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Abstract

Antibodies are now the mainstream of bio-
pharmaceuticals. By the end of 2003, 17
marketed therapeutic antibodies generated
over $5 billion in combined annual sales,
with market growth at 30%. Ten years ear-
lier, this class of biopharmaceutical drugs
was almost written off, based on disap-
pointments experienced with the first gen-
eration of murine monoclonal antibodies.
This chapter will look at how new technol-
ogies have provided solutions to problems
that hampered early efforts to develop ef-
fective antibody therapeutics and trans-
formed the market for antibody drugs.
This includes the generation of fully hu-
man antibodies, their affinity maturation
and the selection of antibodies to bind to
particular epitopes on disease-relevant tar-
gets. The chapter will also highlight what
distinguishes a therapeutic from a simple
binding molecule — different modes of ac-
tions of antibodies in different molecular
and cellular settings will be compared. Fi-
nally, some of the available formats of the
antibody and their effect on molecular/
pharmacological properties will be dis-
cussed.

Modern Biopharmaceuticals. Edited by J. Kniblein

Abbreviations

ADCC  antibody-dependent cellular
cytotoxicity

CDC complement-directed cytotoxicity

CDR complementarity-determining
region

CHO Chinese hamster ovary

CTL cytotoxic T lymphocyte

DOX doxorubicin

EBV Epstein—Barr virus

FcRn neonatal Fc receptor

GlcNAc  N-acetylglucosamine

GM-CSF granulocyte macrophage colony-
stimulating factor

HIV human immunodeficiency

HLA human Jeukocyte antigen

IL interleukin

mADb monoclonal antibody

NK natural killer

siglec sialic acid-binding, immuno-
globulin-like lecting

TNF tumor necrosis factor

VEGF vascular endothelial growth
factor

2.1

Introduction

The initial promise of antibody-based bio-
pharmaceuticals has taken a long time to
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be realized. The breakthrough that led to
the routine generation of monoclonal anti-
bodies (mAbs) [1] created expectations that
antibodies would become a major class of
drugs. That it has taken over 20 years for
the potential of therapeutic antibodies to
be translated into commercial success is
attributable to the time needed to solve
problems associated with the first genera-
tion of antibodies. While clinical efficacy
and safety depend critically on the target
against which the antibody is directed, as
well as the exact binding epitope, the mo-
lecular properties of the therapeutic itself
are equally important in a successful drug
(see also Part IV, Chapter 16 and Part V,
Chapter 1).

While some challenges have been large-
ly solved, others remain. Over the next de-
cade it is likely that additional improve-
ments in the molecular properties of anti-
bodies will be made, further increasing
their importance as biopharmaceuticals.

The main factors that limit the clinical
utility of antibodies are:
¢ Immunogenicity.

e Inability to reach a disease-relevant tar-
get in sufficient concentration.

e Inability to trigger a particular biological
effect which translates into modification
of the disease process.

Technological approaches to reduce prob-
lems in each of these areas have met with
varying degrees of success and are dis-
cussed in detail in the following sections.
It is useful to discuss in turn each of the
molecular requirements for making a ther-
apeutic antibody and we will begin with
immunogenicity.

22
Immunogenicity

Early clinical applications of murine mAbs
quickly encountered the problem of im-
munogenicity in humans. While the in-
sight into cellular mechanisms that has
been enabled by the use of mAbs in basic
discovery research has been remarkable,
the problems with early attempts to use
antibodies in therapy cast a shadow of
doubt over whether this class of molecule
would ever be clinically useful. After the
first clinical disappointments with mAbs
in the early and mid 1980s, many gave up
on their promise as therapeutic agents.
The technological developments that have
led to a reduction in the difficulties posed
by immunogenic murine antibodies, ie.,
the development of methods to make chi-
meric, then humanized and, finally, fully
human antibodies (Fig. 2.1), count among
the major success stories of the modern
biotechnology era.

It is clear now that the immune reaction
against the original murine format was a
major factor limiting the therapeutic use
of antibodies. A relatively small number of
academic groups and biotechnology com-
panies tackled these problems, and devel-
oped methods for solving them. Only with-
in the last decade have the resulting tech-
nological solutions led to the creation of
the successful class of drugs that antibod-
ies today represent. As a result, enthu-
siasm for this class of drugs in the phar-
maceutical industry is a very recent phe-
nomenon.

Immunogenicity is undesirable because
it can be the source of a number of safety
concerns, such as hypersensitivity and al-
lergic reactions, thrombocytopenia, ane-
mia, etc. Very problematic with recombi-
nant therapeutic proteins, but fortunately
extremely unlikely with antibodies, are
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Fig. 2.1 Diagram showing the proportion of human (green)
and murine (red) sequences in mouse, chimeric, humanized
and human antibody structures, as exemplified by HuCAL.

cases in which the therapeutic protein eli-
cits an immune response against one of
the body's own proteins.

In addition to these safety concerns,
there is still the problem of a loss of effi-
cacy when the therapeutic molecule is re-
moved by the immune system. This could
be an issue in chronic indications, when
the antibody has to be given repeatedly, as
well as when the efficacy critically depends
on half-life, as this may be reduced by an
immune response against the therapeutic
antibody. In certain other cases (for some
examples, see below and Section 2.3.1), an
immune response is elicited, but causes
no major clinical effect.

Thus, the immunogenicity of antibodies
(or any protein, for that matter) in humans
is a very important parameter, but predict-
ing it remains an inexact science. To date,
no predictive scheme has emerged that
can obviate the need for a clinical trial.
The prediction of T cell epitopes from pep-
tide sequence has been attempted and there
are a number of websites available (http://
www.imtech.res.in/raghava/propred,  http://
mif.dfci.harvard.edu/Tools /rankpep.html and
http:/jwww.jenner.ac.uk/MHC Pred) [2-4]
where this can be undertaken. Additionally,
some antibody manufacturers test T cell epi-
topes experimentally in rather simple as-

says of T cell stimulation [5] by using a se-
ries of overlapping peptides covering the
whole protein.

The rationale for these experiments is
that the major human MHC alleles all re-
quire characteristic anchor residues in the
peptides they bind. To elicit an immune
reaction against a foreign protein, a T
helper cell response is needed, which in
turn requires that the protein is degraded
to peptides and this also shows sequence
specificity. A part of the protein is then
presented in MHC class Il on antigen-pre-
senting cells. Peptides from the body's
own proteins are also presented in MHC
class II, but T cells that would recognize
them do not normally exist, as they are
eliminated in the thymus. In order to
make a foreign protein “invisible” to T
cells, none of its peptides must bind to
MHC II, as T cells recognizing them will
exist. Using available crystal structures
and empirical data on peptide binding,
profiles can be formulated for likely an-
chor residues [6]. While the prediction of
the major antigenic epitope within a pro-
tein (or the absence of a clear hit) may be
possible by exploiting the available struc-
ture and sequence information, it is still
less clear whether such predictions can be
extrapolated for engineering purposes. A
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sufficient number of clinical trials will be
required to show whether proteins can be
engineered by point mutations to com-
pletely evade any MHC binding and thus
T cell surveillance without losing their
folding and function.

Derivatization with polyethylene glycol,
or “PEGylation” (see also Part VI, Chapter
3 and Part VI, Chapter 1) [7-9], while pri-
marily regarded as a means of increasing
serum half-life of small antibody frag-
ments {see Section 2.4.3), can also be used
to decrease the immunogenicity of foreign
proteins. As antibodies of fully human
composition can be now obtained, PEGyla-
tion, which introduces additional manufac-
turing problems, might be more appropri-
ate for modifying potential nonhuman ef:
fector domains, such as toxins (see Section
2.5.5). Nevertheless, clinical data will be
needed for each individual case.

Table 2.1 summarizes data on the immu-
nogenicity of a number of therapeutic anti-
bodies currently on the market. As is imme-
diately apparent from this and a wealth of
data on mouse monoclonals, antibodies of
more human composition are, in general,
less immunogenic than those of murine
origin. However, drawing firm conclusions
is difficult for a number of reasons. First,
immunogenicity depends on a number of
factors unrelated to the molecular composi-
tion of the drug, including dose, route of ad-
ministration, type of formulation and im-
munocompetence of the patient. Second,
the strict demarcation of antibody struc-
tures into the categories “chimeric”, “hurha-
nized” or “human”, terms reflective of the
way the antibodies were made, diverts atten-
tion from the key issue of sequence homol-
ogy at the amino acid level. As has been
pointed out [10], since mouse and human
antibodies are rather homologous, the clo-
seness of a sequence to the nearest human
germline gene is perhaps a more important

determinant of immunogenicity and it may
thus be advantageous to create antibodies
with this property. Similarly, any human
protein that has been mutated, e.g., by di-
versifying a region, is potentially immuno-
genic.

That a number of the chimeric, human-
ized and human biopharmaceuticals in Ta-
ble 2.1 are highly successful drugs proves
that the movement away from murine
monoclonals towards antibodies of more
human composition has paid dividends in
the clinic. The conclusion for drug devel-
opment is that antibodies that are predom-
inantly human in their composition are
less likely to encounter problems of im-
munogenicity than murine antibodies.

This difference between murine antibod-
ies and those comprising some human
content is also evident in overall develop-
mental success rates. Data from the Tufts
Centre for the Study of Drug Development
[11] show that the probabilities of chi-
meric, humanized or fully human antibod-
ies progressing from entry into clinical
trials to the market are 26, 18 and 14%, re-
spectively, while for murine antibodies the
corresponding probability is only 4.5%.
Caution should be used in drawing any
conclusions from the apparently higher
success rates in developing chimeric over
humanized and human antibodies since
the sample size is limited to those 17 anti-
bodies which had reached the market at
the time the study was performed.

Although the advent of technologies that
can provide fully human antibodies (see
Section 2.3) would appear to have solved
the problem of immunogenicity, it is to be
expected that the solution to this problem
is not complete. Some human antibodies
are known to be immunogenic, typically
through anti-idiotypic or anti-allotypic ef-
fects. For example, the fully human anti-
body adalimumab (Humira), which was



Table 2.1 Immunogenicity of a number of therapeutic antibodies currently on the market

Compound name Trade name Company Antibody Antigen Approved application Year of first Isotype Immuno-
format approval genicity’)
Antibodies affecting the immune system (inflammation, allergy, transplantation)
Muromonab Orthoclone Johnson and murine mAb CD3 organ transplant 1986 IgG2a ~80%
OKT3 Johnson rejection
Daclizumab Zenapax Hoffmann La humanized mAb CD25 kidney transplant 1997 IgG1l 14%
Roche rejection
Basiliximab Simulect Novartis chimeric mAb CD25 kidney transplant 1998 IgG1 <2%
rejection
Infliximab Remicade Johnson and chimeric mAb TNF-a rheumatoid arthritis, 1998, 1999  IgG1 13%
Johnson Crohr'’s disease, anky-
losing spondylitis
Efalizumab Raptiva Genentech, humanized mAb CD11la psoriasis 2003 IgG1 6%
Serono
Omalizumab Xolair Genentech, humanized mAb IgE allergic asthma 2003 IgG1 <0.1%
Novartis
Adalimumab Humira Abbott fully human mAb  TNF-q rheumatoid arthritis 2003 IgG1 5%
Antibodies in oncology
Rituximab Rituxan Genentech, chimeric mAb CD20 non-Hodgkin's 1997 IgG1 <1%
Biogen, IDEC, lymphoma
Hoffmann La
Roche
Trastuzumab Herceptin Genentech, Hoff  humanized mAb HER2/neu  breast cancer 1998 IgG1 <0.1%
mann La Roche
Gemtuzumab Mylotarg Wyeth humanized mAb;  CD33 acute myeloid 2000 IgG4 0%
ozogamicin calicheamicin leukemia
Alemtuzumab Campath-1H Schering humanized mAb CD52 chronic lymphocytic 2001 IgG1 2%
leukemia
[britumomab Zevalin Biogen, IDEC murine mAb/*%Y CD20 non-Hodgkin's 2002 IgG1 4%
tiuxetan lymphoma
Tositumomab Bexxar GSK murine mAb/"*'] CD20 non-Hodgkin's 2003 IgG2a >70%
and murine mAb lymphoma

LSLLI dyspuaounuiw 77



Table 2.1 (continued)

Compound name  Trade name Company Antibody Antigen Approved application Year of first  Isotype Immuno-
format approval genicity?
Cetuximab Erbitux ImClone, chimeric mAb epidermal  colorectal cancer 2003 IgG1 5% of
Merck KGaA growth factor evaluable
receptor patients
Bevacizumab Avastin Genentech, humanized mAb VEGF colorectal cancer 2004 IgG1 0%
Hoffmann La
Roche
Antibodies in infectious diseases
Palivizumab Synagis Medimmune, humanized mAb F protein of lower respiratory 1998 IgG1 <1%
Abbott respiratory  tract disease in
syncytial infants
virus
Antibodies in perioperative care
Abciximab ReoPro Centocor, chimeric Fab GPIIb/IIfa  percutaneous 1995 Fab 6%
Eli Lilly coronary inter-
vention
Antibodies in central nervous system diseases
Natalizumab Tysabri Biogen Idec/Elan humanized mAb VLA4 multiple sclerosis 2004 IgG4 6-10%

a) Percentage of patients with antigen-antibody titer. From FDA-approved product label or other FDA submissions.
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approved at the end of 2002 for the treat-
ment of rheumatoid arthritis, is immuno-
genic in a significant number of patients.
However, this has not hampered its suc-
cessful use in the clinic.

As we learn more about the precise mo-
lecular features that contribute to immu-
nogenicity, further improvements will be
made in antibody composition to reduce
this effect. However, for the foreseeable fu-
ture, only clinical data in humans will al-
low determination of the severity of the ef-
fect and whether it has a negative impact
on clinical utility. As a result of the reli-
ance on human clinical data to determine
immunogenicity, we may expect further
progress in this area to be slow. It remains
to be seen whether the molecular under-
standing of this complex process will ad-
vance to a point that immunogenicity can
be engineered out at the amino acid level.
It is also possible that a complete evasion
of the immune system will simply not be
possible in all cases.

23
Technology

The therapeutic antibodies currently on the
market were developed at a time when mo-
lecular engineering had not progressed to
its current level. Thus, because of the long
development times typical of pharmaceuti-
cal development, all antibodies that are
now on the market are derived in some
way from mouse mAbs. Nevertheless, as
will be clear from the following subsections,
molecular engineering has now progressed
to a point that therapeutic antibodies can
be obtained without having an animal-de-
rived mADb as a starting point. The great
number of antibodies and derivatives in var-
ious phases of clinical trials that are derived
from libraries bear witness to this point.

2.3 Technology

2.3.1
Chimeric and Humanized Antibodies

In the early and mid 1980s, as the first
murine mAbs were being tested in the
clinic, it was quickly recognized that in or-
der to avoid the problems associated with
their immunogenicity, antibodies of more
human composition would be needed.
While various methods have been investi-
gated, such as immortalization of human
B cells by Epstein-Barr virus (EBV trans-
formation) (see Section 2.3.3), most suc-
cess was achieved by starting with a mur-
ine mADb and engineering it to have a
more human composition. We now sum-
marize the different ways of achieving this
goal.

Historically, the first generation of hy-
brid antibodies (part mouse/part human)
comprised the entire murine variable do-
mains of the original mADb, with the re-
mainder of the IgG (constant C; domain,
usually x, plus Cyl, hinge, Cy2 and Cy3
domains) coming from a human antibody
(Fig. 2.1). Thus, in these so-called chimeric
antibodies, four out of 12 domains in the
IgG remain of murine origin (two V; and
two Vy). In total, approximately two-thirds
of the sequence is of human origin, the re-
maining one-third being murine.

Currently, five chimeric antibodies are
approved for human therapeutic use (Ta-
ble 2.1). The immunogenicity of two chi-
meric antibodies, abciximab (ReoPro) and
infliximab (Remicade) has recently been
evaluated in some detail [12]. ReoPro is a
chimeric Fab fragment that binds to the
ampfs integrin, also called platelet mem-
brane glycoprotein GPIIb-IIIa [13]. GPIIb-
IIla is an adhesion receptor for fibrinogen
and the von Willebrand factor, both of
which carry multiple binding motifs for
the integrin and thus mediate platelet ag-
gregation. ReoPro is approved for use in
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percutaneous coronary intervention to pre-
vent cardiac ischemic complications. In or-
der to exert its effect by inhibiting throm-
bus formation, it must block a large frac-
tion of its target integrins. At least 6% of
patients develop an immune response to
the antibody, but re-administration of the
Fab fragment remains possible. Infliximab
is a chimeric I1gG1 specific for human tu-
mor necrosis factor (INF)-a, and is ap-
proved for the acute treatment of the signs
and symptoms of Crohn's disease (an in-
flammation of the small intestine), and for
the chronic treatment of rheumatoid ar-
thritis. An immune response occurs in at

least 10% of patients, although there does
not seem to be a reduction in clinical effi-
cacy.

The next improvement was humaniza-
tion — the grafting of the complementarity-
determining regions (CDRs) of a mouse
antibody onto a human framework [14].
For this purpose, a human framework is
chosen from the database of human genes
for Vy, another for Vi (x or 4), and an
alignment of the murine and human se-
quences is made. In addition to the CDRs
themselves, differences in the framework
must be taken into account (Fig. 2.2). For
example, the so-called outer loop (some-

Haptens

Fig. 2.2 Antibodies binding haptens, oligopep-
tides and oligosaccharides or proteins. Super-
posed crystal structures of the variable regions
were sorted into three classes according to the
type of antigen. Structurally variable residues with-
in the CDRs of the antibodies are shown in green;
those at the N-terminus, to the N-terminal side of
CDR-1 and within the outer loop in cyan. Residues
within the inner (dimer interface) f-sheet of V|

Peptides

Proteins

and Vy; whose side-chains contribute both to the
dimer interface and to antigen binding if it
reaches deep into this pocket are shown in yellow,
orange and red, depending on depth. Note that
these residues formally belong to the framework.
The structurally least-variable residues whose Cu
positions were used for the least-squares superpo-
sition of the antibody fragments are shaded gray.



times called CDR4) influences the confor-
mation of CDR3 and a number of frame-
work residues near the pseudo-2-fold axis
(relating Vi and V| by a rotation) are im-
portant for the binding of hydrophobic
side-chains in a cavity in the binding site
[15]. Such residues, even though formally
from the murine donor, frequently need to
be maintained. This involvement of frame-
work residues is also the reason why the
immune system uses different variable do-
main subtypes to bind antigens of many
shapes and compositions (Fig. 2.3).

A structural model is usually built, ex-
ploiting the great number of three-dimen-
sional structures of antibodies available to-

2.3 Technology

day (http://www.biochem.unizh.ch/antibody)
(over 300 structures of independent Vi,
220 independent V, and 40 independent
V; sequences). Then a “loop-grafted” ver-
sion of the antibody, carrying additional
framework mutations as necessary, can be
created with similar affinity to that of the
original mouse monoclonal. While this
goal can usually be achieved, albeit with
significant effort in cloning, engineering,
and assay development, the greatest limita-
tion of this technology is that a mouse
mAb with the desired specificity is needed
as a starting point.

A related approach to humanization,
i.e., antibody resurfacing [16-18], relies on

Haptens: 27 / 15 Structures

Fig. 2.3 Complexes of antibodies binding haptens,
oligopeptides and oligosaccharides or proteins.
The antigens are colored pink; parts of the anti-
body are colored as in Fig. 2.2. It can be seen that
there is extensive binding to residues which for-
mally belong to the framework, either in the dimer
interface region for hapten binders or binders of
peptides (which frequently use a side-chain in a
hapten-like binding mode), and to the outer loop
in protein binders. Hapten binders commonly
form a deep, funnel-shaped binding pocket en-

Peptides: 10 /8 Structures

Proteins: 22/ 14 Structures

larged by a long CDR-L1 and open CDR-H3 con-
formation, while protein binders preferentially uti-
lize a relatively flat antigen binding surface charac-
terized by a short CDR-L1 and a closed CDR-H3
conformation. This is one of the main reasons
why the immune system uses different frame-
works, rather than different CDRs all on the same
framework. It also highlights the points to consid-
er in loop grafting. More details can be found
elsewhere [15].
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making point mutations in surface resi-
dues of the murine antibody, converting
amino acids to those found in human fra-
meworks. This process requires alignment
of the sequences of the original murine
antibody with various human congeners
that fulfill requirements of sequence com-
patibility with the antibody being modi-
fied. One such antibody is now in a phase
I clinical trial [19, 20].

The first humanized antibody to enter
the clinic was alemtuzumab (CAMPATH-
1H) which is directed against CD52, a gly-
cosylphosphatidylinositol-anchored  glyco-
protein with unknown function, present
on lymphocytes. CD52 is abundantly ex-
pressed on B and T cells, macrophages,
monocytes, and eosinophils. Alemtuzumab
is used for the treatment of non-Hodgkin's
lymphoma [21] and was approved in 2001
as first-line treatment for chronic lympho-
cytic leukemia. It has been proposed [22]
that alemtuzumab inhibits the growth of
B and T cells by cross-linking of CD52. It
has also been suggested that the antibody
works entirely through its effector func-
tion, using both antibody-dependent cellu-
lar cytotoxicity (ADCC) and complement-
directed cytotoxicity (CDC) [23]. Alemtuzu-
mab has also been tested as an immuno-
suppressive reagent in transplantation and
autoimmune diseases. When the human-
ized antibody was administered i.v., no im-
mune response was elicited (but infusion
site reactions were observed), while a s.c.
injection did elicit an anti-idiotypic im-
mune response in two of 32 patients [24].

Immunogenicity data for some other hu-
manized antibodies are summarized in Ta-
ble 2.1.

232
The Limitations Imposed by Immunization

The use of immunization to generate anti-
bodies in animals is one of the oldest tech-
niques in biology. The generation of mAbs
[1] uses an elegant cellular cloning tech-
nique to obtain (usually murine) antibod-
ies with single specificities, but still must
start with an immunized animal. Chimeri-
zation and humanization are modern mo-
lecular engineering methods, but they also
require immunization to provide a mAb as
a starting point.

Even adalimumab (Humira), a fully hu-
man antibody directed against TNF-a, was
obtained using a pre-existing mouse
monoclonal as a starting point and a pro-
cess termed “guided selection” [25]. In this
approach, one chain of the murine anti-
body, in recombinant form, was used in
phage display together with a library of
human antibodies encoding the other
chain, followed by the reciprocal experi-
ment, thereby generating an “equivalent”
human antibody in several steps. Adalimu-
mab is on its way to becoming a highly
successful biopharmaceutical drug for the
treatment for rheumatoid arthritis and
possibly also psoriasis.

Notwithstanding this spectacular suc-
cess, the reliance on immunization is a
major limitation in all antibody generation
methods that use this step. For example,
the possibility of directing the response to
a particular binding epitope during immu-
nization is very limited and usually re-
stricted to screening hybridomas [26]. It
may well be that the epitope desired for
the biological effect is not particularly fa-
vored, and not one which leads to high-af-
finity antibodies. Furthermore, the animal
repertoire is limited to those variations
that the immune system introduces dur-
ing somatic mutation, and these are only a



small subset of the total theoretical reper-
toire. Therefore, the process of somatic
mutation does not provide an exhaustive
screen for the highest affinity or even for
the optimal biological function. In con-
trast, modern library-based methods (see
Section 2.3.3.1) provide the opportunity to
select for antibodies with defined affinities,
for particular epitope specificities, and
even for pre-defined cross-reactivity pat-
terns [27-29].

233
Fully Human Antibodies

Despite the outstanding achievements
made with the techniques of chimerization
and humanization, a means of routinely
accessing fully human antibodies has al-
ways been a goal for developers of thera-
peutic antibodies. Historically, the first
method for making human IgGs was the
immortalization of human B cells with
EBV. Since this method is rather ineffi-
cient, it has not been widely used. Re-
cently, however, a new method has been
introduced that dramatically increased the
efficiency of transformation [30]. This of-
fers the opportunity to immortalize mem-
ory B cells from patients after an infection,
and potentially even from cancer patients,
and thus complements cloning of such an-
tibodies from patients and recovery of anti-
bodies by display technologies [31]. Today,
the most widely used technologies for
making fully human antibodies are either
library-based methods or transgenic mouse
approaches. The fact that over 30 antibod-
ies based on these technologies are cur-
rently in clinical trials indicates how well
established they have become.

2.3 Technology

2.3.3.1 Library-based Methods

In the late 1980s, work was commenced
on constructing antibody libraries. This de-
velopment took antibody generation in a
new direction, for the first time obviating
the need for immunization of an animal.
Library methods for antibody generation
brought together several new technological
developments, including construction of
the library itself, but equally importantly,
methods of screening the resulting library.
This section summarizes both library con-
struction and screening methods.

Library construction The first antibody li-
braries that had not been obtained from
immunized animals were based on human
genetic material isolated from natural
sources [32, 33]. The most convenient
sources of the appropriate genetic material
are DNA or mRNA from human peripher-
al B cells, bone marrow B cells or tonsil B
cells. The resulting library reflects the
make-up of the human repertoire of the
particular donor(s) and will to some de-
gree reflect amplifications from recent in-
fection events. Often, blood from many do-
nors is pooled for this reason [33]. This
bias can also be exploited — if peripheral
blood lymphocytes from a patient with an
infectious disease are used, such a library
is an excellent source of antibodies against
the infectious agent [31]. It is also possible
to use non-rearranged genomic DNA as a
starting point to make a library [34]. As
the antibody genes in their germline con-
figuration do not contain the V, D or | seg-
ments (and would thus be lacking CDR3
and the last f-strand of the domain), these
elements need to be added in a subse-
quent PCR assembly.

An alternative approach, giving the high-
est level of control over the process, is to
synthesize the antibody genes completely
[35]. In this case the frameworks can be cho-
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sen to represent the optimal diversity of the
antibody repertoire. In the case of HuCAL
GOLD (unpublished), a fully synthetic hu-
man combinatorial library, seven frame-
works for Vy; and seven for V| are used, giv-
ing 49 V;—V| combinations (see Fig. 2.4).

The system also comprises pre-synthesized
libraries of cassettes for all six CDRs, each
of which reflects the composition of the cor-
responding human CDRs.

To maximize diversity yet maintain
structural integrity, the CDRs are not sim-

Pre-Built Trinucleotide Cassettes

- & BRA N

HCDR1HCDR2 HCDR3

LCDR1 LCDR2

LCDR3

7 x HuCAL VH

7 x HUCAL VL

Fig. 2.4 The schematic structure of the genes underlying the
HuCAL library, showing the modularity of the CDRs and the

pre-assembled cassettes used during optimization.



ply randomized, but are diversified accord-
ing to structural criteria, keeping a few
key anchor residues constant and limiting
the diversity of others to those observed in
nature or compatible with the loop struc-
ture. Furthermore, the diversity of CDR1
and CDR2 is close to what is observed for
a particular subtype, maximizing similarity
to the germline. Conversely, the great
length variation normally observed in
CDR-H3 is also recaptured in HuCAL, al-
lowing the resulting antibodies to bind to
epitopes with a great variety of shapes and
composition. Using this strategy, key struc-
tural residues are maintained and the vari-
ation observed in rearranged human anti-
body sequences, reflecting the process of
affinity maturation and subsequent selec-
tion as documented in sequences of hu-
man antibodies, is well mimicked.

The HuCAL GOLD library also incorpo-
rates unique restriction sites bracketing
the CDRs (Fig. 2.4), a feature made possi-
ble by the use of chemical synthesis for
construction of the encoding genes. The
ends of the CDR cassettes match the re-
striction sites bracketing their positions in
the HuCAL library. A fully modular sys-
tem is the result. The benefit of such a
system is that antibody optimization can
be rapidly and systematically carried out
by replacing CDRs in turn to create new
sublibraries based on one or more “hits”
from a first screening. Multiple examples
have shown that this is a reliable means of
generating antibodies with predefined
properties, while still retaining 100% “hu-
manness” in the sequence. Such systemat-
ic optimization of antibodies builds on
their inherent affinity and specificity to
create substances with drug-like character-
istics, including predefined cross-reactivity
patterns as well as the ability to activate,
deactivate and/or block certain biological
processes.

2.3 Technology

The question sometimes arises as to
why multiple frameworks are desirable in
antibody libraries. There is a good reason
why nature uses more than one frame-
work in the antibody repertoire. As already
mentioned above, antigens not only con-
tact the CDRs, but also framework resi-
dues (Fig. 2.3). For example, large antigens
make additional contact to the outer loop,
or “CDR4” mentioned above, while small
haptens, but also side chains of peptide
antigens, often bind in a deep cavity near
the pseudo-2-fold axis of the antibody [15].
These residues formally belong to the
framework and thus vary between sub-
groups. Therefore, in order to capture the
diversity of the human repertoire, a simi-
lar diversity of frameworks is necessary.

Single-framework libraries have also
been made, and with a large enough diver-
sity, high-affinity binders against many tar-
gets can be obtained [36, 37]. It must be
remembered, however, that in the case of
making therapeutic antibodies, usually
only a very small subset of epitopes is of
any utility. Therefore, obtaining high-affin-
ity binders is a necessary, but not suffi-
cient, condition for making a therapeuti-
cally active antibody. In general it will thus
be necessary to have a technology available
that can generate high-affinity binders to
any epitope, so that cellular assays and
preclinical experiments in animals can be
used to identify the binders with highest
potency. For example, a therapeutic anti-
body may need to block an interaction. In
this case the antibody must bind to that
part of the target engaged in the interac-
tion, no matter whether it is protruding,
recessed or flat. It is immediately obvious
why a good antibody repertoire must
therefore be able to bind any shape on any
target molecule.

Libraries need to comprise diversity in
the variable region if they are to effectively
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mimic the natural immune repertoire. The
molecular arrangement of the library (scFv
fragment or Fab fragments being the
dominant formats) is, however, mostly dic-
tated by the selection strategy used (dis-
cussed below). For example, in phage dis-
play both scFv and Fab libraries can be
used, as they can be in yeast display. In
contrast, in ribosome display only single
polypeptides can be used, as in scFv frag-
ments.

Screening technologies An essential tech-
nological adjunct to the creation of an
antibody library is an effective means of
screening it for binders having the desired
characteristics. Over recent years, several
technologies have been developed that al-
low the selection of proteins, including an-
tibodies, from large repertoires. Some
methods also allow directed molecular evo-
lution [38]. All of them have in common
that the fact that the phenotype of the pro-
tein (in the case of an antibody, its binding
specificity) must be connected to the geno-
type (the sequence encoding the antibody
in question). A schematic overview of
these concepts is shown in Fig. 2.5. On af-
finity “enrichment” of the antibody, its
DNA sequence is thereby enriched as well,
allowing the identification of the precise
molecular composition that gave the de-
sired binding phenotype.

While selections in model systems and
from complex antibody libraries have been
described using a number of these tech-
nologies, we restrict the discussion here to
a brief description of the three methods
with which the greatest experience in the
field of antibodies has been obtained to
date.

Historically, the first technology for the
selection of polypeptides from repertoires
was display using filamentous phages
(Fig. 2.5a), which was first demonstrated

for peptides [39] and subsequently adapted
to antibodies [40, 41). Escherichia coli are
transformed with the library of interest in
the form of an expression plasmid that en-
codes the antibody (either as an scFv frag-
ment or as a Fab fragment) in fusion with
a minor coat protein (usually g3p or its C-
terminal domain) of the phage. Note that
each E. coli cell receives, in general, only
one plasmid molecule and will thus en-
code only one molecular species of anti-
body. When a helper phage is added to
these bacteria, new phage particles are pro-
duced that incorporate the fusion protein
into their coat and thus “display”’ the par-
ticular antibody, while packaging the plas-
mid, which contains the coding informa-
tion of the antibody. The phage population
is then added to an immobilized target
and those phages that do not bind specifi-
cally to the target are removed by washing.
As a result, phage-carrying antibodies with
the desired binding properties can be en-
riched and, in principle, recovered by an
appropriate elution step. Successful proof-
of-principle experiments were initially re-
ported for scFv and Fab fragments [40, 41],
and many sources of libraries have been
used with this selection technology since
then. While space limitations do not per-
mit a full account of the many permuta-
tions of this fundamental concept, we
want to stress that it has found broad utili-
ty in selecting antibodies against purified
targets, selected epitopes, but also antigens
on whole cells [42]. Most antibody selec-
tions have been carried out with this tech-
nology.

A variant on this method uses a disul-
fide bond to link the antibody to the coat
protein of the phage, in which a pendant
cysteine residue is introduced [43]. The ad-
vantage of this method is that the elution
step can be replaced by mild reduction of
the disulfide bond, resulting in reliable re-
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Fig. 2.5 The linking of phenotype and genotype in
selection systems for antibodies. For more details
on (a—c), see text. (a) In phage display, the anti-
body is fused to the minor coat protein g3p of
filamentous phage, while the DNA is on the inside
of the phage. (b) In yeast or bacterial cell surface
display, the antibody is displayed on the outer sur-
face of the cell, while the genetic information is
encoded on a plasmid inside the cell. (c) In ribo-
some display, mRNA and protein product are
linked by the ribosome, and the selection takes
place in an in vitro translation system. Addition-

covery of enriched phage. In contrast, elu-
tion that relies on a change of pH or a
competing ligand may not necessarily lead
to recovery of the most interesting antibod-
ies, i.e., those that bind to the target with
the highest affinity.

A second technology that has been used
more widely recently is yeast (Saccharo-
myces cerevisige) display [44] (Fig. 2.5b). In
this case, yeast cells are transformed with
a plasmid library, which encodes a fusion
with yeast a-agglutinin (Agalp/Aga2p).
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ally, antibodies can be screened and selected in-
tracellularly (d), and selection for growth puts
high demands on the folding efficiency of the anti-
body, while the selection for affinity is not very
stringent. Intracellular screening is achieved by
fusing the antigen and antibody to two protein
halves which, when brought together by the anti-
body-antigen interaction, allow cellular growth by
allowing transcription of a selectable marker
(“yeast two-hybrid system”) [154] or reconstitution
of a selectable enzyme activity (“protein-fragment
complementation assay”) [155].

Again, this has been carried out both for
scFv [45] and Fab [46] libraries. While
transformation of yeast cells is somewhat
more difficult than that of E. coli, meth-
odologies do exist to achieve this. With an-
tibodies displayed on the surface of yeast,
not only a “mechanical” enrichment (e.g.,
with magnetic beads) is possible, but also
the use of cell sorters together with a
fluorescently labeled target. Therefore,
thresholds for affinity can be defined and

the affinity can be measured directly on
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the yeast cells by titration. It has been re-
ported that the yeast libraries can be am-
plified without changing their composi-
tion, i.e., particular clones do not seem to
be enriched or depleted upon copying the
library [45].

A third display technology that has been
used to screen antibody libraries is ribo-
some display [47-50] (Fig.2.5¢). In con-
trast to the other methods, this works en-
tirely in vitro, without using any cells at
all. The library has to be in the scFv for-
mat, as only a single polypeptide chain
can be displayed at a time. A library of
PCR fragments is used, encoding a pro-
moter and the open reading frame of the
scFv fragment, fused to a “spacer”, which
runs to the physical end of the fragment
and does not encode a stop codon. The
function of the spacer is to allow the scFv
fragment to exit from the ribosomal tun-
nel and fold into its correct three-dimen-
sional structure. An in vitro translation is
thus carried out with a quantity of ribo-
somes stoichiometric to mRNA. The
mRNA is translated to the end and re-
mains connected to the tRNA within the
ribosome, the scFv protein thereby remain-
ing connected to the ribosome, which is
also still attached to the encoding mRNA.
Thereby, the antibody and its encoding
mRNA remain linked. The main advan-
tage of this method is that very large li-
braries can be used (typically 10'* different
variants), as unlike in the other technolo-
gies no diversity is lost in the transforma-
tion step of E. coli or yeast. Furthermore,
by using polymerases without proof-read-
ing capability or even, deliberately, error-
prone polymerase chain reaction or other
methods to increase diversity, combined
with a stringent selection for affinity, bind-
ers with picomolar affinity can be selected,
thereby mimicking somatic mutation in vi-
tro [49, 50].

2.3.3.2 Transgenic Mice
A scientifically elegant development was
the creation of transgenic mice, in which
part of the human antibody repertoire is
inserted into the mouse genome (see also
Part I1I, Chapter 4) [51-58). This has been
achieved in a variety of ways, e.g., with
yeast artificial chromosomes or pieces of
human chromosomes and homologous re-
combination (see also Part III, Chapter 2).
In order to get an efficient response of hu-
man antibodies, the mouse repertoire
needs to be inactivated. This has been
done by targeted deletion of the Jy and J,
region (together with the constant x re-
gion), to prevent V(D)] rearrangement of
the murine antibody genes. This strategy
permits well-established methods for the
generation of mouse mAbs to be used to
produce fully human antibodies. Histori-
cally, most therapeutic applications have
used whole IgGs and the transgenic
mouse approach produces them directly.
In the case of the library approaches,
which use antibody fragments during se-
lection, a conversion to IgGs involves an
additional (very straightforward) step. It
can be expected, however, that a greater
variety of formats for therapeutic antibod-
ies will be employed in the future (see also
Part V, Chapters 1 and 6), where the li-
brary technologies would have an addi-
tional advantage, since when transgenic
mice are used, the antibody genes have
first to be isolated by molecular cloning.
While a great scientific achievement, the
disadvantages mentioned above in connec-
tion with immunization pertain here: lack
of full control over the target epitope dur-
ing the immunization process and inabil-
ity to pre-determine cross-reactivity and af-
finity. In addition, and not unexpectedly,
proteins that are highly conserved between
man and mouse may not be immunogenic
in this system.
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2.4
Reaching the Target: The Importance
of Specificity, Affinity and Format

An advantage of antibodies as potential
therapeutics is their inherent affinity and
specificity for their binding partner. These
properties are a prerequisite for their ther-
apeutic effectiveness. A third property is
also crucial to the performance of a thera-
peutic antibody, i.e., its format. The impor-
tance of these molecular properties for the
application of antibodies as biopharmaceu-
ticals is considered here.

2.4
Epitope Specificity

Specificity for target is one of the main
properties that distinguishes antibodies
from other bioactive molecules. The first
factor to consider is where exactly the anti-
body binds on the target. Some cases are
easy to understand at the molecular level,
such as in the case of blocking the action
of a cytokine, such as TNF-g. This inflam-
matory cytokine is produced too abun-
dantly in a number of diseases, such as in-
flammatory bowel disease (Crohn's disease
and ulcerative colitis), rheumatoid arthritis
and psoriasis. The therapeutic strategy
thus consists of preventing the binding of
this soluble, homo-trimeric molecule to its
receptor. The antibody, obviously, must
bind in a way that it overlaps with the
binding interface to the receptor — it must
bind to a “neutralizing” epitope.

In some cases, such as the one men-
tioned, such binders are quite straightfor-
ward to select, as the receptor contact sur-
face is large. Indeed, TNF-a is a popular
target for antibody and other protein-based
therapeutic approaches, developers being
encouraged by the success of etanercept
(Enbrel, a soluble receptor-Fc fusion pro-

tein), infliximab (Remicade) and adalimu-
mab (Humira) for the treatment of arthri-
tis, psoriasis and Crohn's disease [59]. All
three molecules are therapeutically active
in rheumatoid arthritis. Interestingly how-
ever, the soluble receptor etanercept shows
no activity in Crohn's disease, while inflixi-
mab does. A possible reason has been pro-
posed [59]: to be effective, the transmem-
brane form of TNF-a must be targeted,
which is present on T cells, where it may
have a slightly different conformation, and
this conformation is not recognized by the
receptor, but by the antibody infliximab.
Only the latter thus helps controlling in-
flammation by inducing apoptosis in T
cells.

The antibody-binding site does not have
to be identical to that of the receptor, it
only has to overlap in such a way as to
prevent simultaneous binding of the target
to its receptor. In cases other than the
ones described, this can be more difficult
to achieve, e.g., if the binding site is small
and not favored for binding. In such a
case, using antibody library technologies it
is often possible to “guide” the selection to
the relevant epitope. This can be done in a
variety of ways, such as using the “real’
partner (e.g., the soluble receptor) as a
competitor or using mutants of the soluble
molecule to pre-bind all antibodies that are
not directed to the desired epitope. The in-
terested reader is directed to publications
in which the technical approaches are dis-
cussed in more detail (see, e.g., [60]).

It is almost always necessary to test the
binders so obtained in cell-based assays, in
order to verify that they react with the anti-
gen in its proper context on the cell. In
some cases, on the other hand, it may not
even be possible to obtain any soluble ver-
sion of the protein of interest. In this case,
selections can be carried out on whole
cells and many of the same strategies ap-
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plied. Again, the technical approaches and
remaining challenges have been described
[26-28], but space limitations do not per-
mit us to discuss this in detail.

Blocking (or neutralizing) epitopes are
easy to conceptualize. It should be noted,
however, that in many cases the rationale
why only binders to a particular epitope
give a biological response is not at all
clear. This is illustrated with two antibod-
ies against HER2, a member of the epider-
mal growth factor receptor family overex-
pressed in about 25-30% of women with
breast cancer and correlated with a poor
prognosis (see also Part I, Chapter 5). The
recently described crystal structure of 2C4
(Pertuzumab, Omnitarg) in complex with
HER2 shows that this antibody inhibits
the homodimerization of HER2 and also
its heterodimerization with other members
of the family, and thus signaling [61].
However, the antibody trastuzumab (Her-
ceptin, 4D5) also inhibits signaling, yet
without inhibiting dimerization [62, 63],
and it binds close to the membrane, as
shown in the crystal structure of its com-
plex with HER2 [64]. The mechanistic rea-
son for its inhibitory action, which is lim-
ited to tumors with high levels of homodi-
mers of HER2, is still not entirely clear,
and it is likely that internalization and/or
proteolytic shedding are two of the factors
influenced by trastuzumab binding, which
then decrease signaling [62, 63]. Addition-
ally, there is evidence [65] that Fc receptors
on natural killer (NK) cells are recruited
by the exposed Fc part of trastuzumab
while bound to HER2 and this action is
providing part of the therapeutic effect of
this antibody. It is almost certain that the
combined effect of all these factors is what
gives Herceptin its efficacy.

With all the excitement surrounding this
biopharmaceutical, it should not be forgot-
ten that, for example, with Herceptin as

the sole treatment in metastatic breast can-
cer, only eight complete responses
amongst 222 women were seen in a phase
I trial [66]. Similarly, only 3-23% of all
patients receiving Rituximab for relapsed
or indolent refractory B cell non-Hodgkin's
lymphoma showed a complete response
[67]. These two examples, both concerning
FDA-approved antibodies (see also Part
VII, Chapter 4), underline the urgent need
for further work in understanding the ac-
tion — and subsequent improvement — of
such antibodies, as well as the biological
function of potential target antigens.

In cases where the structure and func-
tion of the target are known, presenting
the “relevant” epitope in order to generate
binders of the desired specificity is still the
key challenge. A prime example is the dif-
ficulty in generating protective antibodies
against HIV [68] (see also Part II, Chapter
7). The surface proteins of the virus,
gp120 and gp41, are highly immunogenic,
regardless of whether they are presented
in the context of the virus particle (in in-
fected patients) or as the soluble protein
(as shed protein in infected patients). Anti-
bodies can also be obtained readily, using
immunization or display technologies.
However, the great majority of antibodies
that result are directed against non-protec-
tive surface epitopes. Indeed, the isolated
protein does not even present the “protec-
tive” epitope, which is recessed between
trimeric subunits when arranged as pres-
ent on the virus. However, the virus parti-
cle normally does not elicit protective anti-
bodies either, and thus it has been so far
impossible to obtain an AIDS vaccine.
Since HIV biology is well studied, a num-
ber of strategies are currently under way
to overcome this challenge [69] (see also
Part II, Chapter 8). Very few broadly neu-
tralizing antibodies have been cloned from
infected patients, but the mechanism of
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neutralization is not clear for all of them
[70].

The difficulty of generating broadly neu-
tralizing antibodies against HIV may have
attracted much attention, but it is likely
that inaccessible neutralizing epitopes, and
epitopes that are only formed after an ini-
tial binding event, are much more com-
mon also in other biological systems and
not restricted to infective agents.

In some cases, even the precise molecu-
lar definition of the desired epitope is un-
clear. Accordingly, the preclinical observa-
tion will frequently be that only very few
antibodies will show a biological effect,
even though many others bind to the
same target with high affinity. It will
usually be of great benefit to attempt to
understand, at the molecular and structur-
al level, the key features distinguishing the
biologically active antibodies from the
others. In the case of cellular targets, this
may involve differences in receptor multi-
merization (the antibody either inducing
or preventing it), in the ensuing receptor
internalization, proteolytic shedding, block-
ing (or enhancing) the binding of an exter-
nal ligand, or making the antibody Fc part
accessible — while binding to the surface
target — to macrophages, neutrophils,
monocytes or NK cells carrying Fc recep-
tors. It immediately follows that the type
of Fc desired (or its desired absence) is an-
other parameter important for engineering
and it requires an understanding of the
mode of action of the antibody.

A field of medicine where this lack of me-
chanistic understanding at the level of mo-
lecular structure is particularly notable and
hampering progress is the treatment of can-
cer (see also Part II, Chapters 5 and 6).
There are great challenges in targeting solid
tumors, brought about by the enormous dif-
ficulty inherent in obtaining significant and
selective enrichment of the antibody at the

tumor site. As a consequence, the majority
of antibodies approved today are directed
against leukemia, myeloma and lymphoma
(see also Part V, Chapters 5 and 6). In these
cases, two factors favor clinically successful
treatment with antibodies: (1) the target
cells are easily accessible in the bone mar-
row, lymph nodes or blood, and (2) the tu-
mors respond well to radiation and che-
motherapy. Furthermore, they can be selec-
tively targeted via several cell-lineage-specif-
ic markers. For example, CD20 is a marker
specific for B cells (a more detailed descrip-
tion is given in Section 2.5.2). In this case,
the antigen is not restricted to the diseased
cell, but the redundancy and the self-regen-
eration of the immune system can sustain
the temporary depletion of B cells. It is in
general much more difficult to identify se-
lective markers for solid tumors [71]. The
number of such tumor markers that are sui-
ted for targeted therapy is small: despite
massive attempts using a variety of tech-
niques, including screening of healthy and
diseased tissues with antibody libraries,
only very few new tumor-associated surface
proteins have been added to the list over the
years [72-74].

242
Affinity

An important factor determining therapeu-
tic efficacy is affinity. If the goal is to block
the action of a soluble target such as a cy-
tokine, then as little as possible of the cy-
tokine should remain in an active form.
The affinity directly determines the
amount of cytokine that will be free at
equilibrium. In general, the affinity should
thus be as high as possible for such appli-
cations. It should be noted that in many
cases the soluble protein to be inhibited is
a monomer (trimeric TNF-a and its homo-
logs being more unusual in this respect),
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so that the true monovalent thermody-
namic affinity, ie., the affinity of a single
binding site, is the property of interest.

Another example where the importance
of affinity has been clearly highlighted is
the protective function of antibodies
against toxic or infectious agents. For ex-
ample, post-challenge protection against
the anthrax toxin, a tripartite protein, cor-
related well with the dissociation constant
of the antibody, all other properties being
equal [75).

If the antibody is to be used for cellular
targeting, however, more complicated rela-
tionships apply. A number of investiga-
tions in tumor targeting have uncovered
some of these trends [76-78]. From these
and other studies, it appears that tumor
targeting in general improves with affinity,
but seems to reach a plateau at affinities
around 107" M. The steady-state concentra-
tion at the tumor does not get higher with
higher affinity, as the dissociation rate
from the tumor antigen is no longer limit-
ing steady-state concentration once disso-
ciation is very slow. Instead, cellular up-
take and bulk flow become dominant pa-
rameters, and these are influenced by the
format of the molecule. One should draw
such conclusions on the importance of af-
finity only from comparisons of molecules
which are point mutants of each other, but
have otherwise exactly the same format -
as different epitopes (some eliciting anti-
gen internalization, others preventing di-
merization), formats, molecular size, etc.,
will change targeting efficacy for different
reasons (see Section 2.4.3).

Affinity is increased in the immune sys-
tem by somatic mutation [79-81]. Space
limitations do not allow us to discuss in
detail strategies for the affinity maturation
of antibodies using the various display
technologies, and how the selection of
high-affinity binders can be favored. This

is, however, now possible in a variety of
ways and the interested reader is referred
to a number of articles [82-87].

243
Format and its Impact on Pharmacokinetics

An important factor to consider is also the
format of the final therapeutic molecule.
The availability of bivalent immunoglobu-
lins as well as monovalent Fab and scFv
fragments makes valency an important
consideration in drug design. If the pro-
tein to be blocked is soluble and contains
only one copy of the epitope, as is, for ex-
ample, the case in many cytokines and
protein hormones, no interaction strength
is gained by having IgG molecules over
Fab fragments or scFv fragments. This is
also true for targets on the cell surface, if
they are so far apart that the two arms of
an IgG cannot reach two identical epi-
topes. In this case again, the binding affin-
ity and thus the Dblocking affinity of a
monovalent antibody fragment will be
identical to that of a bivalent one.
Nevertheless, the longer half-life of 1gG
molecules may be advantageous as it guar-
antees a longer duration of the blocking
function. The half-lives of therapeutic anti-
bodies have been reviewed [88] and were
mentioned in Section 2.2 in the context of
immunogenicity (see also Part VI, Chap-
ters 1 and 2). The longer halflife of an
IgG is caused not only by the higher mo-
lecular weight of the IgG and thus the in-
ability to be cleared through the kidney,
but mostly because of a particular mecha-
nism selectively protecting IgG from nor-
mal serum protein catabolism [89]. Over 5
days, the human vascular endothelium en-
gulfs all serum by endocytosis. The con-
tent is processed through a complex net-
work of endosomes and tubules with de-
creasing pH. The neonatal Fc receptor
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(FcRn; also termed Brambell receptor after
its discoverer) is expressed in hepatocytes,
endothelial cells and phagocytic cells of
the reticuloendothelial system, the main
location of protein catabolism. The recep-
tor binds the Fc part of IgGs wusing
charged histidines and thus prevents anti-
bodies from ending up in lysosomes. In-
stead, FcRn with the bound IgG recycles
to the same cell surface, releasing the in-
tact IgG at the serum pH of 7.4. By this
mechanism, the halflife of IgG is in-
creased by a factor of 10 compared to the
absence of this receptor in transgenic ani-
mals [89, 90]. In short, the use of whole
IgG guarantees a long blocking function
through its long half-life, even if it binds
only monovalently to its target.

Murine IgG does not bind to human
FcRn, and this explains the shorter half-
life of murine antibodies in human pa-
tients, typically 12 to 48 h [91]. The half-
lives of endogenous human IgG isotypes
have been well studied and they do differ
- 3 weeks for IgG1, IgG2 and 1gG4, while
IgG3 has a halflife of 1 week [88, 92].

Abciximab (ReoPro), mentioned in Sec-
tion 2.3.1 as an example of a chimeric anti-
body, is unique among therapeutic antibod-
ies marketed thus far in being a Fab frag-
ment. Its halflife in plasma is only 20-
30 min [93], but when interacting with
platelets, this rises to 4 h. It is now clear
that the antibody is dynamically redistribut-
ed between individual target molecules and
platelets in less than 1h. Thus, while the
half-life of dissociation from each individual
integrin molecule is rather fast, the high lo-
cal concentration of integrin molecules on
the platelets provides the drug with a long
platelet-bound halflife, with antibody de-
tected on platelets as long as 2 weeks after
therapy. This leads to a prolonged inhibition
of platelet function in response to shear
stress for 72 h to 1 week [94].

In the targeting of solid tumors, the sit-
uation is again far more complicated.
Large IgG molecules, because of their long
life time in serum, maintain a very high
steady-state concentration. From this reser
voir, levels at the tumor can reach very
high percentages (20-30% of the injected
dose per gram), but tumor to blood ratios
are very small. The problem is that diffu-
sion of large proteins such as IgG through
a solid tumor is very slow and inefficient,
because the antibody is in competition
with removal by bulk flow. In addition, the
tumor has a high hydrostatic interstitial
pressure, is heterogeneous in composition
and density of antigen expression, and has
reduced vasculature. Furthermore, because
of the slow accumulation and the long
half-life, the antibody will at no time be
truly selectively enriched at the tumor
(when expressed as the percentage of the
injected dose per gram of tissue or blood).

This essentially constitutes a limitation
on the use of toxic molecules or radioac-
tive isotopes (see Section 2.5.7) being con-
jugated to the antibody in many applica-
tions: at a dose approaching the toxicity
limit, the tumoricidal effect is often not
yet reached [95] (see also Part V, Chapters
1 and 6). The dose-limiting organ is usual-
ly determined by the action of the free
drug, as some amount of drug can be
cleaved non-specifically. Since IgGs are
mainly degraded in the liver, there may be
concerns for liver toxicity as well for anti-
body-toxin conjugates. In contrast, for
radionuclides, bone marrow is usually the
dose-limiting organ (see below and Section
2.5.7), as some radionuclides (e.g., yttri-
um) can be incorporated in bone marrow
[96] (see also Part V, Chapters 4 and 5).

Radioimmunotherapy provides an exam-
ple of a setting in which a shorter half-life
can be advantageous. Currently, two anti-
body-radioisotope conjugates are on the
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market, both for the treatment of non-
Hodgkin's lymphoma, i.e., ibritumomab
tiuxetan (Zevalin) and tositumomab (Bex-
xar) (see also Part V, Chapter 7). Zevalin
and Bexxar carry °°Y and "', respectively,
but both are mouse antibodies. As detailed
above, in the radioimmunotherapy setting,
one of the main challenges is maximizing
the dosage of radioactivity reaching the tar-
geted tumor cells without delivering danger-
ous levels of non-specific radiation to or-
gans, notably the bone marrow, the organ
where hematopoietic stem cells are gener-
ated, the precursors of all blood cells. This
balancing act requires that the antibody
has a relatively short half-life, which is the
reason why murine antibodies have been fa-
vored in this setting. The half-lives of the
two marketed products illustrate this point:
both ibritumomab tiuxetan [97, 98] and tosi-
tumomab [99] have half-lives of 1-3 days. To
safely use rituximab in radioimmuno-
therapy, a chimeric antibody whose antigen
(CD20) is the same as that of tositumomab
would require dosimetry of individual pa-
tients [100].

In other words, the degree of human-
ness of an antibody, or in molecular terms,
the lower affinity to the FcRn and thus the
lack of selective prevention of degradation,
can be used to achieve a halfife that is re-
quired for a particular therapeutic window.
It is likely, however, that in the future fully
human IgGs will be engineered with de-
creased FcRn receptor binding to obtain a
particular half-life.

Smaller protein molecules (Fab frag-
ments, scFv fragments) localize to a solid
tumor much faster and also diffuse better
through tumor tissue, but because of their
faster excretion rate the steady-state level
reached in serum is much lower. Particu-
larly below about 25-50kDa, clearance
through the kidney becomes possible {101,
102). It should be noted that this also

shifts safety concerns for antibodies conju-
gated with a toxic moiety from liver toxici-
ty (for large proteins) to kidney toxicity
(for smaller proteins), as a fraction of the
recombinant molecules can be taken up by
kidney parenchyma cells.

The increase in functional affinity to cell
surfaces by having multiple binding sites
— previously a hallmark of IgGs — has now
been engineered into scFv and Fab frag-
ments as well [103]. This “avidity effect”
strongly increases the residence time on a
surface-bound target molecule, provided
that the antibody can reach two epitopes
simultaneously. In combination with site-
specific PEGylation remote from the anti-
gen-binding site, the hydrodynamic prop-
erties and number of binding sites can
now be engineered independently to
achieve a compromise in the quest to opti-
mize tumor targeting [7-9].

From these considerations it is clear that
the optimal format of the antibody is de-
pendent on the exact mode of action, its
location, the effector mechanism, whether
the antibody has been fused or conjugated
with a toxin and what kind of toxin or
toxic radioisotope is used. The use of an
IgG is thus only one of many options. The
advent of molecular engineering is thus
pivotal to the further development of these
therapeutic modalities.

2.5
Exerting an Effect at the Target

Ever since the first attempts to create anti-
bodies for human therapy it has been rec-
ognized that, in most cases, mere binding
to the target is necessary, but may not be
sufficient. There may be additional pre-
requisites for an antibody to be a biophar-
maceutical, including the blockade of a
particular interaction and/or cell killing.



The largest number of therapeutic anti-
bodies in development is in the area of
cancer. This area also provides the most
examples of the variety of ways in which
antibodies can be used in medicine.
Whereas in other diseases blockade of a
particular interaction may be sufficient to
have a therapeutic effect, the objective in
cancer is to kill tumor cells, which usually
requires some form of direct cytotoxicity.
It is generally assumed [104, 105] that ef-
fective tumor killing by a naked antibody
will use one or a combination of (1) block-
ing a growth signal, (2) delivering an inhi-
bitory signal, (3) inducing apoptosis and
(4) eliciting an immune response against
the tumor. The relative importance of
these factors depends on the tumor type
and the targeted antigen. This section con-
siders several such approaches in the con-
text of anticancer drug development.

2.5.1
Blockade

Bevacizumab (Avastin) is a humanized
antibody that is approved for the treatment
of metastatic colorectal cancer [106] and is
directed against vascular endothelial cell
growth factor (VEGF), a molecule that
stimulates angiogenesis. The antibody
binds VEGF and thereby inhibits vasculari-
zation of tumors that overexpress the
growth factor; preclinical studies show
clear inhibition of tumor growth in a
mouse xenograft model [107]. Bevacizu-
mab is therefore a rare example of an anti-
cancer antibody which exerts its effect by
blocking a growth factor which is impor-
tant for tumor cell proliferation, but with-
out interacting directly with the cancer
cell.

2.5 Exerting an Effect at the Target

252
Naked Antibodies that Trigger Cell Killing

From a drug development perspective, an
antibody that exerts its therapeutic effect
without the requirement for further modi-
fication has a major advantage. Steps that
require conjugation, chemical modification
or new production methodology all add
complexity, cost and risk to the develop-
ment of a therapeutic antibody. Naked an-
tibodies, which can be made using estab-
lished, well-characterized cell lines and
production/purification methods avoid
these difficulties.

Several antibodies have been suggested
to kill tumor cells by ADCC or CDC, or a
combination of these effects. As noted
above, CAMPATH is an example of an an-
ticancer antibody that seems to work via
such effects. Rituximab (Rituxan) is a chi-
meric antibody against CD20 that is ap-
proved for the treatment of non-Hodgkin's
lymphoma [108]. The function of CD20, a
well-known marker for B cell activation, is
not precisely known, but it has been sug-
gested to be involved in Ca’* influx as a
tetrameric molecule. Direct effects of Ri-
tuximab, including growth inhibition and
apoptosis, have been shown in vitro and a
cross-linking of lipid rafts by the antibody
has been proposed, with a trans-activation
of src kinases eventually leading to apopto-
sis [109]. However, it is unclear whether
this contributes to the clinical benefit ob-
served. In fact, the published data suggest
that the predominant effector mechanism
is ADCC, with a minor role played by
complement [110]. This is the same target
as that against which two radionuclide-
conjugated antibodies (Zevalin and Bexxar;
see Section 2.5.7) are directed, where the
therapeutic mechanism is thought to be at
least partially dependent on radiation dam-
age.
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A recent example of an anticancer anti-
body in development that functions via
apoptosis is 1D09C3, a HuCAL-derived
antibody specific for human leukocyte
antigen (HLA)-DR [111, 112}, which is
highly expressed in B and T cell lympho-
mas. At the time of writing, this antibody
is about to enter clinical trials for B cell
lymphomas. The antibody causes cell kill-
ing selectively in activated tumor cells
without the need for exogenous effector
cells, via a mechanism that is caspase in-
dependent.

Safety concerns with drug- or radionu-
clide-conjugated antibodies are mostly due
to the systemic effect of the toxic effector
molecules. This problem is augmented by
the high dose required, which in turn is
due to the insufficient localization of the
antibody, notably to solid tumors.

In contrast, naked antibodies are not
systemically toxic per se. Of course, a par-
ticular antibody can be toxic by its biologi-
cal effect on the chosen target — either at
the intended tumor site or at another site
where the target is expressed. For example,
Herceptin shows incidence of cardiotoxici-
ty, especially in combination with anthra-
cyclines [113]). This is caused by HER2
being expressed in cardiac myoblasts,
where it is involved in muscle spindle
maintenance.

253
Modifying the Fc Portion
to Enhance Effector Cell Recruitment

As antibodies are often able to trigger cell
killing via Fc-mediated effector functions
such as ADCC and CDC, much effort has
been put into increasing this effect by
modification of the Fc portion. A crucial
experiment underlining the importance of
the different receptors involved in mediat-
ing ADCC was reported recently [65].

While activator receptors, such as
FcyRIIIA on NK cells, are responsible for
arresting tumor growth by Herceptin in a
transgenic mouse model, FcyRIIB recep-
tors were found to be inhibitory to the kill-
ing action — mice deficient in this receptor
showed much more pronounced ADCC. It
is therefore tempting to modulate the rela-
tive binding to the activating and inhibi-
tory receptor by engineering the Fc part.

Using a systematic series of point mu-
tants in the Fc part, Presta and colleagues
[114] identified residues which discrimi-
nate between binding to FcyRI, FcyRIIB
and FcyRIIIA. A further complication is
introduced by the presence of an allelic
variant in human FcyRIIIA, which binds
differentially to the mutants. Using a triple
mutant IgG (S298A/E333A/K3344), im-
proved binding to FcyRIIIA as well as
more potent cytotoxicity in ADCC assays
was observed [115]. Interestingly, in the re-
cent crystal structure of the IgGl-Fc/
FcyRIIIA complex, only one of these resi-
dues (Ser298) was found to make a direct
contact to the receptor.

Using the crystal structure of the Fc/Fc
receptor complex as a guide, other muta-
tions in the protein sequence of the Fc
part have been designed that were pre-
dicted to increase the interaction with the
receptor (Dahiat et al. unpublished; Xen-
cor).

The Fc part is glycosylated on an aspara-
gine residue (Asn297), and while the re-
cent crystal structure of a complex of an
Fc with the FcyRIII and FeyRIIA [116-120]
shows that the oligosaccharide makes only
minimal contact to the receptor, it has
been known for a long time that efficient
binding to the receptors requires glycosyla-
tion [121]. Structurally, the oligosacchar-
ides attached to the conserved Asn297 of
IgG are a biantennary type with a core
heptasaccharide that consists of four N-



acetylglucosamines (GIcNAc) and three
mannoses, and variable fucose addition to
the core at the first GlcNAc residue [121].
From the investigation of the crystal struc-
ture of the Fc/FcR complex and a series of
glycosylation truncation mutants, it be-
came clear that the sugars act both to in-
crease the distance (with the wild-type
being optimal) and to decrease mobility of
the receptor-interacting segments of Cy2
domains [122).

One approach to improve FcyRIII inter-
actions has been to add a bisecting
GlcNAc sugar, by using engineered Chi-
nese hamster ovary (CHO) cells expressing
a glycosyl transferase [f(1,4)-N-acetylgluco-
saminyltransferase III] (see also Part IV,
Chapters 2, 5 and 7). The resulting anti-
body killed neuroblastoma cells at 10- to
20-fold lower concentrations than when
this bisecting GlcNAc was not present
[123].

Recently, another strategy of “glyco-engi-
neering” was reported to lead to an in-
creased binding to FcyRIIIA and thereby
to enhanced ADCC [124], i.e., the produc-
tion of the antibody in host cells that do
not add fucose. In a direct comparison,
this strategy was more effective than add-
ing the bisecting GlcNAc.

In an independent series of experiments
using a CHO-derived cell line (lec 13) that
is unable to add fucose, this lack of fucose
was shown to have no effect on binding to
FcyRI (CD64) and only a marginal effect
on binding to FcyRIIA and FcyRIIB
(CD32), but led to a significant increase in
the binding to FcyRIIIA (CD16) [125] and
even led to a further increase of binding
of the engineered triple mutant IgG1
S298A/E333A/K334A, which indeed trans-
lated to improved ADCC in vitro [126]. In-
terestingly, the lack of fucose correlates
with an increased receptor on-rate, sug-
gesting Fc stabilization in the active con-
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formation, while the point mutations lead
to a decreased offrate, suggesting higher
interaction strength [127].

In contrast, the presence and absence of
fucose had no effect on binding to FcRn
{(which controls halflife) or Clq (which
controls complement activation). The bind-
ing of the Fc part to the neonatal receptor,
FcRn, can also be influenced by mutations
[128, 129]. These mutations must, how-
ever, be designed to differentially affect the
binding to the receptor in a pH dependent
manner, such that recycling of the IgG
works properly. Encouraging mouse ex-
periments have been reported (summa-
rized in Presta [125]), but clinical trials in
patients have not yet been carried out.

The role of carbohydrate in the clearance
rate of [gG remains unclear. Binding of
aglycosyl IgG to the FcRn appears identical
to that of the glycosylated form. Neverthe-
less, there is some disagreement in the lit-
erature about the influence of glycosyla-
tion on the rate of clearance. While some
studies detected a difference, others did
not (summarized in Shields et al. [114]).

254
Low-molecular-weight Drug Conjugates

New effector functions may be needed that
exceed the efficacy of the Fc part itself,
since, in a particular tumor setting, ADCC
and CDC may either not be elicited well
or even not at all or not be effective enough
by themselves. For many years, antibodies
have been conjugated to cytotoxic agents
with the intention that the antibody “tar-
gets” the desired payload to the tumor, thus
providing the proverbial “magic bullet”.
This has been a long and winding road,
with the therapeutic window frequently
not opening wide enough between systemic
toxicity and lack of efficacy. Nevertheless,
improved molecular understanding, and
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consequently better molecular design, is
likely to give these approaches a renewed
chance. While totally selective targeting
may never be achieved, engineering of the
antibody with regard to target epitope, affin-
ity, selectivity, molecular size and thus phar-
macokinetics, with the consequences of de-
gradation of the non-localized drug-loaded
antibody firmly in mind, may increase tu-
mor selectivity above the threshold of thera-
peutic utility, such that more toxic conju-
gates can be used as drugs. IgGs may not
be the preferred molecules for such ap-
proaches and the advent of recombinant
technologies has greatly increased the num-
ber of possibilities regarding the molecular
format.

The conjugation of antibodies to low-mo-
lecular-weight cytotoxic agents has been in-
vestigated for many years. The target in
these cases should be an internalizing sur-
face protein, as most small molecule drugs
act as inhibitors of cell replication and
therefore need to reach the cytoplasm or nu-
cleus to exert their effect [130]. A case in
point is gemtuzumab ozogamicin (Mylo-
targ), the only antibody-based drug based
on this approach to reach the market. Mylo-
targ is a chimeric anti-CD33 antibody conju-
gated to the highly potent enediyne drug ca-
licheamicin and is approved for the treat-
ment of acute myeloid leukemia [131].
CD33 belongs to a growing family of sialic
acid-binding, immunoglobulin-like lectins
(siglecs). It appears to be an inhibitory re-
ceptor in myeloid lineage development
[132] and is highly expressed in myeloid leu-
kemia. The conjugation of the drug to the
antibody gives a more favorable therapeutic
window compared to the drug alone, de-
spite the fact that the marketed preparation
is heterogeneous, comprising a significant
fraction of unconjugated antibody.

The antibody BR96, which recognizes an
extended form of the Lewis Y carbohydrate

antigen present on many carcinomas [133,
134}, has shown some promise as a conju-
gate with different small molecule drugs.
Early attempts with doxorubicin (DOX), a
drug of the anthracycline family, conju-
gated to BR96 provided excellent preclini-
cal data. Nevertheless, phase II clinical
trials of BR96-DOX for the treatment of
metastatic breast cancer or gastric carcino-
ma showed limited efficacy, with elevated
gastrointestinal toxicity, probably a conse-
quence of the target being also expressed
in healthy gastric epithelial cells [135, 136].
More recently, synergistic antitumor activ-
ity in animal models has been demon-
strated for BR96-DOX in combination
with the taxanes docetaxel and paclitaxel
[137]. The conjugate is currently in clinical
development for the treatment of non-
small cell lung carcinoma in combination
with docetaxel.

That factors beyond the antibody and cy-
totoxic agent are crucial in creating an ef-
fective biopharmaceutical is demonstrated
by recent work with BR96. Conjugates
comprising BR96 linked, via two different
chemistries, to cytotoxic auristatin deriva-
tives have shown promise in animal stud-
ies [138]. Clear superiority in this study
was achieved by incorporating an enzyme-
cleavable linker between antibody and cy-
totoxic agent, thereby increasing the effi-
ciency and specificity of release of drug at
the target.

In general, antibody—drug conjugates
should be based on very highly potent
small molecule drugs (see also Part V,
Chapter 6). In addition to the cytotoxic
agents mentioned above, examples of
other small molecule drugs being investi-
gated include tubulin polymerization inhi-
bitors such as the maytansanoids, CC1065
and taxoids [130, 139]. As mentioned
above, the linker chemistry, being either
acid labile or enzymatically cleavable, pos-



sibly with matrix metalloproteinases as tu-
mor-specific release mechanisms, are also
factors being studied. While preclinical
data are impressive, it remains to be seen
whether a useful therapeutic window can
be found for broad application of toxin im-
muno-conjugates in oncology.

255
Protein Toxin Conjugates

A conceptually similar approach is the
conjugation of protein toxins to antibodies.
Such toxins, typically from plants or bacte-
ria, are enzymes that catalytically inactivate
essential cellular processes such as transla-
tion. By covalently modifying a translation
factor or the ribosome itself in an enzy-
matic process, a single enzyme molecule
is sufficient to kill a cell [140-142]. The
best clinically studied members of this
group are Pseudomonas exotoxin A, a tri-
partite protein that enzymatically ADP-ri-
bosylates elongation factor 2, and ricin, de-
rived from the plant Ricinus communis,
which modifies a critical nucleotide in eu-
karyotic ribosomal RNA. The natural tox-
ins are produced with their own, unspecif-
ic uptake mechanism that allows them to
infect any cell, exploiting receptor mole-
cules ubiquitously expressed on mamma-
lian cells. By deleting these cell-binding
domains and replacing them by an inter-
nalizing antibody, typically in the single-
chain format, tumor-selective killing can
be achieved. The antibody thus mediates
uptake of the enzyme by tumor cells.
Nevertheless, toxicity remains an issue
for systemic applications of these immu-
notoxins, as does immunogenicity of the
toxin part, which limits repeated dosing.
In order to reach therapeutic levels in a
solid tumor, high initial doses have to be
used, but liver toxicity was observed in a
trial against HER2 [143] (see also Part I,
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Chapter 5). Therefore, more recent work
has focused on applications in leukemia
and lymphoma. Encouraging results were
observed with an immunotoxin against
CD22 in patients with hairy cell leukemia
and chronic lymphocytic leukemia [144].
CD22 is a member of the siglec family,
and serves as a receptor for sialic acid-
bearing ligands expressed on erythrocytes
and all leukocyte classes. CD22 appears to
be primarily involved in the generation of
mature B cells within the bone marrow,
blood and marginal zones of lymphoid tis-
sues [145].

A combined phase I/II trial for ricin
conjugates with antibodies against the
lymphocyte activation markers CD25 (the
IL-2 receptor a-chain) or CD30 (a member
of the TNF receptor superfamily, possibly
involved among others in memory T cell
development) for patients with Hodgkin's
lymphoma showed some promise [146].

256
Cytokine Fusions

Since many tumors do elicit an immune
response, albeit one which may be unable
to eradicate the tumor, an atiractive strat-
egy would appear to be to enhance this re-
sponse with immunostimulatory cytokines.
In order to localize the cytokine to the tu-
mor, fusion proteins with antibodies have
been made. Constructs investigated in-
clude interleukin (IL)-2, IL-12, granulocyte
macrophage  colony-stimulating  factor
(GM-CSF) and members of the TNF
superfamily [147, 148] (see also Part V,
Chapters 1 and 6). In a recently reported
phase [ trial of a humanized mAb directed
against the GD2 disialoganglioside, revers-
ible clinical toxicities were reported to-
gether with the desired immune stimula-
tion [149]. As is the case with bispecific
antibodies (see below), the main challenge

173



1174

2 Modern Antibody Technology: The Impact on Drug Development

in these approaches will be to prevent sys-
temic engagement of the cytokine receptor
by the cytokine part of the conjugate in
the absence of the antibody binding to the
tumor, as this is the most likely source of
side-reactions. The severity of the problem
will depend on the complex interplay of
pharmacokinetics of the antibody reaching
the tumor or the cytokine receptor.

2.5.7
Antibody-Radioisotope Conjugates

Some aspects of radioimmunotherapy
have already been discussed above in the
context of half-life. The conjugation of an
antibody to a radioactive element that
should cause radiation damage at the tu-
mor site is an idea that has been pursued
for a number of years [95] (see also Part
I1, Chapter 5, and Part V, Chapters 5 and
7). Again, progress with solid tumors has
been modest, while encouraging results
are obtained in the treatment of hemato-
poietic neoplasms. As noted above, the fact
that  [**'[Jtositumomab  (Bexxar) and
[*°Ylibritumomab tiuxetan (Zevalin), the
only FDA-approved radiolabeled therapeu-
tic antibodies, are both of murine origin
contributes significantly to a shorter half-
life, which is desirable in this setting, but
also creates a considerable immune re-
sponse. This, however, is diminished in
patients with hematopoietic disorders or
prior chemotherapy. Interestingly, large
quantities of the unlabeled antibody must
be administered prior to or concomitantly
with the radioconjugate to improve target-
ing. The relatively low dose that is suffi-
cient for treating hematopoietic malignan-
cies reduces adverse side-effects and may
be the reason why a therapeutic window
can be found in this case.

Improvements for solid tumors may po-
tentially come from the use of pre-target-

ing strategies [95]. In this case the radio-
nuclide is not directly coupled to the anti-
body. Instead, an antibody Fab fragment
with a hapten binding function (e.g., a bi-
specific antitumor xantihapten construct)
is injected first and allowed to concentrate
at the tumor. Once the majority has left
the circulation, the radionuclide, coupled
to a monomeric or dimeric hapten [95] is
injected. The hapten derivative’s extremely
short half-life, combined with the newly
generated binding sites by the noninternal-
izing Fab fragment on the tumor, if pres-
ent on a nonshedding surface antigen, al-
low excellent tumor selectivity. Neverthe-
less, it remains to be seen whether a use-
ful therapeutic window can be obtained,
with the concern of potentially new dose-
limiting mechanisms for uptake of the
radionuclide.

258
Bispecific Antibodies

Attempts have also been made to use bi-
specific antibodies to recruit effector cells.
A number of challenges need to be over-
come in this field. First, a robust method
must be found by which such proteins can
be produced. Initially, the co-expression of
two antibodies in one cell and the separa-
tion of the one desired out of the 10 con-
ceivable molecular forms did not seem an
attractive proposition. However, a multi-
tude of methods have been reported over
the last few years {103, 150] to create bi-
specific formats of the antibody with a de-
fined molecular composition. These in-
clude (1) the co-expression of heavy chains
that have been engineered to allow only
the desired pairing, (2) the direct chemical
linkage of two different Fab fragments, (3)
a number of different bispecific recombi-
nant antibody constructs based on scFv
fragments fused to heterodimerizing pep-
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tides and proteins or (4) the direct en-
forced pairing of the domains in so-called
diabodies (see also Part IV, Chapter 16 and
Part V, Chapter 1). It would be too early to
favor one form over the others.

A second challenge is derived from the
fact that binding with only one of the arms,
e.g., the one engaging the effector cells, is a
likely intermediate in the reaction: no sys-
temic toxicity should result in such a case
so as to avoid safety concerns. It is very likely
that the binding to a solid tumor is much
slower than binding to cells of the immune
system found in the serum. The third chal-
lenge is the converse — the antibody may
eventually bind to the tumor, but never
reach an effector cell, because there is none
there, or, for geometric reasons, its receptor
cannot be reached or activated.

Factors such as these translate into prac-
tical limitations. Typically, excessively high
concentrations of bispecific antibody are
needed to see an effect in vivo. In addition,
particularly in solid tumors, the effector
cells are often ineffective in the absence of
a local co-stimulatory signal, which usually
requires the addition of an exogenous fac-
tor, a serious drawback for a viable thera-
peutic strategy.

A number of strategies have been devel-
oped to use bispecific antibodies to recruit
different types of effector cells. Much of
the earlier work sought to recruit effector
cells via the IgA receptor FcaRI or the IgG
receptors FcyRI or FeyRIIL In a phase I/11
trial in 16 patients, a bispecific anti-
CD30xanti-FcyRIII construct led to one
complete and three partial remissions plus
four cases of stable disease [151]. Pretreat-
ment with IL-2 cytokine resulted in augmen-
ted antitumor activity, possibly by an addi-
tional mechanism of activation of NK cells.
In another trial, a bispecific anti-CD30xan-
ti-FcyRI construct was tested in 10 Hodg-
kin's lymphoma patients [149]: one complete

and three partial remissions, plus four cases
of stable disease were reported.

Quite in contrast to the situation with
lymphoma, no responses were seen with
solid tumors, using a bispecific anti-
HER2 xanti-FcyRI antibody in combination
with interferon-y or GM-CSF [152] (see
also Part VIII, Chapter 3).

Attention has also focused on recruiting
cytotoxic T lymphocytes (CTLs) using CD3
as the trigger. Limitations of the type men-
tioned above have again hampered pro-
gress in this field: to date, no clinical effi-
cacy has been observed on systemic ad-
ministration of anti-CD3 based bispecific
antibodies [150].

A newer technology, which seeks to over
come some of the disadvantages of previous
bispecific CTL approaches, is unique in
comprising two single-chain Fv fragments
linked in tandem [150]. These types of mol-
ecule have been termed “bispecific T cell en-
gager” or “BiTE” constructs. It also has an
anti-CD3 recruitment arm and a second
specificity directed against a tumor marker.
The molecules tested seem to have two ad-
vantages over other CTL-recruiting bispeci-
fic antibodies described previously: (1) they
do not appear to require co-stimulation of
T cells and (2) they appear to catalyze killing
of multiple target cells by a single T cell.
These advantages, if they should translate
into the clinic, might offer significant dos-
ing and cost-of-goods benefits for therapeu-
tic antibodies of this type.

2.6
Antibodies in their Natural Habitat:
Infectious Diseases

There is one field of medicine where the
antibody in its classical format may indeed
constitute the optimal molecular design -
in the defense against infectious agents,
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ie., the normal function of an antibody.
Palivizumab (Synagis) is a humanized
mAb that prevents lower respiratory tract
infection by respiratory syncytial virus, and
it is used in pre-sterm infants and other
young children at risk, such as with
cardiopulmonary disease or immunosup-
pression [153].

In general, however, passive immuno-
therapy has not been the focus of many de-
velopment projects, as small molecule anti-
viral and antibacterial agents would clearly
be advantageous for ease of administration
— provided they are available. However, the
increasing spread of resistant strains of
viruses and bacteria — not least caused by
the indiscriminate use of antibiotics — may
become one of the severe medical problems
of the future. The logistics of passive immu-
notherapy, having available large doses of
the required specificities in due time, are
daunting, but perhaps not insurmountable
with better production techniques, the use
of well-designed cocktails of specificity and
concentration on infections of great risk to
global health. The multiple cases of out-
break of novel deadly diseases over the last
few years, AIDS, SARS and Ebola fever, to
name just a few, illustrate the need for rapid
development of novel containment strate-
gies. It is likely that recombinant antibodies
will still have a role to play in this respect, as
it may be faster in some cases to develop
protective antibodies than a vaccine (see
also Part II, Chapters 7 and 8).

2.7

Opportunities for New Therapeutic
Applications Provided

by Synthetic Antibodies

The advent of synthetic antibodies now al-
lows a number of the previous key limita-
tions in using antibodies for therapy to be

addressed. In addition to solving the prob-
lem of immunogenicity, which may be a
factor preventing therapeutic utility, as ex-
plained above, the new technologies for
tailor-making the antibody molecule per-
mit new approaches to improve efficacy.

First and foremost, the relevant epitope
can be more easily targeted. If its location
is known at the molecular level, selections
for such binders are possible, as has been .
delineated above, and this will often be the
decisive factor in determining whether a
particular antibody has any in vivo potency
at all. Secondly, affinity can be addressed
independently. Again, as described above,
high affinity is almost always a benefit. In
the traditional immunizations of animals,
even when a large number of different
mADbs is obtained, there is no guarantee
that high-affinity antibodies from the pan-
el are directed against the relevant epitope.
As a rule, other places on the large surface
of a protein will give many opportunities
for high-affinity binding, such that it
would be rather unexpected that the high-
est affinity antibodies happen to be direct-
ed against the epitope of choice.

It is this particular situation, where a
synthetic library technology for antibody
generation such as HuCAL can play out to
its full advantage: affinity maturation strat-
egies can be applied to the antibodies tar-
geting the relevant epitope. Therefore, hav-
ing any lead compound will usually allow
the generation of a molecule, which main-
tains the binding at the desired location
but achieves an affinity commensurate
with the desired mode of action.

Because of the modularity of the HuCAL
design (see above), it is possible to tailor
not only one, but several antibodies that
have been identified as having the desired
binding specificity. Since identical restric-
tion sites in all members of HuCAL flank
the CDR cassettes, they can be exchanged



in several antibodies at once, and those
with higher affinity can be selected. There-
by, it is possible to “walk” across the whole
antigen-binding site and replace each CDR
in turn. Since the cassettes are not ran-
dom, but instead reflect the composition
of the human repertoire, key structural
properties of the antibody can be main-
tained during optimization. By separating
the selection of efficacy (or binding epi-
tope) from affinity, which can be subse-
quently improved for any hit, antibodies
can be made to almost any specification.

The anti-HLA-DR antibody 1D09C3
mentioned above [111, 112] provides a
good example of how antibody engineer-
ing can be applied to optimize antibody
properties. The antibody was derived from
a screen of a HuCAL library in the single-
chain Fv format, which yielded a number
of binders that, although of moderate af-
finity, efficiently killed tumor cells. The af
finity of the initial lead antibodies was in-
creased by sequential replacement of the
L-CDR3 and L-CDRI1, utilizing the modu-
larity of the HuCAL gene library (see
above). This process enables retention of
the epitope specificity of the initial lead
antibodies, which are vital for their cell-
killing properties, while achieving the de-
sired level of target affinity.

In practice, the ability to generate anti-
bodies having particular properties from li-
braries is limited by the screen that is em-
ployed. Initial screens for affinity and/or
specificity are used to reduce the number
of potential hits from the initial library of
10 to 10°-10°, which must then be
screened for a particular biological func-
tion. As delineated above, the (usually few)
binders with a biological effect can then
be affinity matured, such that affinity does
not have to be an initial selection criterion.
HuCAL thus provides a systematic means
of screening large parts of sequence and

2.8 Future Directions and Concluding Statements

structure space for antibodies with prede-
fined properties. Importantly, this can be
done while retaining the intrinsic human
composition of antibodies emerging from
primary screens of the library.

2.8
Future Directions and Concluding
Statements

Antibody engineering has clearly helped to
solve a number of problems that have
hampered early attempts in successfully
using mAbs as biopharmaceuticals. Be-
cause of the lengthy development times
typical of drug development, many thera-
peutic antibodies entering the market re-
cently have still been made with earlier
technologies and did not even fully profit
from the possibilities available today.

A pivotal development of the last few
years is that it is now possible to make a
human antibody to practically any specifi-
cation - regarding epitope, specificity,
mode of binding, affinity, format and any
molecule that might be linked with it
While robust manufacturing of more com-
plicated molecules still needs to be im-
proved, the main processes for manufac-
turing recombinant IgGs and fragments
thereof are established.

Encouraging progress has been made in
the area of neoplastic diseases of the hema-
topoietic system (lymphomas and leuke-
mias). These tumors are characterized by
good accessibility to the drug and the body's
immune defense, high antigen density and
perhaps a more homogeneous tumor cell
population. In contrast, progress in the area
of solid tumors has been only incremental.
This is a huge need for society, and thus a
great opportunity for science and medicine
and the industry. It is apparent that several
therapeutic antibodies are directed not only
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against closely related diseases, but also
against the same target (TNF-a, CD20 and
CD25), while the medical need in many
other areas is unmet.

The key challenge for the future is to
back up today's molecular engineering cap-
abilities with a much better molecular un-
derstanding of disease and the conse-
quences of the application of particular
molecules. A more detailed understanding
of the exact molecular effect required for a
particular target (blocking, dimerization,
its prevention, exposure needed) will allow
much better engineering of molecular
properties. In particular, preclinical models
must become more relevant and predic-
tive. This is a difficult topic in complex
diseases such as cancet, as not only the in-
teraction between the therapeutic antibody
and its target is of importance, but also
the multitude of interactions with other
cells and their surface proteins, the com-
plex pharmacokinetics, and the detailed
metabolism. For example, in many mouse
models with tumors of human origin, the
antigen is selectively expressed on the tu-
mor, but not in the murine tissues. To bet-
ter model the human situation, systematic
approaches are dearly needed.

The use of antibodies as biopharmaceuti-
cals to treat some of the most serious dis-
eases affecting mankind today arises direct-
ly from impressive technological develop-
ments that have been made in this field
over the last 20 years. This has been one
of the most significant achievements in
the field of modern biotechnology. The de-
velopments described here promise that
this class of modern biopharmaceuticals
will play an even more important role in
the cliniciar’s armamentarium for the fore-
seeable future. Molecular engineering holds
the promise that the remaining problems,
many of them due to incomplete molecular
understanding of the most important dis-

eases, will be addressable in the future.
Eventually, this will further lead to the ulti-
mate biopharmaceutical, which, for exam-
ple, “targets” the desired payload to the tu-
mor, thus fully realizing Paul Ehrlich's vi-
sion of the proverbial “magic bullet”.
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