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Issues associated with the large-scale production of
monocional antibodies for pharmaceutical applica-
tions are examined. The development of a commer-
cial monocional antibody production process in-
volves much more than just scaling-up the laboratory
process and making it cost-effective. it involves
establishing the hybridoma cell bank with cells that
are free of adventitious agents such as viruses and
mycoplasma, that have stability in continuous cul-
ture for antibody-production rate and cell viability,
and that do not have unusual or expensive media
requirements. The style and mode of operation of
the bioreactor used to produce the antibody must be
explored. The antibody-based product must be pro-
cessed to high levels of purity, and specific contami-
nants such as DNA and endotoxin must be reduced

“Such cells [hybridomas] can be grown in vitro in
massive cultures to provide specific [monoclonal] anti-
body. Such cultures could be valuable for medical and
industrial use.”

G. Kohler and C. Milstein, 1975'

HIS ELEGANT STATEMENT heralded a
new era in immunology and clinical medi-
cine. The discovery of monoclonal antibody tech-
nology resulted in the awarding of the Nobel
Prize for Medicine to Drs Kohler and Milstein in
1984. In the past 15 years, the power of mono-
clonal antibodies has just begun to be realized.
Today, they form the basis for widely ranging
new therapeutic and diagnostic products of great
importance to the future of nuclear medicine and
other clinical disciplines.

IMMUNOLOGIC BACKGROUND

When a foreign substance enters the body of a
vertebrate animal, an immune response is usually
elicited. This response consists of cell-mediated
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to extremely low levels. Appropriate labeling or drug
conjugation chemistries must also be developed. The
product must be formulated so that it has perfor-
mance characteristics that are stable over a reason-
able period of time. Adeguate test procedures must
be deveioped to assure product purity, activity,
stability, and safety on a lot-to-lot-basis. Compliance
with federal regulations, guidelines, and procedures
must be guaranteed. in the coming decade, it is likely
that the two arms of biotechnoiogy, hybridoma
technology and recombinant DNA technology, will be
used together to generate unigue protein molecules.
These new reagents will face the same practical
considerations summarized in this review.

© 1989 by W.B. Saunders Company.

immunity and humoral immunity. The humoral
component of the immune system is made up of
immunoglobulins (Ig) or antibodies, which are a
family of phylogenetically-related proteins. Anti-
bodies are produced by plasma cells and circulate
in the blood. They also are found in all tissues
and secretions that are exposed to the lymphatic
circulation.

Substances that stimulate an immune response
are called immunogens. Once an antibody binds
to an antigen, several immune system functions
can be activated to either kill foreign organisms
or neutralize and eliminate foreign substances.
Because the immune system of an animal has ~1
million different lines of B lymphocytes, the
precursors of the antibody-secreting plasma cells,
the plasma of an immunized animal contains a
heterogeneous population of antibody molecules.
Such antibodies are collectively called polyclonal
antibodies and the sera from which they are
derived is called antisera. Antisera provided
researchers with reagents possessing the poten-
tial for diagnostic and therapeutic applications.
However, the development of reproducible sup-
plies of antisera and the characterization of the
specificity of the. polyclonalantibodies often
precluded the realization of many of the potential
applications of the antibodies.

The problems of producing and characterizing
antisera were dramatically simplified when
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PRODUCTION OF MONOCLONAL ANTIBODIES

Kohler and Milstein' showed that somatic cell
hybridization could be used to establish continu-
ous cultures of specific antibody-secreting cells
called hybridomas. Within 3 years, antibodies of
defined specificity produced by continuous cul-
ture of monoclonal cell lines became routine
laboratory reagents providing exquisite serologi-
cal and biochemical probes. Antibodies produced
by these hybrid cells are called monoclonal
antibodies.

In this review, considerations associated with
the large-scale production of monoclonal anti-
body products for pharmaceutical applications
are discussed. The development of a commercial
production process does not involve simply multi-
plying the laboratory process 1,000-fold and
making the process more cost-effective. The com-
mercial production of monoclonal antibodies be-
gins with culturing large batches of hybridoma
cells. Furthermore, it involves establishing the
pedigree of the cell line including stability, ab-
sence of adventitious agents such as viruses and
mycoplasma, antibody-production rate, and the
specificity and stability of the secreted antibody.
The antibody-based product must be processed
in a cost-effective manner to high levels of purity,
and specific undesirable contaminants must be
reduced to extremely low levels. The final prod-
uct must have a good stability profile that trans-
lates into a sufficient shelf life in the pharmacy. A
suitable manufacturing facility must be built to
produce large quantities of the product; to purify,
process, and qualify the product; and to store it.
Finally, systems must be in place to facilitate the
effective testing of each product lot to ensure the
reproducibility of product and procedures and to
document these activities in compliance with
Food and Drug Administration regulations.

Other reviews have recently been published
that summarize the preparation and clinical use
of radiolabeled monoclonal antibodies for
imaging.>* Further details on many topics consid-
ered in this review are available in these and
other scientific reviews.

IMMUNOGLOBULIN STRUCTURE

All human and mouse Igs are divided into five
major classes: IgG, IgA, IgM, IgD, and IgE. I1gG
and IgA are divided further into subclasses or
isotypes. There are four subclasses of IgG in
humans (IgG1l, 1gG2, 1gG3, and 1gG4) and in
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mice (IgGl, IgG2a, IgG2b, and IgG3). Al-
though there is a distinction between class and
subclass at the macroscopic level due to differ-
ences in general structure and specific function,
all of the class and subclass species are indepen-
dent gene products at the microscopic level.

Each Ig molecule consists of two pairs of
identical polypeptide chains, the heavy chain and
the light chain. Although there are two nonallelic
forms of the light chain (kappa and lambda), it is
the heavy chain (gamma, alpha, mu, delta, etc.)
that determines the class or subclass of the Ig.
The combination of two heavy and two light
chains is called monomeric Ig. Ig classes IgA and
IgM also exist in natural polymeric forms in
which two (IgA) or five (IgM) monomers are
covalently linked and contain a third polypeptide
chain, the J chain.

The monomer forms of the Ig molecules are
between 150 and 180 kd. Molecular integrity is
maintained both by specific covalent bonding
mediated through disulfide bridging and by strong
noncovalent interactions between the two heavy
chains and between each of the heavy-chain
light-chain pairs. The monomeric Ig molecule, as
exemplified by mouse IgG (Fig 1), is bifunctional
in that the amino terminal end of each heavy-
chain light-chain pair contains an antigen bind-
ing site. The heavy chain is composed of four
contiguous and homologous structural domains:
the variable (V) domain and the constant (C)
domains, C1, C2, and C3. The light chain is
composed of a V and a C domain. The interface
between the V domains of each of the heavy-
chain light-chain pairs forms the antigen binding
site. The C domains modulate certain effector
funcions such as antibody-dependent cell cytotox-
ity (ADCC), complement activation, and phago-
cytosis, and also exert an effect on the half-life of
the antibody in serum.

Pioneering work by Porter® showed that rabbit
IgG could be digested into two fragments with a
molar ratio of 2:1 with the proteolytic enzyme
papain. One of the fragments, Fab, contained the
antigen binding site and the other fragment, Fc,
contained the majority of the determinants recog-
nized by antirabbit antisera. Others found that,
when digested with pepsin, 1gG divides into one
large fragment and several smaller fragments.
The larger fragment contains both of the antigen
binding regions of the parent IgG molecule and is
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Fig1. The basic structure of IgG as represented by mouse IgG1. The two V regions bind to specific antigenic determinants

and the C region interacts with the host immune system. Enzymatic digestion of the igG with pepsin cleaves off the Fc portion
of the molecule as pieces of Fc {pFc’} to leave one F(ab'), fragment. while similar digestion with papain splits the n le into
the Fc fragment and two Fab fragments. The F{ab'}, fragment can be further processed to a Fab’ fragment under mlld reducing

diti The d in fature for the light and heavy chain is shown on the left side of the figure. Intradomain and
interchain disuiphide bonding within the antibody and fragments are indicated by S-S and the free cyteines generated in the
Fab’ are shown as -SH. The stretch of amino acids between the C1 and C2 domains of the heavy chain are calied the hinge
region. The length of the section of the molecule and the number of interchain disulphide bonds are different in the various

human and mouse isotypes.

designated F(ab’),. The smaller fragments are
designated Fc pieces (pFc’). The F(ab’), frag-
ment can be further divided into Fab’ fragments.
A schematic representation of these fragments is
given in Fig 1. The Fab, F(ab’),, and Fab’ all
retain antigen binding capacity, but lack the Fc
portion of the Ig molecule. As these fragments
lack the effector functions of the parent molecule
and have very different clearance from the blood
pool than whole IgG when injected intravenously
(IV), they are desirable for certain medical
applications, particularly in the area of clinical
immunoscintigraphy.

BASIC HYBRIDOMA TECHNOLOGY

A generalized scheme for producing mouse
hybridoma cells is shown in Fig 2.° First, mice
are immunized with the antigen of interest,

usually with a limited immunization protocol.
After the immunization, B lymphocytes, which
have been committed to the production of anti-
bodies specific for the antigen, are recovered
from the spleen. These cells are then fused by the
use of polyethylene glycol with a mouse myeloma
cell line that lacks thymidine kinase activity. To
select the hybrid cells, the cell mixture is sus-
pended in hypoxanthine-aminopterin-thymidine
(HAT) selective media. The unfused B lympho-
cytes live for only a few days in culture, and the
unfused myeloma cells are killed by the medium.
The cells are then typically cloned by limiting
dilution, and the desired hybridoma cells selected
by immunoassay for the antibodies of interest.
The fused cells contain chromosomes from
both parents. With subsequent cell divisions,
additional chromosomes are lost, but the hybrid
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Fig 2. A basic scheme for the generation of hybrido-
mas. Fusion of antigen-stimulated splesn cells with my-
eloma celis results in hybridoma cells that can be selected
from the parent cells by cloning in HAT medium. Clones
producing Ig are further propagated and those producing
monocional antibody with the desired specificity and having
good celi-fine characteristics (stable, rapid growth, and
high fevels of Ig secration) are selected. Frozen cell stocks
are generated and can subsequently be propagated to
produce antibody in either mass cell cuiture or in mouse
ascites. (Adapted with permission.®)

cells eventually stabilize. To insure monoclonal-
ity and to allow additional time for the cells to
stabilize, the selected clones are usually recloned
twice. At this point, the selected cell lines can be
archived by standard mammalian cell cryopreser-
vation techniques.
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ADVANCED HYBRIDOMA TECHNOLOGY

Although mouse hybridoma technology cir-
cumvented many of the problems associated with
using conventional antisera for medical applica-
tions, mouse monoclonal antibodies have some
characteristics that may limit their usefulness as
biological pharmaceutical reagents. The single
largest issue is that mouse monoclonal anti-
bodies, especially whole IgGs, are immunogenic
in humans. This problem is being addressed from
two different approaches; human monoclonal
antibodies and chimeric monoclonal antibodies.

Human monoclonal antibodies can be gener-
ated by a procedure analogous to that used for
making mouse monoclonal antibodies. However,
two problems have impeded this approach. First,
human myeloma lines only rarely have been
established in culture. This lack of suitable
myeloma lines has encouraged the use of B
lymphoblastoid cell lines as fusion partners. Gen-
erally, these lymphoblastoid cell lines have good
growth characteristics, but because they origi-
nate from immature B cells, they or their hybri-
doma daughters rarely secrete more than 1
ug/mL of Ig into the culture medium. This is
only a few percent of what a typical mouse
hybridoma secretes. When mouse myeloma cells
are used as fusion partners, human-mouse hybri-
domas can be derived that secrete 15 to 20
ug/mL of Ig. Unfortunately, the human chromo-
somes may be lost during subsequent cell divi-
sions. Therefore, establishing a truly stable hu-
man-mouse hybridoma is extremely laborious.
Suitable fusion partners have been constructed
by fusing human and mouse myeloma cells that
have had drug-resistant plasmids integrated into
the human genome.® This allows for the forced
maintenance of some of the human chromosomes
in the hybrid cell. These fusion partners are
called heteromyelomas, and hybridomas derived
from these cells are called heterohybridomas.
This technology has yielded cell lines that are
stable and secrete levels of human Ig comparable
with the levels of mouse Ig secreted by mouse
hybridomas.’

The second problem in producing human
mongoclonal antibody-secreting cell lines deals
with the difficulty in obtaining suitably immu-
nized human B lymphocytes. It is generally
impossible to immunize humans with many of
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the antigens of interest, and where immunization
is possible, it is not clear that the B cells
circulating in the blood stream are optimal for
fusion. Peripheral blood lymphocytes have been
successfully employed for the generation of hy-
bridomas that secrete human monoclonal anti-
bodies. While it is neither a necessary nor suffi-
cient criterion for success, it has been our
experience that the spleen provides the best
source of lymphocytes.®

When suitable human B lymphocytes are
readily available, the human hybridoma or hu-
man heterohybridoma technologies appear to be
the most straightforward approach to generating
human monoclonal antibodies. However, when
such B lymphocytes are not available or when a
mouse monoclonal antibody of the desired speci-
ficity is already available, the chimeric mono-
clonal antibody approach is often the method of
choice.

In the chimeric antibody approach, a mouse
monoclonal antibody with the desired specificity
is generated by the standard techniques summa-
rized above.® DNA hybridization techniques are
then used to first isolate the gene for the heavy
and light chains of the Ig molecule and subse-
quently to isolate the portion of the gene that
codes for the V domain of each of the chains. The
V region gene fragments are ligated with the
appropriate human light-chain and heavy-chain
C region fragments. At this point, two chimeric
genes exist. The light-chain chimeric gene con-
tains the V region sequences from the original
mouse line and the C region sequences of human
origin (ie, approximately one-half human, one-
half mouse). The heavy-chain chimeric gene
contains the V region from the mouse heavy-
chain gene and contains the three or four heavy-
chain C domain sequences of human origin (IgG
has three C domains and IgM has four). Several
methods exist for introducing these hybrid chains
back into lymphoid cells. The two major methods
are calcium phosphate precipitation and proto-
plast fusion. In the later method, the genes are
each constructed into an Escherichia coli plas-
mid vector that also contains the appropriate
promotor sequences and dominant selectable
markers. Lysozyme is then used to remove the
bacterial cell walls from the E coli bearing the
plasmid of interest, and the resulting sphero-
plasts are fused with myeloma cells by means of

BOGARD ET AL

polyethylene glycol in a manner similar to fusing
cells to create hybridomas. After this protoplast
fusion, stable transfectomas have been isolated at
frequencies as high as 1:1000. An example of a
selectable marker is the phosphotransferase gene
designated neo. The product of this neo gene
inactivates the antibiotic G418, which at suffi-
cient concentration blocks protein synthesis in
eucaryotic cells. Thus, cells that have not success-
fully integrated the hybrid gene die in the pres-
ence of the antibiotic.

This technique has been used to create chi-
meric versions of several murine monoclonal
antibodies, including the 17-1A antibody specific
for gastrointestinal cancer.!® Preliminary data
demonstrate less immunogencity for the chi-
meric 17-1A IgG when compared with the mu-
rine version.!! This will be a good test case to
study the relative immunogencity of mouse v
chimeric antibodies in the clinical setting. As this
technology continues to develop, the chimeric
approach will probably become the method of
choice for making antibodies, especially when
whole antibodies or large antibody fragments are
used at high doses (>10 mg) or when they are
used multiple times for therapeutic applications.

LARGE-SCALE PRODUCTION OF MONOCLONAL
ANTIBODIES IN MICE

The standard method for producing quantities
of monoclonal antibodies has been by injection of
hybridoma cells into the peritoneal cavity of
histocompatible mice. Most mouse hybridoma
cells (generated from the fusion of mouse my-
eloma and mouse spleen cells) form ascites that
contains monoclonal antibody during their perito-
neal growth. The successful implantation of the
hybridoma cells, the volume of ascites that can be
harvested from the peritoneal cavity, and the
concentration of monoclonal antibody in the
ascites fluid are attributes of the specific cell line.
Although each cell line has distinct characteris-
tics relative to the yield of antibody per mouse,
routine procedures have been established that
accommodate this cell-line variation and facili-
tate a routine production operation.'?

When hybridoma cells are directly injected
into the peritoneal cavity of mice, ascites rarely
form. Usually, the cells do not grow or they form
solid tumors after ~15 days. However, studies
have shown that Pristane pretreatment, or prim-
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ing, of mice leads to the routine establishment of
antibody-containing ascites production in mice.
Pristane (2,6,10,14-tetramethylpentadecane), a
pure alkane derivative of mineral oil, serves as an
irritant that causes the influx of adherent cells
that establish a conditioned environment in the
peritoneal cavity. The hybridoma cells that are
later injected establish residence in this environ-
ment and presumably thrive on the soluble growth
factors secreted by the proliferating inflamma-
tory cells. Even under these conditions, every
mouse injected does not form ascites at the same
rate. Often the poor producers have large solid
masses of tumors, and the good producers have
diffuse colonies throughout the mesentery.

Since almost all murine hybridomas are de-
rived from the fusion of BALB/c myeloma and
spleen cells, BALB/c mice are used for histocom-
patibility purposes. Female mice are used be-
cause they are far less aggressive than males.
Although there is a broad range, a typical result
for a cell line is a yield of 3 to 5 mL of ascites with
a monoclonal antibody concentration of 3 to 5
mg/mL. The two most important parameters
influencing yield are the lag time between prim-
ing and cell inoculation and the inoculation size.
Too many cells may lead to a higher frequency of
solid tumor formation, and too few cells lead to a
lack of response. Often the characteristics of a
cell line can be improved by passage through
histocompatible mice via ascites. Viable cells
recovered from the mouse peritoneal cavity often
perform better upon reinjection into mice.

Ascites production in mice has been used
successfully to produce commercial pharmaceuti-
cal products. The raw materials used to produce
many in vitro diagnostic blood test kits are
manufactured in mice. In addition, ascites fre-
quently is used as the starting material for
producing pharmaceutical-grade antibody-based
products for clinical trials (ie, lots as large as 250
g). The first FDA approved monoclonal antibody
for therapy, OKT3, has been purified from as-
cites. In spite of these successes, the use of ascites
as starting material for producing pharmaceuti-
cal-grade products has several disadvantages
relative to large-scale suspension cell culture.
First, ascites contains low levels of extraneous
antibody from the mouse’s serum. Second, the
reproducibility and consistency of the process is
not easy to control. Third, there is no significant
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economy of scale (ie, more material means more
mice). Fourth, because the product is generated
from large numbers of mice, there is some
inherent risk of contamination by adventitious
agents from the rodents. Finally, although produc-
tion of human antibodies is possible in mice, it is
very difficult and expensive.®

In summary, ascites production has been the
standard method for obtaining smaller quantities
of monoclonal antibodies. However, when kilo-
gram quantities are desired, or when the in-
tended use of the product is in humans, large-
scale mammalian cell culture is the method of
choice because of cost and regulatory issues.

ANTIBODY PRODUCTION —FERMENTATION
PROCESS

Once a new hybridoma clone has been isolated
and the usefulness of the antibody product con-
firmed, the next most critical goal is to develop
and optimize a process to produce this antibody
in gram-kilogram quantities. Such a production
process should be economical and provide an
antibody product that is safe for human use. A
typical production process (Fig 3) involves three
major steps: (1) preparation and validation of
cell stocks to be used for production, (2) a
reproducible and efficient technique to propagate
cells from a vial to the final bioreactor (fer-
menter) at high cell density (>107/mL) and high
productivity (=100 mg/L), and (3) a technique
to recover the antibody product with minimum
contamination of cell debris and media compo-
nents.

Cell Stocks

Preparation and validation of cell stocks is the
starting point of each production batch. Because
a variety of microbial and viral adventitious
agents can be introduced during preparation of
cell stocks, careful testing and validation of cell
stocks is necessary to ensure consistency and
safety of the final product. Drug regulatory
agencies from various countries (including the
US) have published guidelines for testing and
validation of cell lines. Although these guidelines
are not all-inclusive and are subject to change,
they provide a good starting point. Several posi-
tion papers have been published that present
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Cells
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'
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perfusion of fermenter

Collection and storage
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{LECB)
Clarification and concentration

Sterilization and
storage of concentrates

strategies adopted by different biotechnology
companies for cell testing.'>'* The major valida-
tion criteria include cell identity and stability,
inherent characteristics, and presence or absence
of adventitious agents. Each cell line has to be
considered individually based on its origin, known
contaminants, and inherent characteristics of the
cell line. Complete testing of a cell line is time
consuming and costly. It also is absolutely neces-
sary if the antibody product is intended for
human use.

Production Processes

The second important step in a production
process is the propagation of cells from a cell
stock to production scale bioreactors and the
achievement of maximum antibody production
per unit volume of the medium used to cultivate
cells. An example of a propagation scheme is
shown in Fig 4. Three basic parameters in each
production process include: (1) medium composi-
tion and cost (high-serum, low-serum, or serum-
free), (2) type of bioreactor, and (3) mode of
operation (batch, draw and fill, or perfusion).
These parameters are by and large interdepen-

BOGARD ET AL

Preparation and storage
of medium

Fig 3. Flow diagram of a
typical fermentation process.

dent. Furthermore, these three parameters are
driven by the overall demand for an antibody
product. For example, if the total annual require-
ment does not exceed a few grams, a batch
process with small scale bioreactors and even
high-serum—containing media (~10%) can be
used to produce the antibody. In this case, the
efforts needed to optimize and economize a
production process are not justified. On the other
hand, if the annual demand exceeds kilogram
quantities, developing a serum-free, continuous
perfusion process with maximum volumetric pro-
duction (mg antibody/L of medium used) is
typically most cost-effective and required.
Medium cost. Mammalian cells (such as
hybridomas) require several growth factors for
growth and antibody production. Traditionally,
for in vitro cultivation of mammalian cells, serum
supplements (bovine, horse, porcine, etc.) have
been used as a source of such growth factors. The
preferred serum supplements are derived from
fetal calf. Due to excessive demands, the cost of
fetal calf serum has escalated to >$400/L.
Serum supplements introduce various contami
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Fig 4. Propagation of cells
from frozen cell stock to pro-
duction scale bioreactor.

500-2000L
fermenter
(if necessary)

nants, that need to be removed before the final
product can be used in humans.

Recently, various serum-free media have been
developed that are as efficacious in supporting
growth of a variety of hybridoma cell lines as
serum-containing media. Several serum-free me-
dia are available commercially. However, many
cell lines may need unique growth factors, and
hence custom-made media for individual cell
lines are necessary. When large volumes of
media are used (>10,000 L/year), the cost-
savings in using serum-free media (<$5/L) as
opposed to $25 to $50/L for media containing
5% to 10% fetal calf serum are substantial, and
the purification process becomes simplified. Pro-
duction costs of crude antibody in fermentation
using high amounts of fetal calf serum is compa-
rable with production costs in ascites. Hence, a
major thrust for most large-scale processes has
been in the direction of serum-free media.

Bioreactors. As a result of the increased use
of mammalian cells for the production of biologi-
cals, a plethora of production systems has ap-
peared on the market. Hybridoma cells can be
fixed in hollow fibers, collagen beads, alginate
beads, ceramic cartridges, etc., or grown in
suspension culture. The key to good productivity

spinner flask

10-100L.
fermenter

3-5L
spinner flask

in all systems is the supply of nutrients and
oxygen at high cell densities. Cell suspension
bioreactors are typically stirred tanks or airlift
fermenters. Basic differences in these systems are
based on the matrix used for cultivating cells and
the method for supplying nutrients (including
oxygen) to cells as well as removal of products/
byproducts from the matrix. The existing sys-
tems can be broadly divided into three categories:
(1) hollow fiber systems, (2) other matrix-based
systems (collagen beads, porous ceramic car-
tridges, etc.), and (3) systems that do not use any
matrix, ie, stirred-tank and fluidized bed sys-
tems. Several reviews have been published that
describe the advantages and disadvantages of the
various production systems.'>'® In general, the
use of such systems is driven by the demand for a
product. Most hollow-fiber systems (and the
ceramic cylinder system) are effective and useful
for low volume products (10 to 100 grams/year).
However, these systems are not readily amenable
to scale-up due to certain inherent limitations.
For multikilogram volume products, only stirred-
tank and airlift reactors are applicable, because
these systems can be readily scaled-up to >1000
L in size. Examples of intermediate and large-
scale fermenters are shown in Figs 5 and 6.
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Fig 5. Example of an intermediate-scale production
bioreactor used for mammalian cell culture. The reactor
used is shown on the left, and the controi panel is on the
right. This style of reactor can typically accommodate
volumes from 10-50 L and can be used directly for meno-
clonal antibody production purposes or can be used to
propagate large numbers of cells to inoculate larger
bioreactors. {Bioreactor courtesy of MBR-Sulzer Biotech
Systems, Wetzikon, Switzerland.)

Mode of operation. Thethird issue in produc-
tion systems is the mode of operation. Three
different techniques have been used in most
production systems: batch, draw and fill, and
continuous or semi-continuous perfusion. In a
batch mode, the culture is propagated up to a
desired scale, allowed to grow to a maximum cell
density, and then harvested to recover the prod-
uct. The next production batch is again started
with propagation of culture to a desired scale.
This mode offers the advantage of clearly segre-
gating production batches from each other since
each batch is derived from an individual culture.
However, this process is very labor- and cost-
intensive, because a large volume of cells must be
discarded at the end of each batch. In the draw
and fill mode, a portion of culture is harvested
when cell density reaches a maximum, and re-
maining cells are diluted with fresh medium to

BOGARD ET AL

Fig 6.
This reactor may be used for volumes of 250-1000 L.
{Bioreactor courtesy of MBR-Sulzer Biote Systems,
Woetzikon, Switzerland.)

Exampie of a large-scale production bioreactor.

initiate the next batch in the same reactor. This
mode of operation is most commonly used in
industry due to the ease of operation and fairly
clear segregation of production batches. Both
batch and semi-continuous processes can be used
with stirred-tank or fluidized bed bioreactors.
Hollow-fiber and other matrix-based systems
are generally operated with continuous or semi-
continuous perfusion of medium. In either case,
all or most of the cells (=85% to 95%) are
retained in the reactor. Fresh nutrients (me-
dium) are added to the cells, and products and
biproducts are removed continuously or at de-
fined intervals. A primary advantage of this
technique is that cells are never discarded and as
a result, the volumetric productivity (mg product/
L of reactor volume) is generally greater than
with stirred tanks or fluidized beds. Recently, a
variety of devices, such as spin-filters, vibro-
mixers, etc., have been introduced to employ
continuous. perfusion operations in stirred-tank
reactors. The result has been very encouraging
because of the scaleability of such reactors and
high productivity due to retention of cells (ie,
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PRODUCTION OF MONOCLONAL ANTIBODIES

high final cell densities (>107/mL) in the reac-
tor.

Regardless of the production system and mode
of operation, the growth and productivity of
hybridoma cells are greatly affected by the phys-
icochemical conditions (pH, temperature, dis-
solved oxygen, osmolarity) and by nutrient avail-
ability (carbon, nitrogen and energy nutrients,
growth factors, mitogens). Furthermore, the opti-
mal environmental and nutrient conditions vary
from cell line to cell line. Hence, once a produc-
tion system and mode of operation have been
selected, a substantial increase in antibody pro-
duction can be achieved by optimizing the operat-
ing conditions. Reviews have been published
describing the effects of changing various critical
parameters.!’1?

Recovery of the Product

The last major step in a production process is
recovery of the product from the culture broth.
Since all antibodies are secretory proteins, the
product has to be recovered from the culture
broth after the cell mass has been separated.
Removal of cells from the culture broth can be
achieved by various techniques, such as centrifu-
gation, cross-flow filtration, depth filters, and
dead-end filtration. Although centrifugation is
convenient for small volumes, filtration is the
method of choice at large scales (greater than
hundreds of liters). Recently, a combination of
centrifugation and filtration methods has been
introduced, which appears to be promising for
large scale operations. After removal of cells
(clarification step), the product has to be concen-
trated before it can be subjected to the final
purification steps. The most commonly used
technique for concentration is ultrafiltration
through an appropriate pore-size membrane, so
that the antibody is retained in a chamber, and
low molecular weight (mol wt) contaminants as
well as volume are discarded. Typical concentra-
tion steps yield a 10- to 20-fold concentration of
the antibody product. A variety of commercial
systems are available for concentration and clari-
fication processes. The clarified-concentrated
product is sterilized through 0.20 um to 0.45 um
filters and then used for final purification. Fur-
ther details concerning the downstream process-
ing steps are discussed in subsequent sections.
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LARGE-SCALE FERMENTATION OF
MONOCLONAL ANTIBODIES

Tremendous progress has been made during
the last decade in technology for in vitro produc-
tion of monoclonal antibodies. As a result, produc-
tivity levels have increased from 10 to 20 mg/L
to 100 to 500 mg/L (and in some isolated cases
>1,000 mg/L). A variety of production systems
as well as contract production facilities have
become available. Selection of a production pro-
cess is generally based on the annual demand for
a given antibody product. When demand is low
(10 to 100 g/year), matrix-based systems are
most appropriate. However, for multikilogram
quantities, scaleable production systems (stirred-
tank, fluidized bed) become necessary. One of
the major concerns remaining is the validation of
cell banks for identity, stability, and absence of
adventitious agents to ensure a consistent and
safe product throughout the scaled-up process. In
such regulatory issues, use of serum-free media
and in vitro production processes offer major
advantages over the traditional ascites-derived
products. An antibody product derived from in
vitro cultivation of cells should be safer than the
same product obtained by cultivation of cells in
mouse colonies, because of the potential for
unknown contaminants introduced during culti-
vation in ascites. Thus, it is highly likely that in
vitro cultivation processes as described in this
review will replace ascites-based processes for
production of monoclonal antibodies.

Bioreactors run in perfusion mode can be very
effective in the production of monoclonal anti-
bodies. Even a modestly sized bioreactor can
have a significant production capacity. For exam-
ple, a 1,000 L bioreactor perfused at 200 L/day
(0.2 fermentor volumes/day) with an antibody
titer of approximately 100 mg/L would produce
6 kg of crude antibody per month. Assuming a
20% purification yield, this would generate 1.2 kg
of pure antibody product per month. Based on a
typical unit dose of 0.5 mg to 20 mg for an
imaging product, this would correspond to be-
tween 60,000 and 2.4 million doses of the final
product per month. Typical ranges for equipment
and operating conditions for large-scale mono-
clonal antibody production are as follows: (1)
fermentor size = 50 to 4000 L tanks, (2)
perfusion rate = 0.5 to 2.5 fermenter volumes/
day, (3) antibody titers = 20 to 500 mg/L
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supernatant, and (4) recovery yield = 10% to
60% of initial content.

DOWNSTREAM PROCESSING

After development of the hybridomas and
subsequent production in either ascites or cell-
culture supernatant, the monoclonal antibodies
must be purified to an acceptable level in order
for them to be used as parenteral pharmaceutical
products. This area is usually referred to as
downstream processing.

The challenge lies in the fact that the mono-
clonal antibodies must be purified as much as
several hundredfold to purities of at least 98%.
Furthermore, it is sometimes necessary to reduce
DNA levels over a billionfold for high-dose
therapeutic products. Cell supernatant often con-
tains proteins from other species, such as bovine
serum, which makes the purification even more
crucial. Protein purification from heterogenous
mixtures is highly complex, especially on a large
scale. Although the scientific literature is replete
with reports on protein purification, few are
concerned with the stringent requirements for
the ultimate purity that is necessary for parent-
eral monoclonal antibody products.

The goal of downstream processing develop-
ment is to create an integrated process that
consistently produces a pharmaceutical product
conforming to regulatory standards of purity,
activity, and safety. In addition, the process must
be efficient and cost-effective. To achieve these
goals, downstream processing usually uses the
minimum number of steps necessary to meet the
purity constraints in order to effect better yields
and to reduce physical manipulation of the
monoclonal antibodies.

The downstream process must be viewed as an
integrated series of concentration and purifica-
tion processes and not simply as a series of
independent operations. A typical process for the
preparation of an antibody fragment conjugate
for immunoscintigraphy is shown in Fig 7. These
steps are chosen rationally and integrated in a
logical manner to produce the optimal overall
process. The basic methods of separation science
are well understood and will not be addressed
here in detail except to mention them as exam-
ples of processes that are commonly used in
downstream processing of monoclonal anti-
bodies.

BOGARD ET AL

Cell supernatant

{centrifugation,
ultrafiltration)

Clarify and concentrate

{affinity
chromatography,
precipitation)

Initial purification

Digestion {pepsin, papain)

{cation exchange,
anion exchange,
hydisphobic interaction
chromatography)

Further purification
{multiple steps)

Chelator linkage {DTPA, other chelators)

Final purification {gel filtration)

Formulation of {QC release)

final product

Fig 7. An example of the downstream process for the
production of a monoclonal antibody derived product for
diagnostic imaging. This process template is used to make
antibody fragments to which metal chelators are conju-
gated.

The basic contaminants to be removed in the
purification of monoclonal antibodies include
proteins, polynucleotides, endotoxin, and adventi-
tious agents. The first three categories of contam-
inants are usually addressed by the use of conven-
tional methods, such as controlled precipitation
and chromatography, including ion exchange,
affinity, hydrophobic, and gel filtration. The
removal or inactivation of adventitious agents,
such as viruses, may require special treatments of
pH or temperature extremes, the addition of
inactivating reagents, or ultrafiltration. This is
especially important with human hybridomas
with which there is concern for human retrovi-
ruses or DNA sequences. It is imperative that the
purification process remove or inactivate adventi-
tious agents. Of course, these treatments must
not adversely affect the activity and molecular
integrity of the monoclonal antibody being iso-
lated.

Initially it may appear that a generic process
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could be developed for the purification of mono-
clonal antibodies, since certain methods can be
routinely used to carry out specific purifications.
For instance, endotoxin can be removed effec-
tively from most monoclonal antibodies by the
use of anion-exchange chromatography. How-
ever, monoclonal antibodies must be considered
to have unique physicochemical characteristics
in the development of purification processes, as
wide variations in behavior will be demonstrated
from one monoclonal antibody to another. These
differences are manifested in, but not limited to,
mol wt, isoionic points, hydrophobicity, carbohy-
drate content, and antigen specificity.

The primary concern in the development of a
downstream process is the nature of the starting
supernatant. Changes in relative amounts and
concentrations of impurities and monoclonal an-
tibodies in the starting material will affect the
performance of subsequent purification steps.
For example, varying the amount of fetal calf
serum in the fermentation process may change
the downstream processing steps. Preparative
chromatographic processes are particularly sus-
ceptible to these changes, since they are usually
run at near-capacity conditions where protein-
protein interactions become as important as pro-
tein-matrix interactions.

Clarification

The initial step in the downstream processing
of a monoclonal antibody produced in cell super-

Fig 8. A typical chromato-
graphic unit used for late lab-
scale or early pilot-scale devel-
opment work. Depending on the
final anticipated production lot
size, this work is accomplished
on columns having volumes
from several hundred mL to
several L.
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natant is usually a clarification step to remove
the hybridoma cells and cell debris. This involves
a centrifugation or ultrafiltration step. After
clarification, the supernatant, which contains the
monoclonal antibody at concentrations of 10 to
100 pg/mL is usually concentrated 10- to 100-
fold in order to reduce the volume of supernatant
for further processing. These steps also have been
discussed earlier in the section dealing with
recovery of product.

Chromatography

Further purification is generally carried out by
chromatographic methods. This technique has
the advantages of being performed in a closed
system, being easy to control and automate,
providing relatively high resolution, and lending
itself to scale-up. A typical pilot-scale chromato-
graphic unit is shown in Fig 8. An initial chro-
matographic separation procedure is often an
affinity column, which provides concentration of
the monoclonal antibody as well as a high degree
of purification. Protein A-agarose chromatogra-
phy has proved successful for the initial purifica-
tion step for most IgG monoclonal antibodies.?’
This method, which uses the affinity of protein-A
for the Fc region of IgG from several species, is
an excellent method for purifying most mono-
clonal IgGs. Protein-A provides a high degree of
purification, relatively high capacity, and rela-
tively mild elution conditions for monoclonal
antibodies.
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Ion-exchange chromatography is among the
most effective of the purification processes.”
Depending on the relative adsorption and desorp-
tion isotherms of the monoclonal antibodies and
their contaminants, conditions such as pH, ionic
strength, counter ions, flow rates, and sample
load can be optimized to produce significant
purification of the monoclonal antibodies with
good yield. Both a cation exchange column and
an anion exchange column often are used to
effect an additive purification.

Another chromatographic method used for the
purification of monoclonal antibodies is hydropho-
bic interaction chromatography.?? This type of
chromatography separates on the basis of differ-
ences in hydrophobicity between proteins and is a
very effective separation technique. However,
one major drawback is that this method requires
rather high salt concentrations, which becomes
impractical for large scale operations.

Gel filtration chromatography is usually em-
ployed as the “polishing” step in the process and
is carried out at the end of purification since the
amount of product to be chromatographed at this
point has been reduced.? Gel filtration not only
provides good resolution of the contaminants and
imonoclonal antibodies on the basis of mol wt, but
can also be used as a buffer exchange step in
which the monoclonal antibody is put into the
buffer to be used for final formulation.

Fragmentation

The optimal monoclonal antibody product,
especially for radiopharmaceuticals, usually is a
fragment of the IgG, such as Fab or F(ab’),.
Fragments are chosen for one or a combination of
the following reasons. First, Fab and F(ab’),
fragments circumvent possible effects due to
biological effector functions on the Fc region of
the IgG molecule. Second, the fragments clear
from the circulation more rapidly than the whole
IgG molecule. Third, the smaller fragments are
able to penetrate target tissues more rapidly than
the IgG. Last, fragments have been shown to be
less immunogenic than whole IgG.

Fab and F(ab’), fragments are routinely pro-
duced by digesting the monoclonal antibodies
with the proteolytic enzymes papain and pepsin,
although other proteolytic enzymes may be used
if they produce the desired active fragment. The
digest is usually carried out on semipurified IgG
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that is far enough along in the purification
process to allow subsequent purification steps to
separate the desired fragment from other diges-
tion peptides and the proteolytic enzymes. The
use of a fragmentation step provides an added
benefit in the purification process since the con-
taminating proteins, are susceptible to pro-
teolytic degradation, are often degraded and
then subjected to further purification measures.
Extended proteolytic digestion also may inacti-
vate many types of retroviruses.

Scale-up

One of the most important considerations in
downstream processing is its scalability. The
process must be able to purify monoclonal anti-
body on a scale large enough to be economically
efficient, while maintaining optimal purification
and speed. In addition, particular attention must
be given to the comparability of laboratory and
manufacturing scales to be sure that the final
products are identical.

For most monoclonal antibody products, a
modest scale-up for downstream processing will
be adequate. This is especially true for imaging
monoclonal antibodies that are usually adminis-
tered in doses <1 mg. On the other hand, the dose
of some therapeutic monoclonal antibodies may
be >100 mg, which would require order of
magnitude increases in the scale of downstream
processing.

LABELING CHEMISTRY

The labeling of monoclonal antibodies with
radionuclides for imaging and therapy has re-
cently been reviewed®*? and are discussed else-
where in this issue of Seminars. Practical consid-
erations in the application of monoclonal
antibodies for imaging and radiotherapy include:
(1) suitability of the isotope for imaging or
radiotherapy; (2) availability of the radionuclide;
(3) labeling chemistry that meets the desirable
technical performance characteristics of stable
linkage to the antibody, clinically convenient
procedure, and favorable clearance properties;
and (4) cost of the radionuclide.

These criteria have established three radionu-
clides suitable for consideration as practical iso-
topes for imaging with monoclonal antibodies:
#mTc, 131, and ""'In. A comparison of the practi-
cal considerations for these isotopes is shown in
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Table 1. I is a halogen and presents unique
problems derived from its chemistry. The isotope
is provided commercially as iodide, and it must
then be covalently bound to the antibody. This
commonly requires a chemical activation step to
convert the iodide to an electrophilic species for
reaction with the antibody, or a conjugate to be
reacted with the antibody. If the reaction is not
quantitative, then a purification step is necessary
to remove unbound isotope. At this time, meth-
ods to overcome these barriers have not been
established in a validated, practical manner,
although some progress has been recently re-
ported in this area.? For this reason, the fact that
existing chemistry for the two metallic isotopes is
more facile, and because of the relatively high
cost of 12T compared with *™Tc, the use of '*I
for antibody imaging is not yet a practical choice.

MTn has been successfully used to label anti-
bodies and antibody fragments derivatized with
diethylenetriaminepentaacetic acid (DTPA). The
antibody or antibody fragment can be deriva-
tized with DTPA using a variety of activating
techniques.?”*° The chemistry to accomplish this
is straightforward and readily applied to large-
scale production. The basic principle of attaching
a chelating agent to an antibody for subsequent
111Tn Jabeling has been extended by using a
variety of new analogs.>'* This research has had
two purposes: (1) to develop more stable metal-
chelated antibodies and (2) to develop methods
of clearing radiolabel from, or reducing uptake
in, the kidney and liver. The goal of more stable
chelates appears to have been realized.>”*’ The
practical implications of this are being assessed,
but the major advantages may be realized more
for therapeutic applications. With regard to
liver and kidney clearance, there appears to be
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some improvement in liver clearance for some of
the newly reported analogs.?>**42 Other practical
barriers successfully overcome with the use of
My (1) include the control of trace metal
contamination®* and the need to stabilize 'In
(III) at the neutral pHs required for antibody
labeling.** However, there are still drawbacks in
terms of the radiation characteristics of '!'In
compared with *™Tc.

#nTc would be the isotope of choice for
imaging applications because of cost, availabil-
ity, and favorable radiation characteristics. The
primary drawbacks to its use have been in the
difficulty associated with the chemistry required
to label the antibody and, in cases where optimal
imaging is at >18 hours, its short half-life of six
hours. *™Tc¢ is available commercially from a
®Tc/*Mo generator in the form of aqueous
sodium [*™Tc]pertechnetate. Chemistry to con-
veniently label antibodies would therefore ideally
use ®™TcO," as the starting material. In order to
prepare *™Tc for binding to other entities, it
must be reduced. Reduction of pertechnetate in
solution leads to two potential contaminants,
pertechnetate from either incomplete reduction
or reoxidation and colloidal technetium, consid-
ered to be in the form of TcO, These two
components need to be controlled in an efficient
and convenient labeling process. In the ideal
method, these by-products are kept minimal in
order that no further purification of the resulting
product is required. Labeling of antibodies can
be by either direct or indirect methods. In the
past several years, major advances have been
made in providing fast, convenient chemistry to
label antibody fragments with *™Tc. For exam-
ple, methods developed in our laboratory allow
9mT¢ labeling of a Fab’ antibody fragment as a

Table 1. Comparison of Practical Considerations For Imaging isotopes

Characteristic 123 i BT
Physical half-life 13h 6h 67.5h
y-emission, keV (%) 159 (84) 140 (90) 142 (90)
247 (94)
Availability Cyclotron Generator Cyclotron
Linkage to antibody Covalent Chelate Chelate
instant kit No Yes Yes
Organ retention Thyroid Kidney, liver Kidney, liver
Relative cost High Low High
Other barriers Isotope contamination Labeling Trace metal contamination,

(1141' 125|' 126"

stabilization of '"'In (Il}) at labeling
pHs

chemistry
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single-vial lyophilized kit for thrombus imaging.
The product is labeled directly by reaction with
pertechnetate, labeling is completed within 30
minutes at room temperature, and the resulting
product requires no purification. An efficient
manufacturing process has been fully developed,
and production of multi-thousand vial lots has
been successfully completed.

The development of antibody products for
radioimmunotherapy is not as advanced as with
imaging. While in imaging the physical charac-
teristics of an isotope largely determine the
imaging performance, such is not the case in
therapy. There are substantially more consider-
ations involved in developing an efficacious radio-
immunotherapy reagent. Perhaps the best para-
digm for a radiotherapy agent is the use of Na
31T for treatment of thyroid cancer.*’ At present,
there is no radioimmunotherapy reagent that has
definitively been shown to be efficacious in hu-
mans.

Nevertheless, isotopes considered for this pur-
pose have included «-emitters, $-emitters, and
Auger electron emitters. The characteristics of
various therapeutic isotopes under consideration
have been recently reviewed.** Significant
barriers that need to be overcome for a radioim-
munotherapy reagent include the following: (1)
localization of sufficient radioisotope to produce
a desired effect (It is reported that the most
favorable uptake of antibody reagents to date is
in the range of 0.01% to 0.001% dose/g.*); (2)
clearance of the radioisotope from the body so as
to minimize destruction of healthy tissue; and (3)
in vivo stability of the antibody-metal chelate to
minimize free radioisotope being distributed to
non-target organs.

Only further research will determine the an-
swers to the above goals and whether they will
lead to reagents that produce meaningful and
desirable clinical outcomes.

QUALITY CONTROL TECHNIQUES

Quality control of monoclonal antibody prod-
ucts presents special challenges because (1) they
are large complex molecules not easily character-

ized by standard analytical techniques and (2)

they are produced by living cells, raising con-
cerns about residual impurities from the host.
cells or culture medium as well as contamination
of the product by adventitious agents such as
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latent murine or human retroviruses. To answer
these concerns, the manufacturer conducts exten-
sive testing at all stages of the production pro-
cess, starting with the hybridoma cell line and
ending with the final vialed product. At each
stage, all known and/or theoretical impurities
are tested for and methods for their removal
devised. The effectiveness of the purification
methods is tested by preparing multiple batches
of material and showing consistent removal of
impurities or by doing “spiking” experiments.
Spiking involves deliberate introduction of an
impurity and demonstration that it is effectively
removed by a given process step or steps. Last,
once the complete purification process is defined,
a series of batches known as “consistency lots” is
produced. These lots are extensively tested in the
laboratory and in humans, and they form the
basis for setting specifications for all future lots.

Quality-control testing is performed to iden-
tify the final product and determine its purity,
activity, stability, and safety. It is also performed
to characterize the cells and to monitor the
production and downstream processes. The com-
plexity of a quality control system for an individ-
ual antibody-based product is a function of the
size and complexity both of the manufacturing
process and of the product. For example, a Fab
fragment (Fig 1) with a mol wt of approximately
50,000 that is purified with a relatively simple
process and intended for human use at a single
low dose (<1 mg) may require a less complicated
testing package than an IgM molecule with a mol
wt of 900,000 that is purified with a relative
lengthy process and intended for human use at
multiple high doses (>100 milligrams).

The quality-control testing of biological prod-
ucts before the advent of biotechnology (ie,
immunoglobulins, vaccines, etc.) focused prima-
rily on safety issues and potency determinations.
The active ingredient was often only a small
component of the product that was isolated from
a tissue or blood source. Moreover, a relatively
limited number of analytical techniques were
available. Since the mid-1960s, new techniques
for performing bioanalytical testing have prolifer-
ated. These techniques include high pressure
liquid chromotography (HPLC), enzyme-linked
immunosorbent assays (ELISA), polyacryl-
amide gel electrophoresis (PAGE) with highly
sensitive direct staining and indirect immunoblot-
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ting procedures, DNA hybridization techniques,
gas chromatography/mass spectroscopy (GC/
mass spec), and flow cytometry.>*’

These techniques are used routinely in the
quality control of antibody products. The specific
tests needed for a given product will be deter-
mined by the unique characteristics of the anti-
body itself, the source of the crude antibody
(ascites v cell culture), the type and class of
antibody, and the biological properties of the
final product. In addition to these bioanalytical
methods, it is essential to test each lot of material
with assays directed at defining the product’s
biological potency. This may include highly spe-
cific immunoreactivity assays (ie, binding of
antibody to target antigen) or bioassays measur-
ing an expected effect of the antibody in living
systems, either using cell-based or in vivo animal
models.

In essence, the assurance of quality of a
monoclonal antibody product is accomplished by
defining the manufacturing process and identify-
ing all possible impurities and validating their
removal; by preparing multiple batches of the
product according to a set manufacturing scheme
and showing that the quality of the product is
consistent from batch to batch; and then by
following this validated process, without change,
for future batches.

REGULATORY CONSIDERATIONS

Monoclonal antibodies intended for in vivo use
are considered biological products and, in the
US, are regulated through the FDA Center for
Biologics Evaluation and Review. As is the case
for drug products, biological products must be
shown to be pure, potent, safe, and stable, and
the manufacturer must demonstrate control of
the manufacturing process by showing consis-
tency of the product from batch to batch. Both
the product and the manufacturing facility must
be licensed by the regulatory agency. In addition,
prior to distribution in the marketplace, each
batch of a biological product is released individu-
ally by the regulatory agency, often only after
testing of the product by the agency.

The Center for Biologics, through its Hy-
bridoma Committee, chaired by Dr Thomas
Hoffman, has issued guidelines to manufacturers
of monoclonal antibody products.®® These guide-
lines, entitled “Points to Consider in the Manu-
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facture and Testing of Monoclonal Antibody
Products for Human Use (1987),” provide guid-
ance in the following areas: (1) development and
characterization of hybridoma cell lines and
harvest of monoclonal antibody products, (2)
quality control and product testing, (3) preclini-
cal toxicity testing, (4) approaches to preclinical
testing for possible cross-reactivity, (5) special
considerations for monoclonal antibodies of hu-
man origin, and (6) additional considerations for
monoclonal antibodies coupled with other agents,
drugs, or radionuclides. These guidelines are
relevant both to manufacturers and physician
researchers desiring to use monoclonal anti-
bodies in humans.

The regulatory process for a new biologic
begins with the filing of an Investigational New
Drug (IND) application and continues post-
licensure for as long as the product is marketed.
An IND application is a request for approval to
use an investigational product in human clinical
studies. The application must include informa-
tion on the manufacturing facility, equipment,
and training of personnel making the product;
information on the product, including the manu-
facturing process used to prepare the product,
assays used to characterize the product, and the
results of these tests; results of preclinical tests
used to predict the safety of the material in
human and animal model experiments used to
predict its efficacy in humans; an overall clinical
plan for evaluating the product during the follow-
ing year; and the specific clinical protocol for the
initial investigation in humans. The clinical study
cannot be initiated until the FDA has reviewed
the IND application, usually a 30-day delay.
Although specific FDA approval is required only
in the case of the initial trial, the clinical protocol
and other regulatory documents for each subse-
quent study must be submitted to the FDA
before the study is initiated. Information on
assay results for each new batch of product must
also be submitted prior to its release for human
use. The FDA maintains the right to halt a study
at any time if they consider that there are
unreasonable or significant risks to humans or
that the investigational plan is clearly deficient
and unable to meet its stated objectives.

The clinical development plan is a systematic
series of studies designed to determine the safety
and effectiveness of the product.”® This series of
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studies is usually divided into phases known as
phase I, I1, and II1. Phase I studies are the initial
studies in humans. These studies are conducted
in small numbers of individuals and are designed
to evaluate the safety of the product; define its
pharmacokinetics, dosimetry, and biological ac-
tivity; and to define the safe dose and regimen for
phase II studies. Phase II studies are conducted
in the target population group(s) and are de-
signed to define the safety and activity of the
product, to define the optimum dose and regi-
men, and to define efficacy endpoints for the
phase III studies. Phase III studies are well-
controlled studies in a defined population group
designed to establish the efficacy, ie, clinical
benefit of the product.

The development of the manufacturing pro-
cess and product specifications usually parallel
the clinical development plan. The manufactur-
ing process used to produce phase I material is
often still under development and product specifi-
cation limits are tentative. By phase IlI, the
manufacturing process, including scale-up, is
finalized, lot-to-lot consistency is established,
and product specifications are finalized.

Once the manufacturing and clinical develop-
ment programs are complete and the characteris-
tics and use of the product defined, the manufac-
turer may apply to the FDA for licensure of the
product, ie, approval to sell the product. As
alluded to earlier, manufacturers of biological
products must file both a Product License Appli-
cation (PLA) and an Establishment License
Application (ELA). The PLA summarizes all
information relating to the manufacture and
analytical testing of the product, all data relating
to preclinical testing, and all clinical trial results.
The ELA summarizes data relating to the physi-
cal aspects of the manufacturing facility and
procedures used to control the manufacture of
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the product. Both applications must be approved
before a biological product is licensed in the US.
The regulatory process does not end when a
product is licensed. The manufacturer is obli-
gated to gather information on adverse experi-
ences and product failures for marketed products
and to inform the FDA of any change in the
product profile from that seen during the clinical
trials. All changes of product labeling must be
approved by the FDA prior to implementation.

CONCLUSION

Since the initial description of methods of
producing monoclonal antibodies 15 years ago,
great strides have been made in the science of
biotechnology. Monoclonal antibodies provide
virtually limitless opportunities for the develop-
ment of new radiopharmaceuticals and immuno-
therapeutic agents. Recombinant DNA technol-
ogy, coupled with bacterial and mammalian cell
culture, has made it possible to produce and
study in humans complex proteins such as alpha
interferon, tissue plasminogen activator, etc. With
hybridoma technology, each new antibody repre-
sents a potentially new biologically active phar-
maceutical. During the coming decade, it is
likely that these two arms of biotechnology will
be increasingly used together to generate unique
protein molecules. When combined with new
approaches in labeling chemistry, this should
provide the nuclear medicine physician with a
new array of biologically derived diagnostic and
therapeutic agents.

APPENDIX

This “Points to Consider . . . ’*® contains essential informa-
tion concerning the human use of monoclonal antibodies.
Copies can be obtained from the FDA at the following
address: Center for Biologics Evaluation and Research, Food
and Drug Administration, 8800 Rockville Pike, Bethesda,
MD 20892.
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