 1000 and may contain
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a variety of covalent modifications such as carbohydrate chains, D-amino
acids, or amino acids with unusual side chains. More details about the struc-
ture and chemical composition of most protein pharmaceuticals can be found
in subsequent chapters (6.5-6.7) in this book as well as in the DrugBank
database under its collection of biotech drugs [10]. According to the Biotech-
nology Industry Organization (www.bio.org), there are now more than 300
peptide and protein pharmaceuticals currently in clinical trials or under
review. Just as with the FDA-approved biotech drugs, most of these newer
products or potential products fall into the three major classes of endogenous
or human-derived proteins: (1) hormones, (2) antibodies, and (3) enzymes.
It is these three classes of pharmaceuticaliy important proteins that are the
focus of this chapter.

Beyond providing a historical perspective to proteins and protein pharma-
ceuticals, this chapter is intended to provide the reader with an overview of
the general features and characteristics of pharmaceutically important hor-
mones, antibodies, and enzymes. Together these three classes of protein
therapies account for nearly three quarters of all approved biotech drugs and
more than 90% of all biotech drug sales. In addition to providing a general
outline about what hormones, enzymes, and antibodies are, this chapter will
also provide the reader with specific examples and detailed descriptions of a
few of the more important or historically interesting hormones, enzymes, and
antibodies used today. The chapter is divided into five sections, an introduc-
tion to the history of protein pharmaceuticals, a general discussion about the
advantages and disadvantages of protein pharmaceuticals, a detailed discus-
sion on hormones, a detailed description of enzymes, and a detailed discus-
sion on antibodies. Each section on hormones, enzymes, and antibodies
provides a working description or definition of class of these protein/peptide
products; a general discussion on certain unigue aspects of their formulation
or delivery; several specific examples of important FDA-approved hormones,
enzymes, or antibodies; and a brief discussion of some of the new enzZymes,
hormones, and antibodies that are under development or in clinical trials. A
complete discussion concerning all aspects of hormones, enzymes, and anti-
bodies is far beyond the scope of this chapter. Readers who are interested in
learning more might want to consider reading several excellent books [11-13]
or referring to the DrugBank database (http://redpoll. pharmacy.ualberta.ca/
drugbank/) for more extensive biological, pharmacentical, and biochemical

data.

6.1.2 PROTEIN PHARMACEUTICALS

For a peptide or protein to be a useful drug, it must generally be water soluble,
relatively stable, nonimmunogenic (i.e., identical or near identical to a human
homelogue), mostly monomeric, and causal or preventative to some discase
process. Not all polypeptides match these requirements, and therefore, not
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all polypeptides are potentially suitable as drugs. Typically those that are not
(vet) useful drugs are highly polymeric structural proteins such as tubulin,
actin, or myosin. Equally impractical or improbable drugs are membrane-
bound receptor proteins (G-protein-coupled receptors, laminins, etc.). These
classes of proteins, which may account for as much as 6G% of the human
proteome, are usually most suitable as drug targets—not drugs. Certain other
proteins, such as polymerases, histones, and ribosomal proteins, perform such

_ vital functions that they are “essential” to life and so cannot generally serve

as useful protein drugs either, aithough DNasel (Pulmozyme) is a notable
exception. Using these relatively simple criteria about what constitutes a
viable drug versus a viable drug targets, it is possible to scan the human pro-
teome and identify likely classes of potential protein drugs. When this is done
one is typically left with three major groups of peptides or proteins: (1) hor-
momnes, (2} enzymes, and (3} immunological molecules {antibodies).

Peptide and protein pharmacenticals are different from small-molecule
drugs. For one, polypeptide drugs are generally much larger, ranging in size
from 1000 daltons to more than 200,000 daitons (compared with <600 daltons
for most small-molecule drugs). For another, the noncovalent structure or
three-dimensional fold (i.e., the tertiary structure) of most polypeptides
is absolutely critical to their function. This is in distinct contrast to small-
molecule drugs, wherein their covalent or “primary” structure defines their
function. Smaller polypeptides have relatively little tertiary structure or
exhibit substantial tertiary structure only when bound to a target receptor.
Larger (>40 residues) polypeptides generally have a stable, well-defined ter-
tiary structure. As a general rule, polypeptides with less than 40 amino acids
are called peptides, whereas those with more than 40 residues are called
proteins. Typically most hormones are peptides (<40 residues), although some
hormones such as somatotropin (human growth hormone) can be up to 200
residues in length. Many peptide hormones are actually fragments of larger
precursor proteins or pro-proteins. Although most hormones are relatively
small polypeptides, enzymes and antibodies are generally much larger. As a
rule, most enzymes are between 200 and 800 residues in length, whereas most
antibodies are typically 1200 residues in length, although smaller antibody
fragments {Fabs, single-chain antibodies) can also be used as protein drugs.

Perhaps the most impressive and appealing quality about peptide and
protein pharmaceuticals is their exquisite selectivity and specificity. Bioactive
proteins target their receptors or bind their small-molecule ligands with a
precision that matches a cruise missile. Almost no cross-reactivity to other
targets or other receptor molecules is observed with most known hormones,
enzymes, or antibodies. Additionally most protein drugs also exhibit very
appealing pharmacokinetics and excellent bioavailability. These favorable
pharmaceutical properties are not entirely unexpected. Indeed, the process
of natural selection over hundreds of millions of years has evolved bioactive
proteins such as hormones, enzymes, and antibodies to perform their func-
{ions in a fashion that is optimal to the health and viability of each organism.
In contrast to so-called large-molecule (i.e., peptide and protein) drugs,
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almost no known small-molecule drug exhibits comparable selectivity or sen-
sitivity. Perhaps the only small molecules that do are those drugs that are
identical to the naturally occurring chemicals in the body (i.e., estrogen, tes-
tosterone, thyroxine, and epinephrine). Indeed, these small molecules likely
coevolved with their target proteins. '

The fact that polypeptides are large molecules means that far more func-
tional and operational information can be chemically encoded into them than
small molecules. In other words, there is much more room on a protein scaffold
to add, remove, or substitute chemical moicties to change a given protein’s
specificity, bioavailability, kinetics, or function. This chemical flexibility can
allow a protein chemist to engineer a potential or promising new protein drug
into a more useful product. Indeed, many peptide and protein pharmaceuticals
on the market today are engineered, via site-directed mutagenesis, or chemi-
cally modified to enhance their stability, selectivity, or efficacy. For example,
the cytokine hormone Infergen is a “designed” interferon derived from a con-
sensus alignment of bioactive mammalian interferon alpha sequences. This
designed molecule was found to give the protein greater bioactivity. Another
example is pegademase, a PEGylated version of the enzyme adenosine deami-
nase [14]. This protein is decorated with poly(ethylene glycol) (PEG) subunits
covalently attached to exposed lysine side chains. This covalent chemical
modification extends the in vivo half-life of the protein by a factor of 10 or
more. Yet another example of an engineered or rationally designed protein is
the hormone LisPro Insulin, a derivative of insulin in which Lysine 28 and
Proline 29 have been interchanged [15]. This chemical change was found to
enhance the activity and extend the lifetime of this form of insulin relative to
natural insulin. Beyond these specific examples of engineered hormones and
enzymes is a much larger collection of chimeric murine-human antibodies
such as Infliximab, Rituximab, and Abciximab that have been designed to
have murine variable domains and human constant domains. These chimeric
features reduce the antigenicity of monoclonal murine antibodies and thereby
greatly enhance the tolerance and half-life of these molecules.

Selectivity, specificity, and “programmability” are what make proicin
pharmaceuticals so attractive to today’s pharmaceutical and biotech industry.
As a result, enormous efforts are now going into the discovery, production,
and FDA approval of dozens of new protein drugs. In 2005, the market capi-
talization of the biotechnology industry in the United States was estimated
to be $311 billion. In 2004, 40 new protein pharmaceuticals (drug types,
indications, or formulations) were approved by the (FDA)-—more than in any
prior year. With the completion of the Human Genome Project and the launch
of many large-scale proteomic efforts [16, 17], the potential to find even more
pharmaceutically useful hormones, enzymes, and antibodies will likely grow
even further. How much further can it grow? The “universe” of endogenous
protein drugs can be estimated by considering the size of the human proteome
and the current diversity of functions or roles that have been identified to
date. In particular, the approximately 25,000 genes identified in the human
body probably code for around 40,000 different proteins (isozymes or sphice
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variants) and up to 1,000,000 different posttranslationally modified variants,
including chemically modified or cleaved proteins [18]. Current annotations
suggest that approximately 3000 different human enzymes exist, along with
over 150 different hormones. Given the number of enzymes and hormones
available (which may be used for diseases requiring replacement therapy),
this suggests that there could be at least 3500 antibody targets (which may be
needed for antagonizing the unwanted effects of certain enzymes or hor-
mones). If we include the number of known receptors (estimated to be 4000)
for which antibodies may be targeted, then the number of potential, pharma-
ceutically important antibodies may be closer to 8000 molecules. Given that
there are less than 400 protein drugs that are either approved or in the drug
development pipeline, this rough calculation suggests we still have a long way
to go before we exhaust the supply of potential endogenous protein drugs.

Although there is much to be optimistic about the future of protein phar-
maceuticals, there are still many unique problems with their development,
production, and delivery. Among the more obvious problems with protein
drugs is the fact that they are much more delicate than smal-molecule drugs.
Proteins such as hormones, antibodies, and enzymes cannot normally be
“compounded” or pressed into dry pills or emulsified or concentrated into
tinctures. This type of conventional pharmaceutical manufacturing and for-
mulation would destroy the activity of most protein pharmaceuticals. Simi-
larly most peptide hormones, antibodies, and enzymes cannot be stored
indefinitely at room temperatures in nonsterile containers; instead they must
be kept in a cool, dark, aqueous, sterile environment for no more than a few
weeks. These limitations to protein preparation and formulation have created
a significant challenge to pharmaceutical chemists. Potential solutions to
these problems are discussed in Chapter 4 of this book.

Yet another challenge in working with or producing peptide and protein
drugs is their cost. Relative to small-molecule drugs, manufacturing costs for
peptide and protein pharmaceuticals are enormous, with many protein drugs
being priced at 10 to 1000 times the cost of a small-molecule drug (on a per-
milligram basis). This price difference exists because most polypeptide drugs
cannot be synthesized using classicl synthetic organic methods—they are
simply too large and too complex for today’s technology. Currently the only
cost-effective method for producing most polypeptide hormones, antibodies,
and enzymes is through recombinant gene expression in bacterial or mam-
malian cell culture. This is a time-consuming, low-yield (100mg—10g per
liter) process that requires the use of large fermentor systems, carefully moni-
tored growth conditions, and multiple purification steps.

Beyond the obvious problems of storage and production of protein phar-
maceuticals lies one of the more discouraging facts about protein drugs: The
body is not a particularly friendly place for foreign proteins. Indeed, our
bodies have developed a huge arsenal of tricks to quickly and efficiently
dispose of proteins that are swallowed, ingested, or injected. For instance,
proteins that are swallowed are immediately attacked by enzymes (amylases
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[19]) in the mouth, which are designed to remove the protective sugars that
cover many proteins. Moving down the throat, these “naked” proteins are
adsorbed and denatured by surface interactions with the mucosal cells. As -
the surviving proteins enter the stomach and small intestine, they are exposed
to extremely acidic conditions (which instantly denature most proteins) and
a host of acid-stable proteases that digest these denatured molecules into
short, inactive peptides. Similarly, if a peptide or protein pharmaceutical is
injected into the bloodstream, it may be attacked by antibodies or swallowed
by T cells and cut into fragments. Alternatively, it may be adsorbed by albu-
mins or lipoproteins and permanently removed from the circulation. Even if
an injected protein survives these insults, a foreign protein may still be
attacked by plasma proteases and demolished into tiny fragments. Foreign
proteins are “ill treated” due to the design of our bodies to use proteins as a
source of food (if ingested) or to identify pathogens (such as bacteria, viruses,
and parasites) that have invaded our circulatory system. This makes most
proteins “enemies” of the body, something to be digested or eliminated at
every opportunity. Even for its own “friendly” proteins (i.c., the proteins
needed for cellular functions), the body has established several mechanisms
to turn over or eliminate these proteins every few days. This regular turnover
prevents old proteins from malfunctioning and keeps tight control over regu-
latory proteins that need only be around for minutes or hours at a time. These
finely tuned mechanisms, which have evolved over the past two billion years,
make it very difficult for pharmaceutical companies to use protein drugs as
injectables or oral consumables.

6.1.3 PEPTIDE AND PROTEIN HORMONE
BIOPHARMACEUTICALS

A hormone is classically defined as a chemical messenger, either a small mol-
ecule or a large macromolecule, which is synthesized in an organ or tissue
and then secreted into the circulatory system where it subsequently affects
separate target organs whose cells bear an appropriate receptor. Hormone
actions include the stimulation or inhibition of growth, the induction or sup-
pression of programmed cell death (apoptosis}, the modulation of the immune
system, the regulation of metabolism, and the preparation for a new activity
(e.g., fighting, fleeing, and mating) or phase of life (e.g., puberty, childbirth,
and menopause). In many cases, one hormone may regulate the production
and release of other hormones. Many hormones can be described as messen-
gers serving to regulate the metabolic activity of an organ or tissue. Hormones
also control the reproductive cycle of virtually all multicellular organisms.
Animal hormones essentially fall into four different chemical classes:
(1) amine-derived hormones, (2) peptide/protein hormones, (3) steroid hor-
mones, and (4) lipid or phospholipid hormones. Amine-derived hormones
such as catecholamines and thyroxine are derivatives of the amino acids
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tyrosine and tryptophan. Peptide hormones including insulin, growth hor-
mone, and vasopressin consist of polypeptides ranging in length from 5 to 200
residues. Steroid hormones such as estrogen and testosterone are derived
from cholesterol. The adrenal cortex and the gonads are primary sources for
these hormones. Lipid and phospholipid hormones are derived from lipids
such as linoleic acid and phospholipids such as arachidonic acid. For this
chapter we are primarily concerned with peptide hormones.

The functional diversity of peptide/protein hormones is enormous. There
are as many potential classes of these hormones as there are classes of hor-
monally regulated biological functions. If we also include potential antago-
nists to natural hormonal function (i.c., peptides that may bind competitively
or noncompetitively to hormone receptors), we could double the number of
classes. However we can generally group subcategories so that pharmaceuti-
cally important peptide hormones might be classified into the following broad
conceptual categories:

1. Homeostatic regulators control basic physiological conditions such as
blood glucose levels (insulin), water retention (vasopressin, desmopres-
sin), or uterine muscle contractions (oxytocin).

2. Fertility regulators can be used to either inhibit or promote fertility.
Although luteinizing hormone (LH) and follicle stimulating hormone
(FSH) are regulated indirectly through the steroid hormone (estrogen
and progesterone) levels to suppress fertility, direct introduction of the
peptide hormones themselves is used to induce development and release
of multiple ova.

3. Growth/division regulators may either include hormones regulating
growth of the entire body (e.g., human growth hormone) or of a specific
tissue type (e.g., erythropoeitin for hematopoeisis, palifermin for muco-
sitis, or aldesleukin for lymphocytes). Some fertility hormones (e.g.,
leuprolide) may act indirectly as general or specific-growth inhibitors.

4. Immunomodulatory hormones modulate the normal immune or
inflammatory responses. This class can include hormones that upregu-
late the immune response {e.g., interferon) or that suppress it (e.g.,
cyclosporine).

If the definition of a hormone were expanded to include localized secreted
or cell-surface signaling molecules, many other kinds of regulators would join
this list, including molecules with roles in developmental fate specification
and differentiation (e.g., netrins, semaphorins, and morphogens}. Because the
effects of such signals are highly localized, their use as effective therapeutic
agents would require greater precision in administration than current sys-
temic delivery methods. Table 6.1-1 provides a complete list of the peptide/
protein hormones that are currently approved by the FDA. More details
about some of these are provided below.
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6.1.3.1 Examples of Hormone Biopharmaceuticals

Homeostatic Hormones. Insulin is produced by beta cells found in the islets
of Langerhans that are dispersed throughout the pancreas. The islet ceils
constitute only 1% of total pancreatic tissue. Each islet contains about 3000
endocrine cells with a core of beta cells surrounded by other endocrine celis
such as the glucagon-secreting aipha cells, the somatostatin-secreting delta
cells, and the pancreatic polypeptide-secreting PP cells. The beta cells first
synthesize a 109-amino-acid preproinsulin that is subsequently processed to
an 86-amino-acid proinsulin. The A-chain and B-chain regions are connected
by the C-peptide residues and by two disulfide bridges. Proinsulin is further
cleaved by the Golgi apparatus before secretion, releasing the C-peptide (35
residues) from the two insulin chains (51 residues total) joined by disulfide
bonds. Insulin is secreted into the blood by the beta cells and carried to its
major target tissues in the liver, adipocytes, and muscles. Insulin binds to the
insulin receptor tyrosine kinase localized in the plasma membrane of target
cells leading to receptor autophosphorylation and a signal transduction
cascade that is known to regulate more than 100 downstream genes.
Banting, Best, Collip, and MacLeod first isolated insulin in 1921 and dem-
onstrated its therapeutic potential in treating type I diabetes (diabetes melli-
tus) in 1922 [20]. Before the development of recombinant forms of the
hormone, it was isolated from bovine or porcine pancreata. Recombinant
human insulin is produced in either Escherichia coli bacteria or Saccharon-
Iyces cerivisiae yeast strains that have been genetically engincered. Active
insulin eonsists of two peptide chains (called A and B) jeined by disulfide
linkages (Figure 6.1-1). The A chain is 21 amino acids long, whereas the B

Figure 6.1-1. The x-ray crystal structure of a human insulin homodimer (A/B/C/D}
at 1.5-A resolution (PDB ID: 1ZEH). Each component of the dimer is composed of
a smaller chain (A/C of 21 residues) linked by disulfide bridges to a larger chain (B/D

of 30 residues).
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chain is 30 amino acids long. E. coli lack the protease necessary to cleave
proinsulin, so A and B chains are either produced in separate cells, purified,
and oxidized chemically to form the disulfide linkages, or full-length proin-
sulin is produced and cleaved in a separate in vitro proteolytic reaction
(reviewed in Ref. 21). Insulin produced in S. cerivisiae is genetically modified
so that A and B chains are linked directly or by a short synthetic sequence.
The final product is converted into human insulin by a trypsin-mediated
transpeptidation reaction carried out in an aqueous—organic solvent media,
in the presence of excess threonine ester. Human insulin was the first animal
protein to have been made in bacteria in such a way that its structure Is abso-
lutely identical to that of the natural molecule. Modifications to the original
recombinant insulin have included reversing selected amino acid positions
(insulin Lispro) and replacing and adding selected amino acids (insulin
Glargine and Aspart). The purpose of these modifications is to improve the
kinetics or duration of dirug action.

Insulin is generally administered parenterally (subcutaneous injection},
although many researchers and companies are developing alternative admin-
istration methods, i.e., oral, buccal, (Oral-lyn) or pulmonary (Exubera) [10].
These methods require greatly increased dosage in the case of buccal or pul-
monary administration or additives to improve the bioavailability of orally
administered insulin (including encapsulation, permeabilization, or chemical
stabilization additives). No intestinally absorbed (oral) version of insulin has
vet been proven effective and received FDA approval.

Another group of important homeostatic regulatory hormones are oxyto-
cin and vasopressin. These two hormones are structurally related 9-mer oli-
gopeptides produced in the hypothalamus and then transported along axons
to the posterior pituitary where they are stored until they are secreted. Oxy-
tocin and vassopressin are identical in sequence and structure except for
residues three and eight; vet they have very different physiological effects.
Oxytocin stimulates mammary milk secretion and contraction of uterine
smooth muscle and likely plays a role in labor initiation. Vasopressin (also
known as antidiuretic hormone—ADH) is a vasoconstrictor and reduces the
water content of urine by increasing the reclamation of urinary water by the
renal collecting duct. Hlowever, due to their structural similarity, there is a
slight overlap of physiological response to these hormones; oxytocin has
about 1% the antidiuretic potency of vasopressin, whereas vasopressin has
about 15% the mammary secretion potency of oxytocin [11]. Both proteins
are cyclic peptides with cysteines at positions one and six being joined by
disulfide bonds, forming a six-residue ring structure with a flexible three-
residue amidated carboxyl-terminal tail. Both hormones act through binding
to specific receptors that are coupled to G-protein signal transduction path-
ways. G-protein activation leads to activation of inositol triphosphate and
diacylglycerol, resulting in internal Ca®* release and a MAP kinase cascade.
The end result is phosphorylation of the myosin light chain leading to smooth
muscle contraction. Oxytocin receptors are found in mammary myoepithelial
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and uterine smooth muscle cells, whereas vasopressin receptors are found
predominantly in the cortical glomerular mesangial cells and medullary vas-
cular smooth muscle cells of the kidney. In addition to stimulating contraction
of vascular cells, vasopressin also causes translocation of aguaporin water
channels to the apical surface of cells in the renal collecting duct. Traumatic
or metastatic damage to the hypothalamus as well as rare hereditary disease
can result in a lack of vasopressin, leading to the development of diabetes
insipidus [11]. Those inflicted with this disease produce large amounts of
dilute urine and must drink larse amounts of fluid to replace what is lost.
Vasopressin is administered parenterally, but its synthetic analog, desmo-
pressin acetate, can be administered by rhinal tube or orally, by tablet, for
the treatment of diabetes insipidus [10]. Oxytocin and Vasopressin are manu-
factured through solid-phase synthesis {22, 23]. Antidiuretics are in fairly
widespread use, having been prescribed in about 15% of all physician visits
in the United Sates in 2002-2003 up from about 10% only 7 years before [24].
Oxytocin is used to induce labor by parenteral administration, either through
subcutaneous or intravenous injection, or can be administered nasally to
increase milk production in nursing mothers. Oxytocin induction of labor
occurred in approximately 20% of births in the United States in 2003 [24].

Fertility Hormones. LH and FSH are heavily N-glycosylated glycoprotein
dimers containing a common alpha chain of 92 amino acids and a unique 121
(LH) or 111 (FSH) residue beta chain. These hormones regulate human
sex steroid production (LH) and gametogenesis (LH and FSH) in both males
andfemales. They are expressed in a cyclic fashion by the pituitary gonadotrope
cells, In males, for example, there is one LH pulse of consistent amplitude
approximately every 90 minutes, but in females the amplitude and frequency
of LH pulses varies throughout the ovarian cycle [11]. LI activates a
seven-transmembrane G-protein-coupled receptor that is found primarily
in the Leydig cells of the testes of males and in granulosa and theca cells
in the female ovarian follicle. The FSH seven-transmembrane G-protein-
coupled recepiors are found only in Sertoli cells in the male testes or in
granulosa cells in the female ovarian follicle. In males, LH induces the
formation of testosterone in its target cells, whereas FSH induces production
of androgen. In females, the complex cooperative activation of LH and FSH
receptors regulates the levels of the primary sex steroids, progesterone, and
estradiol. LH and FSH can be isolated from the urine of postmenopausal
women, or they can be made in recombinant form by expression of transgenes
in Chinese hamster (CHO) cells. LH and FSH are usuaily administered
together to treat female infertility by stimulating ovulation and follicular
maturation of the ovulated follicle into a corpus luteum. LH and FS
(Lutropin—LH—or Repronex—combined LH and FSH) are administered
parenterally. Of the approximately 6.7 million women with fertility problems
in the United States in 1995, 35% were treated with some form of ovulation-

inducing drug [25].
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Growth Regulatory Hormones. Growthhormone (alsoknownassomatotropin
or somatropin) was first isolated in 1944 [11]. It is an anabolic hormone
responsible for inducing cell division and controlling an individual’s height.
Growth hormaone also increases calcium retention, strengthens and increases
the mineralization of bone, increases muscle mass, induces protein synthesis,
and stimulates the immune system. Mature growth hormone is a single-chain,
nonglycosylated 191 residue polypeptide formed in the anterior pituitary. It
is derived from a larger prohormone that includes a cleaved secretory signal
peptide. In addition to the pituitary, growth hormone is also expressed at a
much lower level in other tissues, including the central nervous sysiem,
mammary glands, gonads of both sexes, and hematopoietic and immune
system cells. The growth hormone receptor was the first identified cytokine
receptor and is an approximately 620-residue single-pass transmembrane
protein that is highly glycosylated and ubiquitinated. A proteolytic fragment
of the receptor, growth hormone binding protein, circulates throughout the
bloodstream and increases the half-life of growth hormone by reducing its
rate of degradation and clearing. The growth hormone recepior has been
observed throughout the body in tissues as diverse as the gastrointestinal
tract; the musculoskeletal system; the cardiorespiratory system; hematopoietic
and immune systems; the central nervous system; integument, renal, and
urinary systems; and the endocrine system. It is also found on cells of all
major lineages in the developing fetus. However, in adults, it achieves its
highest level of expression in the liver. A single growth hormone ligand binds
to two receptors causing dimerization. This trimer, lacking its own kinase
function, then recruits a member of the Janus tyrosine kinase family (JAK2)
leading to activation of STAT-mediated gene tramscription along with
activation of the Ras-Raf-MEK, phosphatidylinositol 3-kinase (PI 3-kinase)
and protein kinase C pathways [26, 27]. As might be expected, this has diverse
and widespread effects on physiology and morphology. The main effect is to
stimulate both chondrocyte and osteoblast proliferation leading tolongitudinal
bone growth. In addifion, muscle mass increase is favored as an increase in
lipolytic activity in adipose tissue leads to a reduction in total fat. Growth
hormone also affects differentiation within the central nervous system with
consequent cognitive effects such as enhancement of long-term memory,
learning, and rapid eye movement sleep, although only when administered at
supraphysiological levels.

A reduction or loss of growth hormone production, an autosomal recessive
disorder, leads to obvious signs of dwarf{ism as early as 6 months of age. Laron
syndrome is a defect in the growth hormone receptor also leading to sharply
reduced stature but is resistant to exogenous treatment with growth hormone
[29]. By contrast, chronic overproduction of growth hormone can lead to
acromegaly, a sometimes fatal condition due to resulting cardiovascular, cere-
brovascular, respiratory, and metabolic diseases.

Recombinant human growth hormone for injection is produced in E. coli.
The mature product is identical to the natural human hormone, although it
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is initially translated with a signal peptide that is cleaved by the cell as the
peptide is synthesized and exported into the periplasm. Growth hormone
production can also be increased through administration of semorelin acetate,
the acetate salt of an amidated synthetic 29-amino acid peptide corresponding
to the amino-terminal residues of human growth hormone releasing hormone
[11]. By contrast overproduction of growth hormone leading to acromegaly
can be treated by a PEGylated version of growth hormone, known as Pegvi-
somant [30]. This chemically altered version of growth hormone competi-
tively binds to the receptors without activating them, thus interfering with the
action of the elevated endogenous hormone.

Another example of a growth regulatory hormone is erythropoietin. Eryth-
ropoeitin (EPO) is a 166-residue cytokine, produced primarily by interstitial
cells near the proximal tubular cells of the kidney. EPO stimulates erythro-
poiesis, the formation of red blood cells. The hormone was initially partially
purified by Goldwasser and colleagues from the urine of anemic patients in
1977, and the ¢cDNA was cloned by Lin et al. and Jacobs et al. in 1985 [31,
32]. The protein is highly N- and O-glycosylated, with up to 40% of its weight
being carbohydrate. Each glycosylation chain is terminated with a sialic acid,
which may also be incorporated into the chain, and the total sialylation affects
both receptor-binding affinity and serum half-life (the latter is of greater
importance in total EPO biological activity). Thus, the kidney sets the hema-
tocrit (the percent of whole blood that is composed of red blood cells) at a
normal value of 45% by regulating red cell mass through EPO production
and plasma volume through excretion of salt and water [11, 33]. EPO released
into the blood travels to the bone marrow and binds to its cell-surface recep-
tor on erythroid-specific precursors to stimulate red blood cell production.
Like the related cytokine, human growth hormone, the binding of erythro-
poietin to its cognate receptor leads to dimerization and subsequent recruit-
ment of the JAK?2 tyrosine kinase signal transduction pathways to stimulate
erythrocyte proliferation and differentiation. EPO has been approved for the
treatment of anemia associated with chronic renal failure, with chemotherapy
in cancer patients, and anemia associated with surgery. EPO is also beneficial
for treatment of anemia associated with Zidovudine (e.g., AZT) therapy for
patients infected with HIV. Because the functional proiein must be correctly
glycosylated posttranslationally, it is prepared from recombinant CHO cells
expressing the erythropoietin precursor, including the 27-amino-acid signal
peptide. A variant form (darbepoietin alpha) includes 2 amino acid substi-
tutes that add N-glycosylation sites. The drug is currently only available for
parenteral administration.

Immunomodulatory Hormones. Interferons constitute a family of species-
specific vertebrate proteins (type I: IFN-o, IFN-B, IFN-¢, IFN-x, and IFN-®
and type II: IFN-yin humans) that confer general resistance to a broad range
of viral infections, affect cell proliferation, and modulate immune responses
[34]. Interferons were originally characterized in 1957 by Isaacs and



796 PROTEINS

Lindenmann as soluble proteins that induce antiviral activity in chicken cells.
IFN-PB and IFN-@ have only one functional copy each, but IFN-a is found in
13 different alleles producing 12 functional protein isoforms. The various
IFN-o members each exhibit a distinct profile of antiviral, antiproliferative,
and immunostimulatory effects, but variants of the IFNA2 gene (IFN-o2a,
IFN-o2b, and IFN-a2c) provide the basis for most interferon therapeutics.
Although the type I interferons invoke different cellular responses, they share
a common dimeric receptor, IFNAR, which is found in low levels on the
plasma membrane of all cell types. Each IFNAR subunit is composed of a
single-pass transmembrane protein associated with a member of the JAK
tyrosine kinase family (TYK2 for IFNAR-1 and JAK1 for IFNAR-2c). Upon
binding of the ligand, the receptor dimerizes and cross-autophosphorylates
the cytoplasmic receptor tails along with TYK?2 and JAK1. This induces the
phosphorylation and subsequent nuclear translocation of a STAT signaling
complex and activation of gene-specific transcription [36]. It is not yet known
how the many different species of IFN-o can lead to different cellular
responses while acting through the same receptor, although data have
indicated different ligands may have shightly different binding sites and may
involve other receptors in the activated complex.

Parenteral administration of natural and recombinant interferons for
the treatment of hairy cell leukemia, malignant melanoma, AIDS-related
Kaposi’s sarcoma, and a variety of viral diseases has been approved by the
FDA. The type I IFNs exhibit a wide breadth of biclogical activities, includ-
ing antiviral and antiproliferative effects as well as stimulation of MHC I
antigen presentation and NK-cell activation. This makes them ideal for the
treatment of many serious illnesses but can also result in undesirable side
effects, especially at the high dosages normally employed. Oral administra-
tion of low-dose interferons has been studied in clinical trials but has not yet
received approval for general use. Interferon-alpha was approved by the FDA
on February 25, 1991 as a treatment for hepatitis C [37, 38]. In January 2001,
the FDA. approved PEGylated interferon-alpha. The PEGylated form is
injected once weekly, rather than three times per week for conventional
interferon-alpha.

6.1.3.2 The Future of Hormone Biopharmacenticals

Research into new peptide hormone pharmaceuticals continues along several
lines. Probably the most active area of research is into alternative delivery
methods such as oral, nasal, buccal, transdermal, or pulmonary. All of these
alternatives share issues of barrier penetration (whether mucosal or epidermal),
protein stability, rate of clearance, and bioavailability.

The epithelial mucosa lining intestinal, buccal, nasal, and pulmonary tracts
present significant barriers to protein or peptide hormone access to the cir-
culatory system. Increasing the mucosal adhesiveness of therapeutic proteins
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delivered through the mucosa leads to an increase in the duration of residence
at absorption sites. This is typically accomplished through encapsulation
of the protein in micro- or nanoparticles made of mucoadhesive polymers
[39, 40]. Increased duration in the mucosa also exposes the protein drug
to increased extracellular proteolytic activity. Therefore therapeutic proteins
and peptides can be chemically altered to reduce their susceptibility to pro-
teases (e.g., in the intestine). Oral desmopressin acetate, for example, is partly
protected against proteolytic degradation through amidation of the carboxyl-
terminus, replacement of L-Arg with D-Arg and replacement of the amino-
terminal residue with mercaptopropionic acid [41].

In addition to the mucosa, the epithelial cells also present a formidable
barrier to the uptake of therapeutic proteins. A variety of strategies have been
used to overcome this barrier, most notably through changing the hydro-
phobicity of the protein by the covalent attachment of lipophilic moieties. For
example, the oral hexyl insulin monoconjugate 2 (HIMZ2} includes seven to
nine units of PEG and a hexyl alkyl chain covalently attached to Lys29 and
has proven safe and somewhat effective in controlling postprandial hypergly-
cemia in patients with type 1 diabetes mellitus during phase 1/I1 clinical trials
[42]. More recently, epithelial permeation enhancers, such as cationic or
polymeric derivatives of the hydrophilic polysaccharide, chitosan, have proven
effective in enhancing the effectiveness of oral [43], nasal [44], or pulmonary
[39] administration of insulin or calcitonin in experimental settings. The
precise mechanism by which these various permeant enhancers work is not
yet understood, although, at least in the intestine, the modification of
the tight junctions between cells in the intestinal epithelia is thought to be
crucial [40].

In addition to novel delivery methods, several new peptide hormones
with therapeutic potential have been recently identified. Ghrelin is a 28-
residue, posttranslationally modified peptide that is secreted primarily
from cells in the stomach and that has been implicated in the regulation
of feeding behavior [11]. There is evidence that its orexigenic (appetite stimu-
lating) activity is mediated, in part, by the hypothalamic hormone neuro-
peptide Y. Ghrelin is also the endogenous ligand for the growth hormone
secretagogue Teceptor; it stimulates release of growth hormone from the
pituitary independently of hypothalamic growth hormone releasing hormone.
Repeated administration of Ghrelin has recently been shown to improve
muscle mass and functional capacity in cachectic patients with heart failure
or chromic obstructive pulmonary disease [45] and to alleviate chemotherapy-
induced dyspepsia in rodents [46]. Leptin is an adipocyte-derived cytokine
with an appetite-suppressing effect, likely mediated, in part, through neuro-
pepetide Y. Along with adiponectin, another adipocyte-derived hormone,
leptin may increase fat oxidation and promote insulin sensitivity via the
AMP-activated protein kinase, thus reducing circulating fatty acids and
triacylglycerol [47].
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6.1.4 ANTIBODY BIOPHARMACEUTICALS

Antibodies or immunoglobulins are a class of disease-fighting proteins pro-
duced by B cells found in the lymphatic system or bone marrow. Antibodies
are produced to bind a specific antigen that has stimulated the immune
system. Their selectivity and tunability to recognize and bind an almost infi-
nite range of large- and small-molecule substrates is what makes antibodies
so important to the immune system. Once bound, the antigen can be ingested
and destroyed by other cells of the immune system, primarily macrophages.
Each antibody consists of four polypeptides—two heavy chains and two light
chains joined by disulfide linkages in a hinge region to form a “Y”-shaped
molecule (Figure 6.1-2a). The arms of the Y are known as the antigen-binding
fragments (Fab). The region of the heavy chain associated with the light
chains in the Fab contains one variable domain and one constant domain.
The light chains each contain one constant domain and one variable domain.
The variable domains of both the light and the heavy chain are known col-
lectively as the variable fragment (Fv), and each contains hypervariable

Human sequence

Murine sequence

scFv dsFy bispecific

Figure 6.1-2. IgG antibodies and antibody fragments. (A) Murine IgG antibody
showing variable (Fv), antigen-binding (Fab), and constant (Fc) fragments. Heavy
and light chains are indicated by suffix H and L, respectively. (B) Chimeric IgG with
murine Fv regions fused to human constant regions (Cy, Cy, and Fc). (C) Humanized
e with fused murine CDRs in Fv regions. (D) Antibody fragments. scFv—single-
chain Fv; dsFe—-disulfide-stabilized Fv; bispecific—two linked scFvs with different
antigen recognition.
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regions (known as complementarity-determining regions—-CIDRs) that are
primarily responsible for determining antigen recognition. The lower portion
of the “Y,” consisting primarily of the heavy chains, is called the constant
region. The constant region determines the mechanism used to destroy
antigen. There are five classes of immunoglobulins (antibodies) in humans:
IgM, IgG, IgE, IgA, and IgD. Most biopharmaceuticals are based on IgG.

Antibodies not only recognize and bind to antigens, but they also direct
the process by which the antigens are eliminated or killed. These are called
the effector function. The base of the heavy chain (called the constant frag-
ment, Fc) is species-specific and mediates effector functions, including anti-
body-dependent cellular cytotoxicity (ADCC) and complement-dependent
cytotoxicity (CDC). In ADCC, antibodies bind to Fcreceptors on the surface
of natural killer (NK) cells or macrophages, and trigger phagocytosis or lysis
of the targeted cells. In CDC, antibodies kill the targeted cells by triggering
the complement cascade at the cell surface. IgG is most efficient in inducing
both ADCC and CDC and, therefore, is most suitable for use as a therapeutic
molecule.

The first monoclonal aniibody (mAb} tested in 1986 as a therapeutic in
humans was a murine antibody, Muromonab (OKT3) [6]. Despite the high
expectations of mAb therapy, OKT3 failed as a good treatment for trans-
plantation rejection, primarily as a result of severe human anti-murine anti-
body response in patients. The second mAb marketed for therapeutic use in
humans, Abciximab (ReoPro), required nearly 9 years of development to
produce a chimeric Ab with mouse Fab and human Fcregions [48]. Since that
time, more than 27 recombinant antibody therapeutics have been approved
by the FDA, accounting for 24% of all approved protein/peptide therapeutics
(Table 6.1-2) The current scheme for classifying mAbs is based on variation
in their structure (Figure 6.1-2b—d).

1) Standard mAbs are produced by fusing murine cultured melanoma
cells with isolated immune-reactive spleen cells to produce hybridoma
fusions. These hybridomas are assayed in vitro for reactivity to the
selected antigen and clones of single reactive cells are grown by intra-
peritoneal injection into naive mice. Thus, all reactive cells from a single
mouse result from a single reactive clone, and hence, the resulting anti-
bodies are called monoclonal.

2) Fc-humanized mAbs are the result of genetic engineering to replace the
murine Fc with human Fc in the melanoma cell lines [49].

3) An alternative approach to producing humanized Abs is to graft murine
CDRs and a few structural residues from the heavy chain into a human
IgG heavy chain [50]. In combination with the normal mouse light
chain produced by the hybridoma, this CDR-grafting leads to the devel-
opment of Daclizumab (Zenapax) in 1997. Instead of generating CDRs
in whole animals by antigen immunization, they can also be selected
by panning combinatorial phage libraries with recombinant Fabs [51].
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Adalimumab (Humira) was the first therapeutic antibody developed
with this technique in 2002. Yet another strategy for producing human-
ized Abs immunizes transgenic mice engineered to express human
IgG against the selected antigen [52, 53]. Several therapeutic mAbs
derived from such transgenic “humanized” mice are in late-phase
clinical trial, including Panitumuraab, an anti-EGFR Ab for the treat-
ment of advanced metastatic colorectal cancer.

Recombinant bacterial techniques, coupled with the recognition that
the entire antibody is not always required, have led to the formation of
many therapeutic antibody fragments (Figure 6.1-3d). Whole IgG mole-
cules are about 150kDa, and subsequently, they diffuse into tissue
slowly and are cleared from the body slowly as well. These characteris-
tics make them poor candidates in diagnostic imaging or radiotherapy
applications. The Fv region is the smallest portion of the Ab that main-
tains its antigen specificity, and it is small enough to be easily expressed
in E. coli. Single-chain Fvs (scFvs) are fusion proteins containing both
heavy and light variable regions connected through a short peptide
linker. Disulfide-stabilized Fvs (dsFvs) connect the two variable regions
through engineered cysteine disulfide linkages. Diabodies are homodi-
mers of scFvs that are covalently linked by a short peptide linker so that
the V domains are forced to make intermolecular complexes. Bispecific
Fvs are fusions of two complete Fv regions with a different antigen
specificity. Variations on these themes incorporating part of the con-
stant Tegion are also possible,

Figure 6.1-3. The x-ray crystal structure of DNase I in the presence of the palin-
dromic d(GCGATCGC) DNA fragment at 2.0-A resolution (PDB ID: 2DNIJ).
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6.1.4.1 Examples of Antibody Biopharmaceuticals

Muromonab (Orthoclone OKT3) is a purified murine monoclonal antibody
specific to the CDD3 receptor on the surface of human T cells (T lymphocytes).
Used in organ transplant prophylaxis, Muromonab is administered parenter-
ally. It has been effective in reversing corticosteroid-resistant acute rejection
in renal, liver, and cardiac transplant recipients. Muromonab binds to the
epsilon subunit of the surface glycoprotein CD3 that is associated with the
T-cell receptor. It seems to kill CD3 positive cells by inducing Fc mediated
apoptosis, antibody mediated cytotoxicity, and complement-dependent cyto-
toxicity. Immediately after administration CD3-positive T lymphocytes are
abruptly removed from circulation, most likely by NK-mediated cytoxicity
directed toward the T cells themselves [54] or by inducing T-cell apoptosis
[55]. The OKT3-dependent reduction in alloreactive T lymphocytes severely
downmodulates transplant rejection. However, because OKT3 contains the
mouse Fc regions, its application led to several unfortunate side effects,
including acute cytokine overstimulation, flu-like symptoms, and, in rare
cases, pulmonary edema, central nervous system disorders, or an anaphylactic
reaction to the murine Fc (reviewed in Ref. 56.)

Abciximab (ReoPro) was the first partially humanized antibody approved
for therapeutic use. It was produced from transgenic murine melanoma cells
containing human heavy-chain genes so that the resulting Fab fragment is a
chimera of human and mouse Ab fragments. Abciximab binds to the glyco-
protein 1Ib/Ila receptor (a member of the integrin family of adhesion recep-
tors and the major platelet surface receptor involved in platelet aggregation)
and competitively inhibits fibrinogen-mediated platelet aggregation and clot
formation [57]. Thus it is used in the treatment of myocardial infarction,
unstable angina, and as an adjunct to percutaneous coronary intervention.
Because the constant regions of the Fab fragment are derived from a human
gene, side effects such as those observed with Muromonab are dramatically
reduced. Nevertheless, in rare cases, acute profound thrombocytopenia can
occur after Abciximab administration leading to a recommendation to
monitor platelet count in patients within 11 to 21 hours after treatment [58].

Daclizumab is a humanized IgG mAb that binds to the human IL-2 receptor
(anti-CD25). Daclizumab is a composite of human (90%) and murine (10%)
antibody sequences. The human sequences were derived from the constant
domains of human Ig(G1 and the variable framework regions of the Eu myeloma
antibody [59]. The antibody is produced by expression in a mammalian
cell line. The murine sequences were derived from the complementarity-
determining regions of a murine anti-CD23 antibody [50]. Daclizumab com-
petitively inhibits the cytokine IL-2 from binding to its CD25 receptor and
phosphorylating the IL-2R beta and gamma-chains. This leads to an inhibi-
tion of downstream STAT activator genes and a subsequent immunosuppres-
sive effect [60]. Early evaluations of clinical effectiveness of Daclizumab have
been promising with reduced side effects relative to OKT3.



