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Monoclonal antibodies

magic bullets or a shot in the dark

It has been 16 years since the first monoclonal antibody was approved for

therapy in acute transplant rejection. Now, with a further nine therapeutic

monoclonal antibodies approved for use and some |6 in phase lll trials or
beyond, are we still grappling with the same old issues or are magic bullets

finally hitting the mark?

ntibodies are a natural part of the human

immune system, capable of selectively

binding with high affinity to antigens,
mediating rapid neutralisation and clearance from
the circulation. These two key properties of anti-
bodies: their exquisite binding specificity and high
affinity for the target antigen, have rendered them
supremely attractive as therapeutics (Figure 1).
When Kohler and Milstein demonstrated that anti-
bodies could be cloned from mice immunised with
the antigen of interest, expectations for the poten-
tial of monoclonal antibodies as therapeutics
soared (Figure 2). The 1980s saw a proliferation of
companies founded to exploit monoclonal anti-
bodies and in 1986, OKT3 became the first mono-
clonal antibody to receive marketing approval for
the treatment of acute transplant rejection.

However, clinical results with antibodies failed to By Dr Fiona Adair
meet expectations and following a number of high

profile clinical trial failures, it was 1994 before the
next monoclonal antibody received approval.
While there were many factors that contributed
to these early clinical failures, one which stands out
is immunogenicity. Antibodies were typically of
murine origin and when these antibodies were
administered to patients, they rapidly elicited an
immune response, often causing adverse reactions,
ranging from mild allergies to extreme and often
fatal anaphylactic shock. Serum sickness could
result from the formation of antibody complexes
and local injection site reactions were common. The
therapeutic effect of the monoclonal antibody could
be eliminated, because anti-idiotype antibodies gen-
erated bound to and neutralised the therapeutic

Table |

Immunogenicity of chimaeric and humanised antibodies

ANTIBODY INDICATION

Chimaeric B72.3 Colorectal cancer

Humanised Campath-IH Rheumatoid arthritis

Humanised Zenapax Acute renal transplant
rejection
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IMMUNOGENICITY REFERENCE
62% (n = 56) of patients Khazaeli et al (1992)3
produced antibodies
63% (n = 40) of patients Weinblatt et al (1995)é
produced antibodies
15% (n = 208) patients Light (1997)7
produced antibodies FDA-CBER website
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Schematic representation of the
structure of an antibody
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Figure |
An antibody comprises two identical heavy chains in association with two identical light
chains arranged in a characteristic Y-shaped structure.The tips of the arms constitute the
variable region, which binds to antigen via hypervariable loops called complementarity
determining regions (CDRs). Biological effector functions such as antibody-dependent cell-
mediated cytotoxicity (ADCC) and binding to complement are the function of the Fc
portion of the antibody

antibody, thus promoting its rapid clearance from
the circulation and precluding re-administration.

From mouse to man: reducing
immunogenicity

Numerous techniques have been employed to
reduce/eliminate the immunogenicity of murine
antibodies and, in the main, these approaches have
sought to maximise the amount of human
sequence. Initially, the similarities in sequence and
structure between murine and human antibodies

were exploited to generate chimaeric (Figure 3b)
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and later, humanised antibodies (Figure 3c).
Humanisation involves the transfer of the CDRs
(complementarity determining regions) which are
primarily responsible for the unique characteristics
of an antibody, into a human framework. Thus
antibodies were generated in which only the CDRs
were of mouse origin.

There are a number of commercially successful
chimaeric and humanised antibodies, although
some exhibit significant immunogenicity (Table 1).

In an attempt to maximise the ‘human’ content
of the antibody still further, a number of tech-
niques were developed to generate ‘fully-human’
antibodies (Figure 3d). There have been three main
approaches to the generation of fully-human anti-
bodies: 1) screening of libraries of natural human
antibodies to identify those with the desired char-
acteristics such as employed by CAT plc; 2) screen-
ing of synthetic antibody libraries based on human
frameworks as used by MorphoSys AG; and 3) the
generation of transgenic mice by Medarex Inc and
Abgenix Inc where the murine antibody genes have
been replaced with genes encoding human anti-
body sequences. However, while each of these
approaches may claim to produce antibodies of
“100% human sequence’, each antibody will have
a unique sequence that determines its unique bind-
ing characteristics such that that exact sequence
may not even be present in any human.

Antibodies in mice and humans are encoded by a
range of genes specific for heavy and light variable
regions, constant regions and junction regions
which join the variable and constant domains.
Rearrangement of these genes results in a significant
repertoire of germline antibodies. However, such
germline antibodies lack specificity and high affini-
ty binding to antigen. High affinity antibodies, spe-
cific for a certain antigen are produced naturally in
a process known as affinity maturation. Prolonged
exposure of the immune system to antigen results in
the somatic mutation of the germline sequence
throughout the variable region. Somatically mutat-
ed antibodies with antigen specificity are clonally
expanded resulting in the expression of high levels
of the specific antibody in response to exposure to
the target antigen. This process can be reproduced
in vivo in the transgenic mice and can also be mim-
icked in vitro to improve human antibodies.

Does maximising human sequence
minimise immunogenicity?

But does ‘human’ mean non-immunogenic? The
answer to that is clearly no. Native human proteins
such as insulin, interferon and Factor VIII have
been used extensively in patients to treat a range of
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diseases and the potential of these proteins to
induce an immune response is well documented.
Even erythropoietin (EPO) has been associated
with several cases of immunogenicity leading to
red cell aplasia through the destruction of the very
cells producing endogenous EPO (Table 2).

That the human immune system can respond
with an immune response to the therapeutic
administration of native human proteins which are
of identical sequence and structure to those natu-
rally expressed, bodes ill for the naive assumption
that antibodies of ‘human’ origin and inherently
unique sequence should be non-immunogenic. As
no ‘fully-human’ antibodies are yet approved as
therapeutics, there is little available data on their
immunogenicity. However, clinical experience with
human proteins and the fact that even ‘fully
human’ antibodies contain unique sequences sug-
gests that immunogenicity will continue to be an
issue for these molecules.

Patent avoidance or good science
Since the excitement of the eighties, intellectual
property in the field of monoclonal antibody tech-
nology has been hard fought and complex. Some
issued patents dominate certain technologies in the
field, such as the humanisation patents held by
Protein Design Labs Inc (Queen), the chimeric anti-
body patents held by Genentech plc (Cabilly) and
the antibody expression patents held by Celltech
plc (Boss). Phage display is covered by numerous
patents and there is ongoing litigation, in particu-
lar between Morphosys and CAT, to determine
dominance and establish freedom to operate.
However, while there are a number of patents
which can be identified as being essential to the
generation of therapeutic antibodies, there is a
plethora of IP relating to alternatives. For example,
a number of companies are exploring the use of
alternative binding molecules which aim to mimic
the diverse binding characteristics of antibodies.
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Figure 2

Antibody-producing cells
isolated from the spleen of a
mouse immunised with the
antigen of interest are fused
with immortal myeloma cells.
The fusion product is an
immortal hybridoma which can
produce unlimited quantities
of monoclonal antibody
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Examples of this include the use of Protein A by
Affibody AB and lipocalins by Pieris ProteolLab
AG as alternative scaffolds which have been used

to generate libraries of binding molecules.

Alternative strategies to address
immunogenicity

PEGylation

PEGylation is method which has attempted to
eliminate immunogenicity in therapeutic pro-
teins by the covalently attachment of polyethyl-
ene glycol (PEG). PEG is a neutral, water-soluble

o

non-toxic polymer which can attached at specif-
ic residues in protein sequences. In aqueous
solution, the PEG molecule becomes heavily
hydrated and is a dynamic structure which
sweeps out its exclusion volume, thus resisting
the approach of other molecules. PEGylated pro-
teins exhibit an increase in half-life and reduced
toxicity which contribute to improved efficacy.
Enzon Inc has shown that PEG-Intron A
(PEGylated IFNa) can be administered weekly
instead of the three-times weekly doses of the
non-PEGylated form normally used. It has also
been suggested that PEGylation can reduce
immunogenicity by inhibiting antibody binding
and uptake by antigen presenting cells.
However, PEGylated Thrombopoietin (TPO) has
been found to induce the production of neutral-
ising antibodies in some patients and this has led
to the discontinuation of clinical trials involving

PEGylated-TPO in the US!.

Veneering

Veneering is an approach which has been devel-
oped to remove B cell epitopes specifically from
antibodies ie those regions on the surface of the
molecule which may stimulate an anti-antibody
response. While comprehensive removal of B cell
epitopes should theoretically eliminate immuno-
genicity, in practise it is almost impossible to
exhaustively identify all potential B cell epitopes.
The method of Padlan? works on the principle that
residues exposed on the antibody surface are most
likely to be antigenic and so the exposed murine
residues in the framework regions of antibodies are
replaced with those commonly found in a human
homologue. Thus, in effect, this approach contin-
ues the theme of maximising human sequence to
reduce immunogenicity.

T cell epitopes

Of the methods discussed so far, only veneering
looks at the theoretical elimination of immuno-
genicity by eliminating epitopes. Another analo-
gous approach is the removal of T cell epitopes to
eliminate immunogenicity.

In a normal immune response, a therapeutic
antibody or protein can be taken up by an antigen
presenting cell (APC) and proteolytically digested
to generate peptide fragments. Some of the pep-
tides can bind to major histocompatibility complex
(MHC) class II molecules and, in this form, can be
presented on the surface of the APC where they
can be recognised by naive T cells. Those peptides
which are recognised by the T cell receptor (TCR)
when bound to MHC class II resulting in prolifer-
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ation of T cells are referred to as ‘helper T cell epi-
topes’. Activation of helper T cells leads to the
secretion of cytokines and the differentiation of B
cells to antibody producing plasma cells. With
most protein antigens, such helper T cell epitopes
are essential to the stimulation of a mature anti-
body response (Figure 4). Removal of these epi-
topes from a therapeutic antibody or protein can
therefore eliminate immunogenicity.

T cell epitope identification and removal

In order for helper T cell epitopes to be
removed, they must first be identified. This is
potentially a huge task as the T cell receptor can
recognise an inestimable number of peptides.
One approach is to identify the peptides which
can bind to MHC class II as this is a pre-requi-
site for recognition by the TCR. A number of in
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silico methods have been developed to identify
those peptides within a protein sequence which
can bind MHC class II and include the use of
binding motifs, side-chain scanning, artificial
neural networks and molecular modelling.
However, only a small proportion of those pep-
tides which bind MHC class II will be recognised
by T cells and stimulate proliferation.

The diversity of TCR structures and a lack of
detailed knowledge on peptide recognition by
the TCR currently render a molecular modelling
approach to identify those peptides which can be
recognised by T cells unfeasible. However, in
vitro human T cell assays can be used to empir-
ically identify peptides which can stimulate T
cell proliferation.

Biovation has developed an approach to identify
and remove T cell epitopes within antibodies and

Table 2

Immunogenicity of Human Therapeutic Proteins

PROTEIN INDICATION

Insulin Insulin-dependent Diabetes

IMMUNOGENICITY

1.78% (n = 9) of non-diabetics

REFERENCE

Ho et al (19918

not previously exposed to insulin
produced antibodies to
semisynthetic insulin.

2.100% (n = 7) non-diabetics not

Davis et al (1992)°

previously exposed to insulin
produced antibodies to human

insulin.

Interferon Bl-a  Relapsing/remitting

24% (n = 560) patients receiving
22pg IFN Bl-a produced neutralising

Ebers et al (1998)!0

antibodies.

51% (n = 31) patients produced

Steis et al (1988)!!

antibodies which neutralised
recombinant IFN a in vitro.

(IFN B1-a) Multiple Sclerosis
IFN o Hairy Cell Leukaemia
IFN o Chronic Myeloid Leukaemia

Granulocyte-
macrophage
colony
stimulating

factor (GM-CSF)

Metastatic colorectal carcinoma
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37% of these patients showed
clinical resistance to treatment.

22% (n = 67) patients produced
neutralising antibodies, of whom

73% were unresponsive to treatment.
Of the 78% not producing antibodies,
only 21% were unresponsive to
treatment.

95% (n = 20) patients produced
GM-CSF binding antibodies.

47% of these individuals produced
antibodies which neutralised
biological activity of GM-CSF

o

Russo et al (1996)!2

Wadhwa et al (1999)!3

Therapeutics
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The importance of T cell epitopes in the generation
of a mature antibody response
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Figure 4

The administered humanised therapeutic antibody is taken up by an antigen presenting cell

(APC) and proteolytically digested (A). Some of the peptides (T cell epitopes) are expressed
on the surface of the APC in conjunction with the MHC class Il molecule and can be

recognised by the T cell receptor on a naive T cell (B).This activates the T cell (C), which

subsequently releases immune chemical messengers (cytokines) to drive B cell differentiation
into a plasma cell (D). Human anti-human antibodies (HAHA) directed against the
therapeutic antibody are secreted by the B cell

proteins. Delmmunisation ™, combines the i sili-
co prediction of peptides which can bind MHC
class II (Figure 5) using proprietary software called
Peptide Threading, with T cell assays to identify
peptides which can stimulate human T cell prolif-
eration. Peptides which can stimulate T cell prolif-
eration can then be modified, usually by single
amino acid substitutions to prevent binding to
MHC class II and therefore eliminate immuno-
genicity. Currently an antibody modified by
Delmmunisation™ is in phase I/II clinical trials

and has shown no immunogenicity3.

58

o

Other factors affecting immunogenicity
From clinical experience to date, most therapeutic
antibodies and proteins induce an immune
response only in a minority of patients, in some
cases a very small minority. Some antibodies such
as Simulect (a chimaeric antibody which is used in
transplant rejection) causes an immune response in
just 2% of patients and some recombinant human
proteins such as human growth hormone will
rarely, induce an immune response.

While a combination of B and T cell epitopes are
required for an immune response to develop, other
factors will also influence immunogenicity. For
example, a patient whose immune system is com-
promised either through co-therapy (eg co-admin-
istration of methotrexate with many treatments for
rheumatoid arthritis) or disease state (eg chronic
lymphocytic leukaemia) is less likely to mount an
immune response. The route of administration of a
biologic can also influence the manifestation of
immunogenicity, with subcutaneous administra-
tion being more likely to promote immunogenicity
than intra-venous. The dose and dosing regimen
can also influence the development of an immune
response and in some cases large doses can be used
to induce tolerance. Reduction in immunogenicity
by manipulation of dose and/or co-therapy is also
often based on clinical trial and error and, clearly,
biologics associated with little or no immunogenic-
ity are more attractive than clinical management of
immunogenicity.

Cost of immunogenicity

The costs of immunogenicity can be far-reaching.
In extreme circumstances, the immune response to
an initial dose of therapeutic antibody or protein
can result in a response so severe that re-adminis-
tration is precluded. Failure of this kind for a drug
during clinical trials can be catastrophic in terms of
time and cost.

Immunogenicity can also result in indirect costs,
as seen with the immunogenicity of factor VIIL
Haemophilia A is an X-linked inheritable disease
caused by reduced levels or the absence of coagu-
lation factor VIII. Haemophilia therapy which
requires administration of exogenous factor VIII,
causes the production of anti-factor VIII antibodies
in 30-40% of haemophilia A patients. Clinical
management involves artificial tolerance induction
by daily infusions of large doses of factor VIII over
months to years (immune tolerance induction or
ITI). Once tolerance is achieved it is usually life-
long but this is obviously an expensive way of
reducing the incidence of immunogenicity. The cost
of employing factor VIII to induce tolerance in a
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five-year-old haemophiliac is estimated at $1 mil-
lion*. However, there are emotional as well as
financial costs, as prolonged treatment of this
nature is potentially very distressing to a child.

The Future
Monoclonal antibodies are enjoying a resurgence
as therapeutics and are likely to continue to be
developed for diverse indications. In particular,
studies on the chronic use of monoclonal antibod-
ies for non-life threatening diseases are on the rise.
Competition is high for the billion dollar markets
such as rheumatoid arthritis where there are at
least 10 antibodies currently in various stages of
development. Not only will these antibodies com-
pete in terms of efficacy but also in safety, tolera-
bility and ease of patient compliance. A non-
immunogenic antibody which can be administered
subcutaneously every two or three weeks with no
injection site reaction or allergic reaction is likely
to dominate over one where immunogenicity dic-
tates IV administration on a weekly basis.

We have come a long way from the first murine
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therapeutic antibodies but there are still issues of
immunogenicity which need to be addressed before
antibodies really achieve their full potential. DDW

Dr Fiona Adair is currently Director of Business
Development for Biovation Ltd, a company she
joined in 1996 as Research Manager having come
from an academic research background. Dr Adair
has been responsible for establishing many new
business relationships with biotechnology and
pharmaceutical companies around the worldwide.

Figure 5: Computer-generated image of the MHC class Il binding groove in complex with a peptide
The MHC class Il DRBI*1501 molecule (ribbon structure showing B chain in purple and « chain in blue) is shown in
complex with o peptide (residues 85-98) from human myelin basic protein
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