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Antibody libraries have come of age in the generation and evolution of

monoclonal antibodies for therapeutic applications. Here, with an

emphasis on cancer therapy, several examples are presented that illustrate

the ability to design, engineer and select antibody libraries for different

rationales in drug and target discovery.
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v The use of monoclonal antibodies (mAbs)
as therapeutic agents is gaining importance in
the treatment of various conditions such as
cancer, cardiovascular diseases and viral infec-
tions. In concert with their clinical accept-
ance, mAbs have become commercially viable
drugs?. For example, two mAbs, which were
recently approved by the FDA for the treat-
ment of non-Hodgkin’s lymphoma (Rituxan®)
and breast cancer (Herceptint), already pro-
duce annual sales in the US$100 million to
US$500 million range (http://www.genentech.
com). Consequently, a significant proportion
of biotechnology drugs that are in clinical tri-
als or await FDA approval are mAbs and their
major target indication is cancer2. Similar
to drugs in cancer therapy, naked mAbs, such
as Rituxan® and Herceptint, exert their cyto-
toxic effects by interfering with ligand-recep-
tor interactions required for tumor survival or
by initiating immune responses, including
cell-mediated or complement-mediated cyto-
toxicity. In adition, MAbs that target tumors
have been conjugated to radioisotopes,
chemotherapeutic agents, bacterial toxins,
cytokines and enzymes in order to potentiate
their cytotoxic effects3.

Antibody libraries vs. hybridoma
technology

MADbs have been generated either by the hy-
bridoma technology# or, more recently, from
antibody libraries®. The development of anti-
body libraries has been greatly influenced by

the development of display technologies and
vice versa. The physical connection of anti-
body phenotype (protein) and genotype
(cDNA) effectively allows selection rather
than screening of antibody librariesé. The
integration of antibody libraries and phage
display technology’ approximately a decade
agos-12 was a key event in this respect. More
recently, display technologies!3.14 other than
phage display have been applied to antibody
libraries, including ribosome?s, yeast16¢ and
bacteriall’ display.

Typically, antibody libraries are selected for
mADbs that bind with high affinity and speci-
ficity to a given target antigen. However,
mAbs exhibit selectable phenotypes other
than affinity and specificity. For example,
mAbs that mediate endocytosis of phage by
mammalian cells can be selected from anti-
body libraries, which has potential appli-
cation in gene therapy!8. Enzymatic activity is
another selectable phenotype of mAbs.

Whereas the hybridoma technology is prac-
tically confined to rodents, antibody libraries
allow the generation of mAbs from virtually
any species whose immunoglobulin genes are
known. It is conceivable that the ability to gen-
erate mAbs from a variety of species will be im-
portant for the identification of highly con-
served human antigens or highly conserved
epitopes of human antigens. The epitope reper-
toire of a given human antigen recognized by
nonhuman antibodies is different for each
species. As a result, epitopes that are not im-
munogenic in one species might be immuno-
genic in a different species. Highly conserved
epitopes often display functional binding sites.
The generation of mAbs against functional
binding sites, that is, the generation of mAbs
that agonize or antagonize functional interac-
tions, is relevant for therapeutic applications?.
Mabs from species other than mouse are of
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particular interest for the development of therapeutic anti-
bodies that are evaluated in mouse models of human disease
where antibodies are required to recognize both the human
antigen in the xenografted tissue and its mouse homolog in
the host tissue. By contrast, therapeutic antibodies that are
derived from immune mice, either indirectly through hu-
manization or directly through transgenic mice expressing
human antibodies?0, are negatively selected against epitopes
displayed by the mouse homolog.

In addition to immune repertoires, antibody libraries
can be used to exploit nonimmune repertoires, that is,
large naive2!-23 and synthetic?4 repertoires, or combinations
of both25, for the generation of human mAbs26.27, A strik-
ing advantage of antibody libraries from large synthetic
and naive repertoires is their antigen independence (i.e.
one library can be used for the selection of antibodies
against any antigen). By contrast, antibody libraries from
immune repertoires are individually generated from ani-
mals immunized with a particular antigen or from humans
with a particular immune response, for example, against
human immunodeficiency virus-1 (HIV-1; Ref. 11). Owing
to this restriction of the immune repertoire, human anti-
bodies have been primarily generated from synthetic and
naive repertoires. Some features of antibody libraries from
immune, naive and synthetic repertoires are summarized
in Fig. 1, which emphasizes the interface between the three
sources of antibody libraries.

Structural considerations

A key module in design and engineering of antibody li-
braries is the immunoglobulin (Ig) domain. The Ig domain
consists of ~100 amino acids, which form a sandwich of
two opposing antiparallel B-sheets that surround a hy-
drophobic core and are linked by a disulfide bridge (Fig. 2).
Probably becaue of its conformational stability and resis-
tance to proteases, the Ig module is found in a variety of
extracellular proteins (predominantly cell adhesion mol-
ecules), referred to as the Ig superfamily. It is thought that
the evolutionary success of the Ig module was driven by the
Metazoan evolution with its demand for stable protein
modules mediating recognition and adhesion at the cell
surface28. Although most cell adhesion molecules of the
Ig superfamily are single chain molecules, they form ho-
mophilic and heterophilic intermolecular interactions that
resemble the chain associations found in the antibody mol-
ecule (Fig. 2). It has therefore been suggested that the anti-
body molecule evolved from cell adhesion molecules?s.
With its new phenotype, the hypervariable antigen binding
site, whose diversity in humans is based on the random
combination of ~200 variable (V), diversity (D) and joining
(J) gene segments and somatic mutation, evolved rapidly to
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Figure 1. Sources of antibody libraries. Antibody libraries from
naive repertoires represent the primary antibody repertoire
before antigen contact; antibody libraries from immune
repertoires represent the secondary antibody repertoire
following immunization. Accordingly, the genetic source of
antibody libraries from naive and immune repertoires is IgM
mRNA from B cells and IgG mRNA from plasma cells,
respectively. Antibody libraries from synthetic repertoires, by
contrast, are based on synthetic oligonucleotides designed to
diversify defined sections in the antibody sequence.

become a central protein module of the immune system.
The antigen binding site results from the convergence of six
hypervariable peptide loops or complementarity determin-
ing regions (CDRs), three provided by each light and heavy
chain variable domain. The six CDRs are clustered at one
end of the antibody molecule (Fig. 2). It is primarily the vari-
ation in amino acid sequence in the CDRs that produces
mADbs of differing antigen specificities. CDR1 and CDR2 of
light and heavy chains are encoded within the V gene seg-
ments. The most hypervariable CDRs, CDR3 of light and
heavy chain, are generated by the recombination of V and J
gene segments or V, D and J gene segments, respectively.

Intriguingly, the same features that led to the evolution-
ary success of the Ig domain, namely its stability and versa-
tility, also underlie its success in directed protein evolution
driven by display technologies. In fact, the ability to func-
tionally express and display Ig domains as Fab or single
chain Fv fragments by phage, bacteria and yeast is an
essential element of antibody libraries.

The Fab molecule (Fig. 2) is a 50 kDa fragment of the
150 kDa IgG molecule with a heavy chain shortened by
constant domains CH2 and CH3. Two heterophilic
(VL-VH and CL-CH1) domain interactions underlie the
two-chain structure of the Fab molecule, which is further
stabilized by a disulfide bridge between CL and CH1. The
25 kDa single chain Fv molecule comprises variable do-
mains VL and VH connected by a polypeptide linker. Both
formats have been used in antibody librariess.

Other molecules that consist of Ilg domains, for exam-
ple, the single chain T-cell-receptor molecule2930 and the
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33F12 as determined by A. Heine and I.A. Wilson7s.
Abbreviation: CDR, complementarity determining region.

Figure 2. Three-dimensional structure of the Fab fragment of an antibody molecule. Arrows
indicate B-strands and point in the amino-to-carboxyl direction. Lines indicate p-strand
connecting loops. Each of the four Ig domains is formed by a sandwich of two antiparallel
B-sheets linked by a disulfide bridge (not shown). The variable I|g domains of light and
heavy chain, VL and VH, as well as the constant domains, CL and CH1, form dimers. Each
of the two variable I|g domains, VL and VH, contain three CDRs, which are located on loops
connecting the B-strands. Shown is the crystal structure of the Fab fragment of mouse mAb

expressing human antibodies, has
been the fact that nonhuman anti-
bodies are highly immunogenic in
humans, which severely limits their
clinical applications and makes anti-
body humanization mandatory if
repeated administration is required
for therapy. However, antibody im-
munogenicity in humans is thought
to be influenced by several factors,
including the nature of the antigens3s.
Accordingly, human or humanized
antibodies might still elicit an immune
response. The availability of sera
from patients treated with antibodies
will enable the nature of antibody
immunogenicity to be addressed
experimentally3e.

Humanized vs. human antibodies

Although the human antibody li-
braries from immune, naive and syn-
thetic repertoires initially made the
humanization of antibodies from
immune animals look outdated,
there are now reasons to believe that
humanized antibodies can challenge
human antibodies in several thera-
peutically relevant aspects. First, 25
years of hybridoma technology

Ig superfamily molecule cytotoxic T-lymphocyte-associ-
ated antigen 4 (Ref. 31) have been evolved in vitro using
display technologies. In addition, the fibronectin-type IlI
domain, which is structurally related to the 1g module, has
been successfully displayed on phage32. An alternative
strategy in protein engineering is the in vitro evolution of
structurally distinct protein modules that have the potential
to replace the Ig domain in certain applicationss33.34,

In vitro evolution of antibodies

In addition to the de novo generation of mAbs, antibody
libraries are an important tool for the in vitro evolution (i.e.
humanization and affinity maturation) of existing mAbs.
The use of antibody libraries for in vitro evolution has been
guided by knowledge of the structural parameters that
define the antibody molecule.

Humanization

A driving force in the development of human antibody
libraries, as well as in the generation of transgenic mice

38

yielded a number of therapeutically
promising rodent mAbs, whose humanization compares
well to the de novo generation and characterization of
human antibodies for accessing clinical applications in the
coming years. Second, in contrast to human antibodies de-
rived from naive or synthetic human antibody libraries,
antibodies from immune animals were subjected to in vivo
selection and, as a result, are more likely to recognize a
given antigen selectively (i.e. without cross-reactivity to
another antigen). Third, although until recently antibody
humanization was based on rational design strategies, se-
lective approaches based on display technologies have
greatly facilitated the process.

Combining rational design and in vitro evolution

A frequently used rational design strategy for antibody hu-
manization is CDR grafting37:38. In this approach, the six
CDR loops comprising the antigen binding site of the non-
human antibody are grafted into corresponding human
framework regions. CDR grafting takes advantage of the
conserved structure of the variable Ig domain, with the
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Figure 3. Selection strategy for antibody humanization that
combines CDR grafting with framework fine-tuning. Schematically
depicted are the building blocks of the Fab fragment of an
antibody molecule [i.e. the light chain (LC) comprising variable
Ig domain (VL) and constant I|g domain (CL), and the heavy
chain (HC) fragment composed of variable Ig domain (VH) and
first constant Ig domain (CH1)]. The three CDRs from each
variable Ig domain are highlighted. Nonhuman sequences are
shown in yellow, human sequences in blue. The six CDRs of a
nonhuman Fab are grafted from their original framework into a
human framework that contains a set of diversified residues
(green diamonds). These residues are diversified to allow the
selection of either the human (blue diamonds) or the original
nonhuman residue (yellow diamonds).

Abbreviations: CDR, complementarity determining region.

framework regions forming a rigid, yet adjustable3 3-sheet
scaffold that displays the CDR loops (Fig. 2). In addition to
residues in the CDR loops, framework residues contribute
to antigen binding, either indirectly, by supporting the
conformation of the CDR loops, or directly, by contacting
the antigen4041. Therefore, to maintain antigen binding,
usually it is necessary to replace residues of the human
framework in addition to CDR grafting. This fine-tuning
step, which until recently required computer modeling
and iterative optimization by site-directed mutagenesis,
has now been subjected to in vitro evolution4243, As out-
lined in Fig. 3, this strategy involves the diversification of a
small number of framework residues to allow the selection
of either the human or the original nonhuman residue.
The diversified framework residues are chosen out of a set
of key framework residues that are known to be involved
in antigen binding. Key framework residues4® have been
identified structurally by crystallization and molecular
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!
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Figure 4. Antibody humanization by designed combinatorial V
gene libraries. This strategy involves two selection steps for the
sequential humanization of light chain and heavy chain
fragments. Throughout these selections the only preserved
sequences in the variable domains of light chain and heavy
chain are the CDR3 sequences. Nonhuman sequences are
shown in yellow, human sequences in blue. In the first step a
chimeric nonhuman/human heavy chain fragment is used as a
template for the selection of a human light chain V gene library
(light blue) that contains the grafted CDR3 loop of the original
nonhuman light chain. Likewise, a human heavy chain
fragment that contains the grafted CDR3 loop of the original
nonhuman heavy chain fragment is selected from a human
heavy chain V gene library (light blue) in the second step.
Abbreviations: CDR, complementarity determining region.

modeling, as well as empirically by antibody humaniz-
ation. This strategy was applied in the first humanization
of a rabbit mAb44. The rabbit mAb had been selected by
phage display from antibody libraries generated from rab-
bits that were immunized with human A33 antigen.
Human A33 antigen is a tumor antigen that is expressed
on the surface of colon cancer cells. The resulting humanized
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mAbs were found to retain both
high specificity and affinity for
human A33 antigen44.

Whereas the latter approach in-
volves a very limited sequence diver-
sification, another in vitro evolution
strategy for antibody humanization
diversifies entire V genes. This strat-
egy (Fig. 4) was inspired by the con-
cept of guided selection4> and pre-
serves only the original nonhuman
CDR3 sequences of light and heavy
chain while subjecting the remain-
ing sequence to selection from
naive human V gene libraries. Using
designed combinatorial V gene
libraries, mouse mAb LM609 was
humanized46. LM609 is directed to
human integrin a,f3; and has poten-
tial applicability in cancer therapy as
an anti-angiogenic agent. This ap-
proach was shown to: (1) provide a
rapid route for antibody humaniz-
ation constraining the content of
original nonhuman sequences in
the final antibodies to the most hy-
pervariable of the CDRs, (2) generate
several humanized versions with dif-
ferent sequences simultaneously, (3)
result in affinities as high as or
higher than the affinity of the origi-
nal antibody, and (4) retain the anti-
gen and epitope specificity of the

HCDR1 randomizatV NC;DRS randomization

¢ Selection

\

Figure 5. Affinity maturation of antibodies by CDR walking. CDR walking involves the
sequential or parallel optimization of CDRs by focused mutagenesis and subsequent
selection by phage display. Shown is a combination of sequential and parallel CDR
optimization used for the affinity maturation of an antibody that was humanized using
designed combinatorial V gene libraries as outlined in Fig. 4. Nonhuman sequences are
shown in yellow, human sequences in blue, randomized sequences in orange, and
optimized sequences in red. Nonhuman CDR3 of the light chain was optimized first
followed by a parallel optimization of CDR1 and CDR3 of the heavy chain. Optimized CDR1
and CDR3 of the heavy chain were combined in the last step. The focused mutagenesis
strategy involves the randomization of typically four to six naturally hypervariable codons in
each CDR encoding sequence, a number that is limited by achievable library sizes4.
Abbreviations: CDR, complementarity determining region.
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original antibody#4é. Designed com-

binatorial V gene libraries were used in several subsequent
humanizations of mouse4748 and rabbit4® antibodies. This
strategy exemplifies an in vitro evolution of antibodies that
is based on a combination of immune and naive reper-
toires. The resulting antibodies can be evolved further by
generating synthetic repertoires based on the randomization
of defined sections in the antibody sequence.

Affinity maturation

The tumor-targeting properties of a mAb are determined by
its size, avidity (i.e. number of antigen binding sites) and
affinitys051, Affinity maturation is a highly relevant step in
engineering mADbs for therapeutic applications. By increasing
the affinity to its target antigen, the therapeutic dose of a mAb
is reduced whereas its therapeutic duration is increaseds2.
In cancer therapy, however, too high affinities of mAbs are
suspected to be counterproductive for tumor penetrations?.

40

The affinity maturation of mAbs using antibody libraries
recapitulates the process of its natural counterpart, which
is based on sequence diversification followed by selec-
tions3. Sequence diversification in vitro is accomplished by
dispersed or focused mutagenesis strategies>4. Recently, a
dispersed mutagenesis strategy based on DNA shufflingss
was combined with yeast display for the selection of anti-
bodies with femtomolar monovalent affinitys6. Regarding
therapeutic applications, however, a focused mutagenesis
strategy known as CDR walking57 stands out as the most
general approach for affinity maturation of antibodies. As
outlined in Fig. 5 for the affinity maturation of humanized
mAb LM609 (C. Rader et al., unpublished), CDR walking
involves the sequential or parallel optimization of CDRs by
sequence randomization and subsequent selection by
phage display. The CDRs are an obvious choice for focused
mutagenesis because they comprise the antigen binding
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site and they are naturally diverse, suggesting that mu-
tations in these regions are less likely to be immunogenic.
Using CDR walking, monovalent affinities of human mAbs
were improved from nanomolar to picomolar range58.59.

The described strategies for antibody humanization and
affinity maturation are based on the selection of antibody
libraries by display technologies. An alternative strategy is
the more traditional, yet effective, screening of bacterially
expressed antibody libraries using nitrocellulose filters
probed with antigen®0. This methodology has recently
been applied to the parallel screening of an arrayed antibody
library against a variety of antigens®t.

Catalytic antibodies

As recently pointed out by Schultz and colleguest?, ‘the
combination of tools and principles of chemistry, together
with the tools of modern molecular biology, allow us to
create complex synthetic and natural molecules, and
processes with novel biological, chemical and physical
properties’. Catalytic antibodies (i.e. antibodies that cata-
lyze chemical reactions®3) illustrate this potential at the
interface of chemistry and biology. For example, a generic
drug-masking strategy has been developed that can be
applied to the selective activation of chemotherapeutic
agents by sequential retro-aldol-retro-Michael reactions
catalyzed by a mAb. Using various cancer cell lines in vitro,
the functional unmasking of doxorubicin and camp-
tothecin prodrugs by therapeutically relevant concen-
trations of the catalytic antibody

research focus | reviews

Target discovery

Beyond the generation and evolution of therapeutic anti-
bodies, antibody libraries from immune, naive and syn-
thetic repertoires are set to become key tools in target dis-
covery, in particular for the identification of human tumor
antigens. Since the advent of hybridoma technology 25
years ago4, a majority of human tumor antigens have been
identified via mouse mAbs. Mice have been immunized
with human tumor antigens by injecting human cancer
cell lines or tissues. Mouse mAbs have been subsequently
generated using hybridoma technology. Ultimately, mouse
mAbs have guided the identification of their cognate anti-
gen by cDNA cloning. An alternative approach for the
identification of human tumor antigens is the serological
analysis of recombinant cDNA expression libraries, termed
SEREX, which uses autologous human antibodies from the
sera of cancer patients for the screening of cDNA libraries
constructed from the tumors of cancer patients. More
recently, tumor and tumor vasculature antigens have been
identified on the transcriptional level by compiling se-
quence tag databases based on their differential expression
in normal and malignant tissue®e.

Although the utilization of antibody libraries for target
discovery has not yet been explored to its full potential,
studies based on synthetic?0, naive’ and immune (Fig. 6)
repertoires have proven the concept. In contrast to the hy-
bridoma technology, antibody libraries can be positively
and negatively selected against human cell lines, allowing

was demonstrated®4. The rationale in
this concept is to combine catalytic 300+
and tumor targeting antibodies in
bifunctional antibody constructs
that allow the selective application
of chemotherapy to the tumorss.
Although the catalytic antibody used
in these studies was generated by the
hybridoma technology, it has been
evolved in vitro by means of antibody b

libraries4’. For an efficient prodrug 'F

Number of events

| ﬁ;,_s;H'T'\ ..

IIl||.
i

1kl
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activation in vivo, it will be important
to further improve the enzymatic
activity of catalytic antibodies by
in vitro evolution strategies based on
antibody libraries. As mentioned
earlier, enzymatic activity is a se-
lectable phenotype of mAbs. Thus,
appropriately designed strategies
allow for the selection of diverse
catalytic activities from antibody
librariess6.67,

10t 102 108

Figure 6. Antibody libraries in target discovery. Flow cytometry histogram showing the
binding of phage from a rabbit antibody library to a human prostate cancer cell line after
zero (blue), one (green), two (yellow), three (orange) and four (red) rounds of selection on
whole cells. For indirect immunofluorescence staining, cells were incubated with phage except
for the control (black). Anti-phage secondary antibodies and fluoroscien thiocyanate (FITC)-
conjugated tertiary antibodies were used for detection. The y axis gives the number of events
in linear scale, the x axis the fluorescence intensity in logarithmic scale. Dozens of mAbs of
different sequence and selectivity were identified (M. Popkov and C. Rader, unpublished).

10*

Fluorescence intensity Drug DiscoveryToday
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specificity to become part of the selection. Moreover, tar-
get discovery based on antibody libraries readily provides a
targeting drug for an identified molecular target. Both the
protein and the cDNA of the targeting drug (i.e. the mAb)
are selected at the same time and thus can be readily chan-
neled into in vitro evolution strategies such as antibody
humanization and affinity maturation.

Tracking the success of peptide libraries’273, another
promising strategy, in particular for the discovery of
targets that are expressed by the tumor vasculature, is the
selection of antibody libraries in vivo74.

By interfering with ligand-receptor interactions or by
inducing receptor clustering’s, mAbs have an impact on
downstream signaling pathways that can be monitored by
gene expression profiling using DNA array technology.
Thus, in addition to the identification of cell surface anti-
gens, mAbs have a potential in the definition of intracellu-
lar proteins as relevant drug targets. Paying tribute to the
zeitgeist (current way of thinking), | envision an integration
of antibody libraries, display technology and DNA array
technology in an automated process designed for drug and
target discovery.

With an emphasis on cancer therapy, the examples in
this review were meant to illustrate the broad scope of an-
tibody libraries from drug evolution to target discovery.
Ahead of all promises, the approval of the first mAb for
cancer therapy that was derived or evolved from an antibody
library can be expected soon.
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