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WHAT ARE MONOCLONAL ANTIBODIES?

 

Antibodies, or immunoglobulins, are a group of glycoproteins (Figure 4.1) produced
by B-lymphocytes in response to antigens. The antibodies bind to the antigens with
varying affinities through noncovalent associations and also interact with other ele-
ments of the immune system so as to neutralize, or eliminate, the bound antigens
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from the body. Antigen receptors on the surface of each B lymphocyte recognize only
one aspect (or epitope) of the antigen, although the total repertoire of antigens
recognized by the immune system is enormous. Lymphocytes recognizing any par-
ticular antigen, therefore, form only a small subset of the total number. However, if
a B lymphocyte recognizes and binds to an antigen, the cell is stimulated to proliferate,
generating a large number of progeny, each producing antibody of identical specificity
to the original surface receptor.

When antibodies are collected from the serum of an animal that has been exposed
to antigenic challenge, they generally consist of immunglobulins produced by a range
of B lymphocyte clones that have responded to different epitopes of the antigen along
with antibodies produced to undefined, irrelevant, and past antigenic challenges. Anti-
bodies produced in this way are referred to as polyclonal. They exhibit heterogeneity
with respect to a number of properties. These may include binding avidity, specificity,
and immunoglobulin class and isotype (genetically determined differences in the heavy
chain constant domains). Although polyclonal antibodies can be purified extensively to
limit the heterogeneity, this process can be time consuming, expensive, and unlikely to
result in a preparation of antibodies with identical properties derived from a single B
lymphocyte clone. Occasionally, subjects are identified with a B lymphocyte tumor, or
myeloma, a single clone that produces large quantities of antibody (up to 10% of the
total immunoglobulin). This can provide a highly enriched source of monoclonal immu-
noglobulin for the preparation of particular immunoglobulin classes or isotypes, but the
specificity is rarely of interest.

B lymphocytes producing antibody 

 

in vivo

 

 are terminally differentiated and have
a finite life span; therefore they cannot be readily cultured 

 

in vitro

 

. In 1975 Köhler

 

FIGURE 4.1

 

Basic antibody structure.
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and Milstein successfully used inactivated Sendai virus to fuse antibody-producing
B lymphocytes from a mouse spleen to a myeloma cell line from the same strain.
The resulting progeny combined the immortality of the myeloma with the secretion
of antibody. Antibody derived from such hybrid cell lines is referred to as monoclonal.
The antibody forms a homogeneous preparation with respect to affinity, specificity,
and chemical behavior. Additionally, under suitably controlled conditions, there is no
batch-to-batch variation such as occurs with serum collected from different animals
at different times.

The clonal derivation and uniform binding characteristics of monoclonal antibodies
(MABs) can permit discrimination between chemically similar antigens with much
greater specificity than that of polyclonal antisera raised to same immunogens. How-
ever, a MAB cannot discriminate between two antigens if the antibody is directed to
an epitope common to the antigens. Polyclonal antisera may be able to discriminate,
because they are responding to more than one of the epitopes and they are unlikely
to bind in exactly the same manner to the different antigens.

The degree of specificity of the MAB may also present other disadvantages in
assay development for some antigens. For instance, MABs to viral strains may be so
specific that they do not cross-react with other minor strains of the same virus. The
mixed response of polyclonal antibodies is likely to be directed to several antigenic
determinants, one or more being present on each strain.

One other property of polyclonal antibodies that can be advantageous with
respect to MABs is their potential for cooperatively binding to their respective
antigens and so stabilizing their overall binding and mutually enhancing their affin-
ities. Polyclonal antisera are also more likely to form precipitating complexes than
MABs owing to the greater opportunity for network formation between antibody
and antigen.

MABs exhibit two important advantages over polyclonal antisera; firstly, the
potential to select for precisely defined characteristics. Specificity is normally the
primary consideration; however, it is important to appreciate that MABs can also
be selected on the grounds of their affinity for the antigen. High-affinity antibodies
are required for the development of ultrasensitive assay systems or for use 

 

in vivo

 

to neutralize circulating toxins, hormones, or drugs. In some cases, it may be advan-
tageous to prepare antibodies of lower affinity. For purification purposes, a low-
affinity antibody will enable the antigen to be eluted with less extreme conditions
and thus avoid denaturation.

From a pharmaceutical perspective, the most important advantage of MABs over
their polyclonal equivalents is the potential to generate large quantities of antibody
under precisely controlled conditions.

 

APPLICATIONS OF MONOCLONAL ANTIBODIES

 

In the quarter of a century since Köhler and Milstein’s ground-breaking work, more
than 100,000 MABs have been reported. Many researchers were quick to recognize
the therapeutic potential of MABs and from the late 1970s academic and commercial
laboratories rushed to produce MABs specific for a range of human diseases. This
initial optimism was soon suppressed as clinical trials began to show that mouse
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immunoglobulins administered to patients were often neutralized by the patient’s
own immune system. Efficacy was transient, if seen at all, and the commercial boom
that financed many of the early developments evaporated. Many of the companies
involved in early developments folded or refocused. The idea of MABs was oversold
to the general public, the medical profession, and commercial and financial sectors.
The failure of the hype to be realized immediately resulted in a loss of confidence
and developments were set back several years because of lack of support. This
disappointment affected mainly pharmaceutical applications and work continued in
other areas.

Most MABs have been produced using mice, an established and relatively
inexpensive animal model. There are readily available myeloma cell lines and gen-
erally small amounts of immunogens are required. Not surprisingly, many early
efforts were in the field of human antibodies and over 200 human antibodies have
been developed since the first report of Olsson and Kaplan in 1980. As potential
substitutes for human antibodies, and as model systems for the development of
human fusions, primates have also received much attention and MABs have been
developed in chimpanzees, macaque monkeys, and baboons. Rat and hamster MABs
have been produced in the search for antibodies to endogenous murine antigens that
produce poor responses in mice. Rabbits, which are routinely used for the production
of polyclonal antisera, and guinea pigs, have proved difficult subjects for MAB
production. Limited success has been reported by the use of interspecific fusions,
although a rabbit plasmacytoma has recently been developed as a fusion partner.
MABs have also been successfully derived from cattle, sheep, pigs, goats, horses,
cats, dogs, and mink using interspecific fusions. This has generally been in the
continuation of work on polyclonal antibodies or investigations of particular appli-
cations requiring nonmurine antibodies. However, pig and sheep MABs have both
been suggested as candidates for human immunotherapy. Chicken MABs have been
produced by a number of Japanese groups following the development of a chicken
B lymphoblastoid line suitable for fusion.

Currently applications of MABs fall within four main areas: diagnosis, imag-
ing, therapy, and purification. The primary focus is on human health care, but there
have been many MABs generated for veterinary applications as well as nonmedical
applications, such as environmental monitoring, and industrial processes, such as
abzymes.

 

D

 

IAGNOSIS

 

Polyclonal antisera have been used in the diagnosis of disease since the end of the
19th century when bacterial antigens were used to test for pathogens such as typhoid
and syphilis. The development of quantitative precipitation assays using purified
antibodies in the 1930s, together with theories of antibody-antigen reactions, laid
the groundwork for the first simple immunoassay to measure single antigens. The
gel diffusion techniques of Oudin and Ouchterlony in the 1940s permitted the
analysis of antigens and antisera. At the same time Coombs described the use of red
cell agglutination as an indicator for a sensitive competitive immunoassay. Agglu-
tination techniques are still used in many diagnostic tests, often with latex particles
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instead of blood cells as the solid phase. In the early 1960s the first radiolabeled
immunoassays were reported, permitting analytical sensitivities in the pmol/liter
range and resulted in increased demands on antisera quality. The chemical coupling
of fluorogenic and enzyme labels to antibodies permitted the development of immu-
nocytochemistry to localize antigens within tissue sections. In liquid phase systems,
enzyme labels have been used in the generation of enzyme immunoassays, probably
the most widely used immunodiagnostic system currently in use. The combination
of cell sorting technology with labeled antibodies has produced a powerful analytical
and diagnostic technique, Fluorescence activated cell sorting (FACS) is extensively
used in analysis of blood cell composition, notably in the monitoring of immune
responses in diseases such as AIDS and cancer.

Monoclonal antibodies are particularly useful in diagnostic areas where speci-
ficity is the most important criterion, for example, in the measurement of circulating
steroid hormones or in discriminating between viral strains. They also permit anal-
ysis of disease phases, such as those associated with developmental stages of parasite
life cycles characterized by alteration in the expression of cell surface antigens. The
use of MABs in the analysis of cell surface antigens is also important in tissue typing
for transfusion or transplantation purposes. Here MABs allow extensive analysis of
the population and permit precise matching of the donor and the recipient. In both
clinical and veterinary fields, MABs have been developed for the diagnosis of preg-
nancy using rapid, simple, and direct assays. In cattle breeding, MABs are also used
in the sexing of embryos prior to implantation.

Perhaps the most important area clinically for MABs is in diagnosis, imaging,
and treatment of tumors based on changes in cell surface antigens. Monoclonal
antibodies to tumor-indicative markers are applied to biopsy specimens through
immunocytochemical methods, to blood samples with fluorescence activated cell
sorting, and to 

 

in vivo

 

 imaging using radiolabeling.

 

I

 

MAGING

 

Imaging is the use of specific, or semispecific, methods to identify and localize
disease. Imaging can be considered to be intermediate to diagnosis and therapy.
Antibodies, generally tagged with radioactive labels, are administered to the patient
and therefore must fulfill safety criteria. The purpose is to search for and localize
antigens, such as tumor markers, within the body, in order for treatment decisions
to be made. Imaging is often used in the assessment of metastatic spread of tumors
in cancer medicine. The first animal studies were performed in 1957 and demon-
strated that external scintigraphy could be used to locate tumors in an animal
following the administration of radiolabeled tumor-specific antisera. The first suc-
cessful human studies were performed in 1967 using iodinated rabbit antisera to
fibrinogen. Following the discovery of specific tumor-associated antigens, such as
CEA and AFP, and MABs, research has accelerated in this field.

Imaging antibodies need to meet a stringent set of criteria—they must be stable
during labeling and after administration. They must be of sufficiently high affinity
to localize in small tumors and accumulate. There must be no inappropriate cross-
reactivity 

 

in vivo

 

. The target antigen must be carefully defined as no antigens have
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yet been described which are entirely tumor specific and they may occur on other
tissues or at different times.

Radioactive labels are 

 

γ

 

-emitters selected on the basis of half-lives, the energies
emitted, decay products, ease of labeling, availability and expense. Iodine isotopes
121, 123, and 124, Indium 111, and Technetium 99 are the labels most widely used.
The short half-lives of these labels (hours to days) means that radioimaging reagents
are prepared immediately prior to treatment. Radioimaging of diseased tissue also
provides useful information on the design of therapies that localize radioisotopes or
toxins at tumor sites for therapy.

 

T

 

HERAPY

 

The use of specific and nonspecific antisera in human medicine is well established
and dates back to 1891 when Emil von Behring developed the first diphtheria anti-
toxin, but their use carries associated risks such as fluid overload and transmission
of disease. The potential for MABs as therapeutic agents was quickly recognized
and the first MAB was approved for therapeutic use in 1986 (Ortho Biotech’s OKT3,
a mouse MAB to CD3, for the reversal of transplant rejection). It became clear early
on that the presence of, or appearance of, human antimouse antibodies (HAMA) in
the patient, which neutralized subsequent treatments, often limited the efficacy of
mouse MABs. More recently, chimeric, deimmunized, or fully human MABs have
been developed.

At the time of writing 10 MABs have been approved by the FDA for therapeutic
application (see Table 4.1). At least 80 more are currently in development. 

MABs can be used directly to induce an inflammatory response to tumor cells,
or to block receptors; they can be conjugated with a cytotoxic or radioactive molecule
such as Iodine 131. By attaching liposomes containing cytotoxic drugs to single
chain antibody constructs, anticancer drugs can be delivered effectively to the cell
interior. Bi-specific MABs can be used to accumulate cytotoxic cells or molecules
at the target site. The ready access of MABs to cells in the general circulation has
resulted in many of the targets being hematological disease such as blood cancers.
The neutralization of circulating immune cells or clotting components has also been
achieved. Commercial and academic laboratories are developing antibodies to neu-
tralize particular classes of T cells to control diseases such as psoriasis, and to limit
tissue damage following cardiac arrest or stroke.

The treatment of solid tumors with such relatively large molecules as immuno-
globulins presents certain challenges. Tumor regression in response to immune sera
was first recorded in the 1950s and currently trastuzumab (Herceptin) and
rituximab (Rituxan) are used successfully in the treatment of solid tumors. The
antibody can act in several ways including the induction of apoptosis, the blocking
of growth factor receptors, induction of cell- or complement-mediated cytotoxicity,
or the blocking of angiogenesis. However, direct actions require the antibody to
penetrate the tumor mass. This may be facilitated by the use of antibody fragments,
but the combination of immunotherapy with surgery and radio- or chemotherapy
has been demonstrated to be the most effective approach. Other therapeutic uses of
MABs in both veterinary and clinical situations include the prevention of viral or
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TABLE 4.1
MAB Drugs Approved for Marketing, 2001

 MABs Antigen Type Target Disease Company FDA Approval

 

Orthoclone OKT3 CD3 Murine Acute transplant rejection Ortho Biotech/ Johnson & Johnson 1986
ReoPro GP IIb/IIIa Chimeric Blood clotting during surgery Centocor/Eli Lilly & Co. 1994
Rituxan CD20 Chimeric Non-Hodgkin’s lymphoma Biogen IDEC/Hoffman La-Roche/Genentech 1997
Zenapax Il-2 Receptor Humanized Acute transplant rejection Protein Design Labs/Roche 1997
Herceptin HER2 Humanized Breast cancer Genentech/Roche 1998
Remicade TNF Chimeric Rheumatoid arthritis and Crohn’s 

disease
Centocor/
Schering-Plough

1998

Simulect Il-2 Receptor Chimeric Acute transplant rejection Novartis 1998
Synagis RSV F Protein Humanized RSV infection MedImmune 1998
Mylotarg CD33 Humanized Acute myeloid leukemia Celltech/Wyeth-Ayerst 2000
Campath CD52 Humanized Chronic lymphocytic leukemia Millennium

 

 

 

Pharmaceuticals/Schering AG 2001
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bacterial infection by direct immunoneutralization (the blockading of viral entry by
preventing binding to receptors) or the stimulation of endogenous antibody responses
by using anti-idiotypic MABs to mimic the protective antigens of the infective agent.
MABs can also be used to remove a specific substance from the circulation, including
the acute elimination of venoms or toxins following, for example, snakebite. Acci-
dental or deliberate overdoses of drugs or poisons, such as paraquat, can also be
treated. In veterinary medicine, MABs have been used as contraceptives by removing
endogenous hormones from the circulation, and as fertility enhancers by eliminating
hormonal feedback during ovulation. MABs to steroids have also been tested for
their effect on eliminating hormone-related taints in pig meat prior to slaughter.

 

P

 

URIFICATION

 

 

 

AND

 

 O

 

THER

 

 A

 

PPLICATIONS

 

MABs provide highly selective agents for the affinity purification of antigens, allow-
ing the recovery of antigen from crude mixtures or removing particular contaminants
from a preparation. By using selected MABs for purification, it is possible to isolate
the original antigen although only crude preparations are available for immunization.
MABs have been proposed as possible reagents for industrial separations, for clean-
up of waste streams, and as components of consumer goods. The technology is
available for all these applications and the major obstacle to fulfillment is that of
inexpensive production techniques at an industrial scale. Plant-based production tech-
niques may offer the most realistic source of material, especially as glycosylation
and purity are likely to be much less critical than in the production of clinical material.

Alongside these areas, MABs also find extensive, and occasionally esoteric, uses
in basic research, especially in the investigation and analysis of the immune system
itself. For instance, MAB technology allows the preparation of large amounts of
homogenous antibodies of the different isotypes, previously only obtainable by the
extensive fractionation of serum proteins or by identification of suitable myelomas.
As it develops, MAB technology will allow the comparison and exploitation of the
immune systems of many different species. The application and elaboration of this
work has resulted in the MAB occupying a key position in the research, diagnosis,
prophylaxis, and treatment of a wide range of diseases, in both human and veterinary
medicine.

 

THE GENERATION OF MONOCLONAL ANTIBODIES

 

The production of all MABs follows the same basic pathway (Figure 4.2). Depending
on the antibody and the application question, it may not be necessary to proceed to
all stages of the pathway.

 

I

 

MMUNIZATION

 

The preparation of any MAB commences with the generation of lymphocytes sen-
sitized to the antigen of choice. Conventionally this is done by the immunization of
a mouse against the antigen followed by repeated booster injections until a suitable
serum response has been obtained. Optimal results are obtained if the immune
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response of the donor is allowed to wane to a constant low level between boosts.
The animal is then sacrificed and the spleen removed aseptically. Spleen cells are
relatively rich in B lymphocytes; these are collected from the disrupted organ prior
to fusion and separated as far as possible from the contaminating red blood cells,
platelets, and other tissue structures, by buoyant density centrifugation.

The immunization schedule used will vary with the antigen and the character-
istics of the antibody required. For a novel antigen, it is common to employ previ-
ously reported procedures successfully used with similar antigens and to adapt these

 

FIGURE 4.2

 

Monoclonal antibody production protocol.
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on the basis of results. The use of insufficient or excessive amounts of antigen can
lead to immune tolerance. Excessive immunization can also block lymphocyte anti-
gen receptors and produce immune paralysis. Overimmunization has also been
implicated in the production of relatively low avidity antisera by selecting for low
affinity B lymphocyte clones.

Apart from the spleen, other lymphoid tissues, such as tonsils and the mesenteric
or popliteal lymph nodes, can be used as a source of lymphocytes. In the preparation
of MABs of human or veterinary origins it is often not possible to obtain lymphoid
tissue, and there have been many reports of the successful use of lymphocytes
separated from peripheral blood. In some cases, for ethical or practical reasons, it is
not possible to immunize the lymphocyte donor, as when human MABs are required,
or acutely toxic antigens are used. Also, antigen is not always available in sufficient
quantities to perform a successful immunization 

 

in vivo

 

. In these circumstances, it
may be possible to perform the boosting stage or, indeed, the entire immunization
procedure on the lymphocytes 

 

in vitro

 

.
It is apparent that mice do not respond well to certain antigens, which may be

masked by immunodominant epitopes, and that certain therapeutic treatments require
specific effector functions not exhibited by mouse antibodies. In order to address
these issues, work began on developing human MABs for therapy. Initially, B lym-
phocytes were immortalized by infection with Epstein Barr virus (EBV), but the
secretion and stability of such lines is often poor, and attempts were made to improve
these features by fusing the transformed lines with mouse myeloma lines. EBV
transformation is specific for primate B cells, although the use of SV40 virus was
tried, unsuccessfully, with rabbit B cells. This approach, together with direct fusion
between human B lymphocytes and rodent myelomas has been successful in isolating
many lines secreting human MABs. In order to improve the relatively poor efficiency
of these processes, compared to mouse x mouse fusions, several groups have used
hybrid mouse x human or even mouse x primate fusion partners to replace rodent
myelomas. This approach has been used with a great deal of success in veterinary
species.

Although these approaches have provided methods of immortalizing suitable B
lymphocytes, the limitation of the system is in obtaining suitably sensitized lym-
phocytes. Because of ethical considerations, it is generally not possible to immunize
humans specifically, although lymphocytes can be collected from individuals who
have been exposed to the antigen of interest because of infection, vaccination, or
accident. Consequently, much effort has been expended, with limited success, on 

 

in
vitro

 

 immunization of lymphocytes. Standardized methods have not yet been devel-
oped and the majority of MABs derived are IgMs. Several commercial operations
are now focused on the use of transgenic mice in which mouse embryos are trans-
fected with human antibody genes. On subsequent immunization, human antibodies
are produced. Several human MABs produced with these techniques are currently
in clinical trials.

To circumvent some of the limitations of direct immunization, phage display
technology has been applied to the preparation of fully human MABs. Gene libraries
of cDNA from nonimmune or immunized donor B lymphocytes are expressed in
bacteriophages. The bacteriophages display functional antibody fragments and can
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be rapidly selected and isolated for subsequent engineering into human antibodies.
The resulting product is fully human, and several antibodies are under clinical
evaluation. The technology is now being used in other species.

 

M

 

YELOMAS

 

Antibody producing hybridomas can be generated either by transformation of the
cell line or by fusion of the sensitized B lymphocytes to plasmacytoma or myeloma
cell lines. After the fusion, the cell population consists of hybridomas together with
the unfused B cells and myeloma cells. The B cells die off rapidly; however, it is
necessary to introduce selective mechanism to separate myeloma cells from hybri-
doma cells. In order to do this, the myeloma lines used are selected for a deficiency
of hypoxanthine-guanine-phosphoribosyl transferase (HGPRT), a critical enzyme in
the salvage pathway for DNA synthesis. Selection for cells deficient in the enzyme
is effected by the addition of 8-azaguanine or 6-thioguanine to the culture medium.
These purines are converted through the salvage pathway to cytotoxic nucleotides
so that only mutants deficient in these pathways survive.

Fusion with the B cells compensates for this deficiency. When fused and unfused
cells are incubated in the presence of the folic acid antagonist aminopterin, the 

 

de
novo

 

 synthesis of purines and pyrimidines for DNA is blocked. Cells deficient in
HGPRT die, whereas hybrid cells are able to bypass aminopterin blockage by meta-
bolism of hypoxanthine and thymidine added to the medium. In the generation of
mouse hybridomas, an number of myelomas deficient in HGPRT are available, all
originating from MOPC 21, a spontaneous myeloma from the BALB/c mouse strain.

The first mouse myeloma used in the preparation of hybridomas was P3/X63/
Ag8 (X63) by Köhler and Milstein in 1975. This line secretes an endogenous IgG1
with kappa light chains, possibly resulting in the production of irrelevant or chimeric
antibodies by the resulting hybridomas. The myeloma X63 has been cloned, and
nonsecreting myelomas were selected. One of the resulting lines in common use is
P3/NS1/1.Ag4.1 (NS1), which produces, but does not secrete, kappa light chains.
There are also several commonly used lines that do not produce any endogenous
immunoglobulin components. These include P3/X63/Ag8.653 (653) and NS0/U,
SP2/0-Ag14 (SP2) and F0. Successful fusions have been reported with all these
lines, NS1 and SP2 perhaps being the most popular.

Rat plasmacytomas are available, derived from the ileocecal lymph nodes of the
LOU/C strain. The first rat-rat hybridoma was described by Galfré and coworkers
in 1979 using the aminopterin sensitive line R210Y3.Ag1.2.3 (Y3), which secretes
immunoglobulin light chains. Further nonproducing rat myelomas YB2/0 and IR983F
have since been derived.

A rabbit plasmacytoma line has been produced, after intensive studies of trans-
genic animals carrying c-myc and v-abl oncogenes, and has been used in the pro-
duction of rabbit x rabbit hybridomas. Several chicken MABs have been produced
using a thymidine kinase sensitized chicken B cell line established by 

 

in vivo

 

 trans-
formation using avian reticuloendotheliosis virus and subsequent treatment with the
chemical mutagen ethyl methylsulfonate. For other species the practical and ethical
obstacles to generating fusion partners in this way may be too great. More hope may
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lie in the isolation of suitable naturally occurring lymphoblastoid tumors for sensiti-
zation. Such lines have been reported in humans, horses, cattle, cats, and pigs.

Extensive efforts have been made to generate a suitable cell line for the production
of human hybridomas. Plasmacytomas are the most differentiated of lymphoid malig-
nancies and are some of the most difficult human cell lines to establish in continuous
culture. However, several plasmacytoma- or lymphoblastoid-derived lines of human
origin have been used in the preparation of human–human hybridomas. Olsson and
Kaplan first used a cell line of plasmacytoma origin, SK0-007, in 1980. The line still
secretes both heavy and light immunoglobulin chains. Lymphoblastoid cells are more
readily maintained in culture, but generally exhibit a lower rate of immunoglobulin
production than plasmacytomas. They are also infected with Epstein-Barr virus. The
more widely applied lymphoblastoid-derived lines include UC729-6, GM1500-6TG-
2, and LICR-LON-Hmy2.

Karpas and coworkers in 2001 reported the development of a fully human
myeloma cell line that was sensitized to hypoxanthine-aminopterin-thymidine (HAT)
and selected for tolerance to polyethylene glycol (PEG). This myeloma, Karpas 707,
secretes light chains, and has been used to derive fully human hybridomas. The line
has been successfully fused with a range of cell types, including EBV-transformed
B cells, and lymphocytes from tonsil tissue and peripheral blood. Although this
approach has the potential to produce human MABs in pathological conditions,
including autoimmunity and infection, as well as identifying specific and effective
tumor antigens, the practical and ethical issues of immunizing human subjects mean
that this line is unlikely to replace developments in humanization and 

 

in vitro

 

 antibody
technology.

 

C

 

ELL

 

 F

 

USION

 

In MAB technology, the objective of the fusion process is to produce hybrid cells
that incorporate the immortal characteristics of the myeloma cell with the antibody
secreting properties of the antigen-sensitized lymphocytes.

Spontaneous fusion of cultured cells occurs only rarely. However, the rate at
which it happens can be markedly increased by the addition of certain viruses or
chemical fusogens to the culture. Sendai virus, as used in early somatic cell fusions,
has a lipoprotein envelope similar in structure to the animal cell membrane. It has
been suggested that a glycoprotein in the envelope promotes cell fusion by an as
yet unexplained mechanism.

Of the chemical fusogens, by far the most widely used is PEG. PEG is available
with aggregate molecular weights of between 200 and 20,000. A wide range of
molecular weights, concentrations, and conditions has been successfully used to
induce cell fusion. PEG is toxic to cells at high concentrations, a property that is
more pronounced with the lower molecular weight polymers. The higher molecular
weight polymers tend towards greater viscosity and higher melting points. Most
cell fusions, therefore, use PEG with molecular weights of between 600 and 6000.
PEG is a highly hydrophilic molecule that acts by complexing water molecules in
the medium, removing the hydration shell from the cells and forcing them into
intimate contact. Cell membranes adhere because of hydrophobic interactions of
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membrane phospholipids and a small proportion of them break down and reform
so that multinucleate cells are formed. In most of these, the nuclei fuse to produce
hybrid cells containing chromosomes from both parental cells.

Because of the toxicity of PEG at high concentrations, it is necessary to balance
the exposure with the increase in fusion efficiency of longer durations. Most reported
methods use 1 or 2 minute incubation of the cells with a 50% solution of PEG in
the medium followed by a gradual dilution and washing of the cells in fresh medium.

There have been a number of reports of the use of electrofusion to produce
antibody-secreting hybridomas. Electrofusion is an elegant technique of great poten-
tial that has so far failed to find widespread application in MAB technology, probably
due to the comparatively high cost and complexity of determining optimal condi-
tions, relative to traditional PEG fusion. In this technique, low concentrations of
myeloma cells and sensitized lymphocytes are subjected to an alternating electric
field that induces dielectrophoresis in which cells become polarized and adhere,
positive to negative poles, in long chains attached to the electrodes. Fusion is induced
by a field pulse, a high voltage DC pulse lasting for microseconds, that causes
reversible breakdown of the area of membrane contact; a membrane pore develops
and cytoplasmic continuity occurs.

 

S

 

CREENING

 

 A

 

SSAYS

 

Any fusion will produce a high proportion of clones that do not secrete antibodies
of interest. Any cloning of cell cultures will also result in a proportion of previously
secreting lines ceasing production. Therefore, it is vital that there are suitable meth-
ods available to determine which cells are, and which are not, producing antibodies.
Inability to discriminate between the two will result in the nonsecreting lines over-
growing those carrying the metabolic burden of production.

Even a simple fusion can generate a very large number of clones. Without a rapid
and reliable screening assay, the level of work required to maintain and process lines
can quickly become excessive. The final application of the antibody is also important
in the selection of the screening method to be used. For example, if the MAB is to
be used as an assay reagent, then it is best screened in that system; if an immumno-
cytochemical reagent is required, then the antibody is best screened against the tissue
of interest. Careful thought should be given to the screening assay so as to eliminate
possible cross-reactants and formatting problems. For most purposes, the enzyme-
linked immunosorbent assay (ELISA) or dot-blot formats are convenient.

Assay of cell culture supernatants is best performed soon after fusion rather than
later when a large number of cells have been grown. Early identification of wells
containing secreting lines can allow early cloning and avoid the problem of over-
growth by nonsecretor lines. This requirement imposes a need for screening assays
that are as sensitive as possible.

 

C

 

LONING

 

The full potential of the monoclonal antibody technique can be realized only if the
cell culture producing the antibody is truly monoclonal, consisting solely of cells
derived from a single progenitor. Cloning is necessary in the postfusion stage of
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hybridoma generation and later in the existence of the cell line when nonsecreting
or class switch variants can arise. In the early postfusion stage, fused cells undergo
a random sorting and loss of chromosomes. It is necessary to isolate those viable
cells still containing functional genes coding for immunoglobulin synthesis. A sig-
nificant proportion (as much as 50%) of a hybridoma’s synthetic apparatus and a
corresponding proportion of its metabolic energy can be devoted to immunoglobulin
synthesis. Cells that lose the chromosomes responsible for antibody production
inevitably have a greater proportion of energy available for growth and division.
Consequently, nonsecreting lines may overgrow the desired hybridoma cells.

Two methods are commonly used to derive monoclonal populations from heter-
ogeneous cell mixtures. The first is cloning in soft agar. The heterogeneous population
is dispersed in warm, molten agar and poured into petri dishes. As the cells begin to
divide, individual colonies can be picked up and transferred to tissue culture plates
for expansion and screening. The second method, cloning by limiting dilution, is less
labor intensive and more widely used. A heterogeneous cell population is diluted and
aliquoted into 96-well tissue culture plates, generally in the presence of feeder cells
to provide the growth factors necessary at low cell densities, with the object of
including only a single hybridoma cell in each well. Obviously, even at the correct
dilution, some wells will contain no cells, while others will contain two, three, or
more cells. The cell distribution can be theoretically modeled according to the Poisson
distribution and this enables the probability of monoclonality in individual wells to
be defined during repetitive subclonings. Routine visual inspection of the distribution
and morphology of cell colonies in the tissue culture plates is likely to be of more
immediate practical assistance in deciding whether or not a culture is truly mono-
clonal. After plating, clones are allowed to grow from 7 to 10 days before visual
inspection for monoclonality and screening for the antibody of interest.

Cloning can also be performed using a FACS. Although a powerful technique,
it is available to only a limited number of laboratories because of the cost of the
equipment. Antigen coupled to a fluorescent marker is incubated with the cells. Cells
with surface immunoglobulins of relevant specificity can then be isolated and sorted
into individual tissue culture wells.

Although it may be apparent visually (soft agar) or statistically (limiting dilution)
that a particular antibody secreting colony is monoclonal, this must be verified
objectively by analysis of the antibody produced. No single method can demonstrate
monoclonality unequivocally. Uniformity of isotype, affinity, and target epitope can
indicate whether the antibody is monoclonal. Isolelectric focussing can be used to
demonstrate the homogeneity of an antibody preparation, although microheteroge-
neity in terms of glycosylation and deamination may result in multiple banding even
if the antibody is indeed monoclonal.

 

C

 

ELL

 

 L

 

INE

 

 C

 

HARACTERIZATION

 

Once a hybridoma has been cloned, it is necessary to characterize the line to
determine the conditions for optimal growth and secretion. Regular monitoring of
these parameters enables the detection of changes in the cells and their performance,
permitting rectification of any reversions that may occur.
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If a hybridoma is to be successfully exploited, it must be stable during freezing
and thawing to enable the line to be stored long term in liquid nitrogen. After
cryostability has been established, growth rate and antibody secretion rates can be
examined using defined media. Most murine hybridomas have a doubling time of
12 to 36 hours and secrete 5 to 100 

 

µ

 

g of antibody per ml of medium. Lines should
then be karyotyped to determine the chromosome complement; this is especially
important with interspecific hybridomas. If the hybridoma is to be grown on a large
scale, it is useful to optimize the medium composition and to determine the purifi-
cation profiles so that departures from the normal can be detected.

 

A

 

NTIBODY

 

 C

 

HARACTERIZATION

 

The final application of the antibody must be borne in mind when deciding the extent
of characterization. Initially, the antibody must be tested to establish whether binding
occurs with the immunogen, with and without any carrier molecules used in the
immunization. This test should be carried out with reference to the intended appli-
cation to control for bridge binding. For instance, a reagent intended for use in a
capture ELISA should be tested when coated onto the assay solid phase. If the
antibody is intended for 

 

in vivo

 

 immunoneutralization, it should be tested initially
in a liquid phase assay. If the final use is to be immunocytochemical, then the testing
should be conducted on tissue sections.

When the reactivity of the antibody with the antigen of choice has been estab-
lished, it should be checked for cross reactivity with potential interfering substances.
Again, this check should use, as far as is possible, the intended final format, since
specificity will often vary with different situations. For example, a high affinity
antibody to estradiol that cross reacts with other estrogens is best suited to immu-
noneutralization 

 

in vivo

 

, while a direct assay reagent requires low cross-reactivity
with other circulating steroids, but is less dependent on high affinity, since estradiol
levels are quite high.

Once the specificity of the antibody has been established, it can be further
characterized with respect to it isotype. This may be relevant to its application, but
is also important if class switch variants are to be detected.

The determination of antibody affinity (in M

 

-1

 

) is useful for comparison with
other reported antibodies. However, the important test of affinity is how well the
antibody performs. If more than one antibody has been prepared, a direct comparison
of antigen binding curves will indicate the most avid preparation.

 

GENETIC ENGINEERING

R

 

ECOMBINANT

 

 A

 

NTIBODIES
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UMANIZATION

 

 

 

AND

 

 D

 

EIMMUNIZATION

 

A detailed discussion of genetic engineering techniques is beyond the scope of this
chapter; however, genetic manipulation has been used to modify the characteristics of
traditionally isolated MABs and to isolate novel binding moieties, or to combine them
with new effector functions.
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The HAMA response of patients to murine MABs is primarily a reaction to the
Fc component of the antibody. Early protein engineers fused murine exons coding
antibody Fv with human Fc exons to generate chimeric genes. The resulting chimeric
MABs preserve the binding characteristics of the mouse antibody but have the
effector functions of the human antibody and a reduced potential for antiglobulin
reaction. This technique is now well established and several chimeric MABs have
been approved by the FDA for sale (see Table 4.1). This approach can be taken
further to produce “humanized” MABs by grafting the CDRs of the murine MAB
onto a human antibody framework (Figure 4.3). A number of humanized MABs are
currently available or in clinical trials.

Where antigens are poorly immunogenic or toxic a technique known as phage
display is of particular use (Figure 4.4). This procedure relies upon the fact that the
lymphocyte pool of any individual contains an enormous library of genetic material
with the potential to produce over 10

 

12

 

 different antibody sequences. The lymphocyte
pool can be prepared from randomly selected donors, which will tend to produce a
naïve repertoire of IgM antibodies, or from donors with particular diseases or
histories of antigen exposure, which will generate IgG libraries. The libraries are
produced using PCR amplification of B cell DNA. Alternatively, libraries can be
generated 

 

in vitro

 

 using “randomized wobble” primers; this provides the equivalent
somatic hypermutation during the immune response and may produce antibody
specificities or affinities that would not occur 

 

in vivo

 

. To screen the libraries for
antibodies of interest the DNA is transfected into bacteria. Following infection with
bacteriophages the cell produces many new filamentous phages, each expressing

 

FIGURE 4.3

 

Antibody types.
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different antibody fragments. By screening against solid phase antigen, bacterio-
phages carrying the genes of interest can be isolated and produced in bacterial culture
or inserted into mammalian cells for expansion.

 

A

 

NTIBODY

 

 F

 

RAGMENTS

 

 

 

AND

 

 C

 

ONSTRUCTS

 

In nature, mammalian antibodies occur in five distinct classes: IgG, IgA, IgM, IgD,
and IgE. These differ in structure, size, amino acid composition, charge, and carbo-
hydrate components. The basic structure of each of the classes of immunoglobulins
consists of two identical polypeptide chains linked by disulfide bonds to two identical
heavy chains. Differences between classes and subclasses are determined by the
makeup of the respective heavy chains. IgG is the major serum immunoglobulin and
occurs as a single molecule; IgA also occurs as a single molecule but also polymer-
izes, primarily as a dimer and also associates with a separate protein when secreted.
IgM occurs in the serum as a pentamer, with monomers linked by disulfide bonds
and the inclusion of an additional polypeptide component, the J-chain. IgD and IgE
occur primarily as membrane-bound monomers on B-cells, or basophils and mast
cells, respectively.

 

FIGURE 4.4
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Each Y-shaped monomer consists of two identical antigen binding sites located
on the short arms, and a constant region including a hinge region and variable
amounts of carbohydrate residues. Experiments with enzymatic digests revealed that
monomers can be digested to separate components with binding characteristics of
the intact molecule but without the effector functions (Figure 4.5). The use of pepsin
cleaves the immunoglobulin molecule beneath the disulphide hinge region and
generates a divalent F(ab)

 

2

 

 fragment. If papain is used proteolysis produces two
identical monovalent Fab fragments. Fab fragments are often used in immunoassay
in order to reduce background from nonspecific adsorbtion of the constant regions.
They are also used in therapeutic applications where interaction of the intact antibody
with cell-bound Fc receptors would neutralize the desired effect or localize targeted
antibodies away from the desired location. Labeled Fab fragments are also smaller,
by a factor of 3 or more, than intact antibodies and can therefore be more readily
distributed through tissues—an advantage in therapy and imaging as well as immu-
nocytochemistry. 

Recombinant technology can be used to produce novel antibody constructs. The
potential to produce antibody fragments consisting only of variable regions, or in
extreme case of single chain constructs on which the hypervariable regions are
assembled has been explored. Protein engineering can also be used to produce

 

FIGURE 4.5

 

Enzyme cleavage of antibody structure.
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constructs of binding moieties linked with novel effector regions such as markers
or toxins or to produce reagents with multiple specificities. By replacing the constant
region of the engineered antibody with one or more peptides which bind to particular
effector ligands the action of the antibody

 

 in vivo

 

 can be precisely controlled. By
inserting T-cell epitopes into the constant region antibodies can be targeted to
particular antigen presenting cells and used in vaccination applications.

 

T

 

RANSGENIC

 

 M

 

ICE

 

One successful approach to circumventing the ethical issues of immunizing humans
with a range of antigens while avoiding the incompatibility of murine antibodies with
patients has been the development of transgenic mice carrying human genes for
immunoglobulins. Companies using this technology include Medarex, Inc. (Princeton,
NJ), Abgenix, Inc. (Fremont, CA), and XTL Biopharmaceuticals (Rehovat, Israel).
Mice immunized with a range of immunogens respond by producing human immu-
noglobulins that can then be immortalized using standard murine techniques.

 

PRODUCTION METHODS

 

IN VIVO PRODUCTION

It is possible to produce antibody from an established hybridoma line by propagating
the cells in the peritonea of mice or rats. The injection of mineral oil such as pristane
(tetramethylpentadecane) into the peritoneal cavity makes rodents susceptible to the
development of plasmacytomas. If hybridoma cells are injected into pristane-primed
rodents of the same strain as the myeloma (generally BALB/c mice), the cell line
proliferates and the secreted antibody accumulates in the ascitic fluid. Ten to 50 mL
of fluid can be collected containing up to several mg/mL of antibody. This technique
has been widely used in research applications and, in some countries, in commercial
production. There are, however, ethical and legal, as well as practical, problems with
the continued use of ascites. The inherent variability of the animals can also result in
some lack of consistency; some lines produce solid, rather than diffuse, tumors, and
some produce none at all or kill the host. The poorly defined and highly variable nature
of ascitic fluid also makes subsequent purification of the antibody difficult. Contami-
nants can include irrelevant mouse antibodies as well as damaging proteases and
nucleases. Monoclonal antibodies produced in this way are generally considered to be
unsuitable for therapeutic applications because of the possibility of viral contamination.
Increasing restrictions on the use of animals in biological research, allied with the real
alternative of in vitro production for MABs, have already resulted in restrictions on
the use of ascites in Europe and this is certain to happen elsewhere before long.

MAMMALIAN CELL CULTURE

Most MABs are produced initially in cell culture dishes and flasks in generalized
mammalian cell culture media, such as Dulbecco’s MEM or RPMI 1640, supple-
mented with serum to provide critical growth factors. Cultures are carried out in
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batches and are not mixed. Several different approaches have been used to increase
production to allow evaluation and eventually production of suitable MABs. “Static”
cultures can be expanded using multiple flasks or tray systems such as Nunc’s “Cell
Factory.” Advantages include simple extrapolation of conditions defined in early
flask cultures, disadvantages include the cost of disposable items, incubator space,
and the manipulation of large volumes of media.

Hybridoma cells are generally anchorage independent and so can be grown in
suspension culture. Mixing the cultures improves gas and nutrient exchange and
greater cell densities and product yields can be achieved compared with static
cultures. Culture volumes of up to 50,000 liters can be achieved in a single vessel.
Mixing can be accomplished with paddles or stirrers or by airlift devices. All have
the potential to damage cells with shear forces or frothing. Media costs at these
scales are very important and the protective and nutrient nature of added serum has
to be offset against the cost, availability of suitable quantities and quality, and
frothing. Serum-free media formulations are available but costs are also high. Sus-
pension culture of mammalian cells for commercial production also suffers from
high capital costs and the batch sizes mean that any contamination event can be
hugely expensive.

Static and suspension systems are generally operated on a batch basis. Cells
can also be grown in perfusion systems that can operate on a continuous or semi-
continuous basis. Cells are immobilized on a matrix or within a semipermeable
membrane and media is continuously circulated over the cells. When the cells
are retained behind a semipermeable membrane, generally with a molecular
weight cutoff of about 10,000 Daltons, the serum can be retained on the cell side
of the membrane while the antibody, and any waste products cross into the
circulating media and can be removed without disturbing the cells. Cell densities
approaching those found in tissues can be achieved using these methods. There
are savings in media supplements as well as downstream costs. Validation of the
process is critical to ensure that changes do not occur in the product as the cell
population ages.

Mammalian cell culture uses well understood technology and the patterns of
glycosylation and assembly of the antibody is likely to be preserved during produc-
tion. The limitations to the process and the long culture periods limit scale-up to
about 500 kg/year for any product. There are currently only ten large-scale plants
in operation with the capacity to produce industrial quantities of MABs to FDA-
certified standards. A bottleneck in production capacity has been identified for some
years but the capital investment necessary to build the 25 or so plants required to
service the 100 MABs estimated to be approved within the next 10 years has not
been forthcoming. Cost-effective alternatives to traditional cell culture such as the
use of transgenic animals may fill the gap. Transgenic approaches, such as the harvest
of MABs from milk, promise costs of less than a third of culture methods with
reduced capital costs. The major hurdle is the demonstration of bioequivalence and
purity comparable to MABs generated from mammalian cell culture. Until the first
products using these new technologies have been approved by the FDA many
companies are unwilling to commit their candidate therapies and would rather
compete for the limited available bioreactor capacity.
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BACTERIAL CELL CULTURE

Bacterial culture is used for many commodity products and the technology is well
understood. Production of mammalian MABs from transfected bacterial hosts has
the potential for multitonne yields with high recovery. There are questions over the
glycosylation of the product as patterns resulting from changes to culture method
or medium can alter the properties of the antibody and jeopardize its regulatory
approval. This method may be best suited to production of antibody fragments, rather
than complete immunoglobulins. Since many anticancer MABs do not function fully
without Fc receptor binding and other effector functions, glycosylation is very
important. Increasing the expression of galactosyl transferase in CHO cells produc-
ing MABs has been shown to increase the degree of glycosylation 20-fold and could
enhance the efficiency of the antibody in mediating antibody-dependent cellular-
cytotoxicity.

TRANSGENIC ANIMALS

By incorporating the selected genetic material into animal embryos MABs can be
recovered from the milk of cattle and goats or from the eggs of chickens. Several
advantages have been claimed for chickens, glycosylation is similar to that in human
immunoglobulins, there have been no prion diseases identified in chickens, and the
species barrier between birds and humans may limit the potential for zoonotic infec-
tions. Glycosylation is correct and production costs are currently comparable with
mammalian cell culture although capital costs could be much lower and operational
costs may be as little as one-third. Expression levels of 2 to 6 g/L for immunoglobulins
in the milk of transgenic goats have been reported. Scale-up is achieved by increasing
the herd or flock size. Cloning techniques have been developed by the Roslin Institute
(Edinburgh, Scotland), PPL Therapeutics (Edinburgh, Scotland), and the University
of Tennessee for sheep, cows, and pigs. For MABs produced initially in cell culture
there must be an extensive phase of validation to demonstrate identity. Several com-
panies are manufacturing recombinant therapeutic proteins but no transgenically
produced material has yet been approved by the FDA.

Transgenic technologies may provide relief for capacity bottlenecks, especially for
products required in large quantities. For products required at more than 150 Kg/year
transgenic animals may provide the most efficient route. The biopharmaceutical
industry is generally cautious of committing to this route for MAB production until
it has been proven—a catch-22 situation. Major concerns include the contamination
with adventitious agents, viruses and prions; the demonstration of bioequivalence
and glycosylation and any postproduction modification; finally, the use of animals
may involve social and political acceptance and it is anticipated that that new
regulatory measures will be introduced.

TRANSGENIC PLANTS

Several companies have developed technologies to use plants for the production of
animal proteins. Tobacco and maize are the favored crops. Expression cassettes with
the required gene(s) and an associated marker are inserted and screened plants
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expressing suitable levels of the target protein are multiplied and grown up. The
estimated time from transfection to production may be a short as 10 months. Solvent
extraction and purification can yield up to 1 mg/gm plant material. Set up and harvest
costs are modest as standard agricultural methods are used. The absence of plant
pathogens able to cross to humans, together with the ease and speed of scale up make
this an attractive method for bulk production. Products requiring full mammalian-
pattern glycosylation may not be suitable candidates. Monsanto (St. Louis, MO),
through its Integrated Protein Technology unit is the first company to produce a
parenteral product for clinical trials from transgenic corn. Biolex (Pittsboro, NC)
has produced a number of “plantibodies” using transfected tobacco plants and have
examined their potential as topical antiviral agents. 

PHARMACEUTICAL, REGULATORY,
AND COMMERCIAL ASPECTS

PHARMACEUTICAL REGULATION

In the United States, FDA clearance is required before any therapeutic, imaging, or
diagnostic reagent can be marketed. The FDA, under the auspices of the Center for
Drug Evaluation and Research and the Center for Biologics Evaluation and Research,
have issued guidance for the producers of MABs. The rapid development of the
associated technologies means that it is very important to be able to justify all decisions
made in processing and purification. Special attention is paid to monitoring for viruses
and prions from supplementing sera as well as from the lymphocyte donor and orig-
inating cell lines. It is important to be aware of current FDA guidelines on exposure
of production cell lines and parental lines to bovine sera before commencing any
developments.
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