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1. ABSTRACT

Humanization has played a fundamental role in
the remarkable progress of antibodies as therapeutic
reagents. Here we have reviewed the publications on
antibody humanization since the first report on CDR
grafting in the second half of the 1980°s up to June 2007.
We describe the two main trends in the field: rational and
empirical methods to humanize antibodies. Rational
methods rely on the so-called design cycle. It consists of
generating a small set of variants, which are designed based
on the antibody structure and/or sequence information, and
assessing their binding or any other characteristic of
interest. Rational methods include CDR grafting,
Resurfacing, Superhumanization and Human String
Content Optimization. In contrast to rational methods,
empirical methods are based on generating large
combinatorial libraries and selecting the desired variants by
enrichment technologies such as phage, ribosome or yeast
display, or by high throughput screening techniques. The
latter methods rest on selection rather than making
assumptions on the impact of mutations on the antibody
structure. These methods include Framework Libraries,
Guided Selection, Framework Shuffling and Humaneering.
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2. INTRODUCTION

In the last ten years, more than 20 antibodies
have been approved by the Food and Drug Administration
(FDA) for therapeutic applications in humans and yet,
almost one thousand clinical trials related to antibodies are
currently in progress (http://www.clinicaltrials.gov/ct). All
therapeutic settings involving antibodies so far described
require large amounts and multiple doses and hence,
immunogenicity is a critical concern when developing an
antibody-based drug (1-3). In vitro discovery of human
antibodies via enrichment technologies such as phage
display (4, 5) or immunization of transgenic mice bearing
the antibody human gene repertoire (6) have provided
powerful means to generate human antibodies.
Nevertheless, humanization methods have been diversified
during the last decade and the number of humanized
antibodies has shown a continuous steady growth.

Antibody humanization methods are designed to
produce a molecule with minimal immunogenicity when
applied to humans, while retaining the specificity and
affinity of the parental non-human antibody. Humanization
began with chimerization (7), a method developed during
the first half of the 1980’s, which consisted of combining
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the variable (V) domains of murine antibodies with human
constant (C) domains to generate molecules with ~70% of
human content. Chimeric antibodies successfully retained
the mouse parent antibody specificity and diminished its
immunogenicity but still elicited a human anti-chimeric
antibody (HACA) response (3).

In the second half of the 1980’s, Greg Winter’s
group (8) envisioned complementarity-determining region
(CDR) grafting as a method to further minimize
immunogenicity. As proof of concept, the CDRs of the
human myeloma protein NEWM were substituted for the
corresponding CDRs from heavy (H) chain of the murine
anti-hapten antibody B1-8. The hybrid product was then
combined with the B1-8 mouse light (L) chain and the
resulting antibody acquired the B1-8 antibody specificity.
Two years later (9), a similar procedure was followed to
successfully humanize the anti-protein antibody D1.3, thus
generalizing CDR grafting to antibodies that recognize
protein antigens.

In 1988 (10), CDR grafting of both H and L
chains from an antibody with therapeutic value in treatment
of B-cell chronic lymphocytic leukemia, currently
marketed as CamPath® (generic name: Alemtuzumab),
was reported. One year later, Queen et a/ (11) humanized
the first FDA approved antibody for therapeutic use in
United States, termed Zenapax® (generic name:
Daclizumab), with indication in transplantation and
treatment of asthma, autoimmunity, inflammation and
multiple sclerosis. Zenapax® was generated by selecting
the human framework regions (FRs) to maximize
homology with the murine antibody sequence. Guided
by a computer model of the mouse antibody, several
murine amino acids outside the CDRs were identified as
to interact with the CDRs or antigen and were back
mutated in the humanized antibody to improve binding.
Altogether, these pioneering works laid foundation for
CDR grafting, the paradigm of humanization and current
standard in the field.

During the 1990°s and the present decade,
humanization methods based on different paradigms such
as Resurfacing (12), Superhumanization (13) and Human
String Content Optimization (14) have been developed. As
CDR grafting, these methods rely on analyses of the
antibody structure and sequence comparison of the non-
human and human antibodies in order to evaluate the
potential impact of the humanization process into the final
product. These methods have in common the generation of
few humanized variants to be tested for binding or any
other property of interest. If the designed variants prove to
be unsatisfactory, a new cycle of design and binding
assessment is initiated. Therefore, these methods can be
classified as rational strategies to humanize antibodies.

Also during the 1990’s, phage display and
high-throughput screening (HTS) techniques emerged as
efficient tools to explore combinatorial libraries of
millions and billions of antibody variants and select
those of interest (15-17). These techniques were then
applied to antibody humanization protocols stimulating
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the creation of methods that rested on selection rather than
on the design cycle (18, 19). One of these methods, called
Guided Selection (18), combined the V domain from the
heavy chain (V) of the rodent antibody Mab32 against
human tumor necrosis factor alpha (TNF-a) with a
library of human Vi domains. The chimeric library was
displayed on phage and panned against TNF-a. The
human V_ thus selected was cloned into a library of
human Vi domains and then panned again against TNF-a,
resulting in the first human antibody approved by the
FDA (20) called Humira® (Adalimumab) for treatment
of rheumatoid arthritis and Crohn’s disease. Guided
Selection and other humanization strategies relying on
selection of large combinatorial libraries make few
assumptions on the impact of mutations on the final
humanized product and accordingly, we have called these
techniques empirical methods to humanize antibodies.

Here, we review the publications on antibody
humanization since the pioneering works of Greg Winter’s
group in the 1980’s up until June 2007, including both
rational and empiric approaches to humanize antibodies. To
provide context for describing these methods, we first
briefly describe the structure of the antibody molecule as
well as the location and anatomy of the antigen-binding
site. Next, the rational methods to humanize antibodies are
reviewed, followed by the empirical methods. The final
section includes a summary of the main trends in the field
and highlights its perspectives.

3. ANTIBODY STRUCTURE AND THE ANTIGEN-
BINDING SITE

IgG isotypes are products of an immune response
maturation and thus in general are highly specific and high
affinity antibodies. IgGs are composed of two identical
polypeptide H and L chains (Figure 1A). Each H chain has
one Vi domain and three C domains, Cyl - Cy3, counted
from the amino terminal. The L chain has one V; domain at
the amino terminus and only one C domain, C;. The V
domains are composed of two [-sheets and loops
connecting the B-strands (21). Three of the loops are highly
diverse in length and/or amino acid composition and are
referred to as hypervariable (HV) (21, 22). The remaining
regions of the V domain contain the two B-sheets and
non-HV loops, and are referred to as FR. HV loops,
denoted H1, H2 and H3 for Vy, and L1, L2 and L3 for
V., are brought together by non-covalent association of
Vy and Vi to accommodate the antigen-binding site at
the end-terminal region of the Fv fragment (Figure 1B).

Prior to the resolution of the first antibody-
antigen complex (23), Wu and Kabat (24) identified the
regions involved in antigen recognition, or CDRs, as the
regions with highest variability values in a multiple
alignment of antibody sequences. Variability was
defined as the number of different amino acids at a
given position divided by the frequency of the most
common amino acid at that position. Therefore, CDR is
a sequence-based definition, whereas HV is a structural
definition and in some instances, HV and CDRs do not
coincide (Figure 2).
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Figure 1. Antibody structure. A. IgG structure (PDB code: 1IGT (109)) showing the two identical H chains (blue) and two
identical L chains (gray). H chains have four domains, three C domains (Cy1 to 3) and one Vy. L chains have one C; domain and
one Vi domain. The Fv fragment, indicated by a blue square, is the portion of the molecule that interacts with the antigen. It is
composed by non-covalent pairing of Vi and V. B. Fv fragment shown from the antigen view indicating the placement of the

HV loops (yellow).
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Figure 2. Definitions of the regions determining the antigen recognition. Numbering and placement of gaps as in Chothia and
Lesk (22). Residues defining HV loops (22), CDRs (25) or aCDRs (26) are shown with the letter “o” and are highlighted in red.

Only the regions involved in the antigenic recognition are depicted.

Kabat et al. (25) also noticed that some positions
within CDRs have low variability values and hypothesized
that such residues could play a structural role, whereas
highly variable residues should carry out the predominant
role in antigen recognition. Subsequent analysis of antigen-
antibody complexes by Padlan (26) indicated that only one
third of the CDR residues are involved in the interaction
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with antigen. Comparison of the residues in contact with
antigens and sequence variability values pinpointed the
residues in contact with the antigen as the most variable
ones. These residues were defined as Specificity-
Determining Residues (SDRs) and the regions containing
the SDRs were termed abbreviated-CDRs (aCDRs) (Figure
2).
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Figure 3. Collier de Perles (60) of V| showing VZ residues, residues determining the canonical structures, HV and CDR are
represented with different colors. aCDR are indicated with squares. Numbering and placement of the gaps as in Chothia and Lesk
(22). Conserved residues defining the Ig V fold, that is: C-23, W-35, C-88 and F-98 are represented with single amino acid code.
Several positions along V| are numbered to indicate the placement of the HV and 3-strands.

Chothia and Lesk (22) compared the first
antibodies of known structure and found that all the HV
loops, with the exception of H3, exhibit a small number
of main-chain conformations or canonical structures.
Canonical structures are determined by the HV length
and conserved residues in the HV and FR regions (22,
27-29). Analyses of functional germline genes,
mature antibody sequences and pseudogenes, based
on these rules relating the amino acid sequence with
the three-dimensional structure, have corroborated
the existence of canonical structures in the vast
majority of antibodies.
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Foote and Winter (30) estimated that 30 residues
underlying the CDRs, 16 in Vy and 14 in Vi, are
responsible for stabilizing the HV loop structure as well as
modifying their positioning. Since these residues fine-tune
the antibody affinity, they called this region Vernier Zone
(VZ). As expected, some VZ residues coincide with
residues responsible for maintaining the canonical
structures (22, 27, 28). Figures 3 and 4 map onto Vy and
Vi, respectively, the VZ and residues defining the
canonical structures. Also, HV loops, CDRs, and aCDRs
are depicted in the figures as reference for the next
sections.
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Figure 4. Collier de Perles (60) of Vi showing VZ residues, residues determining the canonical structures, HV and CDR are
represented with different colors. aCDR are indicated with squares. Numbering and placement of the gaps as in Chothia and Lesk
(22). Conserved residues defining the Ig V fold, that is: C-23, W-36, C-92 and W-103 are represented with single amino acid
code. Several positions along Vy are numbered to indicate the placement of the HV and 3-strands.

4. RATIONAL APPROACHES TO HUMANIZE
ANTIBODIES

As mentioned above, rational methods to
humanize antibodies are characterized by generating few
variants of the engineered protein and assessing their
binding or any other property of interest. If the designed
variants do not produce the expected results, a new cycle of
design and binding assessment is initiated. Below we
review CDR grafting, the paradigm of rational methods to
humanize antibodies.

4.1. CDR-grafting

Figure 5 depicts a flow chart with the three main
decision-making points of a typical CDR grafting protocol.
These decision-making points include: (1) definition of
regions determining the specificity of the donor antibody
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and hence target for grafting, (2) source of human
sequences to be utilized as FR donors, and (3) selection of
residues outside of the region defining the specificity and
thus target for back mutation to restore or improve the
affinity of the humanized antibody. These three decision-
making points are reviewed in the next sections.

4.1.1. Regions determining the antibody specificity

The experimental structure of the non-human
antibody in complex with the antigen provides a detailed
map of residues in contact with the antigen and therefore
those responsible for determining its specificity. If the
structural information is complemented with alanine-
scanning  mutagenesis (31) and/or combinatorial
mutagenesis (32), the residues contributing the most to the
binding energy or functional paratope can also be
identified. Since the functional paratope is a subset of the
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Figure 5. Flow chart of the decision-making points in a
typical CDR grafting protocol.

residues in contact (33), grafting only the functional
paratope would reduce the number of non-human residues
in the humanized product.

Unfortunately, only in rare occasions are the
experimental structure of the antigen-antibody complex
and/or functional paratope available at the beginning of a
humanization protocol. In absence of a precise definition of
residues responsible for a given antibody specificity, CDRs
(Figure 2) have often been employed as regions defining
the specificity (10, 30, 34, 35). Also, a combination of
CDR and HV loop (36, 37) has been targeted for grafting,
in particular at CDR-1 of VH. All CDRs with exception of
the CDR-1 of VH contain the HV loops (Figures 2, 3 and
4) and thus, by grafting CDRs, all HV loops but the CDR-1
of VH are transferred onto the human FR. For the CDR-1
of VH, a consensus of the CDR and HV is grafted (37).
Since the N-terminal region of H1 contains several VZ
residues (Figures 2 and 4), transferring this region could
help to preserve binding. The downside of using a
CDR/HV consensus at CDR-1 of VH instead of straight
CDR grafting is that it might increase the potential
immunogenicity, as the non-human region grafted onto the
human FR is larger.

To reduce the number of residues to be grafted
onto the human FRs, Tamura et a/ (38) humanized the anti-
tumor-associated glycoprotein-72 mAb CC49 by SDR
grafting. The resulting humanized CC49 retained binding
of the parental antibody, while reactivity with the sera of
patients was only minimal. De Pascalis et al. (39)
compared CDR-grafted and aCDR-grafted (Figures 2, 3
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and 4) variants of the murine antibody COL-1 specific for
carcinoembryonic  antigen (CEA). No significant
differences were found in binding to CEA between the
CDR-grafted and SDR-grafted variants. Compared with
CDR-grafted, the SDR-grafted COL-1 variant showed,
however, lower reactivity to sera of patients carrying anti-V
region antibodies to COL-1. A detailed description of the
SDR grafting method has recently been published by
Kashmiri et al (40).

Wilson et al. (41) have shown that antibodies do
not use L2 to contact haptens and peptides, whereas the
recognition of proteins involves the six HV loops (42). A
systematic analysis conducted by MacCallum et al. (43)
with 26 antibodies of known three-dimensional structure
indicated that large antigens like proteins contact the most
apical region of the HV loops, in contrast to small antigens,
i.e. haptens that are recognized by residues in the extremes
of the HV loops. Almagro (44) studied 59 unique antigen-
antibody complexes and found that the number and
distribution of SDRs for different types of antigens or SDR
usage (SDRU) correlate well with the size of the antigen.
For instance, antibodies use five additional SDRs (2 in Vi
and 3 in Vy) to contact peptides and proteins as compared
to the number of SDRs used to recognize haptens. It has
been suggested (44) that the number of non-human residues
to graft onto human FR could be reduced by SDRU
grafting.

4.1.2. Source of human FRs

Once the non-human antibody regions targeted
for grafting onto the human FR have been defined, the
second step in the humanization process is to identify the
source of human FR donors (Figure 5). Initial works (8, 10)
utilized FRs of human antibodies of known structure,
regardless of their homology to the non-human antibody.
Subsequent works (11) reported the use of human
sequences with the highest homology to the non-human
antibody. The former strategy has been called fixed FR,
whereas the latter is termed best fit.

Graziano et al. (45) compared the fixed FR and
best fit strategies and found that the latter results in
humanized antibodies with higher affinity than variants
obtained by the fixed FR method. This result is consistent
with the fact that in most cases the difference between the
non-human CDRs and human FRs, and thus potential
conflicts, is minimized when the FR is chosen on the basis
of sequence homology. Nevertheless, affinity is not the
only variable to be considered during the humanization
protocol, as other parameters such as low immunogenicity
and production yields should be taken into account when
choosing a given FR for humanization. Consequently,
combination of fixed FR in V| and best fit in Vy; have also
been reported (37, 46-48). Still another strategy of selecting
human FRs as template for humanization is by generating
consensus sequences (49, 50).

Regardless of the method chosen to select the
human FRs, two sources of human sequences have been
utilized: mature and germline gene sequences. Mature
sequences, which are products of immune responses, carry
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somatic mutations generated by random processes (51) and
are not under the species selection, resulting in potential
immunogenic residues. Thus, to avoid immunogenic
residues, human germline genes have increasingly been
utilized as source of FR donors (13, 51-59).

Germline genes have two additional advantages
over mature sequences as FR donors. First, the physical
map of the human H and L chains loci and the functional
germline gene repertoire they encode have been thoroughly
characterized; see The International ImMunoGeneTics
information system® (IMGT (60); URL:
http://imgt.cines.fr/) for a full description of the human
germline gene tables. This information has opened up the
possibility of reliable analyses of the human germline gene
repertoire evolution (61-64), precise estimation of germline
gene and somatic mutation patterns (65) and accurate
estimation of the germline gene usage in vivo (66) and vitro
(67). This accumulated knowledge has been useful to rank
humanized variants with FRs generated by different
germline genes during humanization protocols (36, 63).

A second potential advantage of using germline
genes as FR donors is that comparison of germline gene
and mature antibody x-ray crystallography structures in
bound and free ligand stages have shown that the former
molecules are more flexible (68, 69). Such plasticity might
in theory accommodate diverse CDRs with fewer or no
back mutations into the FR to restore the affinity of the
humanized antibody. In fact, successful humanization of
murine antibodies with CDRs selected solely on the basis
of their homology with germline gene CDRs, regardless of
FR homology, have been reported (see Superhumanization
below).

4.1.3. Back mutations to retain or restore affinity

Commonly, affinity decreases after CDR grafting
as a consequence of incompatibilities between non-human
CDRs and human FRs. Therefore, the third step in a typical
CDR grafting protocol (Figure 5) is to define mutations that
would restore or prevent affinity losses. A substantial body
of evidences accumulated during the more than two
decades of CDR grafting (70) indicates that the number of
back mutations and the type of amino acid replacements to
introduce into the humanized antibody in order to restore
binding depend on each particular case. Thus, back
mutations should be carefully designed based on the
structure or a model of the humanized antibody and tested
experimentally.

Antibody modeling has been highly facilitated by
the discovery of the canonical structures (22, 27, 29, 71) as
well as by the large number of antibody structures available
in the Protein Data Bank [PDB (72); URL:
http://www.rcsb.org/], amounting 848 entries as of April
30", 2007; see 3D repertoire (73) at IMGT. A web site for
automated antibody modeling called WAM (74) can be
found at the URL: http://antibody.bath.ac.uk. WAM builds
antibody models based on the canonical structure patterns.
The CDR-H3 structure is modeled using CONGEN (75).
WAM and other modeling software such as Modeller (76)
(URL: http://salilab.org/modeller/ modeller.html) and
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Swiss PDB Viewer (77) predict the Vi conformation and
most of the Vi domain with reasonable precision. Accurate
prediction of the CDR-H3 loop conformation is still
troublesome.

In absence of structural guidance, Bodao et al.
(37) recently created human/mouse hybrids of the entire
FRs and assessed expression and binding of the variants, as
they humanized the murine monoclonal antibody HIRMAb
for use as a drug-delivery system across the blood-brain
barrier and found that myeloma cells poorly secreted the
initial humanized antibody. One of the hybrid molecules, in
which the human FR-3 region was replaced by the
corresponding murine FR-3, showed 27% decreased
affinity compared to the murine HIRMAb but restored
expression. Since this variant introduced five back
mutations into the humanized antibody, a concern when
using this experimental strategy is the potential large
number of murine residues back mutated into the
humanized molecule, which might increase the
immunogenicity of the engineered antibody.

4.2. Resurfacing

Resurfacing (12) emerged in the early 1990’s as
an alternative method to CDR grafting. This method shares
with CDR grafting the two first decision-making points of
the design cycle (Figure 5). Different from CDR grafting,
however, resurfacing retains the non-exposed residues of
the non-human antibody. Only surface residues in the non-
human antibody are changed to human residues. Since
resurfacing does not change the residues in the core of the
V domains, the expectation is to eliminate potential B-cell
epitopes, while minimizing the perturbation of residues
determining the specificity of the antibody.

The initial resurfacing method was developed by
Pedersen et al. (78). These authors analyzed 12 antibodies
of known structure and identified a set of residues with >
30% solvent accessible surface area in the FRs. Next,
human and murine sequences were compared the pattern of
residues to resurface any given murine antibody was
derived. Staelens et al. (79) have suggested a modification
of the method, in which the non-human surface accessible
FR residues are determined in a model and residues to
mutate are selected by comparison to the human antibody
with highest sequence identity. Several discrepancies with
Pedersen’s (78) assignments were found, suggesting that
the new approach is more accurate. Fontayne et al. (80)
resurfaced an anti-GPIba antibody termed B4-Fab using
Staclens’ et al. (79) method. The resurfaced version, called
h6B4-Fab, showed the same in vitro bioactivity in different
systems where it was compared to the original murine
monoclonal antibody. Injections of h6B4-Fab in baboons
indicated a behavior comparable to what was previously
observed with the murine Fab.

Several antibodies have been resurfaced in the
last years (81-84). The affinity of the parental antibodies
has been retained but no clinical data on resurfaced
antibodies has been published (79). Therefore, a systematic
assessment of the immunogenicity of resurfaced antibodies
is not available.
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4.3. Superhumanization

CDR grafting relies on the FR comparison of the
non-human and human sequences. Tan et al (13) proposed
an alternative paradigm based on comparison of CDRs,
called Superhumanization, in which FR homology is
irrelevant. Using this strategy, Tan et al. (13)
superhumanized the murine anti-human CD28 antibody
9.3. The method consists of comparison of the non-human
sequence with the functional human germline gene
repertoire. Those genes encoding the same or closely
related canonical structures to the murine sequences are
then selected. Next, within the genes sharing the canonical
structures with the non-human antibody, those with highest
homology within the CDRs are chosen as FR donors.
Finally, the non-human CDRs are grafted onto these FRs.
Application of this method to 9.3 as the first case study
yielded a superhumanized 9.3 V| with insignificant loss in
affinity. The loss in affinity of superhumanized Vy was 20-
fold. The fully superhumanized antibody lost 30-fold
affinity but retained biological activity.

Hwang et al. (55) published a detailed description
of the superhumanization method using D1.3 as a second
case study. The affinity loss of superhumanized D1.3 was
six-fold as compared to 70-fold loss in affinity of a CDR-
grafted version of D1.3 (30). Another example published
by Hu et al. (54), in which they superhumanized the murine
antibody 1A4Al, a neutralizing antibody against the
Venezuelan  equine  encephalitis  virus  (VEEV),
demonstrated retention of antigen-binding specificity and
neutralizing activity.

4.4. Human String Content Optimization

Recently, Lazar et al. (14) have introduced a new
method for antibody humanization based on a metric of
antibody humanness termed Human String Content (HSC).
This method compares the mouse sequence with the
repertoire of human germline genes and the differences are
scored as HSC. The target sequence is then humanized by
maximizing its HSC rather than using a global identity
measure to generate multiple diverse humanized variants.
The method was applied to humanize four antibodies with
different antigen specificities showing better binding
signals than or comparable to those of the parent non-
human antibodies.

5. EMPIRICAL
ANTIBODIES

APPROACHES TO HUMANIZE

In contrast to the rational methods to humanize
antibodies reviewed above, empirical methods rest on the
generation of large libraries of humanized variants and
selection of the best clones using enrichment technologies
or HTS techniques. Thus, empirical methods are dependent
on a reliable selection and/or screening system that should
be able to search through a vast space of antibody variants.
In vitro display technologies, such as phage and ribosome
display, meet these needs and have proven very useful in
antibody humanization efforts. Efficient isolation of
antibody variants from phage, ribosome and yeast display
libraries as well as bacterial colony screening has been
extensively reported and reviewed (4, 85-87).
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5.1. FR libraries

In the FR library approach, a collection of residue
variants are introduced at specific positions in the FR
followed by panning of the library to select the FR that best
supports the grafted CDR. Rosok et al. (57) reported for the
first time the use of a FR library to humanize antibodies.
Their method resembled CDR grafting, but instead of
creating few back mutations in the FR, a combinatorial
library of 124 variants was constructed. The residues
targeted for mutagenesis were buried residues critical to
maintain the canonical structures (Figure 3 and 4). As FR
donors, human germline genes closely related to the murine
BR26 M1 antibody (88) anti-Lewis Y antigen were chosen.
By using a M13 derived phage vector and plaque lift assay
as selection method, several FR variants with antigen
binding within 2-fold of the parent antibody were isolated.

Subsequently, Baca et al. (19) grafted the CDRs
of the anti-vascular endothelial growth factor (anti-VEGF)
monoclonal antibody A4.6.1 onto a human Vi1 (x), Vi3
FR and a combinatorial library was built in 11VZ residues
(30) (Figures 3 and 4). Following phage display panning,
an optimized FR was selected that increased the affinity
125-fold compared to the clone with no FR mutations. Son
et al. (89) used an analogous approach to Rosok (57) to
humanize the anti-human 4-1BB monoclonal antibody but
employed phage display as selection method like Baca et
al. (19). The most homologous germline genes were
identified (Vy1-46, VL Al4) and diversity was introduced
in buried residues that might affect the HV loop
conformation. Selection on phage resulted in clones with
10-100 folds loss in affinity but the functionality, measured
as proliferation of peripheral blood mononuclear cells
(PBMC) in mixed lymphocyte reaction (MLR), was
retained.

Also by phage display, Rader et al (90)
humanized a rabbit antibody. Similarly as Baca (19) and
Rosok (57), a human acceptor FR was chosen using the
best fit approach, followed by CDR grafting of all 6 rabbit
CDRs into the human framework. A Fab phage library was
created with diversity in VZ residues and panned against
the human A33 colon cancer antigen. The best clone
matched the affinity of the rabbit parent antibody.

5.2. Guided Selection

In contrast to the FR library approach described
above, in which the CDRs remain non-human, guided
selection allows for the isolation of completely human
antibodies. By using this method, Humira® (Adalimumab),
the first human antibody approved by the FDA, was
isolated (20). This method is the paradigm of empirical
methods, as no assumptions on the antibody structure are
made.

The strategy was developed by Jespers et al. (18)
and consists of combining the Vy or V| domain of a given
non-human antibody specific for a particular epitope with a
human Vy or V| library and specific human V domains are
selected against the antigen of interest. In the pivotal study
(20), a rodent antibody against human TNF-o was
humanized by first combining the rodent Vi with a library
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of human L chains. The library was then selected against
TNF-o by phage display and the selected V| was cloned
into a library of human Vy chains and selected against
TNF-0. As a result, a fully human antibody with similar
affinity as the rodent antibody was isolated.

Isolating de novo human antibodies from phage
libraries toward cell surface antigens has proven to be a
challenging task. On the contrary, antibodies derived from
rodents targeting membrane receptors have been
successfully engineered into some of the most important
antibodies on the therapeutic market, e.g. Herceptin®
(trastuzumab, anti-erbB2) and Rituxan® (rituximab, anti-
CD20) (91). Examples of guided selection to humanize
mouse antibodies towards cell surface antigens include the
folate-binding protein present on ovarian cancer cells (92)
and CD147, which is highly expressed on hepatocellular
carcinoma (93).

A potential disadvantage of the guided selection
approach is that shuffling of one antibody chain while
keeping the other constant could result in epitope drift (17,
94, 95). Indeed, several studies have reported the isolation
of binders with a change in fine-specificity (96, 97).
Kuepper et al. (96) humanized a murine antibody
binding to the SAI/II antigen of Streptococcus mutans
by guided selection, resulting in the isolation of several
Vis; some binding the same epitope, whereas others
showed a epitope drift. This was solved by
implementation of an inhibition ELISA, which allowed
for the selection of clones recognizing the same epitope
as the parent antibody. In another study by Wang et al.
(98), the Vi and V| domains of the mouse anti-human
TNF-a antibody were shuffled in parallel (98). Although
successful isolation of a humanized antibody retaining
recognition of the epitope was reported, the study also
generated several polyreactive antibodies, again
demonstrating the risk of epitope drift when guided
selection is employed.

In order to maintain the epitope recognized by
the non-human antibody, CDR retention can be applied
(99, 100). In this method, the non-human CDR-H3 is
commonly retained, as this CDR is at the center of the
antigen-binding site (Figure 1B) and has proven to be
the most important region of the antibody for antigen
recognition (101-103). Nevertheless, retention of both
CDR-H3 and CDR-L3 (104) as well as CDR-H3, CDR-
L3 and CDR-L2 (105) of the non-human antibody have
also been reported. Furthermore, implementation of the
CDR-H3 retention approach has given some general
clues to the significance of Vi usage in antibody-antigen
interaction. Beiboer et al. (100) reported that the
selected human Vis originated from the V 3k family,
whereas the mouse Vi had higher homology to the V 2k
family. Hence, the V| sequence homology was not that
important, consistent with the proposition that Vy has a
predominant role in the antigen recognition.

Krinner et al. (106) used guided selection to
humanize a rat antibody binding granulocyte-macrophage
colony stimulating factor (GM-CSF). When the rat
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monoclonal antibody was constructed and produced as a
single chain Fragment variable (scFv) in E. coli, it resulted
in loss of functionality. However, after human Vi
replacement by phage library selections, rat/human hybrid
scFv’s were selected that expressed well and retained
functionality. Thus, Vi selection could stabilize scFv’s
while maintaining the binding characteristics. In fact,
Almagro et al. (107) designed a synthetic Vy repertoire
based on the SDRU of anti-protein and anti-peptide
antibodies and combined it with the V| of D1.3. The
repertoire was displayed on phage and panned against Hen-
Egg White Lysozyme (HEL). A diverse panel of scFv’s
was isolated, with a pattern of conservation that resembled
the functional D1.3 epitope (33).

5.3. FR shuffling

Dall’Acqua et al. (58) introduced the FR
shuffling approach. This approach differs from the FR
library method described above in which selected residues
are variegated. In FR shuffling whole FRs are combined
with the non-human CDRs instead of creating
combinatorial libraries of selected residue variants. Using
FR shuffling, Dall’Acqua and co-workers humanized the
murine antibody B233, which bind the potential cancer
target receptor tyrosine kinase EphAa2. All six murine
CDRs of B233 were cloned into a library of human
germline gene FRs. The libraries were screened for binding
in a two-step selection process, first humanizing Vi,
followed by Vy. In another study (52), a one-step FR
shuffling process showed to be more efficient than the two-
step screening, as the resulting antibodies exhibited
improved biochemical and physico-chemical properties
including enhanced expression, increased affinity and
thermal stability.

5.4. Humaneering

Lastly, within the most recent empirical
approaches to humanize antibodies, Humaneering was
presented at Cambridge Healthtech Institute’s Protein
Engineering Summit 2007 in Boston (108). Humaneering
allows for isolation of antibodies that are 91-96 %
homologous to human germline gene antibodies. The
method is based on experimental identification of essential
minimum specificity determinants (MSDs) and is based on
sequential replacement of non-human fragments into
libraries of human FRs and assessment of binding. It begins
with regions of the CDR-3 of non-human Vy and V chains
and progressively replaces other regions of the non-human
antibody into the human FRs, including the CDR-1 and
CDR-2 of both Vy and V. This methodology typically
results in epitope retention and identification of antibodies
from multiple sub-classes with distinct human V-segment
CDRs.

6. PERSPECTIVES

Fueled by the FDA approval of more than 20
antibodies for therapeutic use in humans and the list of
almost one thousand clinical trails involving antibodies,
humanization has shown a steady growth and several
humanization methods have been generated in the last few
years. These methods can be classified in two main trends:
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(1) rational methods, which rely on the so-called design
cycle and (2) empirical methods, which rest on the
generation of large combinatorial libraries of humanized
variants and selection of the desired variant via enrichment
technologies or HTS techniques.

The rational methods have evolved toward
minimizing the content of non-human residues in the
human context such as SDR and aCDR grafting and
simplifying the design cycle, such as Superhumanization or
HSC Optimization. The empirical methods have evolved
from FR libraries, which resemble CDR grafting but rest on
selection of large combinatorial libraries of selected
residues, toward Guided Selection and Humaneering,
where the assumptions on the antibody structure are
minimal.

The increasing number of antibodies in
evaluation by the FDA should provide data on the efficacy
and immunogenicity of the antibodies humanized using the
different humanization methods here reviewed. This
knowledge would be complemented with the study of the
increasing number of antibody structures as well as further
characterization of the human germline gene repertoire and
gene usage in physiological conditions. Altogether, it
should provide a framework to guide future antibody
humanization protocols toward engineering molecules with
minimal or none immunogenicity, enhanced physico-
chemical profile and superior biological efficacy.
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