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for 1 hr with an anti-HHV-6 gB rabbit antibody or an
anti-MHC class [ Mab. After washing for 10 min with PBS
containing 0.02% Tween-20, the cells were incubated
with an appropriate secondary antibody at 37°C for
30 min, followed by Hoechst33342 at 37°C for 40 min.
After washing as described above, signals were detected
by a confocal laser-scanning microscope (Olympus
FluoView FV1000; Olympus, Tokyo, Japan).

RESULTS
Virion and exosome isolation

Extracellular viral particles containing exosomes were
purified from the culture supernatant of HHV-6A (strain
GS)-infected HSB-2 or HHV-6B (strain HST)-infected
MT-4 cells. The particle-containing fractions were
confirmed by western blotting with an anti-gB anti-
body (23, 25). Next, the particle-containing fractions
were analyzed by LC-MS/MS (27), which detected many
cellular proteins (unpublished data). Of the host proteins
detected, our analyses focused on MHC class I molecules.

Virion- or exosome-associated fractions
contain MHC class | molecules

To verify expression of MHC class I within viral particles,
the proteins in fractions 3—10 were separated by SDS-PAGE
and analyzed by western blotting with anti-gB rabbit, anti-
MHC class T or anti-CD63 antibodies. As shown in
Figure 1, gB protein was detected in fractions 5-6 whereas
MHC class I was detected primarily in fractions 6-8. We
have previously reported that the MVB marker, CD63, is
incorporated into virions and exosomes (23); therefore,
expression of CD63 was also examined. As expected, CD63
was detected in fractions 5-10 (Fig. 1lc). To confirm
expression of MHC class I within both virions and
exosomes, negative staining of fractions 6 and 7 were
performed, followed by electron microscopy (30). Fraction
6 contained mainly viral particles of diameter approxi-
mately 200 nm. Both MHC class I (Fig. le) and gB protein
(Fig. 1d) were present in these particles. Fraction 7
contained mainly exosomes of diameter approximately 50—
100 nm (Fig. 1f). These exosomes contained MHC class I,
which confirmed the results of the western blotting
experiments. Taken together, these results indicate that
MHC class I molecules are present in exosomes and virions
released from HHV-6B-infected cells.

Downregulated expression of MHC class |
molecules on the surface of HHV-6B-
infected cells

Downregulation of MHC class I occurs in many different
virus-infected cells (31-37). Because MHC class I
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molecules were incorporated into virions, HHV-6-
infected MT-4 cells might show an apparent down-
regulation in cell surface expression. To confirm this,
HHV-6B- or mock-infected cells harvested 72 hr post-
infection were fixed and then stained with an anti-MHC
class 1 antibody. Surface expression of MHC class I was
then analyzed by flow cytometry. As expected, HHV-6B-
infected cells showed downregulated cell surface expres-
sion of MHC class I when compared with mock-infected
cells (Fig. 2a). This reduced expression was confirmed by
western blot analysis (Fig. 2b), indicating that expression
of MHC class I molecules within HHV-6-infected cells
(not just expression on the cell surface) was also
downregulated. Next, the localization of MHC class I
molecules in these cells was assessed after they had been
fixed and co-stained with anti-MHC class T and gB
antibodies. MHC class I in infected cells was localized
mainly within intracellular compartments, and colocal-
ized with the envelope glycoprotein gB during the later
stages of infection; however, MHC class I was mainly
localized to the plasma membrane in mock-infected cells
(Fig. 2¢).

DISCUSSION

Here, we used mass spectrometry-based proteomics
analysis to show that MHC class I molecules are
incorporated into HHV-6 viral particles. Downregulation
of MHC class I molecules in virus-infected cells is an
important mechanism by which viruses evade immune
surveillance (31-37). We showed that downregulation of
MHC class I molecules occurs in T cells infected by HHV-
6. MHC class I molecules are incorporated into viral
particles and exosomes and then released into the
extracellular environment, suggesting a possible strategy
for escaping host immune responses. In addition, MHC
class I molecules incorporated into virions and exosomes
may assist viral entry. Further studies are needed to
address this question.

We have previously reported that immature HHV-6
particles bud into TGN or TGN-derived vesicles (which
are produced in HHV-6B-infected cells), that vesicles
containing mature virions become MVBs, and that
virions and exosomes are released into the extracellular
environment via an exosomal secretary pathway (23). It is
possible that MHC class I molecules are transported into
the TGN-derived membranes from which the virions bud
and then incorporated into virions within infected cells
without being recycled (Fig. 3).

Within infected cells, MHC class I molecules colo-
calized with the gB protein in the cytoplasm indicating
that, like viral glycoproteins, they are sorted into vesicles.
The reduction in the total (both cell surface and
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Fig. 1. MHC class | molecules are incorporated into virions and exosomes and released from HHV-6B-infected cells. Virions and
exosomes were collected from the culture medium of HHV-6B-infected cells by sucrose density gradient centrifugation and examined by (a—c)
western blotting and (d—f) electron microscopy. Western blots with (a) anti-gB rabbit, (b) anti-MHC class | (W6/32) or (c) anti-CD63 (CLB-gran/12,
435) antibodies are shown. The same amount of each protein fraction was added to each well of the gel. Immunogold labeling of (d) gB in
fraction 6 and of (e,f) MHC class | in fractions 6 and 7. The fractions were collected from the bottom of tube. Hollow arrowheads, labeled virions;

filled arrowheads, exosomes. Scale bars: 200 nm (d-f).

intracellular) expression of MHC class I in HHV-6-
infected cells suggests that some of them may be
transported to lysosomes and degraded, as this route is
the same as that used to transport particles to MVBs.
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Although several host proteins are usually expressed on
the surfaces of uninfected cells, they are expressed in the
same intracellular compartments as those in which viral
particles incorporated. Newly formed compartments
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MHC class | expresses in HHV-6 virions

a 200 200 e HHV-BB-infected cells
maock-infected cells
1o 103
§ 1w 10 e w 100 o w W 0
8[ e control anti-MHC class | antibody
Fluorescence intensity
¥ 3
& &
g\@a. Qv& ‘é\'
2 & &
“ @% & @99 égo
séJ & &
b {ktya) (;2:
250- 150-
150- 100-
100 106- 75
75
50. . 75
37- RS
50- 25
25
anti-tubulin antibody anti-HHV-6 ¢B antibody  anti-MHMC class | antibody
c anti-HHV-6 gB antibody anti-MHC class | Mab Hoechst Merged
HHV-6B-

infected celis

mock-
infected cells

Fig. 2. Expression of MHC class | in HHV-6B-infected cells. (a) Expression of MHC class | on the surface of HHV-6B-infected cells is
downregulated. HHV-6B-infected or mock-infected cells were harvested at 72 hr post-infection and fixed with 4% (w/v) paraformaldehyde. Fixed
cells were stained with an anti-MHC class | antibody followed by staining with a secondary antibody prior to flow cytometric analysis. Control
samples were incubated with the secondary antibody alone. Black histogram, mock-infected cells; blue histogram, HHV-6B- infected cells. (b) The
total expression of MHC dlass I in HHV-6-infected cells was reduced. HHV-6B-infected or mock-infected cells were harvested at 72 hr post-infection
and cell lysates prepared for western blotting. Purified HHV-6B virions were also used for western blotting. () MHC class | colocalizes with HHV-6B
gB in intracellular compartments. HHV-6B-infected or mock-infected cells were harvested at 72 hr post-infection and fixed in cold acetone-methanol.
Fixed cells were stained with antibodies against HHV-6 gB or MHC class | and with Hoechst33342. The stained cells were observed under a confocal
microscope. The merged panels show the colocalized HHV-6 gB and MHC class | molecules. Single sections are shown. Scale bars: 5 micro meter.
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Fig. 3. Scematic representation of the fate of MHC class | molecules in HHV-6-infected cells. MHC class | molecules are transported to
TGN- or post-TGN-derived vacuoles in HHV-6-infected cells and then incorporated into virions and intracellular small vesicles, which later become
exosomes. Finally, MHC class | molecules are released from HHV-6-infected cells along with virions and exosomes.

within HHV-6-infected cells may show the combined
characteristics of early and late endosomes. Recycling to
early endosomes in HHV-6-infected cells may be
modified or defective; therefore, several cellular proteins
that use the same recycling system may be incorporated
into virions and exosomes.
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We recently identified Eph receptor A10 (EphA10) as a novel breast cancer-specific protein. Moreover, we
also showed that an in-house developed anti-EphA10 monoclonal antibody (mAb) significantly inhibited
proliferation of breast cancer cells, suggesting EphA10 as a promising target for breast cancer therapy.
However, the only other known report for EphA10 was its expression in the testis at the mRNA level.
Therefore, the potency of EphA10 as a drug target against cancers other than the breast is not known.
The expression of EphA10 in a wide variety of cancer cells was studied and the potential of EphA10 as
a drug target was evaluated. Screening of EphA10 mRNA expression showed that EphA10 was overex-
pressed in breast cancer cell lines as well as in prostate and colon cancer cell lines. Thus, we focused
on prostate cancers in which EphA10 expression was equivalent to that in breast cancers. As a result,
EphA10 expression was clearly shown in clinical prostate tumor tissues as well as in cell lines at the
mRNA and protein levels. In order to evaluate the potential of EphA10 as a drug target, we analyzed com-
plement-dependent cytotoxicity effects of anti-EphA10 mAb and found that significant cytotoxicity was
mediated by the expression of EphA10. Therefore, the idea was conceived that the overexpression of
EphA10 in prostate cancers might have a potential as a target for prostate cancer therapy, and formed
the basis for the studies reported here.
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1. Introduction

The development of antibody engineering has enabled a mono-
clonal antibody (mAb) to become a safe and effective drug for
refractory diseases, such as cancer. Today, more than 30 kinds of
antibody drugs are approved all over the world. Continued growth
in the market is expected in the future {11 However, the cases to
which antibody drugs are applied are limited. Therefore, the devel-
opment of new antibody drugs is especially needed in the cases
without effective treatments, such as a triple negative breast can-
cer, a castration-resistant prostate cancer, as well as pancreatic
cancers or malignant mesotheliomas.

Abbreviations: EphA10, Eph receptor A10; mAb, monoclonal antibody; TMA,
tissue microarray; HMEC, human mammary epithelial cell; PrEC, prostate epithelial
cell; ¢cDNA, complimentary DNA; FCS, fetal calf serum; PBS, phosphate buffered
saline; IHC, immunohistochemistry; CDC, complement-dependent cytotoxicity.
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Several Eph receptor family members such as EphA2 or EphB4
are highly expressed in various tumor cell types found in refractory
cancers {2}, and with expressions associated with tumorigenesis
{341, proliferation (3.6}, vasculogenesis {78} and metastasis
{9,101 Therefore, there is a current focus on the development of
therapies targeted on Eph members {% 1. In this context, MedIm-
mune LLC is developing an antibody-drug conjugate against EphA2
which inhibits tumor growth in vitro and in vivo {12,131, It has been
tested in phase I to investigate the safety profile and maximum tol-
erated dose. However, the most recent report announced the trial
was stopped halfway due to adverse events such as bleeding and
liver disorders { 1<}, Some databases such as MOPED or PaxDb have
reported that EphA2 is highly expressed in platelets and liver tis-
sues. Therefore, the target protein needs to display specific expres-
sion in cancer tissues. However, EphA10 which we identified as a
novel breast cancer-related protein is hardly expressed in normal
human tissues {15} {141 Furthermore, we also showed that an
in-house developed anti-EphA10 mAb inhibited breast cancer cell
proliferation at both in vitro and in vivo levels {1£1. These findings
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suggest that EphA10 is a promising target for breast cancer ther-
apy. However, the only other known report was that EphA10 is
expressed in the testis at the mRNA level [17]. Therefore, the
potency of EphA10 as a drug target against cancers other than
the breast has not been tested. Here, we report EphA10 expression
in various kinds of cancer cells and the potential of EphA10 as a

target in other cancer therapies.

2. Material and methods
2.1. Cell lines

The following cancer cell lines were purchased from the
American Type Culture Collection (Manassas, VA): HCC70,
MDA-MB-157, HCC1599, MDA-MB468, DU4475, 22Rv1, VCaP,
colo201, SW620, HCT116, BxPC3, Pancl, AsPC1, H2452, H2052,
H28 and Jurkat. The following cancer cell lines were purchased
from the Japanese Collection of Research Bioresources Cell Bank
(Osaka, Japan): RERF-LC-KJ, RERF-LC-MS, MKN1, MKN45, NECS,
NEC14, A2058, G318, Mewo and K562. PC3 and LNCaP were pur-
chased from the Riken Bioresource Center Cell Bank (Ibaraki,
Japan). Normal Human Prostate Epithelial Cells (PrEC) and
Normal Human Mammary Epithelial Cells were purchased from
Lonza (Basel, Switzerland). All cells were cultured at 37°C in a
humidified atmosphere of 5% CO, according to the provider's
protocol.

2.2. Real-time PCR

Complementary DNAs (cDNAs) derived from human prostate
tumors were purchased from OriGene Technologies (Rockville,
MD). The PCR mixture included cDNA template, TagMan Gene
Expression Master Mix and TaqMan probe (EphA10:
Hs01017018_m1 or actin-beta: Hs99999903_m1) (Life Technolo-
gies, Carlsbad, CA) and the reaction was performed according to
the manufacturer’s instructions. The threshold cycles were deter-
mined using the default settings. EphA10 mRNA expression levels
were normalized against actin-beta.
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2.3. Cell immunofluorescent staining

PrEC, PC3 and VCaP cells were seeded at 1 x 10% cells/well in
Lab-Tek™ 8-well chamber slides (Thermo Fisher Scientific Inc.,
Waltham, MA). After 24 h, cells were washed twice with PBS, and
then fixed with PBS containing 4% paraformaldehyde, pH 8.0 for
10 min. After washing with PBS, fixation was quenched with PBS
containing 0.1 M glycine, pH 7.4 for 15 min. Fixed cells were
blocked with PBS containing 5% FCS (blocking solution), pH 7.4
for 30 min, and then treated with the anti-EphA10 monoclonal pri-
mary antibody and isotype control antibody at 10 pug/ml in block-
ing solution for 1 h. Donkey anti-mouse IgG conjugated with Alexa
Flour 488 (Life Technologies, Carlsbad, CA) was used as the second
antibody at 2 pg/ml in the blocking solution for 1 h in the dark.
Slides were mounted using a vectashield mounting medium for
fluorescence with DAPI (Vector Laboratories Inc., Burlingame, CA)
and analyzed with a Leica TCS SP2 confocal laser scanning micro-
scope (Leica Microsystems GmbH, Wetzlar, Germany). Images
were further processed using the Adobe Photoshop software.

2.4. Immunohistochemical (IHC) staining

TMAs with prostate tumor and normal prostate tissues (US
Biomax, Rockville, MD) were deparaffinized in xylene and rehy-
drated in a graded series of ethanol. Heat-induced epitope retrieval
was performed by maintaining the Target Retrieval Solution (Dako,
Glostup, Denmark) by following the manufacturer’s instructions.
After treatment, endogenous peroxidase was blocked with 0.3%.
The TMA slides were incubated with rabbit anti-human EphA10
polyclonal antibody (Abgent Inc., San Diego, CA) for 30 min and
then with ENVISION+ Dual Link (Dako, Glostup, Denmark) for
30 min. The reaction products were rinsed three times with
0.05% Tween20/Tris buffer saline and then developed in liquid
3,3'-diaminobenzidine for 3 min. After development, sections were
lightly counterstained with Mayer's hematoxylin. All procedures
were performed using an AutoStainer (Dako, Glostup, Denmark).
Study samples were divided into high and low expression groups
based on the two criteria of distribution and quantity. In terms of
distribution, the percentage of positive cells across all tumor cells
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Fig. 1. Screening of EphA10 expression profile in various kinds of cancer cell lines. EphA10 expression in various kinds of cancer cells were screened by quantitative real time
PCR. EphA10 expression level in each cell was normalized by actin-beta expression level and described as a ratio against EphA10 expression level in HMEC, normal human

mammary epithelial primary cells. n =3 in each group. Error bars represent the SD.
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Fig. 2. EphA10 expression analysis in prostate cancer cell lines and clinical prostate cancer tissues at mRNA and protein level. (A) EphA10 mRNA expression level in prostate
cancer cell lines (PC3, DU145, 22Rv1, LNCaP and VCaP) was quantified by real time PCR. It was normalized by actin-beta expression level and described as a ratio against
EphA10 expression level in PrEC, normal human prostate epithelial primary cells. n = 3 in each group. Error bars represent the SD. (B) EphA10 protein expression in prostate
cancer cell lines was analyzed by cell immunofluorescent staining. PrEC, PC3 (EphA10-mRNA low expressing cells) and VCaP (EphA10 mRNA high-expressing cells) were
treated with anti-EphA10 mAb or the isotype control mAb (20 pg/ml), and then with Alexa Flour 488 conjugated anti-mouse IgG antibody. EphA10 protein expression was
detected by confocal microscopy. Blue and green signals relate to DAPI and EphA10, respectively. (C) EphA10 mRNA expression levels in clinical prostate cancer tissues (39
cases) and the normal prostate tissues (9 cases) were quantified in the same method with (A). N.D. means not detectable. (D) TMAs with clinical prostate cancer tissues (39
cases) and the normal tissues (10 cases) were stained using anti-EphA10 mAb. Representative images of normal breast tissue (positive ratio: 0%), EphA10 negative cancer
tissue, and EphA10 positive cancer tissues (positive ratio: 36%) are shown. Scale bar: 200 pm.

was scored as 0 (0%), 1 (1-50%), and 2 (51-100%). In terms of quan-
tity, the signal intensity was scored as O (no signal), 1 (weak), 2
(moderate) or 3 (marked). Cases with a total score of more than
3 were classified into the high expression group.

2.5. Complement-dependent cytotoxicity (CDC) assay

VCaP cells were seeded at 2 x 10* cells/well in a 96 well cell
culture plate (Thermo Fisher Scientific Inc., Waltham, MA) and
cultured overnight. After removing the medium, antibodies (anti-
EphA10 antibody or the isotype control antibody) and mouse
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serum as complement were added and incubated for 24h.
Cytotoxicity was evaluated using the WST-8 assay.

3. Results and discussion

3.1. EphA10 mRNA was overexpressed not only in breast cancer cell
lines but also in prostate and colon cancer cell lines

In order to screen the types of cancer in which EphA10 is
expressed, EphA10 mRNA expression was analyzed not only in
breast cancer cells in which we had already shown EphA10
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expression, but also in cell lines of colon cancer, gastric cancer, leu-
kemia, lung cancer, melanoma, mesothelioma, pancreas cancer,
prostate cancer and testicular germ cell tumors by real time PCR.
EphA10 mRNA was expressed by normalizing the actin-beta
expression level and represented as the ratio against normal
human mammary epithelial primary cells (HMEC). Quantitative
analysis demonstrated that EphA10 was expressed not only in
breast cancer cells (HCC1599: 103x, MDA-MB468: 141x,
DU4475: 181x), but also in prostate cancer cells (22Rv1: 142x,
LNCaP: 194x) and colon cancer cells (HCT116: 107x) by more than
100 fold over human mammary epithelial primary cells (HMECs).
EphA10 mRNA expression level in breast cancer cell lines was
equivalent to that in prostate cancer cell lines (Fig. 1). These data
suggested that EphA10 could also be associated with prostate can-
cers. Therefore, we next focused on prostate cancers and analyzed
in more detail the expression of EphA10 at the mRNA and protein
levels in cancer cell lines and clinical tissues.

3.2. EphA10 was overexpressed in prostate cancer cell lines and clinical
prostate tumor tissues at mRNA and protein level

In order to examine EphA10 expression in prostate cancers,
EphA10 expression at the mRNA and protein levels was evaluated
in five prostate cancer cell lines (22Rv1, DU145, LNCaP, PC3 and
VCaP) and normal human prostate epithelial primary cells (PrECs).
Fig. 2(A) shows EphA10 was highly expressed in all cancer cell lines
compared to the normal cells. Furthermore, we also analyzed
EphA10 expression at the protein level in these cells. Immunofluo-
rescent staining showed that EphA10 expression could not be
detected in both PrEC and PC3 (EphA10 mRNA low-expressing
cells). On the other hand, EphA10 protein expression was only
observed in anti-EphA10 antibody-treated VCaP cells (EphA10
mRNA high-expressing cells), but not in the isotype control anti-
body-treated VCaP cells (¥ig. 2(B)). These data are consistent with
the pattern of EphA10 mRNA expression, further demonstrating
that EphA10 was overexpressed in prostate cancer cell lines com-
pared to the normal cells.

In order to pursue the overexpression of EphA10 in prostate
cancers, we next analyzed EphA10 expression in clinical prostate
cancer tissues and in normal prostate tissues. EphA10 expression
at the mRNA level was first evaluated using cDNA derived from
clinical prostate tumor tissues and the normal prostate tissues. A
real time PCR analysis showed that EphA10 mRNA could not be
amplified in all 9 normal prostate cases and 27 prostate tumor
cases. In contrast, EphA10 expression was observed in 12 prostate
tumor cases (approximately 31% in total cases) (Fig. 2(C)). Further-
more, we analyzed the EphA10 protein expression by IHC-staining
TMA with clinical prostate cancer tissues and the normal tissues.
TMA data showed that EphA10 expression was observed in 14
prostate cancer cases (approximately 36% in total cases), but not
in 10 normal prostate tissues and in 25 prostate cancer cases.
These data suggested that EphA10 was definitely overexpressed
in prostate cancer cell lines as well as in clinical prostate tumor
tissues.

We previously showed that EphA10 expression was positively
associated with stage progression and lymph node metastasis in
clinical breast cancers {¢&}. Thus, in order to evaluate the role of
EphA10 overexpression in prostate cancers, we tried to analyze

the relationship between EphA10 expression in clinical prostate

cancer tissues and the clinical information such as the size and
spread of primary tumor (pT), regional lymph node metastasis
(pN), the distant metastasis (pM), and the cancer progression
(pStage). Statistical analysis showed that EphA10 expression was
not significantly associated with all of the above factors
(Supplementary Table 51). It was reported that some Eph receptor
members were overexpressed in various kinds of cancers such as

breast and prostate {2}, and activated by hetero-dimerizing
between Eph receptors | 19,20]. Therefore, in addition to focusing
only on EphA10, analysis of other Eph receptors are needed in
order to reveal the role of EphA10 in prostate cancers.

3.3. Anti-EphA10 mAb significantly caused complement-dependent
cytotoxicity (CDC) activity dependent on EphA10 expression

In order to evaluate the potential of EphA10 as a target for pros-
tate cancer therapy, we analyzed CDC effects of anti-EphA10 mAb
on VCaP cells in which EphA10 was highly expressed. We added
anti-EphA10 mAb and mouse serum as complements into VCaP
cells and evaluated cytotoxicity on the next day. ¥z 3 shows that
cytotoxicity in VCaP was observed only in the co-culture group of
anti-EphA10 mAb and mouse serum, but not in the co-culture
group of isotype control mAb and mouse serum as well as in
mAb alone group. The data indicated that the cytotoxicity of
anti-EphA10 mADb was dependent on EphA10 expression, and sug-
gested that EphA10 targeted therapy might be effective in EphA10
positive prostate cancer cases.

Since molecular targeted drugs such as antibody drugs show
therapeutic effects related to affinity and specificity for each anti-
gen, it is important that the target protein display enriched expres-
sion in cancer tissues. [n this respect, we previously reported that
EphA10 expression was not observed in almost all normal human
organs, except for testis { 14, In order to develop anti-EphA10 mAb
therapy and apply it to male patients, EphA10 function in the testis
should be analyzed and consider the effects of anti-EphA10 mAb
on dysfunction of the testis. On the other hand, many prostate can-
cer patients are surgically or medically castrated with the purpose
of reducing the amount of androgens which promote the growth of
prostate cancer cells. However, almost all of the patients have a
recurrence which is known as castration-resistant prostate cancer
(CRPC). CRPCs are a bottleneck for prostate cancer therapy, because
CRPCs have no effective treatment and poor prognosis. Clinical tri-
als of antibody drugs (such as anti-CTLA4 mAb or anti-PD1 mAD)
against CRPCs are currently in progress. However the therapeutic
effects have been insufficient {27 |, emphasizing that a novel drug
target is urgently needed. In this respect, EphA10 might be a
promising target at least for CRPC patients, although further basic
experiments are needed such as EphA10 expression analysis in
CRPC cases.
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Fig. 3. Complement-dependent cytotoxicity (CDC) effects of anti-EphA10 mAb on
VCaP cells. Anti-EphA10 mAb or the isotype control mAb (80 and 400 ng/ml) with/
without mouse serum as complements were added to VCaP cells. After 24 h
incubation, CDC effects were assessed by WST-8 assay. *'p <0.01 vs the isotype

control mAb with mouse serum. n =3 in each group. Error bars represent the SD.
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In conclusion, we showed that EphA10 was overexpressed in
prostate cancers and suggest that EphA10 is a potential target for
prostate cancer therapy.
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ARTICLE INFO ABSTRACT

Article history: Ephrin receptor A10 (EphA10) is a relatively uncharacterized protein which is expressed in many breast cancers
Received 31 March 2014 but not expressed in normal breast tissues. Here, we examined the potential of EphA10 as a drug target in breast
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cancer. Immunohistochemical staining of clinical tissue sections revealed that EphA10 was expressed in various
breast cancer subtypes, including triple negative breast cancers (TNBCs), with no expression observed in normal
tissues apart from testis. Ligand-dependent proliferation was observed in EphA10-transfected MDA-MB-435
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Ié;ﬁirg; eptor A0 ~ cells (MDA-MB-435%P"1) and native TNBC cells (MDA-MB-436). However, this phenomenon was not observed
Antibody drug in parental MDA-MB-435 cells which express a low level of EphA10. Finally, tumor growth was significantly sup-

pressed by administration of an anti-EphA10 monoclonal antibody in a xenograft mouse model. These results
suggest that inhibition of EphA10 signaling may be a novel therapeutic option for management of breast cancer,

Triple negative breast cancer
Cell proliferation

including TNBCs which are currently not treated with molecularly targeted agents.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Expression of the estrogen receptor (ER), progesterone receptor
(PR) and Her2 in breast cancer tissues is an important indicator in
determining treatment options against the disease {1,2}. Anti-hormone
therapies and anti-Her2 therapies such as tamoxifen and trastuzumab
are chosen against ER/PR positive cases and Her2 positive cases, respec-
tively [1,2]. However, triple negative breast cancer (TNBC), which lacks
expression of ER, PR and Her2, is known to be refractory due to absence
of molecularly targeted drugs [3~5]. Therefore, there is considerable
interest worldwide in respect to the development of therapeutics
against TNBC.

Ephrin receptor superfamily members are subdivided into nine type
A molecules (EphA1-A8, A10) and five type B molecules (EphB1-B4,
B6) in mammals {6,7]. Several Eph members such as EphA2 or EphB4
are overexpressed in various tumor cell types [8,9], with expression also
related to tumorigenesis [10-12], proliferation [13,14], vasculogenesis
[15-17] and metastasis {18-20]. There is a current focus on the develop-
ment of Eph member-targeted therapies. In this context, an antibody-

* Corresponding author at: Laboratory of Biopharmaceutical Research, National
Institute of Biomedical Innovation, 7-6-8 Saito-Asagi, Ibaraki, Osaka 567-0085, Japan.
Tel.: +81 72 641 9814; fax: +-81 72 641 9817.

E-mail address: tsunoda@nibio.gojp (S. Tsunoda).

http://dx.dolorg/10.1016/j jeonrel 2014.06.010
0168-3659/© 2014 Elsevier B.V. All rights reserved.

drug conjugate against EphA2 is being developed by Medlmmune LLC
which inhibits tumor growth in vitro and in vivo[21-23] and has been
tested in phase I to investigate the safety profile and maximum tolerated
dose. However, the most recently reported phase I results show that the
trial study was stopped halfway due to adverse events such as bleeding
and liver disorders {24]. Certainly, it is reported in some databases such
as MOPED or PaxDb that EphA2 is highly expressed in platelet and liver
tissues. As antibody-based drugs show therapeutic effects related to affin-
ity and specificity for the respective antigen, the target protein needs to
display enriched expression in cancer tissues.

Against this background, we had identified EphA10 as being
expressed in many breast cancer tissues, but not in normal breast tis-
sues, using an antibody proteomics system {25]. EphA10 is a relatively
uncharacterized protein. The only finding known before our report
was that EphA10 is expressed in the testis at mRNA level {26]. Therefore,
EphA10 is a highly novel breast cancer-related protein. However, the
expression profile of EphA10 protein in normal and cancer tissues, as
well as function, must be clarified in order to determine its potential
as a drug target.

Here, we firstly showed EphA10 expression in various breast cancer
cases, including TNBC, with no expression observed in normal tissues
apart from testis. Furthermore, we investigated the potency of EphA10
targeted therapy through the use of an anti-EphA10 monoclonal anti-
body (mAb).
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2. Material and methods
2.1. Cell lines and culture

MDA-MB-435 and MDA-MB-436 cells were obtained from the
American Type Culture Collection (ATCC, Manassas, VA). Both cells
were cultured in Dulbecco's modified eagle medium (DMEM) with
10% fetal calf serum (FCS). Stably expressing EphA10 transfectant cells
(MDA-MB-435%PPA10) were established in our laboratory. In brief,
lentiviral particles encoding human EphA10 were prepared using
293T cells (ATCC, Manassas, VA) and infected into MDA-MB-435 cells
at a multiplicity of infection of 100. Stable EphA10 transfectants were
selected and maintained for growth in 10% FCS/DMEM medium con-
taining 8 pg/ml blasticidin. All cells were cultured at 37 °C in a humidi-
fied atmosphere of 5% CO,.

2.2. BrdU incorporation assay

MDA-MB-435, MDA-MB-435EP1A10 and MDA-MB-436 cells were
seeded at 5 x 10° cells/well in a 96-well cell culture plate and incubated
overnight. After 24 h ofstarvation in medium without FCS, EphrinA3-Fc,
EphrinA4-Fc and EphrinA5-Fc chimera recombinant proteins (R&D Sys-
tems Inc., Minneapolis, MN) or anti-EphA10 mAb were added and incu-
bated for 12 h. Cell proliferation was evaluated using a dedicated ELISA
kit which measures BrdU incorporation (Roche Applied Science,
Penzberg, Germany). For this assay, BrdU solution was added to those
cells being stimulated with EphA10 ligand and incubated for 2 h. After
cell fixation, POD-labeled anti-BrdU antibody was added and incubated
at RT for 90 min. After three washes, the level of BrdU incorporation was
determined by adding the substrate.

2.3. Development of anti-EphA10 mAb

BALB/c mice were immunized with EphA10-Fc chimera recombi-
nant protein (R&D Systems Inc., Minneapolis, MN) four times. After
the antibody titers for EphA10 were shown to be optimal by ELISA,
hybridoma cells were obtained by fusion of myeloma cells with immu-
nized spleen cells in the usual manner. Positive clones for EphA10 bind-
ing were selected by flow cytometry and ELISA methods.

2.4. Affinity evaluation as determined by surface plasmon resonance (SPR)

Protein interactions were evaluated using a BlAcore3000 system (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden). Anti-EphA10 mAbD or
each EphA10 ligand (EphrinA3-Fc, EphrinA4-Fc and EphrinA5-Fc) was
mixed in series of combinations with EphA10-Fc chimera recombinant
protein immobilized on a sensor chip CM5. The kinetic parameters of
these interactions were calculated using a single- or multi-cycle kinetic
analysis method.

2.5. Tumor accumulation analysis of anti-EphA10 mAb

Alexa Fluor 647-labeled Anti-EphA10 mAb or IgG2b isotype control
mAb was intravenously administered into xenograft mouse models
bearing MDA-MB-435FPhA10 or MDA-MB-435 at 200 pg/mouse. The
mice were then imaged daily (24-96 h) and associated fluorescent

intensity was measured using the OV110 in vivo observation system
(Olympus Corp., Tokyo, Japan). Tumor accumulation was quantified as
the ratio of mean fluorescent intensity in tumors compared to that
observed on the contralateral side skin. After 96 h of administration,
tumor tissues were isolated from dissected mice, and their mean fluo-
rescent intensity was measured.

2.6. Anti-EphA10 mAb treatment in a mouse xenograft model

A xenograft mouse model was constructed by orthotopic transplanta-
tion of MDA-MB-435%PM410, When the tumor size reached approximately
100 mm?, saline, anti-EphA10 mAb and control mAb were intraperitone-
ally administered twice a week (1 mg/mouse or 0.5 mg/mouse) or intra-
venously administered once a week (0.4 mg/mouse or 0.2 mg/mouse).
Tumor volume was assessed over time using the following formula —
tumor volume = LW?/2, where L is long diameter and W is the short
diameter. At day 47 (intraperitoneal administration) or day 53 (intrave-
nous administration), tumor tissues were isolated from dissected mice,
and their weights measured.

2.7. Statistical methods

All analyses were performed using GraphPad Prism 5 version
(GraphPad Software Inc,, La Jolla, CA). Student ¢ test or one-way ANOVA
test was used to compare the two or multiple groups, respectively. All
hypothesis testing were two-tailed with a significance level of <0.05.

3. Results

3.1. EphA10 was expressed in various subtypes of breast tumors, but not in
many types of normal tissues

We previously showed that EphA10 is preferentially expressed in
breast cancer compared to normal breast tissues. However, the expres-
sion profile of EphA10 has not been examined in relation to the various
subtypes of breast cancer as yet. Breast cancer patients are divided into
the following four therapeutically-relevant subtypes on the basis of
Her2, ER and PR expressions in tumor cells: luminal A (Her2 —, ER+
and/or PR+), luminal B (Her2 +, ER+ and/or PR +), Her2-enriched
(Her2 +, ER—, PR—) and TNBC (Her2—, ER—, PR—) [1,27]. In order
to comprehensively evaluate the utility of EphA10 as a drug target in
breast cancer, we firstly analyzed its expression profile within the
above-mentioned subtypes using tissue microarray (TMA) technology.
As determined by immunohistochemical (IHC) staining, EphA10
was seen to be specifically expressed in cancer cells from each sub-
type (Fig. S1 (A)). Moreover, assessment of staining images indi-
cated that the proportion of EphA10-positive tumors per subtype
was as follows: luminal A (54%), luminal B (68%), Her2-enriched
(64%) and TNBC (67%) (Table 1). These data suggest EphA10 as
an attractive target in breast cancer, particularly in relation to pa-
tients with TNBC which is under-served by current molecularly
targeted drugs.

In order to evaluate the specificity of EphA10 expression, we next
analyzed EphA10 protein levels in 36 types of normal tissues. IHC anal-
ysis of a normal human organ TMA showed EphA10 to be expressed in
testis tissues (Fig. S1 (B)). However, EphA10 expression was not

Table 1
EphA10 expression profile in four subtypes of breast cancer.
Positive cases(ratio) Negative cases (ratio) Total cases

Luminal A 22 (54%) 19 (46%) 41
Luminal B 25 (68%) 12 (32%) 37
Her2-enriched 16 (64%) 11 (36%) 27
TNBC 10 (67%) 5 (33%) 15
Total cases 73 (61%) 47 (39%) 120
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Table 2
Expression profile of EphA10 in various types of normal tissues.

Tissue Positive cases (ratio) Tissue Positive cases (ratio)

Adrenal grand 0/3 (0%) Nerve 0/3 (0%)
Bladder 0/3 (0%) Ovary 0/3 (0%)
Bone marrow 0/3 (0%) Pancreas 0/3 (0%)
Breast 0/3 (0%) Parathyroid gland 0/3 (0%)
Cerebellum 0/3 (0%) Pituitary 0/3 (0%)
Cerebral gray matter 0/3 (0%) Prostate 0/3 (0%)
Cerebral white matter 0/3 (0%) Salivary gland 0/3 (0%)
Colon 0/3 (0%) Skeletal muscle 0/3 (0%)
Esophagus 0/3 (0%) Skin 0/3 (0%)
Eye 0/3 (0%) Small intestine 0/3 (0%)
Head and neck 0/3 (0%) Spleen 0/3 (0%)
Heart 0/3 (0%) Stomach 0/3 (0%)
Kidney 0/3 (0%) Testis 3/3 (100%)
Larynx 0/3 (0%) Thymus gland 0/3 (0%)
Liver 0/3 (0%) Thyroid 0/3 (0%)
Lung 073 (0%) Tonsil 0/3 (0%)
Lymph node 0/3 (0%) Uterine cervix 0/3 (0%)
Mesothelium 0/3 (0%) Uterus 0/3 (0%)

observed in the other 35 kinds of normal tissues tested (Table 2). More-
over, we also confirmed the testis-specific expression profile of
EphA10 at the mRNA level via real-time quantitative PCR methods
(Fig. S2). Although a modest degree of EphA10 mRNA expression was
detected in colon, kidney and small intestine tissues, this was not
observed at the protein level by IHC staining (Table 2 and Fig. S1 (B)).
These data suggested that EphA10 is a highly specific tumor antigen.
Therefore, EphA10 is a potentially useful target for breast cancer includ-
ing TNBC on the basis of particular expression profiles.

3.2. Cell proliferation was promoted by EphA10 ligand stimulation and
inhibited by co-addition of anti-EphA10 mAb in vitro

Clarifying the role of EphA10 in cancer is essential for the develop-
ment of safe and effective drugs targeting this protein. In order to ana-
lyze its function in breast cancer, we generated cell lines ectopically
overexpressing EphA10 and compared the phenotype of these cells
versus the corresponding parental line. For this, we infected EphA10-
encoding lentiviral particles into MDA-MB-435 cells (which express a
low level of EphA10), generating transduced cells stably overexpressing
EphA10 (MDA-MB-435P"A19) (Fig. S3 (A)). The expression level of
EphA10 observed in certain clinical breast tumor tissues was similar to
that seen in MDA-MB-435P"10 cells (Fig. S3 (B)), suggesting that the
transduced cells were suitable for functional analysis of EphA10
in vitro. In order to analyze the effects of EphA10 signaling on tumor
cell proliferation, a key hallmark of malignancy, we compared the
rates of BrdU incorporation (a measure of DNA synthesis) between
MDA-MB-4355PM10 and parental cells following stimulation with the
EphA10 ligands, EphrinA3, EphrinA4 and EphrinA5. Addition of the
ligands to both cell lines significantly induced BrdU incorporation in a
dose-dependent manner in MDA-MB-4355PPA10 cells as compared to
MDA-MB-435 cells (Fig. 1(A) and (B)). Next, we evaluated the prolifer-
ative activity of breast cancer cells that endogenously express EphA10.
We examined EphA10 expression levels in three different breast cancer
cell lines by quantitative RT-PCR assay and found that MDA-MB-436,
TNBC cells, contained a moderate level of endogenous EphA10
(Fig. S4). Thus, we also performed a BrdU incorporation assay with
EphrinA3, A4 and AS5. As a result, Ephrin-dependent proliferation was
also observed in MDA-MB-436 cells (Fig. 1(C)). Furthermore, we also
confirmed the positive effects on proliferation mediated by EphA10 sig-
naling in MDA-MB-436 cells via WST-8 assay (data not shown). These
data suggested that EphA10 signaling may promote proliferation of
breast cancer cells.

In order to analyze the phenomenon in detail, we generated a first-
in-kind inhibitory anti-EphA10 mAb. Binding affinity studies showed

that mAD specifically bound to EphA10, but not to eight other EphA
family proteins (Fig. S5 (A)). Moreover, SPR analysis indicated that
the mAb displayed an affinity against EphA10 in the nanomolar
range (KD = 1.9 nM) (Fig. S5 (B)). Furthermore, flow cytometric anal-
ysis showed that the mAb reacted with MDA-MB-4355PPA10 byt not
with parental cells (Fig. S5 (C)). These data suggested that the anti-
EphA10 mAb had high specificity and affinity towards its target,
equivalent to that of existing antibody-based drugs such as trastuzumab
(KD = 1-5 nM) and bevacizumab (KD = 1.1 nM).

In order to evaluate the potential inhibitory effect on EphA10 signal-
ing, we added the anti-EphA10 mAb to the BrdU incorporation assay. As
a result, the rate of BrdU incorporation was significantly inhibited in
a group co-treated with EphA10 ligands and anti~-EphA10 mAb in
EphA10 transfectant cells (MDA-MB-4358PPA10) (Fig 1(D)~(F)) and
native TNBC cells (MDA-MB-436) (Fig. 1(G)~(I)). Consequently, inhibi-~
tion of EphA10 signaling via this antibody suppressed ligand-dependent
stimulation of tumor cell proliferation. These findings suggested that
EphA10 targeted therapy might have significant potency in a breast
cancer context.

3.3. Proliferation induced by EphA10 signaling may be mediated by p38
phosphorylation

In order to analyze the molecular mechanism underlying EphA10-
mediated proliferation, we focused on the mitogen-activated protein
kinase (MAPK) pathway, which is centrally involved in regulating cell
proliferation. In the case of many growth factor receptors, such as
epidermal growth factor receptor or vascular endothelial growth factor
receptor, cell proliferation is caused by promoting the phosphoryla-
tion of Erk1/2 {28-30]. Moreover, in some receptor classes, such as
transforming growth factor receptor or fibroblast growth factor recep-
tor, cell proliferation is caused by promoting the phosphorylation of
P38 [31,32]. Therefore, we compared the phosphorylation of Erk1/2 or
p38 in MDA-MB-435FPPA10 and parental cells following stimulation
with EphA10 ligands. Western blotting analysis showed that the degree
of phosphorylated Erk1/2 in both cell types essentially unchanged
following exposure to any of the EphA10 ligands (Fig. S6 (A)). Next,
we compared the extent of phosphorylated p38 between EphA10-
overexpressing and parental MDA-MB-435 cells. In this context, the
level of phosphorylated p38 in parental MDA-MB-435 cells was practi-
cally unchanged in response to any of the EphA10 ligands. On the other
hand, phosphorylated p38 levels in MDA-MB-4355PMA10 cells tended to
be elevated following stimulation with EphrinA3, A4 and A5 (Fig. S6
(B)). In order to reveal the relationship of p38 phosphorylation to
Ephrin-mediated effects on cell proliferation, we analyzed BrdU
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Fig. 1. BrdU incorporation analysis in relation to EphA10 signaling. After incubation of EphrinA3-Fc, EphrinA4-Fc or EphrinA5-Fc at a series of concentrations (white, gray or black bars
indicate 0, 0.25, 4 pg/ml, respectively) with (A) MDA-MB-435, (B) MDA-MB-4355P"1° or (C) MDA-MB-436 cells for 12 h, cell proliferation mediated by EphA10 was evaluated by mea-
suring the rate of BrdU incorporation (*: p <0.05 vs non-treatment group, one-way ANOVA). Moreover, (D) (G) EphrinA3-Fc, (E) (H) EphrinA4-Fc and (F) (1) EphrinA5-Fc (4 pug/ml) and/or
anti-EphA10 mAb (20 pg/ml) were incubated with (D)-(F) MDA-MB-435EPPA10 or (G)—(1) MDA-MB-436 cells for 12 h. Cell proliferation and inhibition effects were analyzed as
before (*: p <0.05 vs EphA10 ligand only group, one-way ANOVA). Error bars indicate the mean + S.D. (n = 4-6).

incorporation following Ephrin exposure plus/minus a p38 inhibitor
(SB203580). The results showed that the rate of BrdU incorporation

Table 3 was significantly inhibited in cells co-treated with the p38 inhibitor
Kinetic parameters of the interaction between EphA10 and its ligands. (Fig. S6 (C)). These data suggested that cell proliferation by
M- s ) kd (s KD (M) EphA10 signaling may be mediated via p38 phosphorylation.
EphrinA3 13 x 10° 19 x 1073 14 % 107° ; ; ; ;
EphrinAd 37 % 105 14 % 10-3 38 % 10-° 3.4. Affinity of EphA10 ligands, EphrinA3, A4 and A5 against EphA10
EphrinA5 10 x 10° 92x 1074 89 x1071°

I — - It has previously been reported that EphrinA3, A4 and A5 bind as
}(’S’;:;L‘Jc?a;g?rc:t:ge;ﬁ;fmeter is as follows. ligands to EphA10 [26]. However, the affinities of these ligands for
kd: dissociation rate constant. EphA10 have not been clarified as yet. In order to evaluate the potential
KD: equilibrium dissociation constant. difference in signal transduction activities caused by stimulation of
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Fig. 2. In vivo biodistribution of anti-EphA10 mAb in a xenograft mouse model. Alexa Fluor 647-labeled anti-EphA10 mAb or an isotype control mAb was intravenously administered
(200 pg/mouse) into a xenograft mouse model carrying EphA10-expressing tumors (n = 6). (A)-(X) Fluorescence was observed on a daily basis using a whole animal imaging system.
The panel on the extreme left and the adjacent panels are brightfield (day 2) and fluorescent (day 2, 3 and 4) images, respectively. The left- and right-hand mice in each image were treated
with Alexa Fluor 647-labeled control mAb and anti-EphA10 mAb, respectively. Arrows in each image indicate location of tumor tissues. WB, BF, FL and TU in the upper panel indicate whole
body, brightfield, fluorescence and tumor tissue, respectively. Iso and A10 indicate Alexa Fluor 647-labeled isotype control mAb treated mice and Alexa Fluor 647-labeled anti-EphA10
mAD treated mice, respectively. (Y)-(A]) At day 4, tumor tissues were isolated from dissected mice, with associated fluorescence measured. The left- and right-hand panels are brightfield
and fluorescent images of the tumor tissues, respectively. The right-hand bar chart indicates fluorescent intensity range. (AK) Tumor accumulation of anti-EphA10 mAb (#) and the control
mAD (@) was quantified as the ratio of fluorescence intensity observed at the tumor over that seen at the contralateral site skin. *p < 0.05 (t-test). (AL) Mean fluorescent intensity of each

tumor tissue was quantified. *p < 0.05 (t-test). Error bars indicate the mean & S.E.

various ligands, we calculated the kinetic parameters of particular inter-
actions. SPR analysis showed that all ligands bound to EphA10 with a
high affinity (KD value of the interaction between EphA10 and
EphrinA3; 1.4 nM, EphA10 and EphrinA4; 3.8 nM, EphA10 and
EphrinA5; 0.89 nM) (Table 3). Their affinities (EphrinA5 Z EphrinA3
> EphrinA4) tend to be correlated with the rate of BrdU incorporation.
These findings suggest that variation in EphA10 signaling activity and
associated cellular responses is due to the affinity of particular ligands
against EphA10.

3.5. Anti-EphA10 mAb accumulated in EphA10-expressing tumor tissues
in vivo

In order to evaluate the behavior of anti-EphA10 mAb in vivo, we
assessed its biodistribution in xenograft mice bearing EphA10-
expressing tumors. Alexa Fluor 647-labeled anti-EphA10 mAb or con-
trol mAb was intravenously injected into the mice, with fluorescence

assessed on a daily basis thereafter. In vivo images showed that fluores-
cence was non-specifically detected across the whole body of mice
treated with either the anti-EphA10 mAD or the control mAb at day 2.
At day 4, fluorescence accumulated more in the tumor tissues of anti-
EphA10 mAb-treated mice compared to the control mAb-treated mice
(Fig. 2 (A)-(X)). The ratio of fluorescent intensity of tumor tissues
against that seen in the contralateral site was practically unchanged in
the control antibody-treated group, while the ratio was increased with-
in the anti-EphA10 mAb-treated group at the same timepoint (Fig. 2
(AK)). Indeed, the mean fluorescent intensity of tumor tissues isolated
from dissected mice at day 4 was significantly stronger within the
anti-EphA10 mAb-treated group than in the control mAb-treated
group (Fig. 2 (Y)-(AJ) and (AL)). In order to validate the specificity
of anti-EphA10 mAb in vivo, we compared the accumulation of
anti-EphA10 mAb in MDA-MB-435 or MDA-MB-435FPhA10
xenograft model mice. As a result, the mAD significantly accumulated
in MDA-MB-435FPh410 tymor tissues compared to MDA-MB-435
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Fig. 3. In vivo anti-tumor effects of anti-EphA10 mAb in a xenograft mouse model. A xeno-
graft mouse model was generated by orthotopic transplantation of MDA-MB-435 EPhA10
cells. When tumors reached approximately 100 mm? in size, (A) (B) an isotype control
mAb (1.0 mg/mouse) (<) and anti-EphA10 mAb (0.5 (1) or 1.0 (M) mg/mouse) were
intraperitoneally administered twice a week. (C) (D) An isotype control mAb
(0.4 mg/mouse) (&) and anti-EphA10 mAb (0.2 (Z) or 0.4 (®) mg/mouse) were intra-
venously administered once a week. (A) (C) Tumor volumes were measured over time
and their growth ratio against the tumor volume at day 0 was compared with the control
mAD group (*p < 0.05, one-way ANOVA). (B) (D) Body weight change in mice treated
with the control mAb or anti-EphA10 mAb. Error bars indicate the mean + S.E. (n = 5-6).

tumor tissues (Fig. S7). Therefore, the anti-EphA10 mAb accumulat-
ed in EphA10-expressing tumor tissues, indicating its potential as an
anti-tumor therapeutic tool.

3.6. Anti-EphA10 mAb caused tumor growth suppression in vivo

In order to evaluate the biological effects of the anti-EphA10 mAb
accumnulated in tumor tissues, we intraperitoneally administered saline,
the anti-EphA10 mAb or the control mAb (1 mg/mouse) twice a week
into the same xenograft mouse model. Tumor volumes increased in
the saline- and the control mAb-treated groups. On the other hand,
tumor growth was significantly suppressed within the anti-EphA10
mAD treated group as compared to the other groups (Fig. S8 (A)).
Next, we administered the anti-EphA10 mAb (1 mg or 0.5 mg/mouse)
or the control mAb (1 mg/mouse). On the basis of volume measure-
ments, tumor growth was significantly suppressed in the case of the
anti-EphA10 mAb-treated mice, with this effect occurring in a dose-
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dependent manner (Fig. 3 (A)). We obtained tumor tissues from dissect-
ed mice at day 47 and measured the corresponding weights. In agree-
ment with volumetric analysis over time, tumor tissue weights were
less for the anti-EphA10 mAb-treated groups, with this occurring
again in a dose-dependent manner (Fig. S8 (B)). As the body weight
of the mice within the different groups was unchanged during the ad-
ministration (Fig. 3 (B)), indirect effects of mAb administration on
body weight loss were ruled out. Furthermore, we observed anti-
tumor effects via the same administration route (intravenous injection)
as used for the biodistribution studies, in a similar vein to that obtained
via intraperitoneal injection (Fig. 3 (C)-(D) and Fig. S8 (C)). Conse-
quently, the mAb accumulated in EphA10-expressing tumors and sig-
nificantly suppressed growth without any obvious adverse effects.
These findings suggest that EphA10 is a promising drug target poten-
tially useful for breast cancers including TNBC.

4. Discussion

EphA10, the most recent addition to the Eph family, is a relatively
uncharacterized protein. Thus, its potential as a molecular target has
been somewhat unclear. In this manuscript, we showed that EphA10
was specifically expressed in all subtypes of breast tumor tissues, in-
cluding TNBC, but is absent in normal tissues apart from testis. The pro-
portion of breast tumors expressing EphA10 is around 60% across all
subtypes. Therefore, EphA10 expression is independent of ER, PR and
Her2 status, suggesting that EphA10 targeted therapy could be utilized
as a monotherapy for TNBC cases or as a combination therapy with
anti-hormone and anti-Her2 drugs for luminal A, luminal B and Her2-
enriched cases, as relevant. Furthermore, a key clinical problem with
anti-hormone and anti-Her2 treatments is frequently tolerance to ther-
apy over time [33-36]. Therefore, EphA10 targeted therapy may also be
potentially useful in such resistant cases.

We next found that EphA10 signaling promoted DNA synthesis,
which was dependent on stimulation by EphA10 ligands. However, clar-
ification of the mechanism involved is needed. In order to elucidate the
mechanistic basis underlying the interaction between EphA10 and its
corresponding ligands, we examined the expression of particular
ligands in tumor tissues in the context of proximity to EphA10. For
this, breast cancer tissue derived from the same patient was immuno-
stained with the mAbs against EphrinA3, A4 or A5. IHC staining revealed
that all of the ligand molecules were expressed by the breast cancer cells
in a similar fashion to that observed with EphA10 (Fig. S9 (A)). More-
over, their ligands were also expressed in MDA-MB-435EPhA10 cel[s
(Fig. S9 (B)). Therefore, one possibility is that EphA10 may be activated
via its ligands by direct tumor cell-tumor cell contacts in breast cancer
patients or MDA-MB-435EP"A10 xenograft model mice. In future studies,
it will be of interest to investigate whether anti-EphA10 can suppress
signal transduction by intact Ephrins which exist on the cell membrane,
as opposed to free form.

Finally, we developed a novel anti-EphA10 mAbD as a therapeutic
tool, showing it to accumulate in EphA10-positive tumor tissues and
capable of mediating significant tumor growth suppression both
in vitro and in vivo. As mentioned previously, the target protein for
antibody-based drugs commonly needs to be specifically expressed in
cancer tissues, so as not to cause severe adverse events in off-target tis-
sues. We confirmed that while the anti-EphA10 mAb is also able to
cross-react with mouse EphA10 (Fig. S4 (D)), the mAD tended to be
restricted to tumor compared to normal tissues (Fig. 2). These data
are consistent with the pattern of EphA10 protein expression observed
in normal human organs (Table 2), further suggesting that the anti-
EphA10 mAb could have potential as a safe drug.

Moreover, the mechanism by which the anti-EphA10 mAb inhibits
ligand stimulated-proliferation is also interesting. Fig. S4 (E) showed
that mAD recognized the fibronectin [II (FNIII) domain within the extra-
cellular region of EphA10, an area which consists of the ligand binding
(LB) domain and the FNIII domain |[6]. It has been suggested that the
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FNIII domain plays an important role in the dimerization and activation
of receptors [37-39]. Therefore, the inhibitory effects on proliferation
may be due to reduced receptor dimerization, as opposed to competi-
tive inhibition in respect to ligand binding. Recently, pertuzumab, a
new class of anti-Her2 mAb, has demonstrated powerful and extensive
anti-tumor effects in breast cancer patients by inhibiting not only
homo-dimerization but also hetero-dimerization such as Her2-Her3 in-
teractions [40,41]. It is also reported that certain Eph family members,
such as EphA2 and EphB6, dimerize with other receptors, activate can-
cer cells and promote malignancy [10,42]. Taken together, our first-in-
class anti-EphA10 mADb might have the same potency. On the other
hand, it is known that Eph receptor/Ephrin signaling is associated
with cancer metastasis [18--20]. We also reported that expression of
EphA10 is related to lymph node metastasis in breast cancer patients
[43]. It may, thus, be of interest in future work to elucidate the role of
EphA10 in tumor metastasis, as well as possible therapeutic targeting
of same via anti-EphA10 mAbD.

5. Conclusions

EphA10 was specifically expressed in various subtypes of breast
cancer tissues, but not within most normal tissues. Moreover, EphA10
promoted cell proliferation following ligand stimulation. Conversely,
an in-house developed anti-EphA10 mAb inhibited tumor proliferation
significantly at both in vitro and in vivo levels. These data should contrib-
ute to the development of novel drugs against refractory breast cancers,
including TNBC.
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ARTICLE INFO ABSTRACT

Article history:

The EPH receptor A10 (EphA10) is up-regulated in breast cancer but is not normally expressed in healthy
tissue, thus it has been suggested that EphA10 may be a useful target for cancer therapy. This study
reports a diabody, an antibody derivative binding two different target molecules, EphA10 expressed in
tumor cells and CD3 expressed in T cells, which showed T cell dependent-cytotoxicity. The diabody,
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Kf?yWO_rdS-' ] which has His-tagged and FLAG-tagged chains, was expressed in Escherichia coli and purified in both
Bispecific antibody heterodimer (Db-1) and homodimer (Db-2) formulations by liquid chromatography. Flow cytometry
EDIIJ?::fg analysis using EphA10-expressing cells showed that binding activity of heterodimers was stronger than

D3 that of homodimers. Addition of diabodies to PBMC cultures resulted in T-cell mediated redirected lysis,
and the bioactivity was consistent with the stronger binding activity of heterodimeric diabody
formulations. Our results indicate that diabodies recognizing both EphA10 and CD3 could have a range
of potential applications in cancer therapy, such as breast cancers that express the EPH receptor A10,

Redirected T cell response

especially triple negative breast cancer.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The EPH receptor A10 (EphA10) {1}, known as an ephrin recep-
tor family protein, is known to be involved in cancer progression.
The roles of EphA10 in cancer have not yet been fully elucidated
{21, although it has been shown to be a contributing factor in tumor
progression and invasion and has been associated with enhanced
tumorigenic properties and reduced survival times in breast carci-
noma. Its expression in normal human tissue seems to be confined
to the testis {1} and it is up-regulated in several cancers including
prostate cancer |31, ovarian cancer and breast cancer {4.%. EphA10
transcripts are absent in normal prostate and breast cells but are
present in cancer cells of prostate and breast, respectively. Inter-
estingly, high levels of EphA10 are found in the context of triple

* Corresponding author at: Laboratory of Biopharmaceutical Research, National
Institute of Biomedical Innovation, 7-6-8 Saito-Asagi, Ibaraki, Osaka 567-0085,
Japan. Fax: +81 72 641 9817
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0 (S.-1. Tsunoda).

! These authors contributed equally. to the work.

negative breast cancers (TNBCs) {% 1. Targeting EphA10 by blocking
EphA10-dependent activation of the MAPK pathway has resulted
in tumor growth inhibition in vivo. Therefore, EphA10 has emerged
as a promising target for antibody therapies, while the exact func-
tions and mechanism of action of EphA10 in normal physiology or
in pathological conditions remain to be determined.

Creating bispecific antibodies (BsAbs), which are capable of
simultaneous binding to two different targets, could overcome
many defects of monoclonal antibody therapies {#i. Such mole-
cules would be able to retarget not only a large variety of cancer
cells but other cell types as well, such as lymphocytes
potential of this approach has been demonstrated by several stud-
ies and large amounts of heterogeneous BsAbs have been produced
using techniques of molecular biology. In particular, a diabody,
which is a kind of BsAb, is constructed from non-covalently associ-
ated bivalent molecules, created from scFvs by shortening the
polypeptide linker between the VH and VL domains { i -7 % 1. These
antibody derivatives may be used as therapeutic drugs to treat can-

cer and blood coagulation diseases.
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Antibodies that react specifically with EphA10 could have diag-
nostic and therapeutic utility, particularly if they show functional
blocking activity. Towards this end, we previously created murine
IgG reactive with EphA10 {3}. This anti-EphA10 antibody, in full
IgG format, showed anti-tumor activity against breast cancer
model mice, however, the effect of BsAb against EphA10-express-
ing cells was not clear. Here we describe the development of an
anti-EphA10 and CD3 BsAb in diabody format. The bivalent nature
of diabodies is advantageous for targeting and they provide a flex-
ible platform for development of targeted therapeutics. The anti-
EphA10 and CD3 diabody showed cytotoxicity in vitro against
EphA10-expressing cells.

2. Materials and methods
2.1. Cell lines and culture

Hybridoma 38.1 (mouse Hybridoma HB-231) and MDA-MB-435
(human breast cancer cell line HTB-129) cells were obtained from
American Type Culture Collection (ATCC, Rockville, MD) and
cultured under the recommended conditions. Human cells that
overexpressed EphA10, MDA-MB-435 (MDA-MB-435EPh410) were
established in our laboratory. In brief, a lentiviral vector encoding
human EphA10 was transfected into MDA-MB-435 cells and stably
transfected cells were obtained by Blasticidin (Invitrogen) selec-
tion. A hybridoma producing anti-EphA10 IgG was established
from splenocytes of a human EphA10-immunized mouse by fusion
with a mouse myeloma line.

2.2. Cloning of variable (V) immunoglobulin domains

The genes of V light-chain (VL) and V heavy-chain (VH) domains
from each hybridoma were subcloned using 5/-Full RACE kits
(Takara Bio, Kyoto, Japan). The amplified DNA was directionally
subcloned into a plasmid vector using the TOPO TA cloning kit
(Invitrogen) and sequenced using a 3130xl Genetic Analyzer
(Applied Biosystems, Carlsbad, CA).

2.3. Vector construction

The vectors to express the bispecific antibody or single chain Fv
(scFv), respectively, were constructed as described previously {14
The primer sequences are shown in Tziie 1. To construct the co-
expression vector, two additional restriction sites (Sacll, Spel) were
inserted into the pET20b vector (Invitrogen) and the new vector
was named pET20b (SS+). The E. coli TOP10 strain (Invitrogen)
was used to subclone target genes. To obtain a scFv A (EphA10-
VL-Linker-CD3-VH) and a scFv B (CD3-VL-Linker-EphA10-VH),
the corresponding VL and VH regions were cloned into separate

Table 1

vectors as templates for VL- and VH-specific PCR using the primer
pairs 5 Ncol-VL (hEphA10 or hCD3)/3’ VL (hEphA10 or hCD3)-
Linker and 5 Linker-VH (hEphA10 and hCD3)/3’ VH (hCD3)-Notl
(scFv A) or 3’ VH (hEphA10)-FLAG tag (DYKDDDDKA) Xhol (scFv
B), respectively. Overlapping complementary sequences were
introduced into the PCR products, which combined to form the
coding sequence of the 5-amino acid (G4S) Linker during the sub-
sequent fusion PCR. This amplification step was performed with
the primer pair 5’ Ncol-VL (hEphA10 or hCD3)/3’ VH (hCD3)-Notl
(scFv A) or 3' VH (hEphA10)-FLAG tag Xhol (scFv B), and the result-
ing fusion product was cleaved with the restriction enzymes Ncol
and Notl (scFv A) or Xhol (scFv B), then cloned into the pET20b
(SS+) vector (scFv A) and pET20b vector (scFv B). Next, to construct
the bispecific antibody (diabody) expression vector, the previously
described scFv B vector was used as a template for scFv-specific
PCR with the primer pair 5 Sacll-pelB/3’ FLAG-tag-stop-Spel. The
PCR product was cleaved with the restriction enzymes Sacll and
Spel, then cloned into the pET20b (SS+) scFv A vector (pET20b
(SS+) diabody).

2.4. Expression and purification of the diabody

In order to express the bispecific diabody, plasmid pET20b (S5+)
diabody was transformed into E. coli BL21 (DE3) Star (Invitrogen).
Escherichia coli cells containing the recombinant plasmids were
inoculated into 3 ml of 2XYT medium containing 1 mg/ml ampicil-
lin. Overnight cultures were transferred to 300 ml of fresh medium
and were grown at 37 °C until they reached an Aggo = 0.8. Isopro-
pyl-p-p-thiogalactopyranoside (IPTG) was added to a final concen-
tration of 0.5 mM and the cultures were further grown overnight at
20°C. E. coli cells were collected by centrifugation (8000g for
20min at 4°C) and re-suspended in Osmotic Shock buffer
(20mM Tris-HCl, pH 8.0, 0.5M sucrose, and EDTA added to
0.1 mM final). After 1 h incubation at 4 °C, the cells were shocked
by adding ice water and then centrifuged (8000g for 30 min at
4°C). The diabody-containing supernatant was brought to 60%
ammonium sulfate and stirred gently overnight. The diabody was
precipitated by centrifugation (8000g for 30 min at 4 °C). The pro-
tein pellet was resuspended in phosphate-buffered saline (PBS)
buffer and dialysed exhaustively against PBS at 4 °C.

After dialysis, the diabody was purified by immobilized metal
affinity chromatography (IMAC). The diabody was eluted using
150 mM imidazole/PBS (Db-1 Elution) and 300 mM imidazole/
PBS (Db-2 Elution) buffers. Each fraction was subjected to gel
filtration chromatography with a Superdex200 prep grade column
(GE Healthcare, Little Chalfont Bucks, UK) equilibrated in PBS. SDS-
PAGE and Western blot analysis with an anti-His or anti-FLAG tag
antibody were performed to detect and confirm the size and purity
of the diabody-containing fractions. Purified proteins were concen-
trated in PBS by ultrafiltration with a Centriprep® 30K or 50 K

Oligonucleotide sequences of PCR primers used for construction of diabody (EphA10/CD3) vector.

Primer

Nucleotide sequence (5'-3')*

5’ Ncol-VL (hEphA10)

3’ VL (hEphA10)-Linker

5’ Linker-VH (hEphA10)

3’ VH (hEphA10)-FLAG-Xhol
5/ Ncol-VL (hCD3)

3’ VL (hCD3)-Linker

5" Linker-VH (hCD3))

3’ VH (hCD3)-Notl

5’ Sacll-pelB
3’ FLAG-tag-stop-Spel

NNNCCATGGCCAGTTTTGTGATGACCCAGACTCCC
CTGGCTACCACCACCACCAGCCCGTTIGATTTCCAGCTTGGT
GAAAGGTGGTGGTGGTAGCCAGGTTCTGCTGCAGCAGTCT
NNNCTCGAGTCATCAGGCCTTGTCATCGTCATCCTTGTAGTCTGAGGAGACGGTGACTGAGGTT

NNNCCATGGCCCAAATTGTTCTCACCCAGTCTCCAG
CTGGCTACCACCACCACCTTTCAGCTCCAGCTTGGTCCC
GCTGGTGGTGGTGGTAGCCAGGTCCAGCTGCAGCAGT

NNNGCGGCCGCTGAGGAGACGGTGACTGAGGTT
NNNCCGCGGATGAAATACCTGCTGCCGACCG
NNNACTAGTTCATCAGGCCTTGTCATCGTCATC

2 The restriction enzyme site is underlined.
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