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CD44 is a type I transmembrane protein expressed in various kinds of normal cancer cells, including pancreatic,
breast, and oral cancers. CD44 is associated with cancer progression, metastases, and treatment resistance.
CD44 consists of 20 exons, and various isoforms exist due to alternative splicing of the central 10 exons. Some
splicing variants show cancer-specific expression patterns and are related to prognosis of patients with cancer.
Therefore, CD44 targeting therapy has been attracting attention. In a previous study, we established an anti-
CD44 monoclonal antibody, C44Mab-46 (IgG;, kappa), useful for flow cytometry, Western blotting, and im-
munohistochemistry by immunizing mice with CD44v3-10 ectodomain. This study investigated the binding
epitope of C44Mab-46 using enzyme-linked immunosorbent assay (ELISA) and the surface plasmon resonance
(SPR) with the synthesized peptide. ELISA results using deletion mutants showed that C44Mab-46 reacted with
the amino acids (aa) of 161-180 aa of CD44. Further examination of the C,4Mab-46 epitope using ELISA with
point mutants in 161-180 aa of CD44 demonstrates that the C44Mab-46 epitope comprised Thr174, Asp177, and
Vall78. The SPR with point mutants in 161-180 aa of CD44 demonstrated that the C,4Mab-46 epitope
comprises Thr174, Asp175, Asp176, Asp177, and Vall78. Together, the C44Mab-46 epitope was determined to

be located in exon 5 of CD44.
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Introduction

D44 15 A single span transmembrane glycoprotein with

various functions, such as cell adhesion, growth, sur-
vival, differentiation, and motility."’ The principal ligand of
CD44 is hyaluronic acid (HA), osteopontin, serglycin, col-
lagens, fibronectin, and laminin also bind with CD44.® The
full-length CD44 gene consists of 20 exons. The standard
isoform (CD44s) consists of exons 1-5 and 16-20, which are
expressed in all isoforms. The other exons are alternatively
spliced to generate splicing variants (CD44v). The predicted
molecular mass of CD44s is 37-38kDa, and post-
translational modifications, including N- and O-linked gly-
cosylation, sulfation, and phosphorylation increase the
molecular mass to 85-95 kDa. The largest possible molecular
mass of CD44 is >200kDa.”)

CD44 is expressed in various tissues, such as the central
nervous system, lung, epidermis, liver, and pancreas.(4) CD44
expression is also observed in many cancers, including pan-
creatic cancer,’”® breast cancer,® lung cancer,” gastric

cancer,(g) colorectal cancer,(g) and head and neck squamous
cell carcinoma (HNSCC).'? Giinthert et al. found CD44
variant isoforms, which contains exons v4—v7 from rat pan-
creatic carcinoma cell line, and its overexpression converted
the nonmetastatic cells into metastatic cells.'"’ Further study
revealed that an anti-CD44v6 monoclonal antibody (mAb)
prevented the metastatic property of these cells."' CD44v6-
bearing isoforms play an essential role in metastases by
promoting c-Met activation.'* HA binding to CD44 affects
tumor development by inhibiting apoptosis and promoting
invasion and angiogenesis."'? CD44 also interacts with epi-
dermal growth factor receptor (EGFR) and human epidermal
growth factor receptor 2.°7'” The HA/CD44 interaction
leads to CD44-EGFR complex formation, and the complex
induces downstream signaling through Ras and RhoA, re-
sulting in tumor cell growth. HA/CD44 signaling also leads
to increased cisplatin chemoresistance through EGFR sig-
naling pathways in HNSCC."'? In these ways, CD44 acti-
vates and modulates several cell signals that mediate tumor
progression, metastasis, and therapy resistance.
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Head and neck cancer (HNC) are the seventh most com-
mon cancer worldwide in 2020. About 930,000 people are
newly diagnosed with HNC, and 470,000 people have died of
it."® More than 90% of cases are pathologically diagnosed
with squamous cell carcinoma.”"” Some antibody drugs for
HNSCC have been approved: cetuximab, an anti-EGFR mAb,
was first approved in 2006, and later, nivolumab and pem-
brolizumab, which are anti-PD-1 mAbs, were approved in
2016.2" These drugs have improved the prognoses of patients
with HNSCC; however, they have some problems. Adverse
effects such as skin toxicit?/ and interstitial lung disease are
observed in cetuximab,**** and patients with PD-L1 negative
receive little benefits.?? Acquired resistance is also found in all
drugs. Therefore, other therapeutic targets are needed.

In HNSCC, it was reported that some CD44-splicing var-
iants such as CD44v3, v4, v6, and v10 were expressed in
addition to CD44s.?°2% Wang et al. reported that their ex-
pression was associated with advanced T stage (v3 and v6),
metastasis (v3 and v10), and shorter disease-free survival (v6
and v10).(26) Previously, bivatuzumab mertansine, an anti-
CD44v6 mAD linked to a cytotoxic drug, was used in phase I
trial; however, it was discontinued because of severe skin
toxicity with a fatal outcome in parallel trial.*” Therefore,
the development of other anti-CD44 targeting drugs that have
fewer side effects is desired.

We previously developed an anti-CD44 mAbs, C44Mab-46
(IgGy, kappa), by immunizing mice with CD44v3-10 ecto-
domain. This study investigated its critical epitopes using
enzyme-linked immunosorbent assay (ELISA) and surface
plasmon resonance (SPR) with synthesized peptides.

Materials and Methods
Cell lines

A glioblastoma cell line (LN229) was obtained from
the American Type Culture Collection (Manassas, VA).
CD44v3-10 ectodomain (CD44ec)-secreting LN229 (LN229/
CD44ec) was established by transfecting pCAG/PA-CD44ec-
RAP-MAP into LN229 cells using the Neon transfection sys-
tem (Thermo Fisher Scientific, Inc., Waltham, MA). The amino
acid (aa) sequences of the tag system in this study were as
follows: PA tag,®® 12 aa (GVAMPGAEDDVV); RAP tag,*”
12 aa (DMVNPGLEDRIE); and MAP tag,*” 12 aa (GDGM
VPPGIEDK). LN229 and LN229/CD44ec were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) complete
medium, including DMEM (4.5 g/L glucose) with L-Gln and
without sodium pyruvate (cat. no: 08459-64; Nacalai Tesque,
Inc., Kyoto, Japan), 10% heat-inactivated fetal bovine se-
rum (Thermo Fisher Scientific, Inc.), 100 U/mL of penicillin
(Nacalai Tesque, Inc.), 100 ug/mL streptomycin (Nacalai
Tesque, Inc.), and 0.25 ug/mL amphotericin B (Nacalai
Tesque, Inc.). LN229/CD44ec was established in DMEM
complete medium, including 0.5 mg/mL of G418 (Nacalai
Tesque, Inc.). Cell lines were incubated at 37°C in a humid
atmosphere containing 5% CO,.

Purification of CD44ec

After LN229/CD44ec was cultured using DMEM com-
plete medium without G418, CD44ec was purified from
the supernatants using RAP tag system, comprised an anti-
RAP tag mAb (clone PMab-2) and a RAP peptide
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TABLE 1. IDENTIFICATION OF C44MAB-46 EPITOPE
USING POINT MUTANTS BY ENZYME-LINKED
IMMUNOSORBENT ASSAY

Mutant

peptide Sequence C 1 Mab-46
YI61A ARTNPEDIYPSNPTDDDVSS +++
R162A YATNPEDIYPSNPTDDDVSS +H+
T163A YRANPEDIYPSNPTDDDVSS +++
N164A YRTAPEDIYPSNPTDDDVSS +H+
P165A YRTNAEDIYPSNPTDDDVSS ++
E166A YRTNPADIYPSNPTDDDVSS +H+
D167A YRTNPEAIYPSNPTDDDVSS +++
1168A YRTNPEDAYPSNPTDDDVSS +H+
Y169A YRTNPEDIAPSNPTDDDVSS ++
P170A YRTNPEDIYASNPTDDDVSS +H+
SI171A YRTNPEDIYPANPTDDDVSS ++
N172A YRTNPEDIYPSAPTDDDVSS +H+
P173A YRTNPEDIYPSNATDDDVSS ++
T174A YRTNPEDIYPSNPADDDVSS +H+
DI175A YRTNPEDIYPSNPTADDVSS -
D176A YRTNPEDIYPSNPTDADVSS +H+
DI177A YRTNPEDIYPSNPTDDAVSS ++
VI178A YRTNPEDIYPSNPTDDDASS +
S179A YRTNPEDIYPSNPTDDDVAS ++
S180A YRTNPEDIYPSNPTDDDVSA +H+

+++, OD655 = 0.5; ++, 0.3 = 0D655<0.5; +, 0.1 = OD655<
0.3; —, OD655<0.1.

(GDDMVNPGLEDRIE).?? The filtered culture supernatant
(5L) was passed through PMab-2-Sepharose (2mL bed
volume), and the same process was repeated three times. The
beads were then washed with 100 mL of phosphate-buffered
saline (PBS; Nacalai Tesque, Inc.), and eluted with
0.1 mg/mL a RAP peptide in a stepwise manner (2 mL X 10).

TABLE 2. THE Kp BETWEEN C44MAB-46 AND ALANINE
SUBSTITUTED PEPTIDES BY SURFACE
PLASMON RESONANCE

Mutant peptide k, (/ms) kq (/s) Kp (M)

p161-180 1.07x10°  632x10°  592x107°
Y161A 1.06x10°  6.86x10>  6.50x107°
R162A 1.29%10° 6.07x10>  4.72x107°
T163A 130x10°  6.18x1072  4.76x107°
N164A 222x10°  7.03x107  3.16x107°
P165A 1.39x10°  6.48x10>  4.68x107°
E166A 1.51x10°  523x10°  3.46x107°
D167A 1.70x10°  639x10>  3.76x107°
1168A 1.22x10° 597x10>  4.88x107°
Y169A 1.08x10°  6.16x102  5.70x107°
P170A 131x10°  6.82x10>  520x107°
S171A 1.33x10° 5.08x10>  3.81x107°
N172A 1.13x10° 472x102  4.16x107°
P173A 1.17x10°  1.72x107%2  1.47x10™
T174A ND ND 5.46x 107>
D175A ND ND 475x107*
D176A ND ND 1.35x107*
DI177A ND ND 1.33x 107
V178A ND ND 2.00x107*
S179A 130x10° 432x107°  3.34x10°
S180A 121x10° 7.44x102  6.16x107°

ND, not determined.
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CDA44 peptides

CD44 peptides (accession no. X66733), including 58 dele-
tion mutants and 20 point mutants (Table 1), were synthesized
using PEPScreen (Sigma-Aldrich Corp., St. Louis, MO).

Enzyme-linked immunosorbent assay

CD44ec and synthesized CD44 peptides (Table 1) were
immobilized on Nunc Maxisorp 96-well immunoplates
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CD44 pre-mRNA
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(Thermo Fisher Scientific, Inc.) at a concentration of 1 and
10 ug/mL, respectively, for 30 min at 37°C. After washing
with PBS containing 0.05% Tween20 (Nacalai Tesque, Inc.;
PBST), wells were blocked with 1% bovine serum albumin-
containing PBST for 30 min at 37°C. The plates were
incubated with Cy4yMab-46 (1 ug/mL), followed by a
peroxidase-conjugated anti-mouse immunoglobulins (1:2000
diluted; Agilent Technologies, Inc., Santa Clara, CA). En-
zymatic reactions were conducted by the ELISA POD
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FIG. 1. (A) Schematic illustration of CD44 gene. The full-length CD44 gene consists of 20 exons (upper panel). The
standard isoform (CD44s) consists of exons 1-5 and 16-20 (middle panel). The other exons are alternatively spliced to generate
splicing variants, such as CD44v3-10, which consists of exons 1-5, v3-v10, and 16-20 (lower panel). (B) Schematic illus-
tration of synthesized peptides. Red bars indicate the peptide detected by C44Mab-46.
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Substrate TMB Kit (Nacalai Tesque, Inc.). Optical density
was measured at 655 nm using an iMark microplate reader
(Bio-Rad Laboratories, Inc., Berkeley, CA).

Measurement of dissociation constants (Kp)
between C,4,Mab-46 and alanine-substituted
peptides using SPR

Cyq4Mab-46 was immobilized on the sensor chip CMS5 ac-
cording to the protocol (https://doi.org/10.1039/C3990000
1526), described by Cytiva (Marlborough, MA). In brief,
Cy4sMab-46 was diluted to 10 ug/mL by the acetate buffer
(pH 4.0: Cytiva) and immobilized using amine coupling reac-
tion. The surface of the flow cell 2 of the sensor chip CM5 was
treated with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
and N-hydroxysuccinimide (NHS), followed by the injection of
C44Mab-46. Unreacted NHS-ester was blocked with ethanol-
amine after C4Mab-46 immobilization. The Kp between
C44Mab-46 and alanine-substituted peptides shown in Table 2
were measured using Biacore X100 (Cytiva) at 25°C. The
buffer used was PBS containing 0.005% (v/v) of Tween 20 and
1.1% or 4.4% (v/v) of dimethyl sulfoxide (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan). A single cycle ki-
netics method was used to measure the binding signals. The data
were analyzed by 1:1 binding kinetics to determine the associ-
ation rate constant (k,) and dissociation rate constant (k) and
Kp, or equilibrium analysis to determine K, using BIAevalua-
tion software (Cytiva).
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Results
Epitope mapping using ELISA

Fifty-eight peptides were synthesized (20 aa) from the
extracellular domain of CD44v3-10 (Fig. 1) and performed
ELISA. Cy;Mab-46 reacted with 161-180 aa  (y61-
YRTNPEDIYPSNPTDDDVSS-59) and 171-190 aa (;71-
SNPTDDDVSSGSSSERSSTS-99) (Fig. 2). Because the
reaction of C44Mab-46 to 161-180 aa is higher than that of
171-190 aa, we used 161-180 aa for alanine scanning.

A series of point mutants of 161-180 aa were synthesized
(Table 1). C44Mab-46 strongly reacted with Y161A, R162A,
T163A, N164A, P165A, E166A, D167A, 1168A, Y169A,
P170A, S171A, N172A, P173A, T174A, D176A, S179A,
S180A, wild type 161-180 aa, and moderately reacted with
D177A and V178A, but not with D175A (Fig. 3A). The re-
sults indicate that Asp175, Asp177, and Vall78 are included
in the critical epitopes of C44Mab-46 (Fig. 3B).

Epitope mapping using SPR

We measured the K between C44Mab-46 and a series of
point mutants of CD44 synthesized peptides (Table 1) using
Biacore X100. The measured values are summarized in Table 2.
The association rate constant (k,) and dissociation rate constant
(kg) of T174A, D175A, D176A, D177A, and V178A were not
determined; therefore, their Kps were calculated using equi-
librium analyses. The binding affinities of T174A, D175A,
D176A,D177A, and V178A to C44Mab-46 were 9.2-, 80-, 22.8-,
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FIG. 2. Determination of C44sMab-46 epitope of CD44v3-10 by ELISA using deletion mutants. CD44ec (positive control),
PBS (negative control), and synthesized peptides were immobilized on immunoplates. The plates were incubated with
Cy4Mab-46 (1 pg/mL), followed by incubation with peroxidase-conjugated anti-mouse immunoglobulins. Optical density
was measured at 655 nm. ELISA, enzyme-linked immunosorbent assay; PBS, phosphate-buffered saline.
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FIG. 3.

(A) Determination of C44Mab-46 epitope of CD44v3-10 by ELISA using point mutants. CD44ec (positive

control) and synthesized alanine-substituted peptides were immobilized on immunoplates. The plates were incubated with
C44Mab-46 (1 pg/mL), followed by incubation with peroxidase-conjugated anti-mouse immunoglobulins. Optical density
was measured at 655 nm. (B) Schematic illustration of the epitope recognized by C,4Mab-46 using ELISA. Red aa indicate
the critical epitope of C44Mab-46 determined using ELISA. aa, amino acids; IC, intracellular domain; SS, signal sequence;

TM, transmembrane domain.

22.5-, and 33.8-fold decreased compared with wild type 161—
180 aa, respectively, indicating that Thr174, Aspl75, Aspl76,
Aspl77, and Vall78 are the binding epitope for C,4Mab-46.
We exhibited the ratio of the Kp values for each peptide to the
Kp value for wild type p161-180 in Figure 4.

Discussion

This study examines the C44Mab-46 epitope of CD44v3-
10 by peptide scanning using ELISA and SPR. We deter-
mined the critical epitope as Aspl75, Aspl77, and Vall78
using ELISA, and as Thr174, Asp175, Aspl176, Asp177, and
Val178 using SPR, which are coded in exon 5 of CD44 gene.
The epitope mapping result using ELISA and SPR showed
the same region of CD44v3-10 as the epitope; however,
Thr174 and Aspl76 are shown as the epitope only by SPR
analysis. Peptides were immobilized on immunoplates in
ELISA. In contrast, C44Mab-46 was immobilized on a sensor
chip in SPR analysis. This difference may affect the reactivity
of C44Mab-46 to these peptides.

Epitope mapping by ELISA is more rapid, and the cost of
ELISA is inexpensive compared with SPR. However, it is
difficult to obtain precise quantitative information of anti-
gen—antibody interaction by ELISA, whereas SPR reveals

each interaction much more quantitatively in real time.®"
This study showed that SPR might be a more efficient method
for determining the epitope residues because the intensity of
the reaction of T174A and D176A to C44Mab-46 displayed
almost the same value as that of wild type pl161-180 to
C44Mab-46 in ELISA.

In the previous study, we developed a novel epitope
mapping system named RIEDL insertion for epitope map-
ping (REMAP) method.*? This method is for determining
the conformational epitope, which could not be determined
by alanine scanning. Using the REMAP method, we deter-
mined the critical epitope of C44Mab-46 as Thr174, Aspl75,
Aspl76, Aspl77, and Vall78 of CD44s, which are of the
same residues with the results of this study. This is the first
study indicating that the REMAP method is useful in deter-
mining the epitope compared with conventional methods
such as ELISA and SPR.

Previously, we developed another anti-CD44 mAb, C44Mab-
5 (IgGy, kappa),®® whose binding epitope was determined to be
25th to 36th aa of CD44. Both anti-CD44 mAbs are used in
detecting CD44s and CD44v. The epitope of C44Mab-46 is a
little away from the HA-binding site, which contains Arg4l,
Tyrd2, Arg78, Tyr79, and Arg154.%47® Therefore, C,4,Mab-46
will not block HA binding directly; however, it may affect HA
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FIG. 4. (A) Determination of C44Mab-46 epitope of CD44v3-10 by SPR using point mutants. C44Mab-46 was im-
mobilized on the sensor chip CMS5, and peptides were injected on the sensor chip. The Kps between Cq4Mab-46 and each
peptide were measured using Biacore X100. The vertical axis indicates the ratio of the Kp, values for each peptide to the Kp
value for p161-180. (B) Schematic illustration of the epitope recognized by C44Mab-46 using SPR. Red aa indicate the
critical epitope of C44Mab-46 determined using SPR. SPR, surface plasmon resonance.

binding indirectly. CD44 also has many other ligands whose
binding sites have not been maP ed precisely, and C44Mab-46
may affect their interaction.">~'” Therefore, we will study the
effect of C44Mab-46 on ligand binding in the future.

The subclass of C44Mab-46 is mouse IgG;, which does
not have antibody-dependent cellular cytotoxicity and
complement-dependent cellular cytotoxicity; therefore, we
could not reveal its antitumor activity at this stage. In the
previous study, we converted the IgG, subclass of C44Mab-
5 into an IgG,, subclass and further produced a defucosy-
lated version, 5-mG,,-f, and revealed its antitumor activity
against mouse models of oral cancer.®” We will convert
the subclass of C44Mab-46 into I1gG,, and investigate its
effectiveness against CD44-expressing tumors in the future
study.
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