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BY ANTHONY S. LUBINIECKI

O
ver 25 ye a rs have

elapsed since Kohler

and Milstein electri-

fied the immunolo-

gy community with

t h eir arti cle de s c ri bing the rel i a bl e

preparation of monoclonal antibodies

(MAbs) by fusing immune splencytes

with immort a l i zed myel oma cell s .1

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 thera peuti c , prophyl acti c , a n d

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 ac ademic and indu s trial worl d .
Early work made progress in overcom-
ing technical irritations, such as the
instability of some hybridomas, and in
taking steps to avoid adven ti ti o u s
m i c robi o l ogical and vi ro l ogical con-
tamination. In vitro diagnostic appli-
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c a ti ons 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
u n fo u n ded . Th ere was no cl i n i c a l
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,
O rt h o Cl one OKT3, was approved in
1986 for human use in the treatment of
organ transplant disorders. Despite a
h i gh inciden ce of HAMA re s pon s e ,
which limited the treatment of patients,
this mu rine MAb was con s i dered a
bre a k t h ro u gh produ ct at the ti m e ,
because the effective treatment of trans-
plant rej ecti on was a largely unmet
medical need. However, the technology
used to prepare the product was subop-

ti m a l , em p l oying laborious mouse
ascites production to prepare the MAb,
and a liquid formulation which had sta-
bility problems and limited shelflife. In
su b s equ ent ye a rs , the po tency and
s h el f l i fe of this formu l a ti on was
improved by using an inert gas overlay
prior to vial closure and thus limiting
ex po su re of the produ ct to ox ygen .
Currently, the use of animals to prepare
M Ab produ cts is disco u ra ged for et h i c a l ,
as well as technological, considerations.

OrthoClone OKT3 also successfully
dealt with regulatory hurdles, being the
f i rst U. S . l i cen s ed bi o l ogical produ ct
which was prepared in a continuous cell
line that was tumorigenic in rodents,
and which expressed endogenous retro-
vi ru s ( e s ) . 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 produ ct might tra n s m i t
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 all owed the scien tific 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-

strate was not. This effort to demon-
strate that MAbs, and contemporane-
o u s ly devel oped recom binant 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 su b s t a n tial hu rdle for other
M Ab s , and by the late 1980s, m o s t
investigators had given up on murine
MAbs for human use. A few more
mu rine anti body produ cts 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,
provi ded a po ten tial soluti on 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
MAbs,in which almost all of the murine
sequences, except those for the antigen-
binding com p l em en t a ri ty - determ i n i n g
regi ons (CDRs), were rep l aced wi t h
consensus human sequences. Affinity
s om etimes su f fered , but em p i ri c a l
methods were devised to restore it to
levels relatively similar to those seen
before hu m a n i z a ti on . In the mid-
1990s,rDNA tools,including phage dis-
p l ay tech n o l ogy, became ava i l a ble to
c re a te fully human MAbs with no
mu rine CDR sequ en ce s , 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, t h ey have not ga i n ed 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
l evels of a n ti - i d i o type anti bod i e s
against the mouse CDRs, or anti-frame-
work anti bodies against the hu m a n

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 FAb 1995



s equ en ce s , but these did not usu a lly
i n terfere with tre a tm en t . Most indu s-
try watch ers ex pect even fully hu m a n
M Abs to gen era te anti - i d i o type anti-
body re s pon s e s , but these are not
ex pected to interfere with tre a tm en t .
Ta ble 1 shows the ex p l o s i on of M Ab
produ cts wh i ch have come to market
in the past five ye a rs . Nine of t h e s e
produ cts were direct ly en a bl ed by the
use of r D NA tech n i ques in the cre-
a ti on of M Ab s . Fu rt h erm ore , t h e
com m ercial su ccess re su l ting from the
l i cen su re of these produ cts has revi t a l-
i zed the interest of the ph a rm aceuti c a l
and inve s tm ent com mu n i ties in MAb s ,
wh i ch had been largely dismissed as
t h era peutic agents wh en HAMA prob-
l ems seem ed nearly insu rm o u n t a bl e
with the mu rine MAbs .

F i g u re 1 shows the aggrega te sales
perform a n ce of t h era peutic MAb s
s i n ce 1995, p lus one gro u p’s proj ec-
ti ons for 25% annual growth over the
n ext few ye a rs .3 These sales figure s
i n d i c a te that MAbs acco u n ted for
m ore than 1% of worl dwi de ph a rm a-
ceutical sales in 2002, and they are
proj ected to approach 3% of sales by
2 0 0 5 .

With the recent launch of Hu m i ra ,
the first fully human MAb, the pre s en t
d ay pictu re for MAbs is qu i te bri gh t ,
and cert a i n ly mu ch bri gh ter than the
o ut l ook du ring the peri od of
1 9 8 5 – 1 9 9 5 . The futu re also loo k s
qu i te good , but depends on growth of
ex i s ting produ cts and the licen su re of

m a ny produ cts that are sti ll in devel-
opm ent or under reg u l a tory revi ew.

Most of the curren t ly licen s ed
M Abs are unmod i f i ed , but a few have
h ad specific ch a n ges to fac i l i t a te thei r
acti on . Reo Pro is a FAb produ ct , i n
wh i ch the Fc regi on has been en z ym a t-
i c a lly cl e aved of f . Several produ cts are

con ju ga ted to rad i oi s o tope s , su ch as
Zeva l i n , or to tox i n s , as with Myl o t a r g.
O n co l ogy app l i c a ti ons would seem to
e s pec i a lly ben efit from enhancing the
k i lling po ten tial of a n ti bod i e s , and in
s ome envi s a ged app l i c a ti on s , the anti-
body is mainly a specific del ivery veh i-
cle for a lethal isotope or tox i n . Wh i l e
a nu m ber of these mod i f i c a ti ons have
been inve s ti ga ted , few have becom e
m a rketed produ ct s . This may indicate
that the tech n o l ogies are a bit com p l ex
to redu ce to practi ce , or they may not
f u lly del iver the anti c i p a ted ben ef i t . It
m ay also indicate that we do not
u n derstand the mechanism of acti on
of s ome anti bod i e s , and mod i f i ed anti-
bod i e s , in their ch o s en indicati ons as
f u lly as we might wi s h , and this lack of
u n derstanding com p l i c a tes produ ct
devel opm en t .

P h a rm aceutical Re s e a rch and
Ma nu f actu rers of Am erica (PhRMA)
su rveys in 2002 su ggest that there are
a bo ut 1,000 medicines in devel op-
m en t , of wh i ch 371 were iden ti f i ed as
bi o tech produ ct s .4 O f t h e s e , a bo ut 62

Figure 1. Wood Mackenzie’s forecast for the MAb market3

Table 2: Late stage investigational MAb products3,4

Product Indication Stage

Bexxar Non-Hodgkin’s lymphoma Filed

Xolair Asthma Filed

Raptiva Psoriasis Filed

Erbitux EGF-R positive cancers PhIII

Avastin VEGR positive cancers PhIII

Pentumomab Ovarian cancer PhIII

Mitumomab Small cell lung cancer PhIII

Antegren Multiple sclerosis, Crohn’s disease PhIII

Humicade Crohn’s disease PhIII

CDP870 Rheumatoid arthritis, Crohn’s disease PhIII

pexelizumab Coronary bypass PhIII

ABX-CBL Graft versus host disease PhIII

epratuzumab Non-Hodgkin’s lymphoma PhIII

bevacizumab Several cancers PhIII

MAb 14.18 Neuroblastoma PhIII

CEAVac Several cancers PhIII

This table considers only new MAbs not yet licensed, and ignores new indications for
existing licensed products.
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a re thera peutic MAb s . Ta ble 2 shows
that 13 MAbs are in Phase III stu d i e s
and three are in reg u l a tory revi ew.
Abo ut 47 MAbs are iden ti f i ed as bei n g
in early devel opm en t , a l t h o u gh this
m ay be an undere s ti m a te , given the
s h ortcom i n gs of su rveys . At face
va lu e , these data su ggest that MAbs are
a bo ut 15% of a ll bi o tech produ cts  and
6% of a ll dru gs that are under devel-
opm en t . Cl e a rly, t h ere wi ll likely be
ad d i ti onal MAb produ cts su bm i t ted
for reg u l a tory approval in the futu re .
Using history as a guide , one migh t
ex pect five or more licen s ed produ ct s
to come from the 47 early - devel op-
m ent candidates that are curren t ly in
clinical tri a l s .

L i cen s ed MAb s , and those in late
devel opm en t , a re not ra n dom ly dis-
tri buted among the thera peutic are a s .
O n co l ogy and immu n o l ogy com pri s e
the major thera peutic are a s , wh i ch
e ach have six MAb produ ct s .
Ca rd i o l ogy and infectious diseases
e ach have one produ ct . Produ cts that
a re ei t h er aw a i ting approval or are in
Phase III trials show the same tren d ,
with ei ght inten ded for on co l ogy,
s even for immu n o l ogy, and one for
c a rd i ovascular indicati on s . M Abs in
e a rly devel opm ent show these same
tren d s , with abo ut 30 on co l ogy indica-
ti ons and 15 immu n o l ogy indicati on s
u n der stu dy. This prob a bly ref l ects the
s eriousness of the diseases, as well as
the shortcom i n gs of ex i s ting thera p i e s
to gen era te unmet medical need s .

Wh en looking at this bri ef h i s tory
of M Ab devel opm en t , it is very cl e a r
that the tech n o l ogy is ava i l a ble to cre-
a te MAbs that are safe and ef fective ,
and to make them ava i l a ble at pri ce s
that are accept a ble to payors . Th e
vi ral  con t a m i n a ti on probl ems ex peri-
en ced with previous gen era ti ons of
bi o l ogical produ cts (e.g. vi ral vacc i n e s
and plasma deriva tive s ) , a ppear to
h ave been preven ted by ef fective
process de s i gn , process va l i d a ti on ,
a ppropri a te te s ti n g, and other GMP
con trol measu re s . Af ter tre a ting mil-
l i ons of p a ti en t s , no MAb or rDNA
cell cultu re produ ct has ever been
s h own to transmit a vi ral infecti on to
a rec i p i en t .

No MAb that was shown to be safe

and ef fective has re su l ted in a produ ct
that could not be manu f actu red .
However, the growth of Rem i c ade
sales had to be deferred for a few ye a rs
while Cen tocor built and received
a pproval for adequ a te manu f actu ri n g
c a p ac i ty. It is also wi dely held that
t h ere wi ll be a short a ge of m a m m a l i a n
cell produ ct manu f actu ring capac i ty
for the fore s ee a ble futu re .5 Th i s
s h ort a ge has re su l ted over the last five
ye a rs from the approval of a nu m ber
of m a j or cell cultu re produ ct s , a n d
ref l ects the fact that the re a lly large
plants requ i re hu n d reds of m i ll i ons of
do ll a rs in capital, and they typ i c a lly
t a ke four to five ye a rs to de s i gn , bu i l d ,
com m i s s i on , va l i d a te , and obtain reg-
u l a tory approva l . In ad d i ti on to
M Ab s , produ cts su ch as Enbrel con-
su m ed nearly all of the ava i l a bl e
worl dwi de capac i ty.

With 12 MAbs in Phase III tri a l s ,
and three in reg u l a tory revi ew, t h e
pre s su re for more capac i ty con ti nu e s
to bu i l d . In su m m a ry, the futu re of
t h era peutic MAb produ cts is likely to
be bri gh t , but there is uncert a i n ty
wh et h er the manu f actu ring capac i ty
wi ll be  ava i l a ble to keep up wi t h
dem a n d . S ti ll , it is mu ch more
rew a rding to manage the probl em s
a s s oc i a ted with the 21st cen tu ry su c-
ce s s e s , than it was to stru ggle with fail-
u res that MAb therapies ex peri en ced
in the 1980s.
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