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Delineating the functional map of the interaction
between nimotuzumab and the epidermal
growth factor receptor
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monoclonal antibodies; PBS, phosphate-buffered saline; RSA, relative solvent accessibility; RT, room temperature; scFv, single

chain Fv; TGF-a, transforming growth factor alpha; V , heavy chain variable region; V , light chain variable region

Molecular details of epidermal growth factor receptor (EGFR) targeting by nimotuzumab, a therapeutic anti-cancer
antibody, have been largely unknown. The current study delineated a functional map of their interface, based on phage
display and extensive mutagenesis of both the target antigen and the Fv antibody fragment. Five residues in EGFR domain
11 (R353, S356, F357, T358, and H359T) and the third hypervariable region of nimotuzumab heavy chain were shown to be
major functional contributors to the interaction. Fine specificity differences between nimotuzumab and other anti-EGFR
antibodies were revealed. Mapping information guided the generation of a plausible in silico binding model. Knowledge
about the epitope/paratope interface opens new avenues for the study of tumor sensitivity/resistance to nimotuzumab
and for further engineering of its binding site. The developed mapping platform, also validated with the well-known
cetuximab epitope, allows a comprehensive exploration of antigenic regions and could be expanded to map other anti-

EGFR antibodies.

Introduction

Sustained proliferative signaling is one of the hallmarks of
cancer." Targeted therapies have focused on growth factors and
their receptors, which support tumor progression.? Deregulated
signaling mediated by epidermal growth factor (EGF) and EGF
receptor (EGFR) promotes tumor growth and invasion, and is
associated with poor prognosis of human malignancies. This
pathway has been targeted by two main classes of therapeutic
agents: low molecular weight tyrosine-kinase inhibitors that block
intracellular signaling,® and neutralizing monoclonal antibodies
(mAbs) against the EGFR extracellular region (erEGFR), which
are able to disrupt ligand binding and receptor activation. A recent
survey* describes three anti-EGFR mAbs as currently marketed
for cancer therapy: cetuximab (first approved for clinical use in
US and Europe in 2004), panitumumab (approved in 2006 and
2007, respectively), and nimotuzumab (the humanized version of
R3 murine mAb>®), which has been approved in Cuba since 2002
and is marketed in over 20 countries, including Brazil, India and
China. Its use is supported by a wide clinical experience, showing
efficacy to treat patients with head and neck cancer,” high grade
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glioma® and esophageal tumors.” Additional clinical trials are
being performed.'®" One distinctive feature of nimotuzumab
among anti-EGFR therapeutic agents is its low toxicity."?

Nimotuzumab’s clinical success has been accompanied by
consistent in vitro and in vivo evidences of anti-tumor effects.!*!
A deeper understanding of the molecular bases of these
phenomena has been hampered by the unknown identity of the
epitope recognized by the antibody. Previous studies addressing
this point have been limited to in silico docking simulations.”
This lack of information is in sharp contrast with the plethora of
data (both structural and functional) regarding other anti-EGFR
mADbs,'®?" mainly cetuximab, which is starting to delineate a
connection between mutations affecting the target epitopes and
sensitivity/resistance to mAb therapy.”? Linking the observed
biological and clinical outcomes with recognition of a particular
antigenic determinant by nimotuzumab would thus contribute
to our understanding of how anti-EGFR agents impinge on the
complex interplay between tumors and the whole organism.
Differences/similarities with other anti-EGFR mAbs in terms of
fine specificity would complete a picture of their usefulness in
order to optimize clinical benefit for every patient.
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Figure 1. Conformation-sensitivity of the epitope recognized by
nimotuzumab. Coating extracellular region EGFR recombinant protein
was sequentially treated with DTT and iodoacetamide to disrupt
disulfide bonds. Binding of nimotuzumab to either treated or non-
treated antigen was detected with anti-human IgG antibodies labeled
with horseradish peroxidase. Relative antigenicity (%) of denatured
erEGFR was calculated taking the reactivity toward the unmodified
antigen as the reference. Cetuximab and polyclonal anti-erEGFR monkey
antiserum were used as control antibodies.

We developed a phage
comprehensive mutagenesis scanning of the functional interface
between nimotuzumab and EGFR. Its use allowed the definition
of critical residues involved in binding within both the epitope
and the paratope. Nimotuzumab fine specificity was thus shown
to differ from the ones exhibited by other anti-EGFR mAbs.
The experimental data were integrated into a new interaction
model for the antibody, which could be the starting point for
further engineering of its binding site. Beyond providing a

display-based  platform  for

novel molecular view of tumor targeting by nimotuzumab, our
functional mapping strategy offers advantages for the exploration
of multiple interactions involving the EGFR and should be an
optimal complement for other mapping approaches focused on
this target.

Results

Nimotuzumab was shown to recognize a conformational
epitope on EGF receptor

Enzyme-linked immunosorbent assay (ELISA) on native
and denatured erEGFR recombinant protein® showed that
disrupting the antigen (Ag) disulfide bonds drastically decreased
nimotuzumab reactivity (by more than 90%), indicating that
its epitope is conformation-sensitive (Fig. 1). Cetuximab,

17 also

already known to recognize a conformational epitope,
lost its binding ability upon Ag denaturation. Recognition by
a polyclonal antiserum ruled out any non-specific ELISA effect
of the treatment. The conformational nature of nimotuzumab
epitope, together with the structural complexity of the target (a
protein with a large extracellular region, 105 kDa, comprising
four domains and 25 disulfide bonds) led to the design of a
functional mapping strategy based on the manipulation of

properly folded EGFR domains.
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Both the target antigenic region and the nimotuzumab
paratope itself were successfully displayed on filamentous
phages

Phage display was the chosen platform to manipulate the Ag.
Competition between nimotuzumab and cetuximab® (the latter
already known to recognize an epitope on erEGFR domain IIT*)
highlighted this domain as the putative nimotuzumab target.
An EGFR fragment (residues 311-514) comprising domain
III plus the N-terminal end of the adjacent domain IV (Dom
I, ,,,) was displayed on phages, as shown with 9E10 mAb
(recognizing the c-myc tag fused to foreign proteins in our display
system) (Fig. 2A). The design of this Ag fragment took into
account previous experience attaching C-terminal extensions
for proper folding of recombinant domain IIL.” Recognition
by nimotuzumab and cetuximab (conformation-sensitive
antibodies) confirmed its correct folding (Fig. 2A). The presence
of the epitopes recognized by both mAbs clearly showed the
usefulness of the phage-displayed Dom IIT . . to study their
interactions. While the current work was aimed at exploring the
nimotuzumab epitope for the first time, characterization of the
cetuximab epitope (which has been extensively studied'®'*")
would validate the accuracy of our mapping procedures.

Parallel characterization of the nimotuzumab paratope
would result in a comprehensive functional picture of the Ag-Ab
complex from both sides. A phage-displayed single chain Fv
(scFv) antibody fragment comprising the humanized R3 heavy
and light chain variable regions resembled the original mAb
in terms of specificity toward EGFR (Fig. 2B) and affinity
(scFv K = 22 nmol/l, compared with 21 nmol/l for the whole
mAbY). Such a phage-displayed variant was thus suitable for
manipulating nimotuzumab paratope.

Inter-species mutagenesis scanning of EGFR domain III
revealed a critical residue contributing to nimotuzumab
epitope

Since both nimotuzumab and cetuximab® recognize human
EGFR without cross-reacting with mouse EGFR, their target
epitopes should include one or more residues that differ between
the two species. Our mapping strategy started with ELISA
screening of a panel of phage-displayed Dom III ,, ., variants
harboring individual replacements of each solvent-exposed
human residue by its mouse counterpart. All variants were
properly displayed on filamentous phages, as shown by their
reactivity with the anti-tag 9E10 mAb, and also reactive with
either nimotuzumab or cetuximab, ruling out gross folding
defects. Most of them were indeed recognized by both anti-
EGFR antibodies. The variant containing the replacement
H359R specifically lost recognition by nimotuzumab compared
with wild-type (wt) Dom IIT . _ . (Fig. 3A), indicating a critical
involvement of H359 in the nimotuzumab epitope as a first
clue to identify its location. The replacement 1467M abolished
recognition by cetuximab (Fig. 3B), which was consistent with
the energetic contribution reported for 1467, and confirmed the
accuracy of inter-species mutagenesis scanning to detect critical
residues within EGFR domain III epitopes.
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Figure 2. Phage display of EGR domain Il and a nimotuzumab-derived antibody fragment. Purified phages displaying either the nimotuzumab target
antigenic region (human EGFR Dom IIl,., .. ) or the nimotuzumab binding site itself (a single chain Fv antibody fragment comprising humanized
R3 V, and V| regions connected by a linker peptide) were tested by ELISA on microtiter plates coated with different molecules. The anti-tag 9E10
mAb recognizing the c-myc tag fused to all foreign proteins in our system was used to detect the presence of both phage-displayed proteins. Bound
phages were detected with an anti-M13 mAb labeled with horseradish peroxidase. A) Phage-displayed EGFR domain Ill (Dom Il ., ..,) was tested on
nimotuzumab/cetuximab-coated plates. An unrelated antibody was used as negative control. B) Phage-displayed single chain Fv antibody fragment

was tested on plates coated with either erEGFR recombinant protein or an unrelated antigen (BSA).

Comprehensive randomization of a broader antigenic area
delineated a detailed functional map of the epitope recognized
by nimotuzumab

Solvent-exposed Dom 1II ., ., residues (>20% relative
solvent accessibility, RSA) in the neighborhood of the critical
H359 (<12 A) were individually replaced by random amino acid
(aa) mixtures and evaluated by ELISA on nimotuzumab-coated
plates (Fig. S1A). The profile of tolerance to mutations (Table
1), resulted in a functional map of the nimotuzumab epitope
(Fig. 4A). A prerequisite to include mutated variants in the
analysis was their proper display on filamentous phages (more
than 75% of the wt Dom III , . . display level as assessed
with the anti-c-myc tag 9E10 mAb). Two residues (5356 and
H359) were absolutely required for epitope formation. Multiple
replacements at these positions, including the conservative
substitutions S356T and H359R, abolished recognition (Table
1). Three other residues could only be replaced by aa sharing some
properties with them, indicating their functional contributions.
F357 and T358 were only substituted by the aromatic Tyr and
the hydroxyl-containing Ser, respectively. Partial tolerance to
several substitutions at position 358 indicated that the original
Thr contributes to a lesser extent than the other residues. R353
could be replaced by Lys (a very similar residue), but also by
hydrophobic aa (Leu, Met, Trp), highlighting the ability to
establish hydrophobic interactions as a critical feature at this
position. Both Arg and Lys are also capable to do so through
their long aliphatic moieties.”® The presence of other residues
at this position resulted in partial/total loss of recognition. The
above described effects were specific, since almost all the mutated
variants were well recognized by cetuximab (Fig. S1B). The few
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changes at these positions resulting in cetuximab reactivity loss
predominantly involved replacements by Pro and Cys, which can
disturb protein folding through structural backbone constraints
and undesired disulfide bonds, rather than modifying a specific
epitope (Table 1).

Some changes at other positions (323, 333, 361, and 362)
affected recognition by both nimotuzumab and cetuximab (Table
1), despite being outside of the cetuximab structural epitope,
indicating non-specific effects on domain III antigenicity. The
original aa at these positions were thus not considered to belong
to any of the functional epitopes. Remarkably, two of them were
Pro residues (P361 and P362), presumably playing structural
roles. Other positions accepted a wide range of replacements
without losing antigenicity, ruling out a major contribution of
the corresponding residues to epitope formation.

The functional nimotuzumab epitope (Fig. 4A) comprised
a stretch of contiguous amino acids (S356-H359) and a non-
contiguous, but close, residue (R353). The involvement of R353
(located within the cetuximab structural epitope) indicated
some degree of overlapping between both epitopes (Fig. 4B) and
explains competition between the antibodies.”® However, their
fine specificity is not the same, as shown by the divergent effects
of most mutations on reactivity toward each antibody. Residues
directly involved in the interaction with EGF and transforming
growth factor a (TGF-a) are also in close proximity to those
mediating nimotuzumab binding (Fig. 4C). $356, F357,
and T358 are indeed involved in the interactions with both
ligands?”*® and with nimotuzumab. Overlapping thus explains
the inhibitory effect of nimotuzumab on ligand-induced EGFR
signaling."
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Three additional residues (Q384,
Q408, and S468) showed a mixed
pattern of response to mutations.
While  tolerance  to  diverse
replacements (including some non-
conservative ones) ruled out major
individual energetic contributions of
the original aa, the effects of other
changes indicated an influence on
the Ag/ paratope interface. Positions
384 and 468 were not tolerant to
the introduction of Cys and Pro

(probably disrupting Ag folding

EGFRDom Il

+482-514

Figure 3. Recognition of phage-displayed EGFR domain Ill mutated variants. Phages displaying human
mutated variants (where each solvent-exposed residue differing between human and

in the epitope vicinity), but also of
Lys/Arg, presumably due to non-
favorable electrostatic interactions.

mouse EGFR has been replaced by the aa found in the latter) were produced at a 50 ml scale. Phage-
displayed wt Dom Il .., was included as a control. Purified phages (10" viral particles/ml) were
incubated on microtiter plates coated with either anti-EGFR mAbs (nimotuzumab [A] and cetuximab
[B]) or the anti-c-myc tag 9E10 mAb. Bound phages were detected with an anti-M13 mAb conjugated
to horseradish peroxidase. Normalized reactivity for each variant was estimated by dividing the signal
obtained with each mAb by the reference signal (measured with the anti-tag mAb). Relative reactivity
(%) was calculated as the ratio between normalized reactivity of each variant and that of wt domain Ill.

The replacement S468R  deserves
particular attention because it has
been found in cetuximab-resistant
tumor cells.” The replacement of
other residues within the cetuximab
structural epitope had no functional

Arrows indicate lack of recognition of individual variants by a given anti-EGFR antibody.

Identification of residues contributing to cetuximab binding
validated our mapping strategy and expanded the functional
map of cetuximab epitope

The whole structural cetuximab epitope (Ag residues in
contact with the paratope in the complex'”) was also explored
by randomization (Fig. S2A). Lack of tolerance to multiple
replacements (Table 1) confirmed the critical role of K443, K465,
and 1467, already known to contribute to epitope formation.'®!7?!
1467 could not be replaced by any other residue. K443 could
only be substituted by Arg (a very similar positively charged
aa), while K465 was functionally replaced by both Arg and
Leu, highlighting the contribution of hydrophobic interactions
at this position. Successful reproduction of previous cetuximab
functional mapping data'®* validated our phage-based approach.
The current study included several replacements of each critical
residue, providing a more complete characterization of their
roles. Two additional relevant residues (S418 and S440) were
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consequences. The above described
effects were specific, since almost all
these variants were properly recognized by nimotuzumab (Fig.
S2B). Divergent effects of most mutations within the structural
cetuximab epitope on reactivity toward both antibodies provided
further support to the notion that their target epitopes, although
adjacent and partially overlapped, are different.

Combinatorial scanning highlighted the dominant role of
heavy chain CDR3 residues within nimotuzumab paratope

The antibody paratope (in the form of a phage-displayed
nimotuzumab-derived scFv) was also scanned by mutagenesis.
Due to the frequent predominant role of the heavy chain in
antibody recognition, the heavy chain variable region (V) was
initially targeted, while the light chain variable region (V) was
left unaltered. Twenty-five positions within V, complementarity-
determining regions (CDRs) were diversified in a syntheticlibrary
of 8 x 10" members. Residues within protruding segments of V ,
CDRI1 (Y27-Y33), CDR2 (N52-N58), and CDR3 (Q95-G100E)
were soft-randomized. CDRI1 F29 (keeping the canonical CDR

Volume 6 Issue 4



Table 1. Effects of individual replacements within phage-displayed EGFR domain Ill on recognition by anti-EGFR mAbs

R3 binding Cetuximab binding
Targeted Non- Partially Non- Partially
residue tolerated tolerated Tolerated tolerated tolerated jlolsiacd
D323 LM,V PR,S N LM,V PR, S N
L325 - - A K PR,SV - - A K PR,SV
T330 - D,L.QS W - DL QS W
K333 C (A% L, M, QRS @ (AY L,M QRS
H, K% L M, Q
*% * -
R353 P H,QS,T K*, L, M, W P STW
Nimotuzumab $356 I,LPRQRT - - - - ILLPRQRT
antigenic region casr CKLMOQ ] § _ c KLMQRS,
R S, T,V TV, Y
T358 F.G,P EH QRW S - H, P W EFGQRS
*
H359 L PQRYS, - - - L P QR*S,TY
TY
P361 FGHV Q AR FH GQV AR
P362 H,S,T - G H S, T G
Q384 P - E HKLRT K, PR - EH LT
AFLPS,
Q408 - - TV FARASAI] ALV
A G* K L, %
S418 C MV CKLMV A G
. FHLQR, (5 R L @) R,
S440 Y TV TVY
Cetuximab D,EH,NQ | DEHLN, o
structural epitope ka43 Lw R*, S Q S, W 3
ELQRS,
K465 - - Ty E,QS,T Y L R
S468 = C A LN, PRV C PR = A LN,V
*
1467 - - KL MY N, K, M*,N, R, S L -
RS
E H K*LP ERCAKSHIMPAIY
N473 i ) TV,W i i v, W

Solvent-exposed residues (> 20% RSA) of EGFR domain Il surrounding by less than 12 A the first identified critical aa contributing to nimotuzumab epi-
tope formation (H359), as well as residues comprised in the cetuximab structural epitope, were individually randomized. * indicate replacements by the
residue found at the equivalent position in mouse EGFR. Residue R353 (**) is included in both antigenic regions. The resulting phage-displayed mutated
Ag variants were tested by ELISA on microplates coated with either anti-EGFR antibodies or the anti-tag 9E10 antibody (recognizing the ¢-myc tag fused
to every protein in our display system). Display levels assessed with the anti-tag mAb were taken as a reference to normalize the reactivity of the different
variants toward anti-EGFR antibodies. Relative reactivities (%), compared with the normalized reactivity obtained for wt EGFR domain lll, were calculated
for each of them. Each mutated variant was evaluated twice by ELISA in two independent experiments with separately produced phage preparations.
Replacements resulting in mean relative reactivities below 50% and between 50 and 75% were classified as non-tolerated and partially tolerated, respec-
tively. Tolerated substitutions were those contained in mutated variants keeping more than 75% relative reactivitiy. Profiles of tolerated, non-tolerated
and partially tolerated mutations for nimotuzumab (left panel) and cetuximab (right panel, shaded in gray) binding are shown. Residues contributing to
the formation of nimotuzumab functional epitope are contained in the box.

conformation) was only replaced by a small set of hydrophobic
residues (F, I, M, L, V), presumably able to fulfill the required
structural role. P52A (CDR2), was not modified in the library
due to its structural relevance.

A single round of phage selection on erEGFR recombinant
protein allowed the segregation of nimotuzumab-derived scFv
variants that lost or retained the ability to bind the target Ag. The
set of Ag-binding positive variants (25 unique sequences) showed
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total conservation of some original residues (F29, Y33, Q95, G96,
L97, W98, S100A, D100B, G100C, and GI100E) and a marked
over-representation of others (Y32, N52, F99 and D100), only
replaced by a single similar aa (Table 2). The strong conservation
of V|, CDR3 residues pointed to a dominant functional role of
this region. The remaining targeted positions accommodated
several aa with diverse physicochemical properties among positive
variants (up to eight different residues per position). Although
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these findings did not rule out cooperative contributions of the
corresponding original residues to recognition, library screening
was useful to define a surface patch formed by the majority of
the CDR3 residues and the adjacent CDR2 N52 (also conserved
among positive variants) that plays a crucial role in shaping the
paratope interaction (Fig. 5). This patch could be used as the
starting region for a more detailed exploration in the search
for individually critical residues (see below). R100D was the
only targeted residue within V; CDR3 that could be replaced
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Figure 4. Functional epitope recognized by nimotuzumab. EGFR
domain Il is shown as a white cartoon with semi-transparent surface.
Side chains of the residues contributing to nimotuzumab epitope
formation according to mutagenesis studies are represented in red in
(A). Relative locations of nimotuzumab and cetuximab epitopes are
shown in (B). Domain Ill residues buried in the interface with cetuximab
Fab in the complex (PDB code 1YY9) are colored yellow, while R353, the
only residue belonging to both nimotuzumab functional epitope and
cetuximab structural epitope, is highlighted in orange. The remaining
nimotuzumab epitope residues are colored red. Overlapping between
nimotuzumab epitope and ligand binding site is represented in panel
(C). The interface between EGFR domain Ill and EGF and/or TGF-a
(residues within 5A of EGF and TGF-a in receptor/ligand complexes, PDB
structures 1IVO and TMOX respectively) is colored blue. Residues S356,
F357, and T358 (highlighted in magenta) are involved in binding of both
ligands and nimotuzumab. The rest of the nimotuzumab epitope is
shown in red. The figures were generated with Pymol.

by diverse aa (i.e., Asp and Gln) without affecting binding,
probably due to the fact that its side chain points away from the
previously defined surface patch (Fig. 5). Conserved residues
within CDR1 (F29, Y32, Y33) were partially buried in the 3D
structure, so their contribution is not necessarily restricted to
direct interactions with the Ag, but also associated with effects
on V, domain folding.

Combinatorial screening also showed a contribution of
nimotuzumab light chain to antigen recognition

Once the functional role of nimotuzumab V, domain was
established, the contribution of the V|, domain was explored.
Sixteen protruding residues within V,  CDRs were totally
randomized, keeping V,, domain unaltered (Fig. 5). Because total
randomization would have resulted in a large theoretical diversity
(difficult to be covered in a single library), four independent CDR-
shuffling libraries were constructed. Two libraries (containing
1.77 x 10’ and 6.5 x 10* members) targeted two different V
CDRI segments (S26-N27A and V27C-N30). The usefulness of
the second library was limited due to the frequent emergence of
variants with low or negligible display levels (assessed with the anti-
tag mADb). Two other libraries (having sizes of 2.5 x 107 and 1.35
x 10°, respectively) included modifications at CDR2 (K50, S52-
R54) and CDR3 residues (H93-P95).

Phage selection from these libraries on erEGFR did not result
in the enrichment of variants keeping the original residue at any
V, position (Fig. 5). Position 95, despite accepting several aa with
different properties, had a high abundance of the original Pro
among Ag-binding variants (74%). Tolerance to multiple mutations
(without a regular sequence pattern) suggested a limited functional
role of V| residues. However, the emergence of phage-displayed
Ag-binding negative variants having particular combinations of V|
mutations showed that this domain has a definite contribution to
nimotuzumab reactivity.

Individual mutagenesis of selected V,, CDR positions refined
the functional map of the nimotuzumab paratope

Even though combinatorial scanning delineated a general
functional picture of the paratope, this approach did not provide
reliable information about the role of each particular aa, due to the
mixed effects of simultaneous mutations. Site-directed mutagenesis,
focused on accessible V , residues conserved under the pressure of
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Table 2. Exploration of nimotuzumab paratope through combinatorial and site-directed mutagenesis

Effect of individual replacements
Targeted original Frequencies of residues among the EGFR-
residue CDR positive variants retrieved from the library Partially
Tolerated Non-tolerated
tolerated
Phe 29 H1 F (100%) ND
Tyr 32 H1 Y (96%), F (4%) ND
Tyr 33 H1 Y (100%) ND
Asn 52 H2 N (84%), D (16%) - - AFLKLRTV,Y
GIn 95 H3 Q (100%) - - GEFRKLPRSTYV
Gly 96 H3 G (100%) . ) LM, N,VI:/, $, RTV,
Leu 97 H3 L (100%) - - FK,N,PQR,S,V,W
A GELMN,P
0/ -
Trp 98 H3 W (100%) F QRV
Phe 99 H3 F (96%), Y (4%) W, Y - AL, NTl’ 3 QRS
Asp 100 H3 D (96%), N (4%) - - AC E'SGT’ I;;VP' QR
Ser 100A H3 S (100%) - - ACD, ;' $\'/ KLN,
A EFGLPRS
o B ) ,EFGLPRS,
Asp 100B H3 D (100%) TV,W
A C DL NPR,
0, - -
Gly 100C H3 G (100%) SV, W
Gly 100E H3 G (100%) - - ADELPRTV,W

A scFv antibody fragment derived from nimotuzumab (comprising its V,, and V| regions connected by a linker peptide) was phage-displayed. V,, CDRs
were diversified in a phage-displayed library by simultaneous soft-randomization of 25 solvent-exposed residues. Phage selection on recombinant erEGFR
was useful to pick a set of Ag-binding positive variants, keeping more than 75% relative reactivity compared with the original non-mutated scFv, which
was composed by 25 unique sequences. While some of the targeted positions showed a high variability among this set, positive scFv molecules kept the
original residues at 14 positions (shown in the table), either exclusively or only replaced by a single additional aa, sharing chemical properties and/or shape
with them. Eleven of these positions (harboring solvent-exposed side chains) were separately randomized in order to assess the individual contributions of
the corresponding original residues. Since conservation of other non-exposed original residues could be related with their structural roles, they were not
targeted (ND = non-determined). The relative reactivity of each single mutated scFv variant against erEGFR was calculated, taking Ag recognition by the
non-mutated scFv as the reference. Those mutations resulting in relative reactivities below 50%, between 50 and 75%, and higher than 75%, were classified

as non-tolerated, partially tolerated and tolerated, respectively.

the selector Ag, confirmed the critical role of Q95, G96, L97, W98,
F99, D100, S100A, D100B, G100C, G100E (V,, CDR3), as well as
of the neighbor V,, CDR2 N52 (Table 2). ScFv immunoreactivity
was fully abolished by multiple independent mutations targeting
them. Partial and total tolerance to replacements W98F and F99Y/
F99W showed the contribution of aromatic rings at both positions.
The above described results rendered a refined functional map of
the explored surface patch within the nimotuzumab paratope and
revealed a subset of residues that are critically required for binding.
It is important to remark that such a comprehensive mutagenesis
scanning was restricted to a functionally dominant region
previously highlighted through library screening, and additional
cooperative effects from the remaining V,; CDR residues and from
nimotuzumab V| are likely to contribute to binding.

Information from functional mapping guided the generation
of an in silico model of binding between nimotuzumab and EGF
receptor

The first step toward the generation of a binding model was a
blind docking simulation between nimotuzumab Fv and EGFR
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domain III. Solutions were filtered not only by typical docking
quality criteria, but also by using the involvement of the already
identified functional epitope/paratope in the putative binding
interfaces to distinguish those that were likely to resemble the
real complex structure. Those solutions engaging regions on
either the antibody or the antigen that are located far apart from
the ones already identified as relevant in mutagenesis studies were
discarded. The lowest energy solution emerging as plausible from
this analysis was the starting point for a wide perturbation dock
and a second filtering round according to functional mapping
data, using the same criterion to eliminate those solutions
centered in the wrong locations. Four poses were thus selected
for a subsequent focused perturbation dock aimed at evaluating
funnel formation in order to confirm their properties as local
energy minima. The structure with the lowest energy within each
funneling group was challenged by in silico mutagenesis. Both
funneling quality and the correspondence between the effects of
mutations on binding in virtual and experimental settings were
used to choose the best model.
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Figure 5. Functional map of the nimotuzumab paratope emerging from combinatorial mutagenenesis scanning. The structure of nimotuzumab Fv (PDB
code 3GKW) is represented as a cartoon with semi-transparent surface. Heavy chain is shown in white, while light chain is represented in gray. Residues
within protruding segments of complementarity determining regions of both chains (which were diversified through combinatorial mutagenesis in
phage-displayed libraries) are highlighted in different colors. Targeted V, residues, for which a regular pattern of responsiveness to mutations was not
found, are colored yellow. Those V,, residues that could be replaced by multiple aa without affecting EGFR recognition are shown in green, while critical
functional residues within V,, CDR1, CDR2 and CDR3 that were conserved among EGFR-binding positive variants selected on the antigen are colored
cyan, purple and dark blue, respectively. The figure was generated with Pymol.

The resulting molecular model showed a good docking
funnel, with a high likelihood of being a global energy minimum
(Fig. 6A). More than 70% of the in silico replacements within both
the paratope and the antigen on this model reproduced the effects
of the same mutations in the experimental screening (having the
highest coincidence rate among the four models compared in the
final step). The predicted epitope/paratope contact area was 1404
A2 According to this model, the cluster of residues belonging
to the functional epitope forms the major part of the predicted
structural epitope (Fig. 6B), which is semi-docked in a shallow
cavity formed mainly by V,; CDR3, but also by V, CDR3 and
to a lesser extent by V| CDR1 (Fig. 6B). Strikingly, although V ,
CDR3 lies in close proximity to the EGFR epitope, a detailed
analysis of the predicted interface (Fig. 6C) did not reveal many
direct interactions involving V,, CDR3 side chains. The most
notable exception is L97 (V,, CDR3), which interacts with the
EGFR backbone. If this model is correct, the role of V,; CDR3
could be to create a complementary surface to accommodate the
epitope in the right position to establish a network of cooperative
interactions with the paratope as a whole. EGFR S356 appears
to form an H-bond with the backbone of V., CDR3 G96.
Additional interactions of EGFR residues within nimotuzumab
functional epitope (5356, F357, T358, H359) involve paratope
residues within V, CDR1, V, CDRI and V , CDR2.
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A detailed inspection of in silico mutagenesis results predicted
a critical role for four EGFR residues (S356, H359, P361, and
P362). This was in agreement with the previously assigned
functional role of S356 and H359, and with the influence
of P361 and P362 in domain III antigenicity toward both
nimotuzumab and cetuximab (Table 1). Paratope in silico
mutagenesis rendered results consistent with a major role of
nimotuzumab V , region in recognition. Multiple V, residues
(13 in total) were predicted to be critical for binding. Among
them, F29, Y32, N52, Q95, L97, S100A, D100B, and G100C
had been previously shown to be functionally relevant (Table 2).
Only three V| residues were predicted to be critical. One of them
was P95 (highly prevalent among phage-displayed Ag-binding
positive variants). The absence of a 100% match between in
silico and experimental mutagenesis results could be related to
the inability of computational tools to properly handle backbone
flexibility and water-mediated interactions.

Discussion
Both binding affinity and fine specificity dictate the outcome

of antibody therapy. Different antibodies against the same target
can have diverse, and even opposite, biological effects, which have
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been associated to recognition of particular epitopes,®?° and to the
creation or disruption of different interactions.’"** The identity
of the epitopes can be deciphered through either structural®® or
functional methods.** The latter procedures are based on the
identification of energetically critical residues contributing to
epitope formation. Large functional mapping efforts have been
done to characterize ant-EGFR antibodies (e.g., cetuximab,
panitumumab).'®?! The initial goal of understanding neutralizing
ability on ligand-mediated activation has subsequently expanded
to the design of antibody combinations targeting different
epitopes® with synergic effects.”® This application requires quick
mapping of multiple epitopes, before crystal structures of the Ag/
Ab complexes can be solved.

Selection of mimotopes resembling EGFR epitopes from large
random phage-displayed libraries has produced controversial
results. While some peptides selected on cetuximab resemble the
array of side chains forming its epitope,® other immunological
mimics do not show an obvious similarity to EGFR.*” Some
attempts to find the correspondence between selected peptides
and Ag sequences have resulted in the identification of antigenic
regions totally different from the actual epitope(s).*®

In contrast with peptide-based mapping approaches, site-
directed mutagenesis of EGFR, either produced as a soluble
molecule’”? or displayed at the surface of mammalian cells,*'
allowed the identification of epitope location through the
definition of mutational hot spots disrupting the Ag/Ab
interaction. Membrane display overcomes the need for expression
and purification of multiple recombinant mutated Ag variants,
and places the desired replacements in the more natural context,
the full-length receptor anchored on the plasma membrane. The
number of mutated Ag variants that can be individually screened
in these experimental settings is usually limited by the complexities
of mammalian cell manipulation.

Due to its higher efficiency, EGFR epitope mapping has been
dominated by yeast display of mutated Ag variants generated
through error-prone PCR.!®* Even though this approach has
multiple advantages (e.g., antigen synthesis in an eukaryotic
environment, no requirement for prior epitope knowledge, the
possibility to screen hundreds of variants by flow cytometry), the
phage-based strategy described here keeps the high throughput
potential and incorporates valuable features. While sequence space
coverage by error-prone PCR can be very extensive, site-directed
randomization results in more comprehensive local exploration
of a given region. In the current case, such scanning reached
every solvent-exposed residue within two antigenic regions: the
structural cetuximab epitope and the putative nimotuzumab
contact region. Several mutations (4-10) at each targeted position
were screened (7.3 replacements per position on average),
allowing the definition of the molecular properties underlying
each interaction. Our study included 163 EGFR mutated variants
(less than those characterized by yeast display), but replacements
were concentrated in functionally relevant regions, and useless
mutations, like those targeting Cys residues, were avoided.

Two pre-requisites need be fulfilled to use this mapping
strategy. The first one is that the phage-displayed form of the Ag
keeps its interaction(s). Successful display of EGFR Dom III
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Figure 6. Structural model of nimotuzumab/EGFR complex. (A) Energy
landscape of the perturbation analysis from which the best docking
model (solution indicated by the dotted line circle) was obtained.
(B) Cartoon representation of the structure of the nimotuzumab/
EGFR complex according to the selected model. Nimotuzumab heavy
and light chains, and erEGFR are colored cyan, magenta and green,
respectively. The structural epitope is in yellow while complementarity
determining regions from heavy and light chains are represented in blue
and red respectively. (C) Interaction interface. Side chains of residues
in the interface are shown as lines and hydrogen bonds are shown as
discontinuous yellow lines. Residues and chains are colored as in (B).

(a complex protein fragment having five disulfide bonds) extended
the scope of previous experiences involving interleukin-2 as the
target.”* Despite these and other examples of display of complex
mammalian proteins on filamentous phages, the inability to
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display a given target in an appropriate antigenic form would
preclude our mapping strategy to be used as described here. Yeast
or ribosome display could be valuable alternatives in such cases.
The second requirement is some previous knowledge about the
recognized antigenic region. The current work took advantage of
the lack of cross-reactivity of both nimotuzumab and cetuximab
with mouse EGFR to obtain a relatively small collection of
mutated variants (23) useful to scan the EGFR domain III surface
in the search for critical residue(s). Both this collection (useful to
characterize any non-cross-reactive anti-EGFR antibody) and the
remaining 140 mutated variants can be stored (as Ag-displaying
phages and as DNA) for new mapping experiments. Tailor-made
additional collections designed to map other antibodies (taking
into account the available information about their interactions)
could be easily constructed and screened.

The only previous attempt to map the nimotuzumab epitope
relied on in silico docking simulations and led to the prediction
that the antigenic determinant overlaps with the one recognized
by cetuximab, but is displaced toward its C-terminal end. The
antibody would thus inhibit EGF binding (as cetuximab does),
but allow the free receptor to dimerize spontaneously.”” This low
level ligand-independent activation was postulated to determine
the observed favorable clinical profile of nimotuzumab
compared with cetuximab (less toxicity). According to our
mapping results, nimotuzumab binding should preclude
receptor self-dimerization through the recognition of an epitope
partially overlapping with the one recognized by cetuximab
and displaced toward the domain III N-terminal end. This is
consistent with the recently reported ability of nimotuzumab
to inhibit ligand-independent EGFR activation.” Alternative
explanations addressing the nimotuzumab low toxicity, like its

moderate binding affinity,*%

its particular therapeutic regime,
and its fine specificity (now known to differ from cetuximab),
thus deserve further exploration.

Beyond the implications of epitope identification to elucidate
the mechanism of action of antibodies, resistance-related issues
are attracting increasing attention. While failure of cetuximab and
panitumumab therapy is frequently associated with mutations
affecting the signaling cascade downstream of EGFR,%#* the
target epitope itself can evolve to escape antibody recognition.
The replacement S468R in the erEGFR arises during cetuximab
treatment, both in vitro and in vivo,* resulting in recognition
abrogation and targeting failure. Unlike mutations affecting
downstream signaling pathways, epitope variations have
specific effects for each antibody, and define unique resistance
profiles. Such molecular specificity is likely to be behind the
effectiveness of panitumumab after disease progression under
cetuximab therapy.”“ The clinical importance of mutations
affecting epitopes adds further relevance to functional mapping
mutagenesis-based studies. The current work is the first attempt
to decipher the influence of erEGFR mutations on recognition
by nimotuzumab. Detailed knowledge of the contribution
of five critical residues and their neighbors allows an accurate
prediction of the significance of potential antigen modifications
and opens a new avenue to study sensitivity/resistance. Divergent
effects of multiple mutations on reactivity with nimotuzumab
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and cetuximab predict different resistance profiles. The same is
expected with respect to panitumumab (having a different set
of critical residues).?’ The information about target epitopes
improves our understanding of EGFR-directed therapies, and
increases the chances of achieving clinical benefit through
personalized strategies based on the available therapeutic agents
and the molecular heterogeneity of patients and their tumors.

The mutagenesis study of the paratope, besides completing
the functional picture of the interaction from the antibody side,
revealed critical regions (mainly the V,, CDR3) that dictate
binding ability of the antibody. The relevance of the whole
CDR3 contrasts with the finding of a few individually critical
residues within other paratopes.”” Such knowledge is essential for
any further binding site engineering.'® In the same way that the
target antigen can evade therapy effects, the therapeutic agent can
be optimized (through directed evolution) to improve clinical
efficacy. Novel paratopes arising from these procedures conserve
the critical functional features, together with modifications
aimed at incorporating/improving biological functions. Such
approaches have led to affinity*® and specificity optimization,?
and even to the incorporation of dual specificities within the
same paratope.*’

While a deeper mechanistic understanding of antibody
biological effects would require knowing not only the identity
of the epitope/paratope, but also the geometry of the Ag/Ab
complex (which would only be revealed through experimental
structural studies), in silico docking simulations were able to
predict a plausible picture of nimotuzumab interactions. The
major drawback of these techniques is the large number of
possible solutions, resembling or not the real binding modes.
Almost 40% of the complexes cannot be correctly predicted
by docking procedures.®
when studying complexes with protein antigens, usually

This limitation is particularly serious

involving large interfaces, in sharp contrast with small antigens
' Qur functional
mapping results allowed substantial restriction of the three-

accommodated inside a paratope cavity.’

dimensional space in the search for realistic binding models.
The results were thus strongly biased toward identifying
models that involve the functionally relevant regions, unlike the
previously reported relatively blind surface scanning.'” The use
of information about the residues involved in epitope/paratope
formation to filter possible solutions has been used to guide
docking.’* The model we propose here for nimotuzumab/EGFR
interaction is consistent with most experimental evidence and
could be a useful tool for further exploration and engineering of
the binding site.

In summary, the current work provided for the first time a
detailed functional map of the interaction of nimotuzumab with
the target antigen EGFR. Besides adding a molecular dimension
to our understanding of its therapeutic effects and opening new
possibilities for the study and optimization of its sensitivity/
resistance profile among human tumors, similar functional
mapping procedures could be used to dissect the interactions of
other therapeutic agents, particularly those targeting the EGF/
EGEFR system.
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Methods

Assessment of conformation-sensitivity of nimotuzumab
epitope

Maxisorp microtiter plates were coated overnight at 4 °C
with erEGFR recombinant protein at 10 pwg/ml in phosphate
buffered saline (PBS). Some wells were sequentially treated
with dithiothreitol (DTT) and iodoacetamide (both at 100
mmol/l) in PBS during lh at room temperature (RT) each
in the darkness. Coated untreated wells were simultaneously
incubated with PBS. Plates were washed with PBS, and blocked
with skim powder milk at 4% (w/v) in PBS (M-PBS) during
1h at RT. Anti-EGFR mAbs (10 pg/ml) were incubated in the
plates for 1h at RT. Polyclonal anti-erEGFR monkey antiserum,
diluted 1/500 in M-PBS, was used as positive control. Plates
were washed with 0.1% (v/v) Tween 20 (PBS-T) and incubated
during 1 hat RT with an anti-human IgG antibody conjugated to
horseradish peroxidase (HRP), appropriately diluted in M-PBS.
After washing the plates with PBS-T, substrate solution (500
wg/ml ortho-phenylenediamine and 0.015% hydrogen peroxide
in 0.1 mol/l citrate-phosphate buffer, pH 5.0) was added. The
reaction was stopped after 15 min, with 2.5 mol/l sulfuric acid.
Absorbance was measured at 490 nm.

Phage display of human EGFR domain III and a
nimotuzumab-derived antibody fragment

The gene coding for human EGFR Dom III ., ., (flanked
by Apall and Notl restriction sites) was cloned into pHAB
phagemid.” Nimotuzumab V, and V| genes (flanked by
ApaLl/Sfil and Sall/Notl restriction sites respectively) were also
cloned into pHAB, connected by the gene coding for a linker
peptide TG1 E. coli cells (K12_(lac-pro), supE, thi, hsdD5/F
traD36, proA*B*, lacls, lacZ_M15) were transformed with the
resulting genetic constructs and used to rescue phages displaying
each protein at a 50 ml scale.”® Binding properties of the phage-
displayed proteins were tested by ELISA (see below).

Site-directed mutagenesis and randomization

Mutated variants of phage-displayed proteins were constructed
by Kunkel mutagenesis* using described procedures.” Briefly,
single strand DNA (from either Dom I ., ., gene-containing
or nimotuzumab-scFv gene-containing pHAB phagemid)
obtained from phages produced by the CJ236 E. coli strain (dur
ung thi-1 relAl spoT1 mcrAlpCJ105 [F cam']) was used as the
template. Antisense mutagenic oligonucleotides were used to
introduce the desired mutations or the degenerate randomization
triplet NNK. Phagemid inserts were sequenced by Macrogen.

Construction of combinatorial libraries

The library ~ having V,
mutations was synthesized and cloned into pHAB phagemid
by GENEART. Twenty-four residues at V,; CDRs were soft
randomized by introducing degenerate triplets containing the
original nucleotide (90%) plus the equimolar mixture of the
three remaining nucleotides (10%) at each position. The codon
coding for F29 was substituted by TTC. Underlined letters
represent soft-randomized positions. TGl E.coli cells were
electroporated with library DNA.

nimotuzumab-scFv-derived
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Four nimotuzumab-scFv-derived libraries having V|
mutations were constructed. Single scrand DNA corresponding
to stop templates,’ in which each V, CDR had been separately
replaced by a segment containing three stop codons (TAA),, was
purified from phages produced by CJ236 E.coli cells, and used for
large scale reactions with antisense mutagenic oligonucleotides.
Each stop-containing segment was thus replaced by a stretch of
NNK triplets resulting in total randomization of the targeted
positions.”® TG1 E.coli cells were electroporated with the reaction
products to obtain the libraries.

Phage selection

Library phages were rescued with M13KO7 helper phage at
a 300 ml scale as described.’® Immunotubes (Nunc) were coated
with recombinant erEGFR at 10 pg/ml in PBS overnight at 4 °C.
DPurified phages (5 x 10*? viral particles) and coated immunotubes
were blocked with M-PBS during 1h at RT. Blocked phages
were incubated on blocked immunotubes 1h at RT. Tubes were
washed 20 times with PBS-T and twice with PBS. Bound phages
were eluted with 100 mmol/l triethylamine during 10 min at
RT, and neutralized with 1 mol/l Tris, pH 7.5. Exponentially
growing TG1 E.coli cells were infected with selected phages and
used to rescue phage-displayed nimotuzumab-scFv variants at a
96-well scale.

ELISA screening of the reactivity of EGFR domain III and
its mutated variants

Maxisorp microtiter plates were coated overnight at 4 °C
with anti-EGFR mAbs, the anti-c-myc tag 9E10 mAb and an
unrelated mAb at 10 wg/ml in PBS. Plates were blocked 1 h
at RT with M-PBS. DPurified phages displaying EGFR Dom
I, 5, or its mutated variants (diluted in M-PBS) were added
to the plates and incubated during 1h at RT. After washing with
PBS-T, an anti-M13 mAb conjugated to HRP (GE Healthcare,
USA), appropriately diluted in M-PBS, was added. Plates were
incubated 1h at RT and washed. Substrate solution was added.
The reaction was stopped after 15 min with 2.5 mol/l sulfuric
acid. The absorbances were measured at 490 nm.

Characterization of phage-displayed nimotuzumab-scFv
and its mutated variants

Polyvinyl chloride microtiter plates were coated overnight at
4 °C with recombinant erEGFR, the anti-c-myc tag 9E10 mAb
and bovine serum albumin (BSA) at 10 pg/mL in PBS. Plates
were blocked for 1 h at RT with M-PBS. Purified phages (10"
viral particles/ml in M-PBS), or phage-containing 96-well
supernatants (diluted 1/3 in M-PBS) were added to the plates
and incubated during 2h at RT. Bound phages were detected
with an anti-M13 mAb conjugated to HRP as described in the
previous section.

Phage-displayed (either
recognizing the target Ag or not) were chosen for sequencing.
XL1-Blue E. coli cells (recAl endAl gyrA96 thi-1 hsdR17 supE44
relAl lac F* proAB laclqZ_M15 Tnl0 Tet") were infected with
the corresponding phage-containing supernatants and used
to purify plasmid DNA with the QIAprep Spin Miniprep kit
(Qiagen, USA). Phagemid inserts were sequenced by Macrogen
(Korea).

nimotuzumab-scFv  variants
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In silico modeling of the interaction between EGFR and
nimotuzumab

Docking simulations were performed with Rosetta Dock
program® from Rosetta Commons 3.5 suite. Fv region of
nimotuzumab structure (from PDB 3GKW?") was superimposed
to cetuximab coordinates in PDB file 1YY9," and the coordinates
of the resulting Fv/EGFR domain III complex were the input
structure for a blind docking procedure. 10° solutions were
generated using the flags -randomizel, -randomize2, -spin, which
allowed a complete randomization of both docking partners’
positions. Solutions with lowest Interface score (I_sc) values were
filtered according to the involvement of the already identified
functional epitope/paratope. The lowest energy solution was
the subject of a wide perturbation dock generating 10° solutions
(using the flags -dock_pert 15 25 and -spin). Poses with the lowest
I_sc values were filtered again taking into account functional
data. The four selected poses were separately submitted to a
localized perturbation dock (with the flags -dock_pert 3 8,
-spin), resulting in 10* solutions from each one. Graphical
representation of I_sc vs. Interface rms (Irms) was used to test
funneling formation (indicative of the starting complex being
at least a local, and hopefully a global, energy minimum). The
lowest energy pose from each funneling group was the subject of
an in silico mutagenesis analysis (see below).

In silico mutagenesis

Residues already explored in the experimental mutagenesis

study (D323, L1325, T330, K333, R353, S356-H359, P36l,

P362, Q384, Q408, S418, S440, K443, K465, 1467, S468,
N473 from erEGFR domain III; S26-N30, K50-R54 and H93-
P95 from nimotuzumab V| region; and Y27-Y33, N52-N58 and
Q95-GI100E from V, region) were individually replaced, using
the above described docking models as the input coordinates.
Each structure was minimized with constraints, using Rosetta
Commons 3.5 suite. Substitution of each residue by all the other
standard aa was performed with the ddg_monomer application’®
and the low resolution protocol. Mutations with ddG values over
+1 RU (Rosetta Units) were considered to affect folding. Interfaces
of the mutated structures with ddG values lower than +1 RU
were analyzed with score_interface application (also in Rosetta
Commons 3.5 suite). Mutations with onebody delta energies over
+1 RU were considered to affect the Ag/Ab interaction. Critical
residues were those which could not be replaced by any other aa
(or only by very similar residues) without affecting binding.
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