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ver 25 years have

elapsed since Kohler

and Milstein electri-

fied the immunolo-

gy community with
their article describing the reliable
preparation of monoclonal antibodies
(MADbs) by fusing immune splencytes
with immortalized myeloma cells.!
This discovery not only garnered the
pair of scientists a Nobel Prize, but also
led to the development of a technology
which has yielded a number of impor-
tant therapeutic, prophylactic, and
diagnostic products for in vivo human
use,and hundreds of in vitro diagnostic
products.  Some of these products
proved to be significant in meeting pre-
viously unmet medical needs,and a few
have been commercial successes. But
the path, from Kohler and Milstein’s
discovery to commercial products, was
discontinuous and a bit bumpy, and the
technology continues to evolve. In the
next few pages, I will attempt to briefly
review where we have been with MAb
technology, where we are,and where we

may be going.

In the five years following Kohler
and Milstein’s discovery in 1975, their
technology spread rapidly throughout
the academic and industrial world.
Early work made progress in overcom-
ing technical irritations, such as the
instability of some hybridomas, and in
taking steps to avoid adventitious
microbiological and virological con-
tamination. In vitro diagnostic appli-
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cations began to appear in the late
1970s, and by 1980, the first human
clinical trials began, especially in oncol-
ogy indications. In the early 1980s, the
results of many clinical trials indicated
that their therapeutic hypotheses were
unfounded. There was no clinical
response because the target antigen was
lost from the cell surface after the anti-
body was bound, the target cell popula-
tion exposed to MAb selected for cells
lacked the target antigen, or the target
antigen had no critical importance to
the disease in question. In modern parl-
ance, the targets of the immunotherapy
were not properly validated. In other
cases, patients responded immunologi-
cally with a human anti-mouse anti-
body (HAMA), which limited pharma-
cological half life, as well as efficacy.
The first therapeutic MAb product,
OrthoClone OKT3, was approved in
1986 for human use in the treatment of
organ transplant disorders. Despite a
high incidence of HAMA response,
which limited the treatment of patients,
this murine MAb was considered a
breakthrough product at the time,
because the effective treatment of trans-
plant rejection was a largely unmet
medical need. However, the technology
used to prepare the product was subop-

timal, employing laborious mouse
ascites production to prepare the MAD,
and a liquid formulation which had sta-
bility problems and limited shelflife. In
subsequent years, the potency and
shelflife of this formulation was
improved by using an inert gas overlay
prior to vial closure and thus limiting
exposure of the product to oxygen.
Currently, the use of animals to prepare
MAD products is discouraged for ethical,
as well as technological, considerations.

OrthoClone OKT3 also successfully
dealt with regulatory hurdles, being the
first U.S. licensed biological product
which was prepared in a continuous cell
line that was tumorigenic in rodents,
and which expressed endogenous retro-
virus(es). For the previous three
decades, the U.S. FDA was reluctant to
consider the approval of products of
continuous cell lines because of concern
that the product might transmit
tumorigenic agents from the cell sub-
strate to the recipient. In the period
from 1960 to 1985, technical advance-
ments provided significant new tools
that allowed the scientific basis of
tumorigenicity to be defined in labora-
tory terms, and for experiments to be
conducted which demonstrated that the
products were safe, even if the cell sub-

Table 1: Licensed MAb products3

Product Indication Technology | Launch
OrthoClone OKT3 Transplant rejection Murine 1985
Panorex Colorectal Cancer 1995
Antilfa Transplant rejection 1997
Zevalin Non-Hodgkin lymphoma 2002
MabThera/Rituxan Non-Hodgkin lymphoma Chimeric 1997
Simulect Transplant rejection 1998
Remicade Crohn’s disease, RA 1998
Zenapax Transplant rejection Humanized 1997
Synagis RSV disease 1998
Herceptin Breast Cancer 1998
Mylotarg AML 2000
Campath B cell CLL 2002
Humira RA Human 2002
ReoPro Anti-thrombotic FADb 1995
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strate was not. This effort to demon-
strate that MAbs, and contemporane-
ously developed recombinant DNA
(rDNA) products, were safe is reviewed
in detail elsewhere.2 Suffice it to say
that the product was deemed to be ade-
quately safe for its intended use, and
that the benefits outweighed the risks.

The HAMA response, while not a
fatal flaw for OrthoClone OKT3, proved
to be a substantial hurdle for other
MAbs, and by the late 1980s, most
investigators had given up on murine
MAbs for human use. A few more
murine antibody products came to
market, but they had limited use ( Table
1). The rise of rDNA technology in the
late 1970s, and its application to mam-
malian expression systems in the 1980s,
provided a potential solution to the
HAMA problem. The HAMA-inducing
murine constant region gene sequences
could be removed and then replaced
with human constant region sequences.
The first “chimeric” MAbs to employ
this technology were created in the late
1980s. In the early 1990s, chimerics
were quickly followed by humanized
MADbs,in which almost all of the murine
sequences, except those for the antigen-
binding complementarity-determining
regions (CDRs), were replaced with
consensus human sequences. Affinity
sometimes suffered, but empirical
methods were devised to restore it to
levels relatively similar to those seen
before humanization. In the mid-
1990s,rDNA tools,including phage dis-
play technology, became available to
create fully human MAbs with no
murine CDR sequences, as well as
transgenic mice which contained por-
tions of the human antibody genetic
repertory. In the mid-1990s, transgenic
animals and plants were also created as
production technology platforms, but
so far, they have not gained broad
acceptance.

While chimerization and humaniza-
tion largely overcame the HAMA prob-
lem, a few of the so-called “engineered”
MAbs still proved to stimulate substan-
tial HAMA levels. A number of the
engineered MAbs also generated low
levels of anti-idiotype antibodies
against the mouse CDRs, or anti-frame-
work antibodies against the human
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Figure 1. Wood Mackenzie's forecast for the MAb market>

sequences, but these did not usually
interfere with treatment. Most indus-
try watchers expect even fully human
MAbs to generate anti-idiotype anti-
body responses, but these are not
expected to interfere with treatment.
Table 1 shows the explosion of MAb
products which have come to market
in the past five years. Nine of these
products were directly enabled by the
use of rDNA techniques in the cre-
ation of MADbs. Furthermore, the
commercial success resulting from the
licensure of these products has revital-
ized the interest of the pharmaceutical
and investment communities in MAbs,
which had been largely dismissed as
therapeutic agents when HAMA prob-
lems seemed nearly insurmountable
with the murine MAbs .

Figure 1 shows the aggregate sales
performance of therapeutic MAbs
since 1995, plus one group’s projec-
tions for 25% annual growth over the
next few years.> These sales figures
indicate that MAbs accounted for
more than 1% of worldwide pharma-
ceutical sales in 2002, and they are
projected to approach 3% of sales by
2005.

With the recent launch of Humira,
the first fully human MADb, the present
day picture for MAbs is quite bright,
and certainly much brighter than the
outlook during the period of
1985-1995. The future also looks
quite good, but depends on growth of
existing products and the licensure of

many products that are still in devel-
opment or under regulatory review.
Most of the currently licensed
MADs are unmodified, but a few have
had specific changes to facilitate their
action. ReoPro is a FAb product, in
which the Fc region has been enzymat-
ically cleaved off. Several products are

conjugated to radioisotopes, such as
Zevalin, or to toxins, as with Mylotarg.
Oncology applications would seem to
especially benefit from enhancing the
killing potential of antibodies, and in
some envisaged applications, the anti-
body is mainly a specific delivery vehi-
cle for a lethal isotope or toxin. While
a number of these modifications have
been investigated, few have become
marketed products. This may indicate
that the technologies are a bit complex
to reduce to practice, or they may not
fully deliver the anticipated benefit. It
may also indicate that we do not
understand the mechanism of action
of some antibodies, and modified anti-
bodies, in their chosen indications as
fully as we might wish, and this lack of
understanding complicates product
development.

Pharmaceutical Research and
Manufacturers of America (PhRMA)
surveys in 2002 suggest that there are
about 1,000 medicines in develop-
ment, of which 371 were identified as
biotech products.# Of these, about 62

Table 2: Late stage investigational MAb productss'4

Product Indication Stage
Bexxar Non-Hodgkin’s lymphoma Filed
Xolair Asthma Filed
Raptiva Psoriasis Filed
Erbitux EGF-R positive cancers PhIll
Avastin VEGR positive cancers Phill
Pentumomab Ovarian cancer Phlll
Mitumomab Small cell lung cancer Phlil
Antegren Multiple sclerosis, Crohn’s disease Philll
Humicade Crohn’s disease Phlll
CDP870 Rheumatoid arthritis, Crohn’s disease Phlil
pexelizumab Coronary bypass Phlll
ABX-CBL Graft versus host disease PhIll
epratuzumab Non-Hodgkin’s lymphoma Phill
bevacizumab Several cancers Phlll
MADb 14.18 Neuroblastoma PhIll
CEAVac Several cancers Phlll

This table considers only new MAbs not yet licensed, and ignores new indications for
existing licensed products.
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are therapeutic MAbs. Table 2 shows
that 13 MAbs are in Phase III studies
and three are in regulatory review.
About 47 MAbs are identified as being
in early development, although this
may be an underestimate, given the
shortcomings of surveys. At face
value, these data suggest that MAbs are
about 15% of all biotech products and
6% of all drugs that are under devel-
opment. Clearly, there will likely be
additional MAb products submitted
for regulatory approval in the future.
Using history as a guide, one might
expect five or more licensed products
to come from the 47 early-develop-
ment candidates that are currently in
clinical trials.

Licensed MAbs, and those in late
development, are not randomly dis-
tributed among the therapeutic areas.
Oncology and immunology comprise
the major therapeutic areas, which
each have six MAb products.
Cardiology and infectious diseases
each have one product. Products that
are either awaiting approval or are in
Phase III trials show the same trend,
with eight intended for oncology,
seven for immunology, and one for
cardiovascular indications. MAbs in
early development show these same
trends, with about 30 oncology indica-
tions and 15 immunology indications
under study. This probably reflects the
seriousness of the diseases, as well as
the shortcomings of existing therapies
to generate unmet medical needs.

When looking at this brief history
of MAb development, it is very clear
that the technology is available to cre-
ate MAbs that are safe and effective,
and to make them available at prices
that are acceptable to payors. The
viral contamination problems experi-
enced with previous generations of
biological products (e.g. viral vaccines
and plasma derivatives), appear to
have been prevented by effective
process design, process validation,
appropriate testing, and other GMP
control measures. After treating mil-
lions of patients, no MAb or rDNA
cell culture product has ever been
shown to transmit a viral infection to
a recipient.

No MAb that was shown to be safe

and effective has resulted in a product
that could not be manufactured.
However, the growth of Remicade
sales had to be deferred for a few years
while Centocor built and received
approval for adequate manufacturing
capacity. It is also widely held that
there will be a shortage of mammalian
cell product manufacturing capacity
for the foreseeable future.”> This
shortage has resulted over the last five
years from the approval of a number
of major cell culture products, and
reflects the fact that the really large
plants require hundreds of millions of
dollars in capital, and they typically
take four to five years to design, build,
commission, validate, and obtain reg-
ulatory approval. In addition to
MAbs, products such as Enbrel con-
sumed nearly all of the available
worldwide capacity.

With 12 MAbs in Phase III trials,
and three in regulatory review, the
pressure for more capacity continues
to build. In summary, the future of
therapeutic MAb products is likely to
be bright, but there is uncertainty
whether the manufacturing capacity
will be available to keep up with
demand. Still, it is much more
rewarding to manage the problems
associated with the 21st century suc-
cesses, than it was to struggle with fail-
ures that MADb therapies experienced
in the 1980s.
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