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Human antibodies by design
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Monoclonal antibodies (Mabs) have long been considered a good class of natural drugs, both because
they mimic their natural role in the body and because they have no inherent toxicity. Although rodent
Mabs are readily generated, their widespread use as therapeutic agents has been hampered because
they are recognized as foreign by the patient. Evidently, clinical Mabs should be as human as possible
and results with some of the more recently developed chimerized and humanized Mabs are testimony to
this. Mabs that are entirely human are now being produced from phage display and transgenic mice. The
first fully human Mabs generated by phage display have already entered clinical trials, and together with
recent advances in these technologies, may finally realize the full potential of antibodies.
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It is almost a quarter of a century since the first mouse monoclonal
antibodies (Mabs) were created’, yet the full benefit of Mabs in the
clinic is only now being realized’. Historically, the first Mabs were
murine and as such were often recognized as foreign by the patients
leading to the development of human anti-mouse antibody
(HAMA) responses. Technical difficulties have impeded the pro-
duction of fully human Mabs by cell fusion (although it may be
possible to clone variable regions from unstable cells’), and it is
ethically unacceptable to immunize humans to order. Together,
these issues have driven the development of chimerizing and com-
plementary-determining region grafting (humanizing) so that the
Mabs appear more human. This has resulted in some of the more
recent humanized Mabs eliciting little or no HAMA response’,
although more data are required on repeated administration to
non-immunocompromised patients. Mabs that are entirely human
should further reduce the risk of being recognized as foreign, and
over the last few years there have been notable advances in the gen-
eration of human Mabs using phage display and transgenic mice.
This review describes the current status and relative merits of the
different approaches to producing human antibody therapeutics.

Structure and function of antibodies

Immunoglobulins (Ig) are made up of distinct structural and func-
tional domains as exemplified by the y-immunoglobulin (IgG)
class of antibodies. These are Y-shaped molecules comprising two
identical 50 kDa heavy chains and two identical 25 kDa light
chains. Disulfide bonds link together the heavy and light chain
pairs as well as the two heavy chains (Fig. 1). Each chain consists of
one domain that is variable (V domain) in sequence and responsi-
ble for binding its target antigen, and one or more domains that are
relatively constant (C domains) in sequence and bind effector mol-
ecules. Light chains consist of one V domain (V) and a single con-
stant domain (C,) whereas heavy chains comprise one V domain
(V,) and three constant domains (C,1, C,2, and C,3). The C,2
domain contains an N-linked glycosylation site and the C,2 and
C,.3 domains contain sequences that mediate recruitment of cyto-
toxic effector cells and fixation of complement. Within each V
domain are three regions that are hypervariable in sequence and
crystallographic studies have shown that these residues form loops
at the ends of rigid B-sheets. The hypervariable loops are primarily
responsible for antigen recognition and are referred to as “comple-
mentarity-determining regions” (CDRs). The remaining V region
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amino acids act as a scaffold to support the loops and are known as
“framework residues”.

This domain structure of immunoglobulins is conserved across
species and has facilitated Ig manipulation by protein engineering.
Thus, fragments containing effector functions (Fc) can be
exchanged between antibodies, or CDRs can be transplanted from
one antibody to another in order to transfer antigen-binding capa-
bility. Furthermore, molecules carrying only antigen-binding
capabilities have been produced, and these include F(ab’),, Fab, and
scFvs (Fig. 1). Together these developments have enabled a pletho-
ra of Mabs to be designed for specific therapeutic purposes.

Chimerized and humanized antibodies

The major drawback of rodent Mabs is that they are frequently rec-
ognized as foreign by the patient. To improve their therapeutic
potential, chimeric antibodies have been constructed in which
rodent constant regions are replaced by their human counterparts™
(Fig. 2). Initial comparisons of murine and chimeric Mabs in clini-
cal settings showed much promise. For example, use of the
chimeric Mab 17-1A in patients with colorectal adenocarcinoma
showed improved pharmacokinetics together with a considerable
reduction in immunogenicity’. Lack of immunogenicity of
chimeric Mabs is not a general feature, however, with >50% of
patients developing an antiglobulin response against the rodent V-
domains after repeated dosing®. Despite such difficulties, a limited
number of chimeric Mabs have successfully progressed through
clinical trials’.

The realization that the conserved structure of IgGs across
species also extended to the antigen-binding site facilitated the
introduction of humanized, CDR-grafted or reshaped antibodies
where only the CDRs are of foreign origin™"(Fig. 2). Because the
transfer of murine CDR residues alone can result in significant loss
of antigen binding, it was often necessary to reintroduce a2 number
of foreign framework residues to restore affinity. The first examples
of humanization were therefore based on human V-domains of
known crystal structure®” enabling the identification of framework
residues that may contribute to antigen binding. This, however, can
be a time-consuming process as the identity and number of foreign
residues required has to be determined empirically and may vary
from one to six residues"". Another approachis to identify human
V-domains with closest homology to the foreign V-region and then
to construct computer-generated models to determine which
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framework residues to reintroduce”. The number of potential
residues that might impact on antlgen bmdmg is large"”, and intro-
ducing all of these changes, up to nine in some cases”, would make
the antibody less human. A compromise approach might be to
choose the most homologous human germ line or consensus
sequence and, using known structural data, make an iterative series
of Mabs to identify the optimal humanized Mab that retains affini-
ty but with the minimal number of foreign residues. This balance
between retention of antigen binding and increasing risk of
immunogenicity has led to the notion that only a small number of
surface-exposed residues might need to be replaced in order to
make the surface of a murine Mab appear human'*”, The internal
packing and interface residues could remain unchanged with the
expectation that affinity would be preserved. Several murine anti-
bodies have now been veneered or resurfaced in this way”, but, as
yet, none have been used in man. While humanization can be high-
ly successful, it does have a number of practical limitations: (1)
there are a limited number of options of routes for efficient con-
struction of humanized Mabs; (2) a detailed knowledge of anti-
body structure or modeling is usually necessary; (3) there often has
to be a compromise between affinity retention and introduced for-
eign amino acids leading to unpredictable immunogenicity; (4) the
antibody repertoire is limited to the animal in which the progenitor
Mab originated; and (5) the rodent Mab of the required specificity
has to have already been generated.

The first humanized Mab to enter the clinic was CAMPATH-1H
(ref. 11) for the treatment of non-Hodgkin’s lymphoma® and
rheumatoid arthritis (RA)"*. Although evidence of clinical benefit
was observed, with repeated therapy over half of RA patients devel-
oped HAMA responses. Studies with other humanized Mabs, how-
ever, have shown negligible antiglobulin responses in patients. For
example, multiple dosing with an anti-CD33 Mab in myeloid
leukemia patients®, or with an anti-Tac antibody'** in patients with
graft-versus-host disease or those undergoing renal transplanta-
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Figure 1. Structure of an antibody and derived antibody fragments.
The variable (V) domains encompass the CDRs, which are
highlighted in red. Disulfide bonds are indicated in yellow, scFv linker
is indicated in blue. Fab:fragment antigen binding; F(ab’),: bivalent
Fab; scFv: single-chain variable fragment.
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tion, resulted in clinical efficacy with only one out of a total of 38
patients developing an immune response. More than 20 human-
ized Mabs have now progressed into clinical trials' for a variety of
indications. The general consensus of these studies is that these
agents are proving more efficacious and are well-tolerated with lit-
tle or no intrinsic immunogenicity or toxicity.

Phage display of human antibodies

Display of antibody fragments as Fabs or scFvs on filamentous
phage® (Fig. 2) was first described in 1990%, the first human anti-
bodies were generated soon after”. Apart from the completely
human nature of the antibodies, at the time the major advantage of
phage display was viewed as the speed to Mab isolation, with anti-
body selection and ELISA screening taking just 1-2 weeks. The
major drawback was that the isolated Mabs were only of moderate
affinity”. More recently, however, high-affinity antibodies have
been isolated from very large antibody repertoires within the same
time frame™¥, thereby facilitating the rapid generation of lead
Mabs for therapy. Although any given selection protocol will gener-
ate a panel of antibodies with different properties, a variety of
selection and screening strategies can be used to enrich for Mabs
with the desired characteristics. This ability to tailor the selections
as required and the number and diversity of different human Mabs
generated is now viewed as one of the major benefits of using phage
display. Strategies include selecting for high affinity”* and/or neu-
tralization potency™**, for receptor agonists™; the ability to recog-
nize specific epitopes™ or specific cell types™*, for generating
human equivalents of existing rodent Mabs” akin to humanization
(above), or for use as Western blot or immuno-cytochemical
reagents”. Because the constraints of the immune response and
immunogenicity of the epitope are not relevant in phage display,
Mabs to traditionally difficult antigens are also readily isolated.
These include Mabs to carbohydrate-containing epitopes®, toxic
moieties such as doxorubicin”, and, importantly from a therapeu-
tic viewpoint, anti-self antibodies*.

The phage system also permits selection of complex antigens
such as protein complexes or whole cells, where the cell-surface
components are presented in their native configuration. Red blood
cells”, peripheral blood lymphocytes*, and melanoma cells* have
all been successfully used, and the possibility now exists to apply
cell surface selection to generate antibodies with therapeutic
potential. A selection procedure has been developed that facilitates
the selection of antibodies that recognize specific, discrete regions
of cell surfaces. This technique* utilizes the binding specificity of
an existing ligand to identify antibodies that bind in close proximi-
ty to the ligand binding site. It is possible to take whole cell selec-
tions one stage further and perform selections on the whole organ-
ism. Recently, such methodology has been developed for the in
vivo panning of phage libraries to select for binding members that
recognize a given target organ. In this application, a phage display
library was used to identify peptides that selectively bind to target
organs such as kidney blood vessels and brain®. Selection proce-
dures are extremely flexible and are continually evolving to ensure
that Mabs are isolated that satisfy the researcher’s predetermined
requirements.

By selecting from very large non-immunized repertoires of
antibody fragments (Fabs or scFvs), a good diversity of high-affini-
ty Mabs can be directly isolated”, the best of which have sub-
nanomolar affinities against both hapten” and protein® antigens.
Once an antibody with the desired epitope specificity has been iso-
lated, the system provides the format for the directed evolution of
antibody affinity in order to improve its neutralization potency
and/or binding kinetics. There are a number of approaches to the
affinity maturation of antibodies” including mutation of the CDRs
of the antibody gene segments”, chain shuffling®, use of mutator
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Figure 2. Comparison of the different approaches for producing human monoclonal antibodies. With tr_adlthr_la t !
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strains of Escherichia coli® and DNA shuffling®, all combined with
stringent selection protocols **. Such approaches can be combined
and/or reiterated to give stepwise improvements in the affinity cul-
minating in a final Mab that may have >100-fold improved affinity.
For example, an anti-C-erb-B-2 scFv antibody, originally isolated
from a naive phage library, with a Kd of 16 nM has been affinity
matured through iterative CDR mutagenesis to a Kd of 13 pM* as a
scFv. Such changes, particularly in CDR3 of the heavy chain, are
unlikely to compromise the human nature of these antibodies. The
extent of randomness, degeneracy, and redundancy within CDR3
are so great that, in the vast majority of cases, it would be impossi-
ble to assign any given change as “non-human”.

Compared with antibody fragments, whole IgGs have an
extended serum half-life and are therefore the preferred format for
therapeutic Mabs. This necessitates recloning of the phage display-
derived scFvs or Fabs into mammalian expression vectors contain-
ing the appropriate constant domains and establishing stable
expressing cell lines. Typically, this may take 6-8 weeks after which
time around 10-50 mg of IgG could be purified for preclinical
studies. The specificity and affinity of the antibody fragments are
generally very well retained by the whole IgG, and, in some
instances, the affinity may significantly improve” due to the biva-
lent nature of the IgG.

In the past year the first human Mabs derived from phage dis-
play have entered phase I/Ila clinical trials for treatment of
rheumatoid arthritis (anti-tumor necrosis factor [TNF-a]) and
ocular fibrosis (anti-transforming growth factor 3)*. Although the
results of the trials are awaited, these Mabs provide an early indica-
tion of the powerful potential of antibody phage display libraries.

Human antibodies from transgenic mice.

An alternative strategy for producing fully human Mabs is offered
by transgenic mice (Fig. 2)**'. This technology, which ultimately
remains dependent on immunization, involves two prior in vivo
genetic manipulations: inactivation of the endogenous mouse Ig
genes and the subsequent introduction of unrearranged human Ig
gene segments. Because the human Ig loci are extremely large and
complex structures comprising hundreds of genes spanning several
Mb of DNA?¥, large fragments of these loci must be introduced into
the mouse germ line” if functional human Mabs are to be pro-
duced. Essentially, this has been achieved using either minigene
constructs where up to 80 kb of a limited number of cloned human
Ig genes are artificially juxtaposed™™ or through yeast artificial
chromosomes (YACs) that enable the cloning of very large contigu-
ous Ig gene fragments™ that can be over 1 Mb in size®. To achieve
maximal expression of the human antibody transgenes, it is also
essential to silence the endogenous Ig expression prior to introduc-
tion of the human loci®, This has been achieved by knockout of
critical mouse V-genes in embryonic stem cells, thereby blocking
B-cell development and endogenous antibody production®.
Consequently, the levels of human Ig in the serum of transgenic
mice are typically around 100 ug/ml**, but levels up to 800 pg/ml
have also been reported™.

The first fully human antigen-specific Mabs derived from trans-
genic mice were of moderate affinity (100 nM—-1 pM) with only a
limited number of these Mabs being raised against each anti-
gen”™**, Although this likely reflected the makeup of the plasmid-
based minigene constructs that contained only a fraction of the
human Ig-gene segments, the principle and feasibility of using a
transgenic approach was established. With the recent advent of
larger loci in the form of megabase-sized YACs comprising large
contiguous regions of 66 V, and 32 V, genes, has come a significant
improvement in both the number and affinity of specific Mabs that
can be recovered™. This observation parallels that of phage display
in that the larger phage display repertoires (210" Mabs”) yield a
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greater diversity of higher-affinity antigen-specific Mabs than their
smaller counterparts (10'-10° Mabs®). In both cases, it is now evi-
dent that increasing complexity of the initial V-gene repertoire,
whether as a transgene or as a phage library, is accompanied by an
improvement in the diversity and affinity of the isolated Mabs. To
date, only three different protein antigens—interleukin 8, epider-
mal growth factor receptor and TNF-a—have been used to immu-
nize the “megabase mice”. The affinities for the isolated IgGs are
good, generally being in the 0.1-1.0 nM range. Although only the
best of the antibody fragments derived from phage display”* have
affinities that can rank alongside this, [gGs possess an inherent
avidity component that may often result in improved affinity com-
pared with its equivalent monomeric scFv. Accordingly, the affini-
ties of two anti-MuSK scFvs were significantly improved from 5.1
nM and 4.8 nM to 12.5 pM and 29.5 pM, respectively, upon con-
version into IgGs®.

The transgenic system is still developing and we await the estab-
lishment of mice harboring the full complement of human Ig genes,
notably the Ig\ locus. This should further increase the diversity of
the isolated Mabs as around 40% of natural human Mabs contain A
light chains®. The main advantage of the transgenic system is that
whole Mabs, not antibody fragments, are generated by the mice.
The isolated hybridomas could also potentially be used as produc-
tion systems if the current levels of IgG (2-19 pg/ml* in static cul-
ture) are improved. It should also be possible to construct a set of
transgenic mice, each expressing a different human isotype, thereby
enabling the generation of Mabs with appropriate effector func-
tions. Nevertheless, no Mabs derived from transgenic mice have yet
entered clinical trials, but this will, no doubt, change with time.

Future perspectives

Humanization has proven to be a powerful method for transferring
the specificity and affinity of an existing appropriate rodent Mab
into human format. It is, however, wholly dependent upon the
existence of an rodent Mab. Although in the absence of such, the
generation and identification of suitable rodent Mabs could be
undertaken, this would significantly add to the time taken to devel-
op an appropriate therapeutic candidate. With the isolation of
more and more fully human Mabs from phage display and trans-
genic mice, it seems likely that the frequency with which rodent
Mabs are humanized will slowly decline. Furthermore, an analo-
gous phage display selection technology, epitope imprinted selec-
tion*, has already been developed to generate human equivalents of
existing rodent specificities. Together, these factors will likely effect
a shorter “shelf-life” for humanization compared with its counter-
part technologies. The most recently reported affinities for Mabs
derived from transgenic mice and phage display are equally good,
matching the best that the immune response can offer. This makes
other factors, such as Mab diversity and speed of isolation, more
important considerations when deciding upon which approach to
take.

Over the last year, there has been significant progress in the
development of antibody therapeutics with the first two fully
human Mabs derived from phage display entering phase 1/11a clini-
cal trials for RA and ocular fibrosis®. The generation of large
human phage display repertoires and “megabase mice” is still
evolving, and further improvements to both systems are to be
expected. Together, these technologies are now beginning to pro-
cure a “production line” of efficacious human Mabs suitable for
therapy.
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