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Abstract

Due to their exquisite specificity for a given epitope on the target antigen, recombinant monoclonal antibodies (rmAb) can deliver “targeted
therapy” in oncology. This review focuses on the structural bases of “antigen specificity” to aid clinical researchers and pharmacologists in
managing these new drugs. The fine structure of the Fv (Fragment variable) module (combination of VH and VL domains) from the five
unconjugated antibodies currently approved for cancer treatment, namely rituximab, cetuximab, alemtuzumab, trastuzumab and bevacizumab,
is presented and analysed. Co-crystal and functional studies are reviewed to define rmAb residues contributing to antigen binding site
(paratope)—epitope interfaces. The genetic origin of these recombinant monoclonal antibodies, determined through the IMGT/3Dstructure-
DB database and IMGT/V-QUEST (http://imgt.cines.fr), is presented, allowing the evaluation of homologies between antibodies and their
closest germline human counterparts and hence their possible immunogenicity. Overall, the IMGT standards appear as a first and crucial step
in the evaluation of recombinant antibodies.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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Fig. 1. Three-dimensional structure of a human IgG1k. Alpha carbon backbone representation of the monoclonal antibody b12 directed against the HIV envelope
glycoprotein gp210, the first and up-to-now the only structure of an entire human IgG1k resolved by crystallography [8] (PDB and IMGT/3Dstructure-DB,
http://imgt.cines.fr: 1hzh). Figure generated with VMD software [9]. The two identical 'yl heavy chains are indicated in blue and the two identical k light chains
in red, which are linked together with disulfide bonds. The four polypeptide chains are folded into domains: one variable domain (VH) and three constant
domains (CH1, CH2, CH3) for the y heavy chain with the hinge region between CH1 and CH2, and one variable domain (VL) and one constant domain (CL)
for the light chain (for k chain: V-KAPPA and C-KAPPA) (for review [7]). The three arms of the antibody correspond to two Fab (Fragment antigen binding)
and one Fc (Fragment crystallized). Each Fab carries one antigen binding site or paratope (CDR loops in yellow) at the top of the Fv (Fragment variable)
module (association of the VH and VL, here V-KAPPA, domains). In constrast to schematic, symmetric and fixed Y-shaped representations usually presented in
textbooks, this crystal structure illustrates the asymmetry of the antibody, which results from the high degree of freedom of its three arms around the inter-heavy
chain disulfide bridges in the hinge region. It allows the molecule to be very flexible: each Fab, and therefore each Fv, may rotate and bend.

drugs that act intracellularly whereas rmAbs are large
biomolecules (biopharmaceuticals, i.e. recombinant pro-
teins) acting extracellularly, either on membrane bound
antigens or antigens of the tumour microenvironment. TKI
are not entirely selective for their molecular target as they dis-
play some degree of cross-inhibition towards other tyrosine
kinase receptors [1,2]; rmAbs are specific for the targeted
antigen, which may be expressed on normal tissue in addi-
tion to tumour cells. Specificity is the defining characteristic
of antibodies due to the various selection processes operative
in the development of humoral immune responses. Similarly,
rmAbs developed from combinatorial libraries are subject
to selection for specificity and increased affinity by in vitro
techniques that mirror molecular mechanisms operating in
vivo.

There are currently five unconjugated rmAbs approved
for cancer treatment, namely rituximab, cetuximab, alem-
tuzumab, trastuzumab and bevacizumab, and there is
increasing understanding of their mechanism(s) of action,
in vitro and in vivo [3—6]. These rmAbs were generated by
molecular engineering with selection for specificity and affin-
ity; however, three-dimensional (3D) structural data have
now been published for four of them that allow a more
detailed analysis of the structural features that account for
specificity. The present review focuses on the structure of the
variable domains of these therapeutic antibodies, in relation
with their high specificity and affinity for a given epitope on
the target antigen. Comparison of the V-REGION sequences

of chimeric and humanized antibodies with those of human
sequences allows insights into possible correlations with
observed immunogenicity. These insights will inform for the
future development of new antibody specificities.

1. Chimeric and humanized antibodies

Technologies for the generation of full human rmAbs have
been developed relatively recently and no fully human rmAb
has been approved for cancer treatment to-date, however,
several are currently in phase III trials.! The five unconju-
gated therapeutic antibodies currently in use in oncology,
are rmAbs constructed from genes encoding murine or rat
mADb selected for their specificity and based on the format
of a human IgGlk, i.e. the IGHG! and IGKC genes encod-
ing the constant region of the yl heavy chains and of the
k light chains, respectively, are from human, to decrease
their potential immunogenicity. Each has unique VH and
VL (V-KAPPA) sequences that “pair” to generate unique
Fv (Fragment variable) modules (for review [7]) (Fig. 1).

! A fully human antibody, panitumumab (Vectibix®), ahuman IgG2 kappa
rmAb (ABX-EGF) that binds to the human EGFR received FDA approval
on 27 September 2006 (after submission of this article). In the absence of
3D structure, the conclusions on the antibody/antigen interactions remains
unchanged. Information on the panitumumab sequences and IMGT Collier
de Perles will be provided, when available, in The IMGT Biotechnology
page, Monoclonal antibodies with clinical indications, http://imgt.cines.fr.
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Table 1

Presentation of the six rmAbs used in oncology

rmAbs

Main indication

Date of FDA approval?®,
EMEA approval®

Patent number (available on

http://ep.espacenet.com)

Chimeric rmAbs

cetuximab (Erbitux®)

rituximab (MabThera®, Rituxan® )¢

Treatment of patients with advanced colorectal
cancer that has spread to other parts of the body
Treatment of patients with relapsed or refractory
low-grade or follicular, B cell non-Hodgkin’s

12 February 2004, 29
June 2004
26 November 1997, 2
June 1998

[49]

[50]

lymphoma
Humanized rmAbs
alemtuzumab (MabCampath®)

Treatment of patients with B cell chronic

5 July 2001, 6 July 2001 [51]

lymphocytic leukemia who have been treated
with alkylating agents and who have falled

fludarabine therapy

bevacizumab (Avastin®)
colorectal cancer

trastuzumab (Herceptin®)

First-line treatment for patients with metastatic

Treatment of patients with metastatic breast
cancer whose tumours overexpress the HER-2

protein and who have received one or more
chemotherapy regimens for their metastatic

disease
Fully human rmAb

panitumumab (Vectibix®)

Treatment of EGFR-expressing, metastatic

26 February 2004, 12 [52]
January 2005
25 September 1998, 28 [53]
August 2000
27 September 2006 [54]

colorectal carcinoma with disease progression on
or following fluoropyrimidine-, oxaliplatin-, and
irinotecan-containing chemotherapy regimens

Indications, date of approval and patent number.
2 FDA: U.S. Food and Drugs Administration (http://www.fda.gov).
® EMEA: European Medicines Agency (http://www.emea.eu.int/).
¢ Rituxan® in USA, Canada and J apan, MabThera® in the remaining world.

Depending on the homology of the Fv sequences with
human sequences the rmAbs are described as “chimeric” or
“humanized”. In “chimeric” rmAbs, the Fv is entirely non-
human in origin, e.g. mouse for cetuximab and rituximab.
In “humanized” rmAbs the complementarity determining
regions (CDR), which confer specificity, are of non-human
origin (rat or mouse) and replace the CDRs of a human Fv, i.e.
the framework regions (FR) are of human origin, e.g. alem-
tuzumab, bevacizumab and trastuzumab (Table 1). Besides
CDR grafting, more recent humanization technologies have
been also developed, such as resurfacing or human engineer-
ing [10].

A schematic representation of a Fv is shown in Fig. 2.
During the in vivo synthesis of an immunoglobulin (IG) in
a B cell, the VL domain (here, V-KAPPA) or V-J-REGION
results from the rearrangement of a V gene (IGKV) toaJ gene

(IGKJ), the VH domain or V-D-J-REGION results from the
rearrangement of a IGHV gene, a IGHD gene and a IGHJ
gene. In addition to the combinatorial diversity created by
these gene rearrangements, the VH V-—D-J junction diversity
is considerably increased by the N-diversity which results
from the trimming of the V-, D- and J-REGION ends to be
joined and the random addition of nucleotides by the terminal
deoxynucleotidyltransferase (TdT) [7]. Further diversity is
introduced within a secondary immune response by somatic
hypermutation of VH and VL sequences. Sequence diver-
sity is particularly focused at the V-J and V-D-J junctions
[11] that generate the CDR3 hypervariable regions that
have a major role in determining antibody specificity form-
ing contacts with the epitope [12] (Fig. 2). Whatever the
species origin, there is no global structural differences in
the V domain structure. Therefore, the primary amino acid

Fig. 2. Structure of the Fv of bevacizumab. (A) Linear representation of the two domains V-KAPPA and VH which form the Fv of bevacizumab. The V-KAPPA
(V-J-REGION) results from the rearrangement of a IGKV gene and a IGKJ gene. The VH (V-D-J-REGION) results from the rearrangement of a IGHV gene,
a IGHD gene and a IGHJ gene. N1 and N2 indicate N-REGIONs not encoded in the germline genes and which result from the N-diversity mechanism at the
V-D-1J junction (for review [7]). Framework regions (FR) and complementarity determining regions (CDR) alternate. FR and CDR are delimited according
to the IMGT unique numbering for V-DOMAIN [13]. The number of amino acid residues is indicated below each FR and CDR. (B) Lateral and (C) top view
of the alpha carbon backbone representation of the Fv of bevacizumab [14] (PDB and IMGT/3Dstructure-DB: 1¢z8). CDR-IMGT are coloured according to
the IMGT colour menu. VH CDR1-IMGT (red), CDR2-IMGT (orange) and CDR3-IMGT (purple); V-KAPPA CDR1-IMGT (blue), CDR2-IMGT (green) and
CDR3-IMGT (green blue). The N (cyan) and C (magenta) ends of each region are also coloured. The conserved C23, W41 and L89, and the six FR-IMGT
positions limiting the CDR-IMGT regions, also designated as anchor positions (positions 26 and 39 for the CDR1-IMGT, 55 and 66 for the CDR2-IMGT, 104
and 118 for the CDR3-IMGT) are shown in white. Nine antiparallel beta strands (in grey) constitute the FR-IMGT. The folding drives the formation of the
CDR-IMGT loops which are localised at the top of the Fv and form the antigen binding site or paratope The lengths of the CDR-IMGT are indicated between

brackets separated by dots, figures are generated using VMD software [9].
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Fig. 2.

213



214 C. Magdelaine-Beuzelin et al. / Critical Reviews in Oncology/Hematology 64 (2007) 210-225

VH domain
FR1-IMGT CDR1-IMGT FR2-IMGT CDR2-IMGT FR3-IMGT CDR3-IMGT FR4-IMGT
(1-26) (27-38) (39-55) (56-65) (66-104) (105-117) (118-128)
1 10 20 30 40 50 60 70 80 90 100 110 120
) [e—— [ — T—— [— — THE—— T———— —— — — T ——— 15 13 R— TR— [
cetuximab QVQLKQSGP .GLVQPSQSLSITCTVS GFSL....TNYG VHWVRQSPGKGLEWLGV IWSG...GNT DYNTPFT.SRLSINKDNSKSQVFFKMNSLQSNDTAIYYC ARALTYY) ..DYEFAY WGQGTLVIVSA
rituximab' QVQLOQPGA . ELVKPGASVKMSCKAS GYTF....TSYN MHWVKQTPGRGLEWIGA IYPG..NGDT SYNQKFK.GKATLTADKSSSTAYMQLSSLTSEDSAVYYC ARSTYYG..GDWYFNV WGAGTTVIVSA
alemtuzumab 2 QVQLOESGP.GLVRPSQTLSLTCTVS GFTF....TDHY| MNWVRQPPGRGLEWIGF KAHGYTT EYNPSVK.GRVTMLVDTSKNQFSLRLSSVTAADTAVYYC A WGQGSLVIVSS
bevacizumab  EVOLVESGG.GLVQPGGSLRLSCAAS GYTF....TNYG| MNWVRQAPGKGLEWVEW I§TY..TGEP TYAADFK.RRFTFSLDTSKSTAYLOMNSLRAEDTAVYYC AKYH WGOGTLVTVSS
trastuzumab 3 EVQLVESGG.GLVQPGGSLRLSCAAS GFNI....KDTY THWVRQAPGKGLEWVAR| TYPT..NGYT RYADSVE.GRFTISADTSKNTAYLOMNSLRAEDTAVYYC § WGQGTLVTVSS
pertuzumab EVQLVESGG . GLVQPGGSLRLSCARS GFTF. . .. MDWVRQAPGKGLEWVAD VNPN. .SGGS IYNQRFK.GRFTLSVDRSKNTLYLOMNSLRAEDTAVYYC WGQGTLVTVSS
PADEEVIUMAD. s wodvaraiiins @i iaiaa aoiinss V8 GGSVS..SGDYY.WIWIRQSPGKGLEWIGH IYYS...GNT NYNPSLK.SRLTISIDTSKTQFSLKLSSVTAADTAIYYC WGQGTMVIVSS
V-KAPPA domain
FR1-IMGT CDR1-IMGT FR2-IMGT CDR2-IMGT FR3-IMGT CDR3-INGT FR4-IMGT
(1-26) (27-38) (39-55) (56-65) (66-104) (105-117) (118-128)
1 10 20 30 40 50 60 70 80 90 100 110 120
................................... [imrannimer sow| teee o omusn | imnen [ Serwmnelitn, s brens bR ey
cetuximab DILLTQSPVILSVSPGERVSFSCRAS THWYQQRTNGSPRLLIK ESISGIF.SRFSGSG. .SGTDFTLSINSVESEDIADYYC DQNNN...[WPTT FGAGTKLELK.
rituximab QIVLSQSPAILSASPGEKVTMTCRAS IHWFQQKPGSSPKPWIY NLASGVP . VRFSGSG. . SGTSYSLTISRVEAEDAATYYC QQWTS....NPPT FGGGTKLEIK
alemtuzumab  DIQMTQSPSSLSASVGDRVTITCKAS LNWYQOKPGKAPKLLIY NLOTGVP . SRFSGSG. . SGTDFTFTISSLOPEDIATYYC LOHIS. .. FGQGTRVEIK.
bevacizumab  DIQMTQSPSSLSASVGDRVTITCSAS LNWYQQOKPGKAPKVLIY SLHSGVP . SRFSGSG. . SGTDFTLTISSLQPEDFATYYC QQYST. FGQGTKVEIK.
trastuzumab  DIQMTQSPSSLSASVGDRVTIITCRAS VAWYQQKPGKAPKLLIY FLYSGVP ., SRFSGSR. . SGTDFTLTISSLOPEDFATYYC QO FGQGTRVEIK.
pertuzumab DIQMTQSPSSLSASVGDRVTITCKAS VAWYQOKPGKAPKLLIY ......S YRYTGVP.SRFSGSG..SGTDFTLTISSLQPEDFATYYC QQYYI... FGQGTRVEIK.
panitumumab . ........... el TITCQAS ODTI...... SNY LNWYQQKPGKAPKLLIY DA.......S NLETGVE.SRFSGSG..SGTDFTFTISSLQPEDIATYFC QHFDH....LPLA FGGGTKVEIK.

'In WO9411026 patent, P15 > Al5.

*In US5846534 patent, F28 > 828 and T35 > 835
*In US5821337 patent, Y117 > V117.

‘In US5821337 patent, Y68 > L68.

Fig. 3. IMGT protein displays of the VH and V-KAPPA domains of the cetuximab, rituximab, alemtuzumab, bevacizumab, trastuzumab, pertuzumab and
panitumumab antibodies. Amino acid sequences are from 1yy9 (cetuximab), AX556949 and AX556951 (rituximab VH and V-KAPPA), 1cel (alemtuzumab),
1cz8 (bevacizumab), 1n8z (trastuzumab), 1578 (pertuzumab), and DD214915 and DD214916 (panitumumab). Amino acid differences with patents from Table 1
are indicated. FR-IMGT and CDR-IMGT delimitations and gaps, represented by dots, are defined according to the IMGT unique numbering for V-DOMAIN
[13]. The N-glycosylation site motifs in the cetuximab VH and V-KAPPA are underlined but only the VH motif is glycosylated (see text). Amino acids identified
in IMGT/3Dstructure-DB [22] as having hydrogen bonds with the antigens (EGFR for cetuximab, CD52 mimotope for alemtuzumab, VEGF for bevacizumab,
ERBB?2 for trastuzumab and pertuzumab) (Table 2) are shown in boxes. The numbers 121 in the VH CDR3-IMGT numbering correspond to the additional
positions 111.1, 112.2 and 112.1, respectively [13].

sequences of the VH and V-KAPPA of the five unconju-
gated anti-cancer rmAbs can be aligned and are displayed
in Fig. 3 using the IMGT unique numbering and definition of
the FR-IMGT and CDR-IMGT [13].

In a “chimeric” antibody (e.g. rituximab and cetuximab),
the original specificity of the murine antibody is conserved
since the murine variable domains are unmodified. In a
“humanized” antibody (e.g. alemtuzumab, bevacizumab
and trastuzumab), only the CDRs of the original rat or
murine antibody are retained, being grafted into human
framework gene sequences, thus conferring the specificity
of the original rat or murine antibody to a human antibody.
Humanization was introduced in order to reduce the potential
immunogenicity of the rat or murine variable domains [15].

When designing a humanized antibody it is important to
select human VH and VL framework regions with highest
homology to the original rat or murine ones in order to
maintain the 3D orientation of the CDR loops [16,17]. This is
usually achieved by comparing the sequences of the variable
domains of the selected rat or murine monoclonal antibody
to human sequences and 3D structures available in databases.
It should be emphasized that the three humanized antibodies
were designed using the Kabat system for defining the CDRs
[18] before the CDR-IMGT standardization was available
[13,19,20]. As a consequence the initial humanized form of
the Campath antibody lacked specificity and affinity, there-
fore alemtuzumab was “designed” with mutations at two
positions [21] which were thought to be FR but which clearly

Fig. 4. IMGT Colliers de Perles of the VH and V-KAPPA domains of the alemtuzumab, bevacizumab, cetuximab, trastuzumab, rituximab and pertuzumab
antibodies. IMGT Colliers de Perles are shown on one layer and two layers. Amino acids are shown in the one-letter abbreviation. Positions at which hydrophobic
amino acids (hydropathy index with positive value: I, V, L, F, C, M, A) and tryptophan (W) are found in more than 50% of analysed sequences are shown in
blue. All proline (P) are shown in yellow. The CDR1-IMGT (BC loop), CDR2-IMGT (C'C” loop) and CDR3-IMGT (FG loop) are limited by amino acids
shown in squares (anchor positions), which belong to the neighbouring strands (FR-IMGT in V-DOMAINSs). Arrows indicate the direction of the beta strands
and their designations in 3D structures (from IMGT Repertoire, http://imgt.cines.fr) [25]. For the VH domains, CDR1-IMGT is in red, CDR2-IMGT in orange
and CDR3-IMGT is in purple. For the VL domains (here V-KAPPA), CDR1-IMGT is in blue, CDR2-IMGT in green and CDR3-IMGT is in green blue [25].
The IMGT Colliers de Perles on two layers show, on the forefront, the GFCC'C” strands and, on the back, the ABED strands. Hatched circles correspond to
missing positions according to the IMGT unique numbering for V-DOMAIN [13]. IMGT Colliers de Perles are from IMGT/3Dstructure-DB entries (chain
entry identifiers are shown between parentheses), or obtained, for rituximab whose 3D structure is not available, using the IMGT/Collier de Perles tool at the
IMGT/3Dstructure-DB Query page [22]. Amino acid one-letter abbreviation: A (Ala), alanine; C (Cys), cysteine; D (Asp), aspartic acid; E (Glu), glutamic acid;
F (Phe), phenylalanine; G (Gly), glycine; H (His), histidine; I (Ileu), isoleucine; K (Lys), lysine; L (Leu), leucine; M (Met), methionine; N (Asn), asparagine;
P (Pro), proline; Q (GIn), glutamine; R (Arg), arginine; S (Ser), serine; T (Thr), threonine; V (Val), valine; W (Trp), tryptophan; Y (Tyr), tyrosine.
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V-KAPPA (one layer)

Alemtuzumab (1ce1_L)

VH (one layer)

[6.3.9]

[8.10.12]

Alemtuzumab (1ce1_H)

[6.3.9]

Bevacizumab (1bj1_L)

H) [8.8.16]

Bevacizumab (1bj1

[6.3.9]

Cetuximab (1yy9_C)

) [8.7.13]

Cetuximab (1yy9_D

Fig. 4. (Continued)
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V-KAPPA (two layers)

VH (two layers)
Alemtuzumab (1ce1_H) [8.10.12]

[6.3.9]

Alemtuzumab (1ce1_L)

L) [6.3.9]

Bevacizumab (1bj1

[8.8.16]

_H)

Bevacizumab (1bj1

[6.3.9]

1yy9_C)

(

Cetuximab

[8.7.13]

Cetuximab (1yy9_D)

Fig. 4. (Continued )

they were thought to be CDR but they clearly belong to the

belong to the CDR1-IMGT (positions 28 and 35 according to

FR-IMGT, and keeping these positions as “human” in rmAbs

the IMGT unique numbering for V-DOMAIN [13]) (Fig. 3).
Moreover, positions 66—74 of VH and positions 66—-69 of

V-KAPPA were grafted from rat onto human genes [15] as

would probably diminish their potential immunogenicity (for

sequences of the original rat and humanized Campath vari-
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V-KAPPA (one layer)

Trastuzumab (1nz8_A)

VH (one layer)

[6.3.9]

[8.8.13]

Trastuzumab (1nz8_B)

[5.3.9]

Rituximab

[8.8.14]

Rituximab

[6.3.9]

Pertuzumab (1s78_C)

[8.8.12]

Pertuzumab (1s78_D)

Fig. 4. (Continued )

” in The IMGT 2. IMGT Collier de Perles

Biotechnology page, http://imgt.cines.fr). This observation

able domains, see “Antibody humanization

are two-dimensional

(2D) standardized graphical representations of amino acid

The IMGT Colliers de Perles

is confirmed by the fact that alemtuzumab can be captured by
an anti-rat IgG specific antibody in an ELISA, not supposed
to recognise the alemtuzumab idiotype beared by the CDRs

[23].

sequences of domains [13,24], and more particularly of V-
DOMAINSs [13,25]. The IMGT Colliers de Perles of the
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V-KAPPA (two layers)

Trastuzumab (1nz8_A)

VH (two layers)

Trastuzumab (1nz8_B)

[6.3.9]

[8.8.13)

[8.8.14] Rituximab [5.3.9]

Rituximab

[6.3.9]

Pertuzumab (1s78_C)

[8.8.12]

Pertuzumab (1s78_D)

Fig. 4. (Continued).

les in designing humanized antibodies since the CDR-IMGT
loops are the regions which need to be considered for the
humanization. The CDR1-IMGT and CDR2-IMGT anchor
positions need also to be checked as they determine the ori-
entation of the CDR loops. The IMGT Collier de Perles on

VH and V-KAPPA of the five rmAbs are shown in Fig. 4.

The IMGT Collier de Perles on one layer allows to read-

ily define the FR-IMGT beta strands and the CDR-IMGT

loops in the amino acid sequence of the variable domains.
This emphasizes the usefulness of the IMGT Collier de Per-
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two layers shows the relative localisation of the strands and
loops in space even if 3D structures are not yet available (for
example, rituximab). For known 3D structures, they allow
the display of hydrogen bonds in IMGT/3Dstructure-DB,
http://imgt.cines.fr, and they give access to the contacts of
each amino acid (IMGT Residue @Position card) by clicking
on a given position in the IMGT Collier de Perles [22].

Glycosylation sites are observed in ~15% of normal
human V regions, therefore, it is of interest to note that both
the VH and V-KAPPA sequences of the cetuximab include
a glycosylation site motif [N-X-T/S] (where X is any amino
acid except proline) whereas none is observed in the other
rmAbs (Fig. 3). The two motifs are opposite to the CDR
loops. The motif localised at position 97 (at the tip of the
EF loop) in the cetuximab VH is glycosylated and bears a
complex diantennary oligosaccharide structure containing a
very diverse mixture of glycans as usually observed for other
rmAbs at the Fab domain [26], however, the motif at posi-
tion 47 (at the CC’ beta turn) in the V-KAPPA is unoccupied
(Jefferis R, et al., unpublished data). Indeed, glycosylation
is only effective in two thirds of potential N-glycosylation
sites. When present in Fv regions, N-glycosylation has been
reported to have a positive, negative or neutral impact on
specificity, affinity, stability, solubility, etc. [27]. In the par-
ticular case of cetuximab, VH N-glycosylation probably does
not interfere with antigen binding site since it is localised at
the opposite side of the paratope, but may contribute to the
immunogenicity of framework regions of this antibody since
cetuximab is produced in rodent cells and could bear termi-
nal residues (e.g. Gala(1 — 3) or Neu5Gc) not present in the
human species.

3. Antibody/antigen interactions

To date, the 3D structure of bevacizumab in complex
with the vascular endothelial growth factor, VEGF [14], of
cetuximab in complex with the extracellular domain of the
epidermal growth factor receptor, EGFR (ERBBI1) [6] and

ERBB2

pertuzumab Fab

trastuzumab Fab

Fig. 5. Superimposition of trastuzumab Fab-ERBB2 and pertuzumab Fab-
ERBB2 co-crystal structures. The ribbon structure of the extracellular
domain of ERBB2 (also called NEU/HER-2) in grey shows that it is divided
into four domains: I is the most distal and IV the most proximal from the
cell membrane. Trastuzumab Fab [28] (PDB and IMGT/3Dstructure-DB:
1v8z) and pertuzumab Fab [29] (PDB and IMGT/3Dstructure-DB: 1s78),
3D structures are indicated in red and blue, respectively. The CDR loops of
each antibody are represented as yellow tubes, connected to the framework
regions of the variable domains represented as ribbons. The two antibodies
are directed against two different epitopes on the receptor, on domain II for
pertuzumab and on domain IV for trastuzumab. Figure generated with VMD

[9].

of trastuzumab in complex with the extracellular domain of
ERBB2 (also called NEU/HER-2) (Fig. 5) [28] have been
reported. Most of the contact residues of bevacizumab with
VEGF are located in the three CDR-IMGT loops of the VH
domain, particularly the VH CDR3-IMGT [30] (Fig. 2B and
Table 2). The epitope targeted by bevacizumab partly over-
laps VEGF residues that interact with the binding to VEGFR1
(Flt-1, FLT1) and VEGFR2 (FLK1, KDR), the two VEGF
receptors [14].

The 3D structures of the anti-EGFR cetuximab [6] and
of the anti-ERBB2 trastuzumab [28], together with that

Table 2
Amino acids of rmAbs involved in hydrogen bonds with the antigens, from IMGT/3Dstructure-DB, http://imgt.cines.fr
rmAbs? Number of H bonds® VH V-KAPPA

CDRI1-IMGT CDR2-IMGT CDR3-IMGT CDRI1-IMGT CDR3-IMGT
cetuximab (1yy9) 6(5+1) 59G 111Y 112D 113Y 114W
alemtuzumab (1cel) 14 (9+5) 38Y IR 61K 107E 109H 110T 107H 114R 116R
bevacizumab (1bjl) 14 (14 +0) 38G 55W 58T 107Y 108P 109Y 110Y

111.1G 112.18

trastuzumab (1n8z) 6(2+4) 55R 111G 36N 108Y 114T
pertuzumab (1s78) 9 (9+0) 36D 37Y SINSSPION -y 10p 114y

Amino acid positions and CDR-IMGT delimitations are according to the IMGT unique numbering for V-DOMAIN [13]. Amino acids involved in one, two or
three H bonds are not underlined, single underlined or double underlined, respectively. Amino acids involved in H bonds are shown in boxes in Fig. 3.

2 IMGT/3Dstructure-DB entries (same code as PDB) are shown between parentheses.

b Hydrogen (H) bond identification is from IMGT/3Dstructure-DB contact analysis [22], http://imgt.cines.fr. Total number of H bonds is shown with, between

parentheses, number of H bonds for VH and V-KAPPA.
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of another anti-ERBB2 currently under development (per-
tuzumab) [29] allow a comprehensive description of the
functional domains of this family of receptors. Cetuximab
binds the domain III of the EGFR, mainly through its VH
CDR2-IMGT and CDR3-IMGT. More particularly, tyrosine
111 in VH CDR3-IMGT (Fig. 3 and Table 2) protrudes into
a pocket located in domain IIT of EGFR. By binding to this
particular epitope, cetuximab blocks the interaction of EGF
with its receptor, hence the antagonist activity of cetuximab
[6].

Pertuzumab binds the domain II of ERBB2, a domain
involved in the pairing of ERBB2 with other members of
the ERBB family [29], through the three VH CDR-IMGT
(Table 2). Since heterodimerization of ERBB2 is required
for signalling, pertuzumab acts as an “indirect” antagonist of
ERBB2 partners [6].

Trastuzumab recognises three loops on domain IV of
ERBB?2 [28], a domain which lies very close to the cell mem-
brane (Fig. 5). CDR3-IMGT of both VH and V-KAPPA seem
to be involved in this interaction by the formation of a pocket
[28], but no more details are available about the residues
required for the recognition of the epitope (Table 2). The
domain IV of ERBB2 is probably subjected to the action of
one or several metalloproteases as ADAM17 (TACE) [30]
or MMP-15 (Slikowski M, pers. commun.) whose functions
are to cleave ERBB2 and to release its ectodomain in the
microenvironment. This soluble ectodomain may serve as
decoy for trastuzumab, and decreases its clinical efficacy
[31]. Interestingly, it has been shown that trastuzumab, but not
pertuzumab, inhibits ERBB2 shedding by steric hindrance.
One of the cleavage sites on ERBB2 has been identified
and localised to a membrane proximal region very close to
the epitope bound by trastuzumab [32]. However, there is
no clear relation between the fact that trastuzumab blocks
ERBB?2 shedding and the precise mechanism of action of
trastuzumab which is only active on tumours overexpressing
ERBB2. The most common hypotheses are that trastuzumab
prevents ERBB2 homodimerization and/or induces receptor
internalisation, which ultimately lead to an arrest in ERBB2
signalling [28].

The 3D structure of alemtuzumab in complex with a
synthetic peptide mimicking its natural antigen CDS52 is
also available; the natural CD52 ligand is a highly glyco-
sylated and glycosyl-phosphatidyl-inositol (GPI) anchored
short polypeptide [33]. The ability of alemtuzumab to bind
a peptidic mimic of CD52 [33] depends on the three VH
CDR-IMGT and a noticeable contribution of V-KAPPA
CDR3-IMGT (Table 2). No distinctive biological function
has yet been assigned to the CD52 molecule and alem-
tuzumab does not seem to have antagonistic or agonistic
activities on CD52-expressing cells; therefore the activity of
alemtuzumab is assumed to be the recruitment of immune
effector mechanisms [34].

The 3D structure of rituximab, one of the most widely
used anti-cancer rmAb, has not been determined. This is
probably explained by the nature of its target antigen, the

membrane-spanning 4-domains, subfamily A, member 1,
MS4A1 (CD20), which has four hydrophobic transmembrane
regions. Binding of rituximab to CD20 is highly dependent
on the presence of alanine at position 170 and proline at
position 172 in the extracellular loop of CD20 [35,36]. Stud-
ies of the interaction of rituximab with soluble recombinant
CD20 [37] also demonstrate that the binding of rituximab is
dependent upon the oxidation state of cysteines in the extra-
cellular domain of the CD20 protein, i.e. binding is ablated
for reduced and alkylated CD20, but further structural studies
are strongly awaited.

Overall, these structural data show that VH and par-
ticularly its CDR3-IMGT rather than V-KAPPA contribute
to antibody/antigen interaction, particularly because more
hydrogen bonds are created with this VH domain. Based on
these observations, therapeutic antibodies follow the general
rule of antibodies.

4. Variable domain genetic analysis

The variable domains of the antibodies were anal-
ysed using IMGT/3Dstructure-DB [22] for the amino acid
sequences and 3D structures and IMGT/V-QUEST [38]
for the nucleotide sequences (IMGT®, the international
ImMunoGeneTics Information System®; http://imgt.cines.fr
(Founder and director: Marie-Paule Lefranc, Montpellier,
France)) [39]. IMGT/3Dstructure-DB and IMGT/V-QUEST
identify the closest V, (D) and J genes and delimit the FR-
IMGT and CDR-IMGT delimitations (Fig. 2A and Table 3).
IMGT/V-QUEST compares the nucleotide sequences with
the IMGT mouse or human germline reference directory,
which comprises one reference sequence for each gene and
allele of the mouse (IMGT Repertoire) or human [7] reper-
toires from IMGT/GENE-DB; http://imgt.cines.fr [40].

The variable domains of the chimeric antibodies, cetux-
imab and rituximab, were compared to the IMGT murine
reference directory (Table 2). The cetuximab VH derives
from the mouse IGHV2-2*02, IGHD2-4*01 and IGHJ3*01
genes and the rituximab VH derives from the mouse
IGHVI-12*01,IGHDI1-2*01 and IGHJI*01 genes (Table 3).
Concerning the light chains, the cetuximab V-KAPPA derives
from the mouse IGKV5-48*01 and IGKJ5*01 genes, and the
rituximab V-KAPPA derives from the mouse IGKV4-72*01
and /IGKJ2*01 genes (Table 3).

The comparison of the V-REGION of the VH and V-
KAPPA nucleotide sequences with the IMGT/V-QUEST
germline sequences allows the identification of residues that
result from somatic hypermutations that occurred in the donor
mouse. Cetuximab is highly mutated since there are seven
somatic hypermutations in the IGH V-REGION, all of them
leading to amino acid (aa) changes (1 in CDR1-IMGT, 1
in CDR2-IMGT and 5 in FR3-IMGT) and five mutations in
the /IGK V-REGION, four of them leading to aa changes (1
in FR1-IMGT, 1 in CDRI1-IMGT and 2 in CDR3-IMGT).
Interestingly, six of the aa replacements (3 in VH and 3
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Table 3
IMGT V, (D) and J genes involved in the building of rmAbs used in oncology

Antibodies IMGT/3Dstructure-DB VH V-KAPPA
IMGT protein name  Fab Fab in complex IGHYV, IGHD and IGHJ genes CDR-IMGT  IGKYV and IGHJ genes CDR-IMGT
lengths lengths
Chimeric antibodies: comparison with mouse (Mus musculus) germline V, (D) and J genes
cetuximab (Erbitux®) Fab C225,IMC-225 1yy8  lyy9 (with EGFR) IGHV2-2*%02 (92.78%) (55.10% [8.7.13] IGKV5-48*01 (95.79%) [6.3.9]
human IGHV3-33), (66.32% human IGKV6-21),
IGHD2-4*01 IGHJ3*01 IGKJ5*01 (91.66%) (75%
(93.33%) (80% human IGHJ4) human /GKJ2)
rituximab (MabThera®, Rituxan®)  IDEC-C2B8 a a IGHV1-12*01 (92.70%) [8.8.14] IGKV4-72*01 (95.79%) [5.3.9]
(72.45% human IGHV1-46), (61.46% human IGKV3-20),
IGHD1-2*01 IGHJ1*01 IGKJ2*01 (91.66%)(83.33%
(82.35%) (64.70% human human /IGKJ2)
IGHJ2)
Humanized antibodies: comparison with human (Homo sapiens) germline V and J genes. The IGHD genes are derived from mouse or rat and are not shown
alemtuzumab (MabCampath®) CAMPATH-1H Ibey  Icel (with CD52 mimotope)  IGHV4-59*%01 (73%), IGHJ4*01  [8.10.12] IGKVI1-33*01 (86.32%), [6.3.9]
(92.86%) IGKJI1*01 (91.66%)
bevacizumab (Avastin®) Fab-12 1bj1 (with VEGF) IGHV7-4-1%02 (72.40%), [8.8.16] IGKV1-33*01 (87.40%), [6.3.9]
IGHJ2*01 (82.35%) IGKJI1*01 (100%)
trastuzumab (Herceptin®) Herceptin, 4D5v8 1n8z (with ERBB2) IGHV3-66*01 (81.63%), [8.8.13] IGKV1-39*01 (86.32%), [6.3.9]
IGHJ6*01 (76.47%) IGKJI1*01 (91.66%)
Fully human antibody: comparison with human (Homo sapiens) germline V, D and J genes
panitumumab (Vectibix®) ABX-EGF E7.6.3 b b IGHV4-61%01 (86.84%)P, [10.7.11] IGKVI1-33*01 (94.73%)°, [6.3.9]
IGHD3-3*01 or *02 IGHJ3*02 IGKJ4*01 (91.66%)
(93.75%)

Percentage of identity was calculated by comparison of the amino acid sequences with the closest mouse or human V-REGION and J-REGION. V-REGIONs were compared from position 1 to 106 for VH and
from position 1 to 111 for V-KAPPA, using IMGT/DomainGapAlign at the IMGT Home page, http://imgt.cines.fr. Given the short length of the J-REGION (12-17 amino acids), the percentages are only given
as an indication.

% There is no 3D structure available for rituximab Fab. Sequences are from IMGT/LIGM-DB: AX556949 (heavy chain) and AX556951 (k chain).

b There is no 3D structure available for panitumumab. Sequences are from IMGT/LIGM-DB: DD214915 (VH) and DD214916 (V-KAPPA). Note that the N-terminal 23 and 19 amino acids (and codons) are
missing in the VH and V-KAPPA sequences, respectively and in the patents and could not be analysed.

§TT-01Z (£L002) #9 £80j01DUwdF/L50]02UQ) Ul SMIIADY [DIULLD) / [V 12 UI2INIE-UID]IPSDI D)

1TC
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in V-KAPPA) correspond to serine to asparagine (S>N)
change.

For rituximab, there are 20 mutations in the IGH V-
REGION, affecting 16 codons, and leading to 10 aa changes
(5 in FR1-IMGT, 3 in FR2-IMGT and 2 in FR3-IMGT) and
5 mutations in the IGK V-REGION, 4 of them leading to aa
changes (2 in FR2-IMGT, 1 in FR3-IMGT and 1 in CDR3-
IMGT).

This kind of somatic mutation analysis is not mean-
ingful with humanized antibodies because of their
construction. However it is interesting to compare the
humanized genes with the closest human genes, using
IMGT/DomainGapAlign. In their present form, the human-
ized antibodies alemtuzumab, bevacizumab and trastuzumab
IGH V-REGIONS have a percentage of identity at the amino
acid level of 73%, 72% and 81% with the closest germline
human IGHV4-59*01, IGHV7-4-1%02 and IGHV3-66*01,
respectively (Table 3). The three humanized antibodies IGK
V-REGIONSs have a similar percentage of identity of 86—-87%
at the amino acid level with the closest germline human
IGKV1-33*01 for alemtuzumab and bevacizumab, and with
IGKVI1-39*01 for trastuzumab (Table 3).

Deciphering the genetic origin of VH and V-KAPPA
domains were successful for each rmAb studied, nicely illus-
trating the fundamental processes of repertoire maturation.
The potential divergence of these newly generated sequences
from their human germline counterparts also raise the ques-
tion of their potential immunogenicity.

5. Immunogenicity

The comparison of the murine V-REGION and J-REGION
sequences of VH and V-KAPPA from chimeric antibod-
ies with the IMGT human reference directory is shown in
Table 3. The percentages of identity are significantly lower
than those obtained when compared with the IMGT mouse
reference directory, and illustrate the inter-species diver-
gence at the level of the variable domains. For a more
precise evaluation of the inter-species differences between
the frameworks, we compare the amino acid sequences of
the four FR-IMGT (FR1-IMGT: positions 1-26, FR2-IMGT:
39-55, FR3-IMGT: 66-104, and FR4-IMGT: 118-128 for
VH or 127 for V-KAPPA) of each murine V domain
with the closest human sequence found (Table 3). We
used IMGT/DomainGapAlign (http://imgt.cines.fr) at the
IMGT Home page for comparison of the FR1-, FR2- and
FR3-IMGT, and the Alignment of alleles IGHJ and IGKJ
(Overview) in IMGT Repertoire for comparison of the FR4-
IMGT. We observed 59.34% (54/91 aa) and 70.78% (63/89
aa) identity for the four FR-IMGT of the cetuximab VH and
V-KAPPA domains, respectively, and 74.72% (68/91 aa) and
67.41% (60/89 aa) identity for the four FR-IMGT of the ritux-
imab VH and V-KAPPA domains, respectively. Despite this
sequence divergence in the FR that could reinforce immuno-
genicity of the idiotype itself, these two antibodies are not

really immunogenic in cancer patients [41]. This could be due
to the fact that their immune system is compromised and/or
that they may be receiving cytotoxic drugs. In fact, human
anti-chimeric antibodies (HACA) are observed in a higher
percentage of patients receiving rituximab for an autoimmune
disease [42]. Nevertheless, it should be mentioned that only
some patients develop HACA. Since many factors external
to the drug itself have been described to influence immuno-
genicity [43], itis therefore difficult to assign to any threshold
of dissimilarity between the murine and human rmAbs pro-
teins a role in the induction of a neutralizing response. When
information will be available from large cohorts of patients,
particularly from clinical studies comparing different rmAbs
administered to similar patients, with identical regimens, it
could become possible to find some correlation between the
immunogenicity of a given rmAb and the global percentage of
identity and physico-chemical characteristics of amino acids
exposed at the surface of VH and VL domains in comparison
to those truly expressed in humans, taking into account muta-
tions observed in expressed repertoires [44]. The variability
of anti-drug responses in patients depends on both accessibil-
ity of B cell epitopes and the processing of T cell epitopes by
the highly polymorphic HLA class I molecules. Potentiel T
cell epitopes within rmAbs primary sequences and their inter-
action with HLA class II molecules can now been mapped
in silico, and this approach could be in an attempt to predict
rmAbs immunogenicity [45].

Very logically, when VH and V-KAPPA sequences from
humanized antibodies are compared with the IMGT human
reference directory the percentage of identity appears higher
than when chimeric rmAbs are analysed with the same
directory (Table 3). When comparing the four FR-IMGT of
the humanized sequence with the closest human sequences
found, as described above, we observed, for the VH and V-
KAPPA, respectively, 84.61% (77/91 aa) and 97.75% (87/89
aa) for alemtuzumab, 74.72% (68/91 aa) and 92.13% (82/89
aa) for bevacizumab, and 90.10% (82/91 aa) and 93.25%
(83/89 aa) for trastuzumab. It is worthwhile to note that,
whereas the FR percentage of identity is superior to 90% for
four of six domains, this percentage is 84.61% for the alem-
tuzumab VH and only 74.72% for the bevacizumab VH, a
percentage similar to that observed in the chimeric rituximab.

The humanized rmAbs are also weekly immunogenic
in cancer patients [46], as are chimeric antibodies. Several
studies have shown that humanization decreases but does
not eliminate immunogenicity problems [47,48]. However,
a rigorous comparison between a chimeric antibody and its
humanized counterpart in humans in terms of immunogenic-
ity remains crucially lacking.

In a first step, IMGT standardized criteria for statistical
analysis, based on the definition of 11 IMGT amino acid
chemical characteristics classes, have provided IMGT Col-
liers de Perles statistical profiles for the human expressed
IGHV and IGKYV repertoires [44]. Amino acid assignment
of the chimeric and humanized rmAbs IMGT Colliers de
Perles (Fig. 4) to IMGT aa chemical classes was compared
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to the FR-IMGT positions which define the human IGHV
and IGKV chemical profiles (41 and 59 positions at >80%
threshold, respectively, see Plate 3 in [44]). Despite marked
differences in the percentage of similarity as discussed earlier,
there are no marked differences in IMGT chemical classes
for the VH of humanized (0: trastuzumab; 1: bevacizumab;
2: alemtuzumab) and chimeric (1: cetuximab; 2: rituximab)
antibodies. Similarly, the V-KAPPA of the three humanized
rmAbs show only one (trastuzumab, alemtuzumab) or two
(bevacizumab) changes in IMGT chemical classes. In con-
trast, the V-KAPPA of the chimeric cetuximab and rituximab
have 6 and 8 changes in IMGT aa chemical classes, respec-
tively. The comparison of domain sequences with the IMGT
Colliers de Perles statistical profiles will be useful to identify
potential immunogenic residues at given positions.

In conclusion, analysing the variable domains of rmAbs
currently approved for cancer treatment by using the
IMGT/3Dstructure-DB database and the IMGT/V-QUEST
tool has proven to be particularly useful to interpret fur-
ther their antigen binding properties and their genetic origin.
Jumping from this analysis to the prediction of immunogenic-
ity of chimeric or humanized rmAbs is not currently possible.
Nevertheless, the IMGT standards provide the means to
analyse and compare the chemical and genetic properties
of different rmAbs and thus represent a first and crucial
step in the evaluation of immunogenicity. Future approaches
will have to take into account the genetic polymorphisms in
humans, particularly in MHC molecules and factors modu-
lating immune response in patients.
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