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Humanization of Rodent Mon-oclonal Antibodiés

by CDR Grafting

Mary M. Bendig

MRC Collaborative Centre, 1-3 Burtonhole Lane, Mill Hill, London NWT IAD, United Kingdom

Many rodent antibodles with possitia therapeutic applications
In humang have been [solated and characterized. Clinical results
with rodent antibodles, however, have been disappolnting pri
marily because rodent antibodlas are highly Iimmunogenic In hu-
mans. To help overcome this problem, rodent antibodles have
besn partially and fully humanized. Partlal humanlzation consists
of joIning the rodent variable reglons to human constant regions
1o create a chimeric antibody, Full humanlzation means taking
only the portlons of the rodent variable reglons that are directly
Invaived In antigenbinding, the complementarity determining re-
glons (CDRs), and grafting thess reglons Into humen variable
regions. The “reshaped human'’ variable regions are then joined
to humean constant regions to create e fully humanized, COR-
grafted antibody. Full humanization by CDR grafting is a more
complex type of proteln engineering than partial humanization
by chimerization. Rellable methods for humanizatlon by COR
grafting, however, have been developed, This article describes
the methods developed and used at the MRC Collaborative Cen-
tre. The methods rely on selecting human variable reglons with
8 high degree of similarity to the rodent variable reglons and
constructing a molecular modef of the rodent variable reglons.
The model Is used to help identify amino acld resldues that
particlpate either directly or Indirectly In antigen binding and
then to decide what amino acld substitutions might be neces-
sary In the human variable reglons In order to achleve good
bindlng to antigen. The methods are described In general and
then lllustrated for humanizing 8 mouse antHhuman IZE antibody,
The artlcle also lists 80 examples of rodent antibodies human-
lzed by CDR grafting, © 1995 Acegemis Fress, Inc.

Antibedies have been proposed and tested as thera-
peutic agents in humans for many years. As early as
the 19205, polyclonal rabbit antisera were used to treat
leukemia in humans. With the advent of hybridoma
technology in the 1970s (1), it became possible to pro-
duce rodent monoclonal antibodies with specificities to
a wide range of therapeutic targets. It has proven more
difficult to isolate therapeutically promising human
monoclonel antibadies using either hybridoma technol-
ogy or EBV transformation. Reasons for this include
1046-2023/95 $12.00
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fundamental technological problems, ethical considera-
tions, and tolerance to self-antigens, Most therapeutic
work has concentrated, therefore, on a variety of ex-
isting rodent monoclonal antibodies that have useful
gpecificities, good affinities, and the ability to be pro-
duced in large quantities.

Rodent antibodies, however, have gerious disadvan-
tages as therapeutic agents in humans. First, rodent
antibedies induce an immune.response in human pa-
tients that will result in rapid clearance of the rodent
antibody and hence interfere with the intended thera-
peutic benefit. Second, rodent antibodies generally do
not efficiently recruit human immune effector func-
tions that enable complement-dependent cytotoxicity
(CDC) and antibody-dependent cell-mediated cytotox-
icity (ADCC). These effector functions are often re-
quired for therapeutic efficacy. Third, patients sensi-
tized to rodent antibodies may suffer from allergic side
effects. These problems can be largely overcome using
protein engineering technologies to “humanize” rodent
monoclonal antibodies,

There are essentially two methods for humanization.
The first method is to take the entire variable domaing
from the rodent antibody and join these to the constant
domains from human antibodies to create a rodent—
human “chimeric” antibody (Figs. 1 and 2). This
method is a relatively simple protein engineering pro-
cedure in which entire unaltered protein domains from
orie protein (the variable domains from the light and
heavy chains of a rodent immunoglobulin) are joined
to entire unaltered protein domains from other related
proteins (the constant domains from human immuno-
globulin light and heavy chains). Although this method
of humanization is simple and reliable in terms of gen-
erating an antibody that will hava the binding charac-

" teristics of the rodent antibody, this method will create

only a partially humanized antibody, with approxi-
mately 35% of the final antibody sequence derived from
the rodent antibody. Although chimeric antibodies are
less immunogenic in humans than rodent antibodies,
they can still induce anti-variable domain immune re-
sponse in humans (reviewed in Ref, 2).
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F1G. 1. Disgram of an immunoglobulin molecule. The light and
heavy chain variabls domains are indicated as Vg and Vg, respec-
tivoly. The light chain constant domain and the thres heavy chain
constant domains are indicated by Cy, Cpy, Cus, and Cg,, respec-
tively. The three complementarity determining regions (CORs) and
four famework rogions (FRs) that make up each varigble domain
are labeled. .

The second method for humanization is to take only
the antigen-binding loops or complementarity de-
termining regions (CDRs) (Figs. 1 and 3) from the ro-
dent variable domains and to graft these into human

Chimeric
Antibody Rodast’ .
Variable
ﬁ Ky} ’
Human
Constant
Ragiong

Antigen

Heavy
Chain

FIG. 8. Dingrem illustrating binding to antigen. In a simplified
example, the gix CDRa of the antibody’s light and besvy chain vari-
able regions form loop-like structures that make direct contact with
the antigen, holding it in place. .

variable domains, These “reshaped” human varisble
domaing are then joined to human constant domains to
create a fully humanized antibody (Fig. 2). This method
requires congiderably more complex protein engi-
neering procedures because major alterations are being
made within two interacting protein domains (the light
and heavy chain variable regions). Although this
method is more complex and is not certain to create a
humanized antibody with good binding properties, it
will create a fully humanized antibody with only ap-
proximately 8% of the final antibody sequence derived
from the rodent antibody. At present, there are very

Full
\:{uman!zaﬂon
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FIG. 2. Disgrum illustrating the differencs between partial humanization and full humsnization. The redent antibedy is shaded with the
CDRs in black. [a the chimeric and CDR-grafted antibodies, the portions of the antibody that were derived from the rodent antibody are
shaded or in black, and the partions that were obtained from & buman antibedy aro in white,
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limited data available on the immunogenicity of CDR-
grafted antibodies in humans. However, it is likely that
full humanization will greatly reduce the immunoge-
nicity of a rodent antibody but that, in some cases,
the fully humanized antibody will still elicit an anti-
{diotypic response to the antigen-binding site (3, 4).

The concept of humanization of a rodent antibody
via CDR grafting was first demonstrated by Dr. Greg
Winter at the MRC Lahoratory of Molecular Biology in
Cambridge, England (5). Since then, the methods for
designing and constructing CDR-grafted antibodies
have been adopted and further developed by several
research groups. A confusing array of terminology has
been used to describe variations in methods for human-
ization, for example, reshaping, hyperchimerization,
civilization, veneering, and surface replacement (re-
viewed in Ref. 2). All of these methods are based on
grafting all or part of the rodent CDRs into human
variable regions and then making minor alterationsin
the framework regions (FRs) of the human variable
regions in order to achieve good binding to antigen.
This paper will describe the methods developed and
used at the MRC Collaborative Centre for humaniza-
tion via CDR grafting. Published results obtained both
at the MRC Collaborative Centre and at other research
centers will be summarized, ;

DESCRIPTION OF METHOD

Cloning and Sequencing of the Rodent Veriable

Regions

In most cases, cDNAs coding for the rodent variable
regions are cloned using polymerase chain reaction
(PCR) methods to amplify the variable regions. At the
MRC Collaborative Centre, we use specially designed
PCR primers that hybridize to sequences flanking the
variable regions so that the entire variable regions are
cloned without the PCR primers influencing potentially
important sequance information at the 6'- and 3 ‘-ends
of the variable regions (6). In a typical cloning of mouse
light and heavy chain variable regions, total RNA is
prepared from the hybridoma cells that produce the
mouse antibody using a guanidinium thiocyanate/ce-
sium chloride procedure (7). First-strand cDNA is syn-
thesized from the total RNA and used as the template
DNA in PCR reactions with the primers designed to
amplify mouse light and heavy chain variable regions
(6). PCR products of the correct size are cloned into a
pUC vector and sequenced, For both the light and
heavy chain variable region, atleast two independently
amplified and cloned DNA fragments are sequenced. If
there are any differences between the two sequences,
additional clones are sequenced. Care must be taken to
recognize crrors arising from PCR amplification. Care

must also be taken, particularly with the cloning of
the light chain variable region, to recognize aberrant
immunoglobulin transcripts arising from the nonsecre-
ting myeloma cell used as the fusion cell partner (8).

Construction of & Chimeric Antibody

The amino acid sequences of the rodent variable re-
gions, as derived from the DNA sequences, can be com-
pared to immunoglobulin variable regions in databases
(9) to confirm that the aming acid sequences do code
for immunoglobulin variable regions. In order to con-
firm that these amino acid sequences code for the vari-
able regions of the particular rodent antibody being
studied, it is best to construct a chimeric antibody and
determine that this chimeric antibody can bind to the
antigen recognized by the original rodent antibody.

At the MRC Collaborative Centre, PCR primers were
designed to clone the entire mouse variable regions
together with their leader sequences (6). Using the
cloned leader-variable regions as template DNAs, PCR
primers are designed to modify the 5'-ends to contain
Kozak sequences for efficient eukaryotic translation
(10) and restriction enzyme sites for insertion into the
expression vectors and to modify the 3'-ends to contain
splice donor sites and restriction enzyme sites for inser-
tion into the expression vector (11), The PCR-amplified
mouse light and heavy chain leader-variable regions
are then inserted into vectors designed to express par-
tially or fully humanized immunoglobulin light and
heavy chaine in mammalian cells, These vectors con-
tain the human cytomegalovirus (HCMV) enhancer
and promoter for transcription, a human light or heavy
chain constant region, a gene such as neo for selection
of transformed cells, and the SV40 origin of replication
for DNA replication in COS cells (12).

In order to produce chimeric antibody for preliminary
analyses, COS cells are cotransfected with the two vec-
tors containing the genes coding for the chimeric light
and heavy chains. Following a 2- to 3-day period of
transient expression, chimeric antibody is present in
the culture medium at approximately 0.1 to 1.0 pg/
ml. The chimeric antibody and samples of the original
mouse antibody are tested, usually by ELISA, for bind-
ing to antigen. Since the chimeric antibody contains
the entire mouse light and heavy chain variable do-
mains, the chimeric antibody should bind to antigen as
well as the parental mouse antibody. This is assuming
that both the mouse and the chimeric antibody have
two antigen binding sites per antibody molecule, as is
usually the case. If, for example, the mouse antibody
is an IgM antibody and the chimeric antibody is human
IgG1, then the chimeric antibady will be expected to
have the same antigen specificity as the mouse anti-
bedy but to have a reduced avidity.
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Molecular M odelifzg of the Rodent Variable Regions
In order to assist in the design of the CDR-grafted
variable regions, it is very helpful to have a molecular
model of the rodent varieble regions. Modeling the
structures of well-characterized protein families like
immunoglobulins is performed using established meth-
ods for modeling by homology. A variety of computers,
software, and databases are available to assist in such
“knowledge-based” modeling. At the MRC Collabora-
tive Centre, molecular modeling is carried out using =
Silicon Graphics IRIS 4D workstation, the molecular
modeling package QUANTA. (Polygen Corp., Waltham,
MA), and the Brookhaven database of protein strue-
tures with a few additional, as yet unpublished, immu-
noglobulin structures. As a first step in the modeling
exercise, the FRs of the new variable regions are mod-
eled on FRs from similar, structurally solved immuno-
_globulin varieble regions. Most of the CDRs of the new
variable regions are modeled based on the canonical
structures for CDRs (13). Those CDRa that do not ap-
pear to belong to any known group of canonical struc-
tures, for example CDR3 of the heavy chain variable
region, are modeled based on similar loop structures
present in any structurally solved protein. In order to
relieve unfavorable atomic contacts and to optimize
Van der Waals and electrostatic interactions, the model
is subjectad to energy minimization using the
CHARMM potential (14) as implemented in QUANTA.

Designing the CDR-Grafted Variable Regions

The first stap in designing the CDR-grafted variable
regions is the selection of the human light and heavy
chain.variable regions that will serve as the basis of
the humanized variable regions. This is one-of the-most
critical steps. At the MRC Collaborative Centre, two
approaches for selecting the human variable regions
have been tested and compared, In one approach, the
human variable regions are selected from the consen-
sus sequences for the different subgroups of human
variable regions (9). The rodent light and heavy chain
variable regions are compared to the human consensus
sequences; the most similar human light and heavy
chain consensus sequences are selected from among
the six subgroups of human X light chain variable re-
gions, the four subgroups of human x light chain vari-
able regions, and the three subgroups of human heavy
chain variable regions. In another approach, the hu-
man variable regions are selected from all published
sequences for human variable regions (9). The amino
acid sequences of rodent light and heavy chain variable
regions are compared to human sequences, and human
variable regions with a high degree of similarity to the
rodent variable regions are selected. Some research
groups have preferred to use human light and heavy
chain variable regions from the same human antibody
in order to ensure that the two varisble regions will

assemble properly (16). At the MRC Collaborative Cen-
tre, the human light and heavy chain variable regions
that are selected as the templates are usually derived
from two different human antibodies, In this way, it
is possible to independently select for human variable
regions with the highest degree of similarity to the
rodent variable regions. There ars many successful ex-
amples of CDR-grafted antibodies based on variable
regions derived from two different human antibodies.
One of the best studied examples is reshaped human
CAMPATH-1 entibody (16). This humanized antibody
is gpecific for glycoprotein CDw52, an antigen present
on lymphocytes. Significant clinical benefits have been
observed after treatment with reshaped human CAM-
PATH-1 antibody (see Discussion).

The second step in the design process is o insert the
rodent CDRs into the selected human light and heavy
chain variable regions. At the MRC Collaborative Cen-
tre, the entire rodent CDRs, as defined by Kabat et al.
(9), are joined, on paper, to the human FRs to create &
simple CDR graft. In many cases, a rodent antibody
that is humanized in a simple CDR graft will show
little or no binding to antigen, It is important to study
the amino acid sequences of the human FRs to deter-
mine whether any of theses amino acid residues are
likely to adversely influence binding to antigen, either
directly through interactions with antigen or indirectly
by altering the positioning of the CDR loops.

In the third step, decisions are made as to which
amino acid ‘residues in the human FRs should be al-
tered in order to achieve good binding to antigen, This
is a difficult and critical step. The model of the rodent
variable regions is most useful at this stage in the de-
sign process. Also useful are the canonical structures
for the CDRs as defined by Chothia et al. (13). It is
important to conserve in the humanized variable re-
gions any of the rodent amino acid residues that are
part of the canonical structures. It is helpful to compare
the sequence of the rodent antibody to be humanized
to similar sequences from other rodent antibodies to
determine whether the amino acids at a certain posi-
tion are unusual or rare. This might indicate that the
rodent amino &cid at that position bas an important
the model of the
to predict whether
A 1008 CoU id infly & fl
z. If human variable regions from individ-

tibodies are being used as the basis of the

B G

ual human
design; then it is advisable to compare the individual
human sequence to the consensus sequence for that
subgroup of human variable regions. Any amino acids
that are particularly unusual should be noted. In most-

cases, a few amino acids in the human FRs are identi-
fied that should be d from the amino acid pres-

¢ human vayi
e rodent variable region.

ent at that position in
@ amino acid present in
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Construction of the Fully Humanized Antibody
Following the design stage, there will be at least two
amino acid sequences, one coding for the fully human-
ized light chain variable region and one coding for the
fully bumanized heavy chain variable region. There
may be a few additional amino acid sequences that are
minor medifications of the abave two sequences. There
are a wide variety of methods that could be used to
construct DNA sequences that would code for the

amino acid sequences of the newly designed humanized.

varigble regions. Decisions regarding the preferred
method of construction are usually made based on
whether a DNA sequence coding for a similar amino
acid sequence is available for use as'a template in the
construction of the new DNA sequence. At the MRC
Collaborative Centre, most DNA sequences coding for
newly designed humanized variable regions are con-
structed using PCR mutagenesis methods to alter ex-
isting DNA sequences (17). For example, PCR primers
coding for the new CDRs are hybridized to a DNA tem-
plate that is a humanized variable region that was de-
signed based on the same, or a very similar, human
variable region (18). Alternatively, if a similar DNA
sequence ig not available to use as a template, the en-
tire DNA sequence coding for the leader-variable re-
gion sequence can be constructed from synthetic oligo-
nucleotides (19).

Following the construction and sequencing of the
DNA sequences coding for the light and heavy chain
leader sequences plus humanized variable regions, the
leader-variable regions are inserted into mammalian
cell expression vectors as described in the construction
of chimeric antibodies. These vectors are designed to
join'the variable regions to human constant regions via
introns (12).

Evaluation of the Humanized Antibodies

As described previously, COS cells are cotransfected
with the two vectors designed to express the human-
ized light and heavy chains. As a positive control for
binding to antigen, cells are also transfected with the
vectors designed to express the chimeric light and
heavy chains. Cells are often also transfected with the
vectors that express the chimeric light chain together
with the humanized heavy chain and the vectors that
express the humanized light chain together with the
chimeric heavy chain. If the humanized antibody does
not bind to antigen as well as the chimeric antibody,
then the experiments with the mixed chimeric/human-
ized antibodies can be helpful in indicating whether it
is the humanized light or heavy chain variable region,
or both, that is responsible for poor binding.

Following transient expression in the COS cells, the
chimeric and humanized antibodies are analyzed by
ELISA to determine the antibody concentrations in the
samples. The antibodies are then analyzed for binding

to ankigen, usually in an ELISA using purified antigen
or a cell line expressing the target antigen on its sur-
face. The original rodent antibody is used as a positive
control to confirm that the antigen-binding assay is
functioning. Direct comparisons, however, cannot be
made between the binding profiles obtained with the
rodent antibody and with the humanized antibody be-
cause different second antibodies with different sensi-
tivities are employed in the ELISA for the detection of
bound rodent and human antibodies. Direct compari-
sons, however, can be made between the chimeric and
the humanized antibodies. The chimeric and human-
ized antibodies are usually constructed using the same
buman constant regions, and the same anti-human
constant region antibody reagent will detect equally
well both chimeric and humanized antibody bound to
antigen. As explained previously, the chimeric anti-
body contains the complete rodent variable regions and
is expected to bind to antigen with thé same affinity
as the original rodent antibody. In the initial analysis
of the fully humanized antibodies, binding to antigen
is best evaluated by comparing the results obtained
using chimeric and humanized antibodies preduced us-
ing the same human constant regions and the same
expression systems.

In most cases several minor variants in the design
of the humanized antibody will be constructed and
evaluated. Once the best version of the humanized an-
tibody has been identified using a relatively simple an-
tigen-binding assay, more in-depth evaluation can be
carried out. For example, competition binding analysis
can be used to make direct comparisons between the
rodent antibody and the chimeric and humanized anti-
body. Typically, the rodent antibody is labeled; and un-
labeled rodent, chimeric, and humanized antibodies
are tested in competition with the labeled rodent anti-
body for binding to antigen (11). Alternatively, the ro-
dent, chimeric, and humanized antibodies can be tested
uging a biosensor-based analytical system capable of
determining their affinities for antigen by measuring
the rates of association and dissociation (19},

RESULTS

An exampl: of a humanized antibody that was de-
signed and constructed at the MRC Collzborative Cen-
tre is the mouse TES-C21 (C21) antibody (19). Mouse
€21 antibody recognizes an epitope on human IgE and
has potential as a therapeutic agent in patients with
IgE-mediated allergies such as hay fever, food and drug
allergies, and extrinsic asthma. In order to maximize
the potential of mouse C21 as a therapeutic agent for
use in humans, the mouse antibedy was humanized by
CDR grafting using the methods outlined. A molecular
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FIG. 4, View of the miolacular model of the variable regions of mouss C21 antibody. The model is presented as an a-carbon trace ‘with

= thie CDRiof (5% Light ¢Hais in blis and the CDRi of the boavy chuin i grevns Thio"FRs “are”miainly i yellow;”

in the FRa in red. In one Fally-humanized C21 antibody, substitutisns were made in ths FRs of the selected human variable'regions at

these seven pogitions (19). i

model of the mouse C21 varisble regions was built
based on portions of the solved structures of three anti-

bodies, the light chain variable region of mouse Hy- "

HEL-10 antibody, the heavy chain variable region of
mouse HYHEL-5 antibody, and the CDR3 of the Bencé~
Jones protein RHE (Fig. 4). -

Amino arid sequence comparisons were ¢arried out.
The mouse C21 light chain variable region was most
gimilar to human x light chain variable regions from
subgroup IIT and,'in particular, to the light chain vari-
able region from human KAF antibody, The mouse C21
. heavy chain variable region was most gimilar to human

heavy chain variable regions from subgroup I and, in.-

particular, to the heavy chain variable regicn from hu-
man HAY antibody. Based on these sequence compari-
sons, three hiumanized C21 light chain variable regions
were designed based on the FRs from human KAF light
chain variable region and the CDRs from the mouse

c21 Hgﬁt chain variable region, For the humanized
(21 heavy chain variable region, two humanized heavy

chain variable regions were designed based on the FRs
from the'consensus sequence for human subgroup I

heavy chain variable regions and CDRs. from mouse
€21 heavy chain variable region. Another two human-
ized heavy chain variable regions were designed based

on the FRs from human HAY heavy chain variable -

region and CDRas from mouse C21 heavy chain variable
region,

Differences between the amino acid sequences of the

human and mouse FRs were noted and examined. As
described previously, the model is important at this
stage in ovaluating whether a given amino acid subati-
tution at a given position in the structure will alter
binding to antigen, In the design of humanized C21
light chain variable region, four amino acids in the
human FRs were identified as having a poseible nega-

with-seven-of the residues”
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tive influence on antigen binding. In the three versions
of humanized C21 variable region, the amino acids at
these four position were changed, in various combina-
tions, from the amino acids present in the human FRs
to those present in the mouse FRs, Similarly, in the
design of humanized C21 heavy chain variable region,
5 or 8 amino acids in the human FRs of the consensus
sequence or the human HAY sequence were identified
as having a possible negative influence on antigen
binding. Again, the amino acids at these positions were
changed, in various combinations, from the amino acids
present in the human FRs to those present in the
mouse FRs, In summary, three versions of bumanized
C21 light chain variable region that contained from
two to four amino acid changes in the human FRs were
designed, and four versions of humanized C21 heavy
chain variable region that contained from one to eight
amino acid changes in the human FRs were designed.

The initial humanized C21 light and heavy chain
variable regions were constructed using PCR methods
to assemble six synthetic oligonucleotides per leader-
variable region. Subsequent versions of the humanized
variable regions were constructed using PCR primers
to introduce emall changes in the initial constructs,
Following DNA sequencing to confirm that the se-
quences were correct, the humanized variable regions
were joined via introns to human x and y-1 constant
regions already present in appropriate memmalian cell
expression vectors, The light and heavy chain expres-
sion vectors were cotransfected into COS cells and hu-
manized antibody was secreted into the culture me-
dium, In early experiments, humanized C21 antibodies
in the culture medium were analyzed by ELISA for
binding to human IgE. In later experiments, Protein
A-purified humanized C21 antibodies were analyzed
for binding to human IgE using & biosensor-based ana-
lytical system (Pharmacia BIAcore).

Several combinations of reshaped human €21 light
‘and heavy chain variable regions gave binding to hu-
man IgE that was equivalent to the binding observed
with the mouse and chimeric C21 antibodies. For the
heavy chain variable region, designs based both on the
buman consensus sequence and on an individual hu-
man antibody led to humanized C21 antibodies that
bound to antigen as well as the mouse C21 antibody.
One of the best humanized C21 antibodies was de-
signed based on the FRs from the light chain variable
region of human KAF antibody and the FRs from the
heavy chain variable region of human HAY antibody.
This humanized C21 antibody had three changes in the
human FRs of the light chain variable region and four
changes in the human FRs of the heavy chain variable
region, In the view of the model of the mouse C21 vari-
able regions shown in Fig. 4, the amino acids at these
seven positions in the FRs are colored red,

Humanized C21 antibody is 1 of 12 different mouse

antibodies that have been humanized at the MRC Col-
laborative Centre. A recent review of published papers
and patents identified 80 rodent antibodies that have
been humanized by CDR grafting. These fully human-
ized antibodies are listed by the antigens that they
recognize (Table 1). An attempt has been made to eval-
uats the success of each humanization in terms of how
well the humanized antibedy bound to antigen in com-
parison to the original rodent antibedy. Given that a
wide variety of methods of varying reliability were used
to measure binding to antigen, these values must be
viewed cautiously and the accuracy examined case by
case.

DISCUSSION

Antibodies to a wide range of antigens, have been ,
successfully humanized by CDR grafting as judged by
the creation of antibodies with human-like sequences
that bind to their respective antigens with specificities
and affinities that closely mimic those of the original
rodent antibodies. The main motivation in humanizing
aredent antibody is to create an antibody that will have
improved efficacy when used as a therapeutic agent in
humans, It is difficult to cite proven examples where
humanization via CDR grafting hes created clinically
efficacious agents because there is still a very limited
amount of published data available on clinical trials
with CDR-grafted antibodies, Data are available for
reshaped human CAMPATH-1 antibody (16). This an-
tibody recognizes the CDw52 antigen present on all
lymphocytes and some monocytes and is proposed as a
treatment for lymphoproliferative disorders and as an
immunosuppressive agent. The fully humanized CAM-
PATH-1 antibody has been tested in patients with non-
Hodgkin's lymphoma, systemic vasculitis, and refrac-
tory rheumatoid arthritis (72, 4, 3). Efficacy was ob-
served in a significant percentage of all three groups
of patients. In arthritic patients treated with multiple
doses, an anti-idiotypic response was often detected.
The anti-idiotypic response, however, did not prevent
a beneficial effect (3). Several other fully humanized
antibodies, such as anti-IL-2R antibody (15), anti-
EGFR antibody (48), and anti-TNFea antibody (57), are
in clinical trials but no results have been published to
date.

.From the limited amount of clinical data available,
it is clear that fully humanized antibodies are signifi-
cantly less immunogenic than rodent antibodies, This |
means that the humanized antibodies will have longer
half-lives in patients and, therefore, will be efficacious
at lower doses and with fewer doses. In addition, it will
be possible to re-treat patients with the humanized
antibodies. The presence of human constant regions
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TABLE 1
List of Pully Humanized Antibodies Grouped by the Antigen Recognized
Binding to antigen relative to
Antigen recoguized Antibody humanized Place where humanized ths rodent antibody Referencs
CD2 Rat YTH656 Cambridge University/Welleome *“Equivalent” 20
CcD3 Rat YTHIZ.5 idge University/Wellcome B1% 21
Mounse OKT3 Celltech/Orths “Similar” 22
Mouse UCHT1 Ceanentech “Close”™ 8,4
CD4 Mouse OKT4A Celltech/Orthoe 68% 25
Bat YNB46.1,85G2B1.19 ' Cambridge University/Wellcome 3% 26
{Compath-9) .
CD18 (62 integring) ~ Mouss 1B4 Merck Sharp Dohms 100% 27
Mouss H52 Genentech 800% 28
Mousa 60.3 Bristol-Myers Squibb “Similar® 28
Rat YFC51,1.1 Cambridge University/Wellcome Binds 30
Mouse antibody Protein Design Labs No data 3
chz2 Mousa LL2 Inumunomedics No data 32
cDzs Rat YTH912.13 Welleome No dsta 33
CD33 Mouse M195 Protein Design Labg 800% 3, 85
CDP771 Celltech/American Cyanamid No data 31
CD41s (GPITbIMIn)  C4G1 Protein Deaign Labe/Yamanouchl  — 38
CD4%a (a4 Hpl/2 Scotgen/Biogen No dats a1
integrins)
a4 /1 integrin Mouse 216 MRC Collaborative CentrefAthens  “Equal® a7
Newroscenees
CDwb62 (Cempath-1)  Hat YTHS4.6HL MRC Loboratory of Molecular 38% 16
Biology/Wellecoms
CD54 (ICAM-1) Mouse RG-5-D6 (BIRR-0001) Celltech/Boehringer Ingelheim 50-T6% a8
CD56 (NCAM) N501 University of Bath/ImmunoGen “Identical® 39
Ine.
CDe4 023 Scotgen/Medarer No data 31
CD66c (NCAS0) MN3 Immunomedics No data 81
L-aelectin (CDB2L) Mouse DREG-200 Protein Design Labs “Approximately equal” a1
P-gelectin Mouse CY1747 MRC Collaborative Centrs/Cytal “Comparable” 40
IL-2 receptor Mouse B-B10 Sumitomo “Nearly the same™ 41
IL-2 receptor (CD25)  Anti-Tac Protein Design Laba/Roche 33% 15
Hat YTH808.9.21 | Well MRC Lak y of No data 42
Molecular Biology
IL-2 recepter Mouse Miks1 Protein Design Laba/Rochs “Equivalent™ 43
(CDh122)
IL-6 receptor Mousa PM-1 MRC Collaborative Ceptre/Chugai  100% 44
Mouse AUK12-20 MRC Collaborative Centre/Chugai  100% 45
EGF recoptor Mouse 425 *MRC Collaborative Centre/E. 60% 11
Merck
Mouss mumAb4D5 Genentach 300% 46
T-cell roceptor (w/f)  Mouse BMA 091 Genryme Corp/Behringwerke 40% 47
I'-:ei.!) receptor (V3 16G8 Scotgen/T Cell Sdences No dsts 31
8.
T-cell recoptor (VG T™M23 Scotgen/T Cell Sciences No dats 31
6.2,6.3) .
CEA Mouse BW431/26 MRC Laboratory of Molecolar 40%- 48,49
(carcinoembryonic Biology/Behringwerke
antigen)
Mouse ASBT Calltach 60% 50
Mouss CEM231 Hybritech 100% 51
Mouss MN-14 Scotgen/Tmmunomedics —_ 52
NP.14 Immunomeadica — 53
Colorectal antigen CDP833 Celltech/American Cyanamid No data 51
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TABLE 1—Continued

Binding to antigen relative to
Antigen recopnized Antibody humanized Place where humanized the rodent antibody Reference

PLAP (human Mouse H17B2 Unilever "Less well” 54
placental alkaline
phoaphatase)

PEMHMFG Mouse anti-HMFG Unilever “Similar” 65
(polymarphic Mouse CTMO01 Celltech Clese 56
epithelial mucin of '
buman milk fat
globules) g

TAG 72 (human Mouse B72.3 Celltech “Similar” 67
muein}

Mouss KC4G3 NTH 100% 58

MUC-1 MAS Immunomedies - 59

Hymsan mucin PAM4 Merck —_ 60

Prostata antigen. TE11.C6.3 Scotgen/Cytogen No data ) |

Endosialin FB5 chgm![.udldg Institute/Sloan No dsta a1

ttering

Folate binding LK26 Scotgen/Ludwig Institute/Sloan No data 31
protein . Kettering

HIV Mouse 0:58 MRC Collaborative Cantre/ 50% 12

5 . Chemo-Sero-Therapeutic
Research Institute

NM-01 Scotgen/Nisain Research Institute  Nodata 31

Horpes Mouse Fd138-80 Protein Design Labs “Almost equal” 61
s Mouse Fd79 Protein Design Labs 50% 61

RSV Mouse RSV19 Scotgen Reduced binding 62
Unnamed antibody Medlmmune/Virion Systems “Clage” . 63

CMY Mouse CMVE Protein Design Labs “Approximately the same™ 64
CMV16 Scotgen = 65

CMV35 Secotgen No data 3

Vv 208 Seotgen No data a

Junin virus YGD Scotgen/U.8, Army No data a1

Vaccinia VI Scotgen/U.S. Army No data 31

Pseudomonas PS2 Scotgen No data a1
aeruginoso

Cloatridium 8A4D10 emical and Biologieal No data N
perfringes a-toxin 3 Defence Establishment

Plasmodium Unnamed antibody SmithKline Beacham No data 66
faleiparum L

Human TNFa Mouse hTNF1 Celltech “Closely similer” 57

Mouse h'TNF3 Celltech “Binds well, competes poorly” 57
Mouse 101.4 Celltech 10% or less 67
Mouse 61 E71 . Celltech 10% 57

Human [NF-y Mouse AF2 Protein Design Labs YApproximately the same” 64

I8 Mouse SK2 Chugai 100% 67

Lewis B antigen 58-1066 Scotgen/Tudwig Institute/Sloan No data 81

Kettering
Lewis ¥ antigen Mouse SDZ ABL 364 Protein Design Labs 50% )
38193 ScotgenLudwig Inatitute/Sloan No data st
Esttering
Human IgP Mouse C21 MRC Collaborative Centre/Ciba, 100% 13
Mouse MaE11 Genentach 30% €9
Hapten NP-cap Mouse B1-8 MRC Laboratory of Molecular Binds 5
Biol =
Lysozyme Mouse D1.3 MRC Laboratory of Molecular 25% 10,1

Biology
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with human effector functions will also contribute to
therapeutic benefit depending on the mode of action
proposed for the humanized antibody. Despite the sig-
nificant reduction in immunogenicity achieved by hu-
manization via CDR grafting, an anti-idiotypic re-
gponse to the fully humanized antibody will probably
still be elicited after multiple administrations. This is
pot surprising since authentic human antibodies also
have the potential to elicit anti-idiotypic responses, It
is probable that significant differences in immunoge-
nicity will exist among different fully humanized anti-
bodies. Clinical trials with chimeric antibodies have
demonstrated that mouse variable regions differ dra-
matically in their degree of immunogenicity (73). Ult-
mately, efficacy will have to be determined for each
humanized antibody and each of the therapeutic indi-
cations being considered.

In summary, reliable methods exist for humanizing
rodent antibodies by grafting the CDRs from redent
antibodies into human antibodies. Although methods
for humeanpization are now well developed and many
examples of fully humanized antibodies exist, there are
as yet few clinical dats demnonstrating their efficacy in
patients.

10.
11

13.

14.

16.
17,

18.
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EXHIBIT A

antibody-based therapy

Humanized antibodies
Greg Winter and William J. Harris

Hybridoma technology enabled rodent monoclonal antibodies to be created

against human pathogens and cells, but these had limited clinical utility.

Protein engineering is now generating antibodies for treatment of infectious

disease, autoimmune disease and cancer by ‘humanizing’ rodent antibodies.

Humanized antibodies have improved pharmacokinetics, reduced immuno-
genicity and have been used to clinical adyantage.

The antibody is an adaptor molecule containing bind-
ing sites for antigen at one end and for effector mol-
ecules at the other, and has evolved to bind to a vast
range of antigens. Binding alone may be sufficient to
neutralize some toxins and viruses, however, more
commonly, the antibody triggers the complement sys-
tem and cell-mediated killing, Although antibodies are
natural therapeutic agents, it has proved difficult to
make human monoclonal antibodies (mAbs) by
hybridoma tcchmﬂgg.

Rodent mAbs rtunately have serious disadvan-
tages: a short half-life in serum; only some of the dif-
ferent classes can trigger human effector functions; and
the mAbs can also elicit an unwanted immune
response in patients (human anti-mouse antibodies or
HAMA). HAMA can result in enhanced clearance of
the antibody from the serum, blocking of its thera-

utic effect and hypersensitivity reactions. These prob-
ems have prompted the use of protein engireering
technologies to ‘humanize’ rodent mAbs by transplant-
ing antigen-binding sites from rodent to human anti-
bodies, In principle, humanizing allows access to a
large pool of well-characterized rodent mAbs for ther-
apy, including those with specificities against human
antigens that are difficult to elicit from a human
immune response',

The engineering of antibodies is facilitated by the
modular arrangement of protein domains: the heavy-
and light-chain variable (V) domains are responsible
for binding to antigen, and the constant domains to
effector functions, As both complement and cell-
mediated killing require fully glycosylated antibody,
the engineered mAbs are expressed in mammalian
hosts. Each antibody domain is encoded by a different
genetic exon and, to build recombinant antibodies, the
exons are pasted together, The exons encoding variable
domains (V genes) can be cloned from the genomic
DNA of a B-cell hybridoma: more conveniently, the V
genes of hybridomas are isolated from the mRNA by
use of the polymerase chain reaction (PCR). The V
genes are readily linked to those exons encoding
constant domains for expression of mAbs* (Fig. 1).
Expression vectors have been built with both antibody
and viral promoters and enhancers, with V and C
genes as different exons (‘genomic’) or linked together
(‘cDNA’). Different markers for selection of trans-
formed cells are available and in both myeloma and
CHO hosts* mAb expression is greatly enhanced by

amplifying the number of inregrated copies, resulting
in yields of up to 0.7 g/l in fermenters®,

Building humanized antibodies

The first generation of humanized antibodies were
simple chimaeric mAbs, in which the variable domains
of a rodent mAb are transplanted to the constant
domains of human antibodies (Fig. 1). This reduces the
immunogenicity of the rodent mAb (see below) and
allows the effector functions to be selected for the thera-
peutic application, Thus the human y1 isotype appears
to be the most effective for complement and cell-
mediated killing, while the human 94 isotype appears
more suitable for imaging and blocking®.

The second generation of humanized antibodies
were the socalled complementarity determining regions
(CDR) - grafted antibodies, in which the antigen-
binding loops of the rodent mAb were built into a
human antibody. The architecture of each antibody V-
domain consists of a B-sheet sandwich surmounted by
antigen-binding loops in different antibodies, these
CDR loops are hypervariable in sequence (Fig, 2). It
is this hypervariability that allows the antibody
repertoire to bind a potentially vast array of antigens.
By transplanting (or grafting) the CDRs from rodent
mAb to human antibody, the antigen-binding site can
also be transferred”; indeed the same human frame-
work can be used for mounting different antigen-bind-
ing sites™®, However, to recreate the antigen-binding
site it is also necessary to consider other possible inter-
actions between the B-sheet framework and the loops.
With the help of molecular modelling it is possible to
design framework substitutions that maintain key con-
tacts with the CDR loops.

For example, with the rat antibody CAMPATH-1
directed against the CDwS2 antigen of human lympho-
cytes, the simple grafting of the CDRs failed to trans-
plant the binding activity to a human antibody. When
the three-dimensional folding of the VH-CDR1 loop of
the rat antibody and its contacts with the rar frame-
work were modelled by computer graphics, tne frame-
work amino acid residue Phe27 was predicted to pack
against the loop. However, in the human framework
of the CDR-grafted antibody, Phe27 was rcplaced by
Ser27; indeed when Ser27 was mutated to Phe in the
CDR-grafted antibody, the binding activity was
restored®. In other examples, enhancement of antigen
affinity was achieved stepwise by combining several

© 1993, Ehsevier Science Publishers Lad, UK. 0167-5699/93:506.00
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framework substitutions'®". Indeed analysis of anti-

VH VL body structures is leading towards the identification of
s Sepe—— sets of framework residues that may exert an influence
5 3 5 g | on CDR s:ruct?sge; a;nd also on the packing of the
mplat strands of the B-sheet'?.

SRR - R The first CDR-grafced antibodies were based on the
PCR ampiification known crystallographic structures of the human
i of V-genes ¢ myeloma proteins’™?, CDR-gha&ed arfl:;budi es l:t:veb alsg

been built with consensus human frameworks base
v.'_-_i ‘—E‘—_j_{ : on several human heavy chains'. The use of a single or
o " Gloning V-genes v a limited number of human frameworks offers the

prospect of a range of therapeutic antibodies that are
almost identical, apart from the CDR sequences.
Conversely a range of framework structures should be
capable of supporting the CDR loops, and ‘hyper-
expression chimaeric’ CDR-grafted antibodies have used
vector for mouse-human frameworks. For example, to humanize
light chains a mouse antibody directed against the human IL-2
receptor (anti-Tac), a human framework sequence was
selected by homology. A molecular model was then
used to identify those framework residues of the

CH3 IgG expression in rodent antibody that might interact with the antigen-
\ mammialian coby / binding loops, and these were built into the selected
human framework! (Fig. 3). Chimaeric frameworks

have also been proposed in which the internal residues
that pack berween the domains and with the antigen-
binding loops are derived from the rodent sequence
and the solvent accessible residues are taken from a
human sequence'*,

Most ?cnr.rally, all of the rodent CDRs are trans-
planted from mouse to human antibody. However,

: - : : CDRs are more important than others for bind-
Fig. 1, Cloning of heavy and light chain V genes from the mRNA of a mouse g . : p

B-cell hybridoma into vectors comp-risinxg{bumu) genes encoding constant ing of antigen, a cwden:. from the crysta[logr?phsc

domains, for expression of mouse~buman chimaeric antibodies structures of antibody-antigen complexes. The inter-

i mammalian cells, action of antibody loops with antigen involves both

main-chain and side-chain contacts: as the CDR loops
of mouse and human antibodies fold in a limited num-
ber of ways', it is possible to maintain some main-
chain contacts while varying some of the side chains
(and sequence) of the CDRs'".

There is some loss in binding affinity on CDR-graft-
ing but, in combinarion with some framework alter-
ations, it is usually possible to obtain a reshaped anti-
body with an affinity within three fold of the parent
monoclonal antibody. High binding affinities may be
critical for neutralization of a cytokine or toxin in the
serum; they appear to be less important where multiple
interactions can occur with high avidities, as with mul-
timeric (cell surface) antibody binding to repeated epi-
topes on a viral coat’. However, small improvements
in affinity have been seen for some CDR-grafted anti-
"sodies'®, and binding affinities can also be improved in
vitro, by chain shuffling®?, or random mutation®.

Using bumanized antibodies
Both chimaeric and CDR-grafted antibodies appear
to have better pharmacokinerics than rodent mAbs,
with extended serum half-life (>75 hours) in humans
and cynomolgus monkeys. Likewise the immunogen-
Fig. 2, The P-sheet framework structure of beavy- and light-chain variable icity is reduced. Much of the HAMA response to
domains with b riable loops 1-6. (The figure is taken from Winter, G, TMOUES antibodies in patients is directed against the
and Milstein, C. (1991) and is reproduced with permission constant region: chimaeric antibodies and CDR-grafted
from Nature 349, 293-299,) antibodies appear to elicit much less response with
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the immunogenic epitopes being located in the variable
regions. Indecd much of this response is directed
against the antigen-binding site (for review see Ref, 4).

No antibody response was detected against the
CDR-grafted anti-CDw52 antibody during the treat-
ment of two patients with non-Hodgkin’s lymphoma
for up to 43 days with escalating doses of antibody
ranging from 1 to 20 mg/day®. Also, no response was
reported when the antibody was used in a single course
of therapy for cheumatoid arthritis patients? or in con-
junction with an anti-CD4 antibody in treatment of a
patient with intractable systemic vasculitis. However,
an antibody response was detected on further treat-
ment of the rheumatoid patients®, Antibody responses
were not detected against other CDR-grafted anti-
bodies used for radio-imaging in tumour patients™ cr
treating acute graft-versus-host disease®.

Chimaeric and CDR-grafted antibodies have been
constructed against a wide range of viral and bacterial
pathogens, and against human cell surface markers
including tumour cell antigens. Some of the targets are
summarized in Table 1. CDR-grafted antibodies
against lymphocyte markers have already been used to
clinical advantage. The anti-CDwS52 antibody was
used to deplete a large tumour mass in two lymphoma
patients, and to achieve clinical remission®. Likewise,
this antibody resulted in significant clinical benefit for
a patient with systemic vasculitis®, and for rheumatoid
arthritis patients™2, The anti-Tac antibody was used for
immunosuppression following allogeneic marrow
transplantation, and resulted in improvement in sev-
eral cases of acute graft-versus-host disease®,

Furture prospects

As shown above, humanized antibodies can be engin-
cered from rodent mAbs. Their use has been demon-
strated in the clinic, and they have a longer serum half-
life and reduced immunogenicity compared to rodent
mAbs. They therefore appear to be promising as thera-
peutics, especially for a single course of trearment. It is
not yet clear whether humanized (or even human) anti-
bodies will elicit a blocking immune response over
longer or several courses of treatment.

The immunogenicity of humanized antibodies is
likely to depend on several factors, including the
immune state of the patients, and the dose and regime
of antibody administrarion. The target is also likely to
be important; antibodies directed against cell-bound
antigens might be expected to be more immunogenic
than those binding to soluble antigen. Furthermore,
since foreign framework regions can elicit an immune
response®, we might also expect that the differing
strategies to select and murate human frameworks, as
above, could lead to reshaped antibodies with differing
immunogenicity, For example, human antibody frame-
works that are mutated (in vivo or in vitro) with
respect to the germ-line segments could prove
immunogenic: even buried residues could form the
critical element of a T-cell epitope if presented as a de-
natured peptide by a class I MHC molecule”. Indeed
it may be desirable to design CDR-grafted antibodies
by using framework regions based on human germ-line
V-gene segments,

Fig. 3, Computer model of the main-chain backbone of the bumanized anti-

Tac antibody, with the CDRs in red and altered framework residues in blue

(the figure is from prospectus 28 Jan, 1992 of Protein Design Laboratories
and reproduced with permission by L. Korn).

The design of antibodies for therapy would cer-
tainly be revolutionised if in vitro assays were available
to test the immunogenicity of different constructs.
However the key practical issues are not whether the
immune response can be avoided entirely, but how it

“Table 1. CDR-grafted antibodies for therapy (see also Ref. 3)

Target Clinical portential

CDws2 lymphoimas, systemic vasculitis,
rheumatoid arthriris

CD3 organ transplantation

CD4 organ transplants, rheumatoid
arthritis, Crohn’s disease

IL-2 receptor lenkaemias and lymphomas, organ
transplants, graft-versus-host disease

TNF-a0 septic shock

HIV AIDS

RSV respiratory syncytial virus infection

HSV neonatal, ocular and genital herpes
infection

Lewis-Y cancer

pl8sHER: cancer

PLAP cancer

CEA cancer

TNF: tumour necrosis factor; HIV: human immunodeficiency virus; RSV:
rous sarcoma virus; HSV: herpes simplex virus; p185-HER-2: human
epidermal growth factor receptor 2; PLAP: placental alkaline phos-
phatase; CEA: carcinoembryonic antigen.
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can be bypassed, for example by changing the idiotype
of the engineered antibody, and whether the antibodies
can be used for long enough to achieve clinical benefit.

So far we have focussed almost entirely on the con-
struction and use of glycosylated antibodies expressed
in mammalian cells. However, the use of antibody
fragments may be advantageous .n some applications,
since they penetrate tissues more readily, and are
cleared more rapidly from the serum. This may help in
neutralizing and clearing drugs from the serum, or in
imaging tumours with radioactive entities coupled to
the fragments', Although antibody fragments, lacking
the glycosylated Fc portion, cannot trigger effector
functions, they could in principle be equipped to do so,
for example by chemically linking Fab fragments
together® as bispecific antibody fragments (with one
arm binding a tumour cell antigen and the other
binding and triggering effector cells such as cytotoxic
T cells or monocytes).

Furthermore, antibody fragmcnts can be expressed
by secretion from bacteria®¥’, and can be readily
derived from the V genes of hybridomas, or from V
gene repertoires. The repertoires are cloned for display
on the surface of filamentous bacteriophage by fusion
of the encoded antibody fragment to a coat protein of
the phage, and phage with the desired activities selec-
ted by binding to antigen. Indeed this technology mim-
ics the strategy of immune selection, and human anti-
body fragments with specificities against many differ-
ent foreign and human self-antigens have been isolated
from the same ‘single pot’ of phages (see Refs 31, 32
for review),

Over the past century we have seen three generations
of antibody therapeutics: polyclonal animal antibodies,
rodent monoclonal antibodies and now humanized
antibodies. We anticipate that the use of ‘repertoire
selection’ technologies to make human antibodies and
fragments will provide the next generation. However
in the meantime it scems likely that humanized anti-
bodies will prove clinically useful for treating several
diseases, and the experience should prove valuable for
designing and formulating the next generation of anti-
body therapeutics.

Greg Winter is at the MRC Laboratory of Molecular
Biology and the MRC Centre for Protein Engineering,
Hills Road, Cambridge, UK CB2 2QH; William Harris is
at the Dept of Molecular and Cell Biology, Marischal
College, University of Aberdeen, Aberdeer, UK AB9 1AS.
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