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Expression of the receptor tyrosine kinase ephrin receptor A10
(EphA10), which is undetectable inmost normal tissues except for
the male testis, has been shown to correlate with tumor progres-
sion and poor prognosis in several malignancies, including triple-
negative breast cancer (TNBC). Therefore, EphA10 could be a
potential therapeutic target, likely with minimal adverse effects.
However, no effective clinical drugs against EphA10 are currently
available. Here, we report high expression levels of EphA10 in
tumor regions of breast, lung, and ovarian cancers as well as in
immunosuppressive myeloid cells in the tumor microenviron-
ment. Furthermore, we developed anti-EphA10 monoclonal an-
tibodies (mAbs) that specifically recognize cell surface EphA10,
but not other EphA family isoforms, and target tumor regions
precisely in vivo with no apparent accumulation in other organs.
In syngeneic TNBC mouse models, we found that anti-EphA10
mAb clone #4 enhanced tumor regression, therapeutic response
rate, and T cell–mediated antitumor immunity. Notably, the
chimeric antigen receptor T cells derived from clone #4 signifi-
cantly inhibited TNBC cell viability in vitro and tumor growth
in vivo. Together, our findings suggest that targeting EphA10 via
EphA10mAbs and EphA10-specific chimeric antigen receptor–T
cell therapy may represent a promising strategy for patients with
EphA10-positive tumors.
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Triple-negative breast cancer (TNBC) is an aggressive sub-
type of breast cancer defined by the lack of estrogen receptor
(ER), progesterone receptor (PR), and human epidermal
growth factor 2 (HER2) expression. Prognosis in patients with
advanced TNBC remains poor, in part due to the limited
number of effective therapeutic options. In addition, the high
risk of recurrence and resistance to chemotherapy in TNBC
remains a substantial clinical challenge. Thus, a novel thera-
peutic strategy for patients with TNBC is considered an unmet
medical need (1, 2).

Preclinical and clinical data suggest that antitumor im-
munity is a critical determinant of outcome in TNBC.
Specifically, higher quantities of tumor-infiltrating cytotoxic
T lymphocytes (CTLs) have been associated with response
to chemotherapy and improved survival in TNBC, suggest-
ing that modulating the tumor microenvironment (TME) is
a promising therapeutic strategy in TNBC (3, 4). Indeed,
antiprogrammed cell death 1/ligand 1 (anti-PD-1/-L1) im-
mune checkpoint therapy improves survival when used in
combination with chemotherapy in patients with PD-L1–
positive TNBC (5). However, most patients with advanced
TNBC do not benefit from anti-PD-L1 therapy, possibly
because of the heterogeneity and heavy N-linked glycosyla-
tion of PD-L1 (6–8). Notably, PD-L1 levels in about 40 to
50% of cancer patients are underestimated as false-negative,
as evidenced from immunohistochemistry (IHC) by sample
deglycosylation (8, 9). Thus, novel therapeutic strategies
aimed at augmenting antitumor immunity are urgently
needed.
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EphA10 mAbs and the derived CAR-T inhibit TNBC tumor growth
Ephrin receptors (Ephs), the largest subfamily of receptor
tyrosine kinases, are known to modulate cell–cell signaling by
interacting with cells’ membrane-bound ephrin ligands on
neighboring cells (10, 11), thereby regulating tissue organiza-
tion, vascular development, and progression of many diseases
including cancer (12, 13). The Eph genes were initially iden-
tified in several human carcinomas, and many oncogenic
processes such as tumor initiation, metastasis, and angiogen-
esis depend on Eph–ephrin signaling (14, 15). Ephrin receptor
A10 (EphA10), a member of the Eph subfamily, is not
expressed in normal human adult tissue except in the testis
(16, 17). In contrast, EphA10 expression is common in ma-
lignant cells across histology of various tumors and has been
associated with poor prognosis in patients with breast, pros-
tate, and gallbladder cancers (17–21). In human breast cancer
specimens, expression of EphA10, as assessed by IHC, has
been significantly correlated with lymph node metastasis and
higher tumor stage (22). The association between EphA10 and
poor prognostic indicators as well as its limited expression in
normal cells suggests that it is a potentially important driver of
the malignant phenotype, making it an attractive target in
cancer therapy. Interestingly, higher EphA10 expression has
been associated with increased PD-L1 expression and immu-
nosuppression (23). The role of EphA10 in antitumor immu-
nity are limited and worthwhile to pursue.

In this study, we generated monoclonal antibodies (mAbs)
with high specificity for EphA10 in vivo. In syngeneic mouse
models of TNBC, targeting EphA10 with these therapeutic
mAbs markedly inhibited tumor progression and enhanced
CTL-mediated antitumor immunity without significant
toxicity. In addition, EphA10-specific chimeric antigen re-
ceptor (CAR)-T cell-based therapy was also shown to effec-
tively suppress tumor development. Our work provides key
data in support of augmenting antitumor immunity in TNBC
by targeting EphA10 with newly developed therapeutic mAbs
and CAR-T therapy.
Results

EphA10 is highly expressed in cancer cells and
immunosuppressive myeloid cells at the tumor region

EphA10 has been suggested to be an ideal target for TNBC
since a mAb against EphA10 suppresses tumor growth in a
xenograft MDA-MB-435 mouse model (17). Notably, results
from a syngeneic 4T1 TNBC mouse model further clarified
that genetically blocking EphA10 via a CRISPR–Cas9
knockout system reduces tumor growth and enhances CTL-
mediated antitumor immunity (23), strongly suggesting that
targeting EphA10 is potentially valuable in cancer therapy.
Currently, however, no therapeutic antibodies used in the
clinic specifically recognize EphA10, which prompted us to
generate anti-EphA10 mAbs that can block the function of
EphA10 to promote antitumor immunity in the presence of a
functional immune system.

In addition to its role in promoting TNBC, EphA10 upre-
gulation has been shown to promote tumorigenesis in other
types of cancer, such as pancreatic (19) and prostate (20)
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cancers. Indeed, results from The Cancer Genome Atlas RNA-
sequencing database showed that the EphA10 mRNA level was
significantly higher in tumor tissues than in normal controls in
all breast invasive carcinoma subtypes, including basal-like
TNBC (Fig. S1), lung adenocarcinoma, pancreatic adenocar-
cinoma, prostate adenocarcinoma, stomach adenocarcinoma,
and thyroid carcinoma (Fig. 1A). We also examined protein
levels of EphA10 in breast, lung, and ovarian cancers with use
of human tissue microarray by IHC staining and found that
levels of EphA10 expression in the tumor regions of all three
cancer types were significantly higher than levels in the normal
tissues adjacent to the tumors (Fig. 1B). Considering that
EphA10 expression is absent in normal tissues except in the
male testis (17), researchers theorized that EphA10–based
targeted therapy would be more beneficial for female patients
with breast cancer and have fewer adverse effects (23). Also of
note, IHC results that were obtained in ovarian cancer were
similar to those in breast cancer, and EphA10 expression was
significantly higher in tumor regions than in normal tissues
(Fig. 1B).

Consistent with these histological findings, EphA10 expres-
sion appears to be regulated by the TME. Basal levels of EphA10
expression were very low in in vitro culture (Fig. S2_negative
control) and sphere culture conditions without TME
(Fig. 1C_sphere), but EphA10 levels were highly elevated in
tumors with TME (Fig. 1C_tumor). Several studies have sug-
gested that epigenetic crosstalk between TME and cancer cells
(24, 25). Interestingly, EphA10 expression was largely increased
by treatment with epigenetic modulators such as 5-aza and TSA
(Fig. S2). Collectively, EphA10 expression could be epigeneti-
cally inhibited in normal tissue except testis and epigenetic
suppression of EphA10may be released by TME. A future study
is warranted to investigate the epigenetic regulatorymechanism
of EphA10 expression by TME. This characteristic of EphA10
expression provides a great advantage for EphA10 therapy in
tumor-specific targeting.

Along with EphA10 being detected on tumor cells, we
wondered whether EphA10 is also expressed on immune cells
within the TME, which might contribute to its role in cancer
immune evasion. To explore this possibility, we performed
immunofluorescence (IF) staining with specific antibodies that
recognize target antigens for EphA10 (green), tumor-
infiltrating T cells (CD3 in red), and immunosuppressive
myeloid cells (26) including tumor-associated macrophages
(TAMs in magenta; F4/80 in blue and CD163 in red) and
myeloid-derived suppressor cells (MDSCs in magenta; CD11b
in blue and Gr-1 in red) (Fig. 1D). EphA10 co-localized with
TAMs and MDSCs, as indicated by merged signals (lower two
panels in white, Fig. 1D), but not with T cells (white circles in
the top panel, Fig. 1D). Both TAMs and MDSCs are well
known to suppress antitumor immunity (27, 28). Taken
together, EphA10 was highly expressed in tumor regions as
well as in some immune cell populations such as TAMs and
MDSCs and targeting EphA10 by an EphA10 therapeutic
antibody in these EphA10-positive malignancies, including
breast cancer, may lead to effective cancer treatments through
the restoration of antitumor immune surveillance.



Figure 1. EphA10 is highly expressed in cancer cells and immunosuppressive myeloid cells at the tumor region. A, TCGA database analysis of EphA10
RNA expression in normal and tumor regions of breast invasive carcinoma (BRCA), lung adenocarcinoma (LUAD), pancreatic adenocarcinoma (PAAD),
prostate adenocarcinoma (PRAD), stomach adenocarcinoma (STAD), and thyroid carcinoma (THCA). B, plots of IHC scores (left) and representative images of
IHC staining (right) of EphA10 protein expression with anti-EphA10 #8 antibody in adjacent or normal tissues and tumor regions from human patient
samples of breast cancer (n = 11, Biomax, #BR251), lung adenocarcinoma (n = 50, Biomax, #LC1504), and ovary cancer (n = 40, Biomax, #OV801a). Original
magnification, ×400. C, IF staining of EphA10 expression with anti-EphA10 #4 antibody in sphere-cultured 4T1-GFP cell mass and 4T1-GFP tumor. N= 18 (18
position of sphere sample, 3 position per a tumor from 6 mice). Unit: 214m × 214m = 45,796 μm2. D, IF staining of EphA10 expression with anti-EphA10 #4
antibody in the indicated immune cell populations in the TME, including T cells (CD3+), tumor-associated macrophages (TAMs, F4/80+ and CD163+), and
myeloid-derived suppressor cells (MDSCs, CD11b+ and Gr-1+). Circles indicate the location of T cells (red), not merged with EphA10 (green) in tumor regions.
Scale bar, 100 μm, magnified: 20 μm. Error bars represent mean ± SD. 0.01<*p <0.05, 0.001<**p < 0.01, ***p < 0.001, unpaired t test. EphA10, Ephrin
receptor A10; IHC, immunohistochemistry; IF, immunofluorescence; TME, tumor microenvironment.

EphA10 mAbs and the derived CAR-T inhibit TNBC tumor growth
Generation and validation of mAbs targeting EphA10
To generate and validate mAbs targeting EphA10, we used

hybridoma technology (29, 30) (Fig. 2A). First, BALB/c mice
were immunized with the extracellular domain (ECD) of re-
combinant human EphA10 (huEphA10) Fc chimera protein
derived from NS0 cells (Fig. 2B). After the initial immunization
with purified huEphA10 ECD-Fc fusion protein to provoke an
immune response, mice then received a booster injection with
L cells expressing huEphA10 by a whole-cell immunization
method, which maintains the intact structure of antigens with
native conformation and modification during antibody selec-
tions (31). After completing the immunization and boosting
J. Biol. Chem. (2022) 298(4) 101817 3



Figure 2. Generation and validation of monoclonal antibodies targeting EphA10. A, workflow for generating and validating EphA10 mAbs. Key ac-
tivities at each stage are listed in the text boxes. B, antigen source from recombinant human EphA10 Fc chimera protein derived from NS0 mouse myeloma
cells. C, determination of the IgG isotypes of anti-EphA10 clones #4, #8, and #9. Cont, control; N, negative; P, positive; HC, heavy chain; LC, light chain. D,
ELISA of binding affinity of the indicated antibodies toward a series of EphA family member proteins. Negative control, no protein added (–) or Cont Fc
protein. E, representative images (left) and quantification (right) of flow cytometry analysis measuring fluorescence intensity of the indicated antibodies in
BT-549 cells expressing huEphA10 or mock control. Isotype serves as a negative control. F, IF staining of EphA10 expression with the indicated antibodies in
BT-549 cells expressing huEphA10 or mock control. Anti-His antibody was applied as a positive control. Scale bar, 50 μm. G, binding affinity (KD) analysis of
mIgG1 and anti-EphA10 clone #4 by Octet. H, Left, representative images of in vivo antibody chasing assay using anti-EphA10 antibodies and IgG1 as a
negative control. Signal intensity and location of the indicated antibodies labeled with Alexa-647 fluorescence dye were examined with use of the IVIS
spectrum system at days 3 and 6 after intraperitoneal injection in nude mice bearing huEphA10-expressing MDA-MB-231 cells. Right, quantification of signal
intensity of anti-EphA10 antibodies at the indicated time points. I, representative images of tumors and organs by in vivo antibody chasing assay, which
were dissected at day 6 after injection of anti-EphA10 antibody into nude mice bearing both naïve MDA-MB-231 cells (left) and huEphA10-expressing MDA-
MB-231 cells (right). J, representative images of tumors and organs by in vivo antibody chasing assay, which were dissected at day 6 after injection of anti-
EphA10 antibody into female and male nude mice bearing huEphA10-expressing MDA-MB-231 cells. Circles indicate no signal in the testes in male mouse.
Error bars represent mean ± SD. *p < 0.05, unpaired t test. ECD, extracellular domain; EphA10, Ephrin receptor A10; ELISA, enzyme-linked immunosorbent
assay; Flow, flow cytometry; IF, immunofluorescence; IgG, immunoglobulin G; MFI, mean fluorescence intensity.

EphA10 mAbs and the derived CAR-T inhibit TNBC tumor growth
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EphA10 mAbs and the derived CAR-T inhibit TNBC tumor growth
steps, we isolated the responding B cells from the spleen and
fused them with immortalized myeloma cells, producing large
numbers of hybridoma clones that persistently secreted the
desired anti-EphA10 mAbs.

Among 1000 hybridoma clones, we selected the ones
through the first screening that recognized huEphA10 ECD-Fc
and L cells expressing huEphA10 proteins but not Fc proteins
only. As validated by the sequential second and third screening
of biological activity assays, e.g., flow cytometry, IF, enzyme-
linked immunosorbent assay (ELISA), and in vivo antibody
chasing assay, we selectively obtained three candidates, clones
#4, #8, and #9, with high antigen specificity for EphA10
(Fig. 2A). Because EphA10 is highly conserved in species be-
tween human and mouse with 91% identity at the amino acid
level (16), we also functionally selected the candidate clones
from the first screening that recognized not only the intact
human but also mouse EphA10 ECD; this would allow the
mAbs to be tested in the mouse tumor models.

For choosing an appropriate strategy for antibody purifica-
tion, we characterized the candidates’ isotypes of immuno-
globulin G (IgG) and determined their heavy and light chains
to be the IgG1 and Kappa subclasses, respectively (Fig. 2C).
Next, we performed a plate–based ELISA to assess the binding
affinity of candidate clones to EphA10 as well as to other EphA
family members (EphA1−EphA8) known to share a similar
architecture with EphA10 (32) and found that they were spe-
cifically bound to EphA10, not to other isoforms (Fig. 2D).
Furthering the validation of these anti-EphA10 antibodies, we
examined their fluorescence intensity by a flow cytometry–
based assay to evaluate their recognition abilities bound to
cell-surface EphA10 between BT-549 cells expressing huE-
phA10 and mock control (Fig. 2E, left). Statistical significance
was observed in all three candidates compared with the iso-
type, whereas a higher fluorescence intensity was observed in
clones #4 and #9 than in clone #8 (Fig. 2E, right). Similar cell
membrane–bound results were obtained by IF since all three
candidates had the ability to recognize the intact structure of
EphA10 on the cell surface; among them, clones #4 and #9
displayed stronger fluorescence intensity than did clone #8
(Fig. 2F). Further flow cytometry–based analysis using 293T
cells expressing mouse EphA10 and mock showed that these
anti-EphA10 antibodies were also able to recognize mouse
EphA10 (Fig. S3). To determine the kinetics of binding affinity,
octet analysis was performed. mIgG1 did not bind EphA10
antigen, whereas clone #4 showed binding stability with spe-
cific binding and slow dissociation at serial concentrations of
antigen (Fig. 2G).

Finally, to evaluate the half-lives and the targeting regions of
these anti-EphA10 candidate clones in vivo, we labeled anti-
EphA10 clones with Alexa-647 fluorescent dye and performed
an antibody chasing assay in nude mice bearing huEphA10-
expressing MDA-MB-231 tumors (Fig. 2, H–J). The fluores-
cence signals of these clones were maintained in tumors for
6 days without reduced intensity (Fig. 2H), suggesting that these
anti-EphA10 antibodies exhibited similar pharmacokinetics
within a normal range comparable to that of other IgG1 thera-
peutics antibodies in a mouse model (33). Of note, the signals of
EphA10 mAb accumulated specifically in regions of tumor ac-
cording to EphA10 levels (Fig. 2I), not other organs isolated from
both female andmale tumor-bearingmice (Fig. 2J). Collectively,
through a series of characterization and validation of the
generated hybridoma clones, anti-EphA10 mAbs #4, #8, and #9
exhibited the potential to develop therapeutic antibodies spe-
cifically targeting EphA10 in varying degrees.
Anti-EphA10 antibody therapy inhibits tumor progression in
syngeneic TNBC models

To evaluate the therapeutic efficacy of the above-generated
anti-EphA10 antibodies in a syngeneic tumor system, 4T1
TNBC cells were implanted into the mammary fat pad of
immunocompetent BALB/c mice, followed by injection of the
individual clone #4, #8, #9, or IgG as a negative control
(150 μg/mouse); the tumor volume was measured and graphed
as a continuous variable in a waterfall plot (Fig. 3A). In 4T1
tumor-bearing mice, treatment with either anti-EphA10 clone
impaired tumor growth, compared with the IgG control, with
more potent effects from clone #4 than from clones #8 and #9
(Fig. 3A); the overall health of the mice appeared good during
the course of treatment since the body weight did not change
significantly (Fig. S4). Notably, among the three candidate
clones, mice that received clone #4 had the most improved
response rate under the therapeutic categories of stable disease
and partial response/complete response (34) (Fig. 3A, bottom;
40% for clone #4 versus 10% for clone #8 or #9). Accordingly,
we further validated antigen–antibody specificity on clone #4
by comparing its therapeutic efficacy between two doses of
treatment (150 and 300 μg/mouse) (Fig. 3,B− E).

Consistent with previous results (Fig. 3A), lower-dose
treatment with clone #4 (150 μg/mouse) in 4T1 tumor-
bearing mice led to smaller tumor size and a higher
response rate than did the IgG control treatment (Fig. 3B).
Strikingly, results from the waterfall plot analysis showed that
mice treated with a higher dose of clone #4 had a better
response rate than did those that received a lower dose
(Fig. 3B, bottom; 87.5% and 50%, 300 μg and 150 μg, respec-
tively). Based on the mouse tumor measurements, including
the representative images displayed, higher-dose treatment
with clone #4 tended to more inhibit tumor volume and tumor
weight, compared with lower-dose treatment (Fig. 3, C and D),
suggesting that anti-EphA10 clone #4 dose-dependently may
exert its therapeutic efficacy to inhibit tumor progression. In
addition, both doses of clone #4 resulted in good overall health
in the mice across treatment as their body weight did not
significantly differ from that of the IgG control mice (Fig. 3E).
By using another syngeneic TNBC model, EMT6, we obtained
similar results in response to clone #4 treatment (150 μg/
mouse), which showed a significant reduction in tumor vol-
ume and tumor weight in EMT6 tumor-bearing mice (Fig. 3F).
Together, these results, as evidenced by two syngeneic TNBC
models, suggested that our in-house EphA10 antibody clone
#4 might be a suitable candidate for further development of
therapeutic antibodies against EphA10, which could substan-
tially benefit patients with TNBC (Table S1).
J. Biol. Chem. (2022) 298(4) 101817 5



Figure 3. Anti-EphA10 antibody therapy inhibits tumor progression in syngeneic TNBC mouse models. A, tumor growth curves (top) and waterfall
plot analysis (bottom) of 4T1 cells in BALB/c mice treated with anti-EphA10 clones #4, #8, #9, or IgG control as indicated (150 μg/mouse). n = 10 mice per
group. #: mouse dead at day 15. B, tumor growth curves (top) and waterfall plot analysis (bottom) of 4T1 cells in BALB/c mice treated with various doses of
anti-EphA10 #4 antibody (150 and 300 μg/mouse) or IgG control as indicated. n = 8 mice per group. In (A) and (B), tumors were measured at the indicated
time points and dissected at the end point. The gray box and arrows in each panel indicate the duration and time of treatment. The waterfall plot generated
from the tumor growth curve indicates tumor progression in each mouse under individual antibody treatment. The number of mice that experienced tumor
progression in each group is shown in parentheses. C, the increased fold of tumor volume (left) and tumor weight (right) from (B). D, representative images
of mice tumors dissected at the end point from. Scale bar, 1 cm. E, measurement of body weight from (B) before and after treatment with the indicated
antibodies. Gray box indicates the body weight at the end point at day 21. Error bar, mean ± SD. One-way ANOVA. NS, not significant. F, average tumor
growth of EMT6 cells in BALB/c mice treated with anti-EphA10 #4 antibody or IgG control. Tumors were measured at the indicated time points and
dissected at the end point. The gray box and arrows indicate the duration and time of treatment. n = 6 mice per group (left). The tumor weight (middle) and
the increased fold of tumor volume (right). Error bar, mean ± SD. Mann–Whitney test (C, E, and F). 0.01<*p <0.05, 0.001<**p < 0.01, ***p < 0.001. CR,
completed response; EphA10, Ephrin receptor A10; IgG, immunoglobulin G; PD, progressive disease; PR, partial response; SD, stable disease; TNBC, triple-
negative breast cancer.

EphA10 mAbs and the derived CAR-T inhibit TNBC tumor growth
Anti-EphA10 antibody therapy increases the infiltration and
activity of CTLs

To investigate the role of anti-EphA10 antibody in anti-
tumor immunity, we examined the effects of anti-EphA10
mAb (clone #4) in BALB/c-SCID and BALB/c mice bearing
orthotopic injected 4T1 tumor. While anti-EphA10 mAb did
not show any antitumor effect in immune deficiency
(Fig. 4A_BALB/c-SCID), significant tumor regression was
6 J. Biol. Chem. (2022) 298(4) 101817
observed without toxicity (Fig. S5) in immunocompetent mice
(Fig. 4B_BALB/c), suggesting the antitumor immunity is
needed for anti-EphA10 mAb-mediated tumor suppression.

Since numerous studies showed that tumor regression arises
from the restoration of antitumor immunity in the host (35),
we asked whether treating tumor-bearing mice with anti-
EphA10 mAb #4 enhances the activation of CD8+ CTLs, a
central effector in antitumor immunity that eliminates



Figure 4. Anti-EphA10 antibody therapy increases the infiltration and activity of CTLs. A and B, the effect of anti-EphA10 antibody in tumor growth of
BALB/c-SCID (A) and BALB/c (B) mice bearing orthotopic injected 4T1 tumor. Mice (n = 6 per group) were treated with anti-EphA10 mAb (clone #4) or IgG
control. The gray box and arrows indicate the duration and time of treatment. Error bar represents mean ± SEM. Data were analyzed by two-way ANOVA
analysis. ***p < 0.001. C, the gating strategy used for flow cytometric analysis of (D–G). Cells were analyzed by forward scatter/side scatter parameters and
Zombie Violet− staining to determine total live events, in which various cell populations were identified on the basis of marker expression: CD45+ (immune
cell population), CD3+/CD4−/CD8+ (CD8 T cells), and granzyme B+ (GrB) in CD8 T cells. D–G, flow cytometry analysis of the amount of CD45+/CD3+ Pan-T cell
(D), the amount of CD3+/CD4+/CD8- T cell (E), the amount of CD8+/GrB+ CTLs (F), and percentage of CD8+/GrB+ CTLs in CD3+ cells (G) in 4T1 tumor region
under IgG control or anti-EphA10 #4 antibody treatment (300 μg/mouse). n = 6 mice per group. Data were analyzed by student t test analysis. 0.01 < *p <
0.05. CTL, cytotoxic T lymphocyte; EphA10, Ephrin receptor A10; IgG, immunoglobulin G; mAbs, monoclonal antibodies; TNBC, triple-negative breast cancer.

EphA10 mAbs and the derived CAR-T inhibit TNBC tumor growth
malignant cells mainly by releasing granzyme B (GrB) into the
target (36), which in turn may lead to its therapeutic effect on
tumor shrinkage. To this end, we first digested 4T1 tumors
from BALB/c mice treated with anti-EphA10 clone #4 or IgG
control into single cells to measure the amount of CD8+/GrB+

cells representing activated CTLs using flow cytometric
J. Biol. Chem. (2022) 298(4) 101817 7
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analysis. The gating strategy started by using forward scatter
and side scatter to find viable cell events, and then, cell pop-
ulations were grouped by different types of markers, including
CD45+, CD3+, CD4−, CD8+, and GrB+ (Fig. 4C). Although
treatment of anti-EphA10 clone #4 in 4T1 tumor-bearing mice
did not increase the total number of pan CD3+ T cells (Fig. 4D)
and CD4+ T cells (Fig. 4E) in the tumor, of note, it indeed
significantly restored the CTL-mediated adaptive immunity as
measured by the total amount of activated CD8+/GrB+ CTLs
(Fig. 4F) and percentage of activated CD8+/GrB+ CTLs in
CD3+ T cells (Fig. 4G), compared with the control.

Since TAM and MDSC expressed EphA10 (Fig. 1D), we also
examined the infiltration and viability of these two immune-
suppressive cells in 4T1 syngeneic mouse model treated with
anti-EphA10 clone #4 or IgG control. The gating strategy
started by using forward scatter and side scatter to find viable
cell events, and then cell populations were grouped by
different types of markers, including CD45+, CD3-, F4/80+,
CD206+, CD11b+, and Gr1+ (Fig. S6A). Although the propor-
tion and viability of intratumoral MDSC tended to decrease in
the anti-EphA10 mAb treatment group, no statistically sig-
nificant results were obtained due to individual variation.
Thus, the results showed that treatment of anti-EphA10 clone
#4 does not affect the infiltration and viability of TAM and
MDSC in tumor region (Fig. S6B).

Taken together, we successfully developed an EphA10 mAb
(clone #4) that could suppress tumor growth in syngeneic
TNBC models through a boost of CTL-mediated antitumor
immunity, which might provide a therapeutic option, partic-
ularly for TNBC patients whose EphA10 is positively
expressed.
EphA10-specific CAR-T cells inhibit TNBC growth in vitro and
in vivo

Recently, CAR T cell-based therapy with specificity derived
from a mAb single-chain variable fragment (scFv) is consid-
ered as an emerging and effective cancer immunotherapy (37).
To maximize the benefits of CAR-T therapy with less adverse
effects, cancer-specific expression of a target protein should be
a prerequisite along with tight control of its activity (38).
Considering that EphA10 had tumor region specificity (Fig. 1,
A and B) without detection in most of normal tissues (16, 17),
we speculated that anti-EphA10 mAbs could be applied to the
development of EphA10-specific CAR-T therapy.

To this end, we cloned the human scFv sequence from anti-
EphA10 clone #4 into a third-generation CAR vector (39)
(Fig. 5A, EphA10-CAR and Fig. S7A) and transduced EphA10-
CAR lentivirus into human T lymphoma Jurkat cells (Fig. 5B,
EphA10-CAR-Jurkat) for early assessment of EphA10-CAR.
As previous study indicated that Jurkat cells upregulate CD69
upon activation (40), we observed that the expression levels of
CD69 were increased after co-culturing CAR-Jurkat cells (but
not Jurkat only) with MDA-MB-231 cells (Fig. 5B), suggesting
that EphA10-CAR can interact with EphA10 protein on the
cell surface of MDA-MB-231 cells. Next, we isolated human
CD8+ T cells from healthy volunteers with microbeads and
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identified the purity of CD8+ T cells near 99% among whole
cell population (Fig. S7B, Q2). The CD8+ T cells were trans-
duced with different batches of EphA10-CAR lentivirus (batch
1 and 2) to generate EphA10-CAR-T cells, validated by the
interaction with recombinant huEphA10 Fc chimera protein
detected by using fluorescein isothiocyanate (FITC)-conju-
gated anti-human IgG1 Fc antibody (Fig. 5C, right panel).
Indeed, the fluorescence signals of recombinant EphA10
proteins were increased in two independent batches of
EphA10-CAR-T cells (batch 1: 84.9%; batch 2: 88.8%),
compared with the mock-transduced T cells, indicating the
successful establishment of EphA10-CAR-T cells in human
T cells (Fig. 5C, left panel).

EphA10-CAR-T cells were cocultured with MDA-MB-
231 cells for 24 h to explore their activation (Fig. 5D). Our data
showed high numbers of CD3+ surface markers (99.3%, 98.9%,
and 99.3%) in normal CD8+ T cells, mock-CAR-T cells, and
EphA10-CAR-T cells, respectively. The early cell surface
activation marker (CD69) increased significantly in EphA10-
CAR-T cells (35.6%) compared to mock-CAR-T cells (12.7%)
and normal CD8+ T cells (12.8%). These results clearly show
that EphA10-CAR-T cells can be specifically activated when
recognizing cancer cells expressing EphA10.

To determine the in vitro cytotoxicity of EphA10-CAR-
T cells on EphA10-positive human breast cancer cells, we
conducted the MTT assay by co-culturing EphA10-CAR-
T cells with MDA-MB-231 cells (Fig. 5E). We transduced
CD8+ T cells with EphA10-CAR lentivirus, and the multiplicity
of infection (MOI) was established according to a previous
study (41). We found that the increasing number of EphA10-
CAR lentiviral particles per cell during infection significantly
decreased cell viabilities of MDA-MB-231 cells (Fig. 5E; MOI
0 versus MOI 2 or MOI 4; MOI 2 versus MOI 4). Consistently,
the increasing ratio of effector (E for EphA10-CAR-T cells) to
target (T for MDA-MB-231 cells) also correlated to the
enhanced cytotoxicity against MDA-MB-231 target cells
(Fig. 5E; E:T = 25:1 versus 50:1 or 100:1), further supporting
cell growth inhibition by EphA10-specific CAR-T cells.

Finally, we explored the antitumor effect of EphA10-CAR-T
cells in vivo by using a mouse model of female CAnN.Cg-
Foxn1nu/CrlNarl nude mice bearing orthotopic MDA-MB-
231/luc cells xenograft (42, 43). CAR-T cells were then given
at day 8, 15, and 22 (1 × 107 cells/injection) through femoral
vein. We observed that the bioluminescent signal in the
EphA10-CAR-T group started to decrease after the second
CAR-T cell injection, demonstrating that the EphA10-CAR-T
had a greater tendency to decrease tumor size than the mock-
CAR-T (Fig. 5F). Indeed, tumor growth was significantly
reduced in the EphA10-CAR-T-treated group compared to the
mock-CAR-T-treated group, strongly suggesting the anti-
tumor effect of EphA10-CAR-T upon the TNBC mouse model
(Fig. 5G). Consistently, a lot of EphA10-CAR-T cell infiltration
was observed in the xenografts of mice treated with EphA10-
CAR-T cells, whereas there are no signals of mock-CAR-
T cells, demonstrating the specificity of EphA10-CAR-T cell
in vivo (Fig. 5,H and I). In addition, we found EphA10-CAR-
T cells induced extensive apoptotic cell death in xenograft



Figure 5. EphA10-specific CAR-T cells inhibit TNBC growth in vitro and in vivo. A, schematic illustration of the lentiviral mock-CAR (upper panel) and
EphA10-CAR (lower panel) derived from clone #4. B, flow cytometry assessment of the sensitivity and specificity of EphA10-CAR construct by CAR-Jurkat
cells. Red, blue, and green colors represent different batches of CAR-Jurkat cells as indicated. C, Left panel: Flow cytometry analysis of fluorescein iso-
thiocyanate (FITC) signals of the indicated batches of EphA10-CAR-T cells or mock-CAR-T cells incubated with 0.5 μg of recombinant human EphA10 Fc
chimera protein. Right panel: Representative flow cytometry histogram of binding of EphA10-CAR-T cell populations to recombinant human EphA10 Fc
chimera protein. D, Flow cytometry assessment of activation of naïve T-cells, mock-CAR-T-cells, and EphA10-CAR-T-cells by mixed culture with MDA-MB-
231 cells. E, the MTT assay of EphA10-CAR-T cells against EphA10-positive MDA-MB-231 cells. Data from at least three independent experiments. Error bars
present mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, one-way analysis of variance with Newman–Keuls Multiple Comparison Test. All statistical analyses
were conducted using Prism 5.01 software (GraphPad Software www.graphpad.com). F, Quantification of signal intensity detected by the IVIS spectrum
system of mice bearing MDA-MB-231/luc orthotopic xenograft treated with mock-CAR-T cells (n = 4) or EphA10-CAR-T cells (n = 5) at various time points as
indicated. The arrows indicate the time of treatment (day 8, 15, and 22). G, the tumor volume of mice bearing MDA-MB-231/luc orthotopic xenograft treated
with mock-CAR-T cells (n = 4) or EphA10-CAR-T cells (n = 5) at various time points as indicated. The arrows indicate the time of treatment (day 8, 15, and 22).
Tumor volume (V) was measured two times per week by using the formula V = (L × W2)/2, where L and W represent tumor length and tumor width,
respectively. F and G, error bar, mean ± SD. Two-way ANOVA ***p < 0.001. H, representative images of IF staining of xenograft sections from the mouse
model (G). The xenograft sections were stained with anti-human CD8α-FITC antibody (red arrows indicated the infiltration of EphA10-CAR-T cells). Scale bar:
left: 50 μm, right: 10 μm. I, representative images of IHC staining of xenograft sections from the mouse model (G). The xenograft sections were stained with
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tumor tissue (Fig. 5J). Although the average body weight of the
EphA10-CAR-T group was statistically less than the mock-
CAR-T group (Fig. S7C), there were no obvious pathological
changes in major organs between the two groups (Fig. S7D),
suggesting the negligible on-target off-tumor toxicities. Taken
together, our findings indicated that EphA10-CAR-T cells
derived from the scFv sequence of anti-EphA10 clone #4 exert
a potent antitumor ability in this model.
Anti-EphA10 antibody clone #9 induces EphA10
internalization

As a tumor-associated antigen like EphA10 could be an
ideal candidate for an antibody-based approach, antibody–
drug conjugates (ADCs) (44, 45), EphA10–ADCs might exert
potent antitumor activity, taking advantage of the delivery of
cytotoxic drugs with bystander effect in tumor regions for
many types of EphA10-positive cancer. To further validate the
properties of EphA10 mAbs suitable for ADC application, we
examined the ability of EphA10 antibody internalization,
which is required for facilitating the ADC–antigen complex to
transport into cancer cells via endocytosis, in turn enhancing
the antitumor potency of cytotoxic drugs (46). For this pur-
pose, we first labeled anti-EphA10 clones with a pH-sensitive
fluorophore pHrodo Red and incubated the labeled anti-
bodies (anti-EphA10-pHrodo) in BT-549 cells expressing
huEphA10 or mock control. The fluorescence of the pHrodo
Red dye increases with decreasing pH from neutral (e.g., pH
7.2) to acidic (e.g., pH 4.5), making it reporter detectable in the
red range in low-pH environments such as lysosomes, which
represents the labeled anti-EphA10 antibody is internalized
(Fig. S8A). As a result of examining the internalization activity
of each clone, anti-EphA10 clone #9 was clearly internalized in
the lysosome of BT-549 huEphA10 cells in a dose- and
time-dependent manner compared to the mock transfected
control. (Fig. S8, B–D). Results from IF analysis further
demonstrated the co-localization of clone #9 (red) with
LysoTracker (green), indicated by yellow merged signals
(Fig. S8E). These results revealed that anti-EphA10 clone #9
possessed internalization properties from the cell surface to be
located to the lysosomal compartment. Since cargo proteins
can be internalized by diverse mechanisms of endocytosis,
such as clathrin-mediated endocytosis (clathrin-ME) or/and
caveolae–ME (47), we next asked whether these endocytic
pathways are involved in EphA10 antibody internalization. To
this end, we assessed the internalization ability of the pHrodo-
labeled clone #9 in BT-549 huEphA10 cells pretreated with
various inhibitors of clathrin–ME (β-CD and PitStop),
caveolae–ME (Genistein and Filipin III), or dual pathways
(Dynasore). We found that inhibitors that prevent caveolae–
ME, but not clathrin–ME, effectively blocked clone #9 inter-
nalization, suggesting that anti-EphA10 clone #9 was
internalized into the cells through caveolae-ME (Fig. S8F).
anti-human CD8α antibody and Pierce Peroxidase Detection Kit (red arrows in
assay. The xenograft tumors were resected and preserved in 4% paraformalde
with In Situ Cell Death Detection kit according to the manufacturer’s protocol
EphA10, Ephrin receptor A10; MOI, multiplicity of infection; scFv, single-chain
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Finally, in order to better understand the antibody–antigen
complex of the EphA10 model, we used a molecular docking
program (ZODCK) (48) to computationally predict the
epitope-located region recognized by the anti-EphA10 mAb #9
candidate (Fig. S8G; highlighted in magenta). The top three
ranking outcomes given by the docking program indicated a
comparable region, comprising the residues from the second
fibronectin (FN)-III domain and the linker between the two
FN-III domains (Fig. S8G). A similar result was given by an
online epitope prediction software (EpiPred) (49). The EphA10
3D model shown in gray was obtained by SWISS-MODEL (50)
by using an EphA4 crystal structure as a template with 47%
sequence identity. The model of antibody Fab molecule
(Fig. S8G; heavy chain in green; light chain in blue) containing
merely the variable region was obtained by AbodyBuilder (51).
Together, the prediction results revealed EphA10 antibody #9
in association with the FN-III within the ECD of EphA10
antigen, which further validated the EphA10 antibody–antigen
conformation and might be useful in aiding structure-based
design of more drug candidates targeting EphA10. These re-
sults suggested that anti-EphA10 clone #9 could be an optimal
candidate applied to ADC technology, highlighting the po-
tential for clinical implications of EphA10-targeted therapy in
the treatment of cancer.
Discussion

Targeting the receptors that are specifically or broadly
expressed on cancer cells has been used as a standard thera-
peutic strategy for breast cancer. A certain population of breast
cancer patients benefits from therapies that target hormone
receptors (ER and PR) or HER2 (1). However, more than 20%
of patients with breast cancer have TNBC, which is negative
for ER, PR, and HER2 expression. TNBC patients have limited
therapeutic options, and therapeutic failure due to chemo-
therapy resistance is a significant challenge. A new therapeutic
strategy to conquer TNBC is urgently needed (2).

mAbs in cancer therapy are designed to target the tumor-
specific antigens for blocking ligand–receptor signaling and
inducing antitumor activity in tumor region in cancer patients
(52). EphA10 has been revealed to be a tumor-specific surface
protein and a promising therapeutic target for cancer therapy
(17, 20, 21). However, EphA10 is a pseudo-kinase (32, 53), and
thus mAb-based therapy but not kinase inhibitors may be a
more practical approach to target EphA10. Previously, Nagano
et al (17). demonstrated tumor suppression in a xenograft
TNBC mouse model by administration of an anti-EphA10
mAb; the results were interesting yet could not address
whether immune response might contribute to the antitumor
activity, which is critical for human clinical application. Our
current study developed mAbs with high specificity for
EphA10 in tumor regions and provided preclinical data to
demonstrate the therapeutic efficacy and safety of these anti-
dicated the infiltration of EphA10-CAR-T cells). Scale bar, 50 μm. J, TUNEL
hyde at 4 �C, and then paraffin embedded sections of tissue were stained
(Roche, Cat. No. 11684817910). CAR, chimeric antigen receptor; E, effector;
variable fragment; T, target; TNBC, triple-negative breast cancer.
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EphA10 antibodies in two syngeneic TNBC models. It is
worthy of mentioning that EphA10 therapy can apply to all
cancer types that overexpressing EphA10. In this study, we
used the TNBC model to show therapeutic efficacy; however,
based on The Cancer Genome Atlas database as shown in
Figures 1A and S1, the newly developed EphA10 targeting
therapy may also be applied to other cancer types including
hormone-positive and HER2-positive breast cancer (54, 55).
Thus, it is especially interesting to test if the newly developed
EphA10 target therapy can overcome those breast cancer pa-
tients who are resistant to the FDA-approved drugs such as
tamoxifen and Herceptin in the future.

Of note, anti-EphA10 antibody treatment not only signifi-
cantly reduced tumor growth but also increased the infiltration
and activity of CTLs in tumor regions. Interestingly, our re-
sults also demonstrated that EphA10 was expressed on tumor
cells and immunosuppressive cells, including TAMs and
MDSCs, in the TME. These findings suggested that EphA10
inhibits immune surveillance and impair the infiltration and
activity of CTLs in the TME, which can be restored with anti-
EpHA10 antibody treatment. Recent studies have reported
that EphA signaling is closely related to T cell immunity. The
binding of ephrin-A1 to EphA receptors on CD4+ and CD8+ T
cells is known to stimulate T cell migration and mediate T cell
chemotaxis (56–58). Although EphA10 is now considered to
be a pseudo-kinase, most ephrin-A ligands have been shown to
bind with EphA10 (16), suggesting that this death receptor
may act as an inhibitory regulator of T cell immunity through
ligand competition with other EphA receptors. In contrast, the
bidirectional signaling transduced by Eph–ephrin interaction
plays a critical role in the regulation of cancer and the immune
system (10). Interestingly, recent studies suggested that reverse
signaling from Eph receptors to ephrin ligands is important for
regulating the functions of T cells (59). Thus, it will be inter-
esting to elucidate whether EphA10 transduces the reverse
signaling to its ephrin ligands expressed on T cells to inactivate
cytotoxic immunity. Future studies will be required to validate
such a possibility in the functional mechanism of EphA10 in
antitumor immunity.

In addition to inducing antitumor immunity, other critical
characteristics of these anti-EphA10 antibodies include their
high specificity and ability to mediate the internalization of
EphA10; thus, these antibodies hold great potential for the
development of antibody-derived therapeutic approaches such
as CARs and ADCs. Since CAR-T therapy has adverse effects
as potent as its therapeutic effects, cancer-specific expression
of the target protein should be a prerequisite along with tight
control of its activity (38). EphA10 had high tumor-specific
expression and was not expressed in normal tissues except
testis, and in vivo antibody tracking analysis showed that even
testis could be protected from the antibody by the blood–testis
barrier. Therefore, considering that there is currently no CAR-
T immunotherapy approved to treat solid tumors, our anti-
EphA10 antibodies validated in TNBC models may provide
an ideal CAR-T to test in TNBC. Indeed, our results indicated
the specificity of EphA10-CAR-T cells derived from anti-
EphA10 clone #4 showing TNBC tumor shrinkage and T
cell infiltration into tumor tissues in vivo, which may provide
implications for clinical applications of EphA10-CAR-T cells
in TNBC. On the other hand, ADC-based treatment is one of
the fastest-growing approaches to cancer therapy, consisting of
a mAb conjugated with a cytotoxic payload. This anticancer
drug has been used to treat many types of cancer by selectively
releasing cytotoxin in the tumor region and reduce systemic
toxicity (44). Recently, sacituzumab govitecan, an ADC with a
topoisomerase inhibitor linked to an antibody to the tropho-
blast antigen Trop-2, was approved by the FDA for metastatic
TNBC (2). However, one of the challenges for developing ADC
therapy is the specificity of the mAbs. Notably, EphA10 fulfills
the key requirements of targeted antigen for ADCs; for
example, as a membrane protein, it is highly expressed on cell
surfaces in tumor regions but not on healthy tissues.
Furthermore, the anti-EphA10 antibodies that were generated
in this study precisely recognized EphA10 in the tumor region
and accumulated there but did not accumulate in other organs
in vivo. In addition, the ability of the antibodies to internalize
the EphA10 protein will facilitate the transportation of drugs
into cells for their tumor-killing effects. Therefore, augmenting
antitumor immunity by targeting EphA10 represents a new
potent immunotherapy for TNBC, and studies of therapeutic
anti-EphA10 antibodies are worth pursuing to expand the
development of more antibody-based therapies such as CARs
and ADCs.

Experimental procedures

Cell culture

The BT-549, MDA-MB-231, 4T1, and EMT-6 breast cancer
cell lines were obtained from ATCC. Human breast cancer cell
lines and mouse cancer cell lines were cultured in Dulbecco’s
modified Eagle’s medium/F12 and Dulbecco’s modified Eagle’s
medium, respectively, supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotic mixture. All cell lines tested
negative for mycoplasma contamination and validated by
short-term repeat DNA fingerprinting with use of the
AmpF_STR identifier kit according to the manufacturer’s
protocol (Applied Biosystems, #4322288) at The University of
Texas MD Anderson Cancer Center.

Generation of huEphA10-expressing cells

The huEphA10 expression vector (pCDH-huEphA10)
was generated by inserting full-length EphA10 cDNA
(NP_001092909; R&D Systems, #RDC1386) into the lentiviral
vector pCDH-CMV-MCS-EF1-puro (System Biosciences,
#CD510B-1). To establish MDA-MB-231 and BT-549 stable
cells with huEphA10 ectopic expression, we conducted
lentiviral packaging via transient transfection of 1 μg of
pCDH-huEphA10 with 1 μg of pCMV-VSVG and 0.5 μg of
pCMV-dR8.91 expression plasmids in 5 × 105 293T cells. After
72 h, 3 ml of conditioned medium from the transfectants was
collected, centrifuged at 6000g for 15 min, and filtered through
a 0.45-μm filter, followed by incubation with targeted cells at
5 μg/ml polybrene (EMD Millipore, #TR-1003-G) for lentiviral
transduction. After transduction for 16 h, cells were
J. Biol. Chem. (2022) 298(4) 101817 11
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replenished with 3 ml of complete medium for 1 day and
subjected to puromycin selection (0.5 μg/ml; InvivoGen Cor-
poration, #ant-pr-1) for another 3 days to generate stable cells.
All stable transfectants were selected from a pool of clones.
The duration of stable cell selection was at least 4 weeks.

ELISA assay for EphA isoforms and Ig isotype

96-well plates were coated with 100 μl of the antigen solu-
tion at a concentration of 5 μg/ml in coating buffer (Bio-Rad,
#BUF030A) overnight at 4 �C. Purified proteins of FC control
(#110-HG-100), EphA1 (#7146-A1), EphA2 (#3035-A2),
EphA3 (#6444-A3), EphA4 (#6827-A4), EphA5 (#3036-A5),
EphA6 (#5606-A6), EphA7 (#6756-A7), EphA8 (#6828-A8),
and EphA10 (#5188-EA) were purchased from R&D Systems.
Plates were washed three times in PBST (Tween-20; 0.05%)
and then incubated with 150 μl of blocking solution (Bio-Rad,
#BUF032) for 1 h at 37 �C. Plates were next washed four times
in PBST and then incubated with 100 μl of anti-EphA10
antibody solution (0.5 ug/ml in PBST) for 1 h at 37 �C.
Plates were then washed three times in PBST, followed by
incubation with 100 μl of anti-mouse IgG, HRP-linked anti-
body solution (0.5 μg/ml in PBST; CST, #7076S). Finally, plates
were washed three more times in PBST; 100 μl of substrate
solution (Bio-Rad, #BUF062) was added to each well and
incubated at room temperature (RT) and in the dark for
30 min. The reaction was then stopped with 0.2 M sulfuric
acid, and absorbance was measured at 450 nm (yellow). For
determining the Ig isotype, a rapid ELISA mouse mAb iso-
typing kit (ThermoFisher, #37503) was used according to the
manufacturer’s instructions.

Flow cytometric analysis in vitro and CTL analysis in vivo

Single-cell suspensions were prepared and resuspended in a
staining buffer (BD Biosciences, #554656). For the in vitro
EphA10 antibodies binding assay, 1 × 106 BT-549 EphA10
overexpressing tumor cells were stained with 0.2 μg of anti-
EphA10 #4, #8, #9, and IgG1 isotype control (Bio X cells,
#BE0083) in 100 μl staining buffer for 30 min at RT. After the
cells were washed by staining buffer three times, they were
stained with APC anti-mouse second antibody according to a
standard protocol. To analyze CTL profiles in mouse tumor
samples, a Mouse Tumor Dissociation Kit (Miltenyi Biotec,
#130-096-730) and gentle MACS Octo Dissociator (Miltenyl
Biotec, #130-096-427) were used to digest mouse tumors into
single cells. After red blood cells were removed and hybridized
with TruStain FcX CD16/CD32 antibody (1:50; BioLegend,
#101319), single cells were stained for flow cytometry ac-
cording to standard protocols with antibodies against the
following: PE-CD45 (1:200; BioLegend, #103105), APC-CD3ε
(1:100; BioLegend, #100311), APC/Cy7-CD8a (1:100; Bio-
Legend, #100713), and PreCP-CD4 (1:100; BioLegend,
#100537). For further intracellular staining, cells were fixed,
permeabilized, and stained with FITC-Granzyme B (1:50;
BioLegend, #515403). Stained cells were analyzed with use of a
BD FACSCanto II cytometer (BD Biosciences). Data were
processed by using the FlowJo software program.
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IF for mouse tumor tissue

After perfusion with 0.1 μM PBS (pH 7.4) under anesthesia,
tumors extracted from mice were embedded into OCT block
and frozen. Cryostat sections (8 μm thick) on slides were fixed
with 4% paraformaldehyde for 15 min at RT. After PBS
washing, cryostat sections were incubated in blocking solution
(PBS containing 3% donkey serum, 1% bovine serum albumin
[BSA], 0.3% Triton X-100, pH 7.4) for 30 min at RT. In anti-
body reaction buffer (PBS plus 1% BSA, 0.3% Triton X-100, pH
7.4), samples were stained with primary antibodies against
CD3 (1:100; R&D Systems, #MAB4841-100), F4/80 (1:200;
BioLegend, #123121), CD163 (1:300; Abcam, #Ab182422),
CD11b (1:300; Novus, #NB110-89474), and Gr1 (1:200; R&D
Systems, #MAB1037-SP) overnight at 4 �C, followed by Alexa
350, 488, 546, and 647 (1:3000; Life Technologies) secondary
antibodies at RT for 1 h. Hoechst 33342 (Life Technologies,
#H3570) was used for nuclear staining. A confocal microscope
(Carl Zeiss, #LSM700) was used for image analysis.

In vivo chasing assay of antibody

Alexa Fluor 647-labeled anti-EphA10 mAbs and isotype
control were generated according to the manufacturer’s in-
structions (Life Technologies, #A20173). For the in vivo
chasing assay, MDA-MB-231 cells expressing huEphA10
(5 × 106) were suspended in a 1:1 mixture of PBS and Matrigel
and injected into the back of 6- to 8-week-old female or male
Nu/J mice. Once the tumor volume reached 500 mm3, each
mouse was intraperitoneally injected with 200 μg of Alexa
Fluor 647-labeled mAbs. The mice were then imaged daily,
and associated fluorescent intensity was measured with use of
an IVIS Lumina III in vivo imaging system (PerkinElmer).
Tumor accumulation was quantified as the ratio of mean
fluorescent intensity in tumors. After 6 days of administration,
tumor tissues and other organs were isolated from mice, and
their mean fluorescent intensity was detected.

Internalization of antibody

IgG and EphA10 (clone #9) antibodies were labeled with
pHrodo Red (Thermo Fisher Scientific) according to the
manufacturer. To monitor a dynamic internalization of anti-
bodies, the BT549 cells expressing huEphA10 were incubated
with pHrodo Red–labeled antibodies and LysoTracker Green
(Thermo Fisher Scientific). Time-lapsed images were obtained
by an IncuCyte live-cell analysis system (Essen BioScience). A
confocal microscope (Carl Zeiss, #LSM700) was used for im-
age analysis.

In vivo efficacy test of anti-EphA10 mAbs

All animal studies were performed according to guidelines
approved by the MD Anderson Institutional Animal Care and
Use Committee. To study the therapeutic effects of EphA10
antibodies in preclinical tumor models, 4T1-Luc2 (1 × 105) or
EMT6 (1 × 105) cells were suspended in a 1:1 mixture of PBS
and Matrigel and injected into the mammary fat pad of 6- to 8-
week-old female BALB/c mice. Once the tumor volume
reached between 100 and 200 mm3, each tumor-bearing



EphA10 mAbs and the derived CAR-T inhibit TNBC tumor growth
mouse was intraperitoneally injected with IgG control (Bio X
cells, #BE0083) or anti-EphA10 antibodies every 2 days for a
total of five treatments. Tumor volume (V) was measured
three times per week by using the formula V = (L × W2)/2,
where L and W represent tumor width and tumor length,
respectively.

KD determination by octet

For high-throughput KD screening, EphA10 antigen was
loaded to AMC sensor with maximum loading 800 nM solu-
tion. The baseline was established in assay buffer, and the
sensors were exposed to analyte at a single concentration in
assay buffer as an association step. Dissociation was performed
and monitored in fresh assay buffer. The loaded sensors were
exposed to a series of analyte concentrations, and background
subtraction was used to correct for sensor drifting. All ex-
periments were performed with sensor shaking at 1000 rpm.
ForteBio data analysis software was used to fit the data to a 1:1
binding model to extract an association rate and dissociation
rate. The KD was calculated using the ratio kd:ka.

Patient tissue samples and IHC staining

Human tumor tissue specimens were used according to
guidelines approved by the Institutional Reviewed Board at
MD Anderson Cancer Center. The tissue specimens (#BR251a,
#BR251b, #GI701, #OV801a, and #LC1504) were purchased
from Biomax.us. For IHC staining, the tissue specimens were
incubated with primary antibodies against EphA10 (clone #8,
4.5 mg/ml, 1:200 dilution) followed by detection with biotin-
conjugated secondary antibody and avidin-peroxidase and
visualization with aminoethyl carbazole chromogen. The
staining intensity and the percentage of positive cells were
used to determine the H-score of each specimen.

Construction of the EphA10-CAR vector and lentiviral vector
production

Fully human anti-EphA10 scFv sequence (clone #4) was
cloned into the third generation CAR lentiplasmid (pCDH-
EF1α-MCS) that utilize the CD28 and 4-1BB stimulatory do-
mains, and CD3ζ signaling domain with restriction enzymes:
BstBI and XbaI. For lentiviral vector production, HEK-293T
cells were seeded onto 10-cm dishes in a density of
3 × 106 cells/dish. Next day, these cells were transfected with
EphA10 CAT vector and lentiviral packaging plasmids (Len-
tiArt pHelp1, LentiArt pHelp2 and LentiArt pHelp3, Creative
Biogene, #CART-027CL). Twenty four-hour and 48-h super-
natants were collected and centrifugated at 2000g, 4 �C for
10 min to remove cell debris. The lentivirus were then
concentrated by using Lenti-Pac Lentivirus Concentration
Solution (GeneCopoeia, #LT007) and centrifugation and
stored at −80 �C.

Generation and early assessment of EphA10-CAR-Jurkat cells
and EphA10-CAR-T cells

Human T cell lymphoma Jurkat cell line was purchased
from Bioresource Collection and Research Center, Taiwan. For
Jurkat cell transduction and expansion, 1 × 106 of Jurkat cells
were suspended in 90 μl of RPMI-1640 medium with 10% FBS,
and 10 μl of 20 × concentrated EphA10-CAR lentivirus were
added into wells as a MOI of 1. After transduction EphA10-
CAR lentivirus into Jurkat cells, the EphA10-CAR-Jurkat
cells generated from three independent experiments were
expanded in RPMI-1640 medium with 10% FBS and subse-
quently co-cultured with MDA-MB-231 cells for 24 h (Effector
cells:Target cells; E:T = 1:1). After incubation, these CAR-
Jurkat cells were collected and stained with PE-conjugated
anti-human CD69 (R&D Systems, #FAB23591p). The signals
of CD69 were detected by a flow cytometry (red, blue, and
green colors represented different batches of CAR Jurkat cells).
MDA-MB-231 cells (5 × 105 cells/well) were seeded onto a 6-
well plate 18 h prior to coculture. Mock CAR-T cells and
EphA10-CAR-T cells (5 × 105 cells/well) were inoculated into
each well with MDA-MB-231 cells (Effector cells:Target cells;
E:T = 1:1). Normal CD8+ T-cells (5 × 105 cells/well) cocultured
with MDA-MB-231 cells served as the control. After incuba-
tion, these T cells were collected and stained with PE-
conjugated anti-human CD69 (R&D Systems, #FAB23591p)
and PerCP-Cyanine5.5-conjugated antihuman CD3 (Thermo
Fisher Scientific Inc # 45-0036-42). The signals were detected
by a flow cytometry and processed by FlowJo software
program.
Isolation and verification of human CD8+ T cell and T cell
transduction

Human peripheral blood mononuclear cells were collected
from 20 ml of whole blood from the elbow vein of healthy
donors under a China Medical University and Hospital
Research Ethics Committee approved human protocol After
collection, the whole blood will be mixed with PBS buffer
supplied with 2% FBS in the ratio of 1:1 by volume. Overlay the
Ficoll-Paque PLUS solution with the blood/PBS mixture using
a serological pipette at the lowest speed setting. Then,
centrifuge the sample in the desired swing-out rotor at 400g
and 20 �C for 30 min, selecting acceleration/deceleration rates
of 9/0. After completing the centrifugation, aspirate the entire
lymphocyte layer, while keeping the volume to a minimum,
and transfer to a fresh tube. Add at least three volumes of PBS
with 2% FBS to the lymphocyte layer and carefully mix by
pipetting up and down. Centrifuge at 300g and 20 �C for 8 min
and discard the supernatant, then resuspend the PBMCs pellet
with CD8+ T cell isolation buffer (phosphate-buffered saline,
pH7.2, 0.5% BSA, and 2 mM EDTA) in a concentration of
1 × 107 cells/80 μl. Add 20 μl of CD8 MicroBeads (Miltenyi
Biotec, #130-045-201) per 107 total cells and mix gently, then
incubate for 15 min in the refrigerator (4 �C). Wash cells by
adding 2 ml of buffer per 10⁷ cells and centrifuge at 300g for
10 min. Aspirate supernatant completely. Resuspend up to
108 cells in 500 μl of buffer and follow the manufacturers’
protocol to pass through MS Column (Miltenyi Biotec, #130-
042-201) to collect the CD8+ T cells. According our experi-
ences, 6 × 106 of CD8+ T cells can be isolated form 20 ml of
whole blood. The in vitro expanded human CD8+ T cells were
J. Biol. Chem. (2022) 298(4) 101817 13
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stained with anti-human CD3 and anti-human CD8 anti-
bodies, and the purity of CD8+ T cell population was examined
by a flow cytometry. The CD8+ T cells were cultured in KBM
502 medium and activated with ImmunoCult Human CD3/
CD28 T Cell Activator (STEMCELL Technologies Inc, #
10971). For virus transduction, CD8+ T cells were activated for
24 h before adding virus particles. Briefly, activated CD8+ T
cells were suspended in 1 ml of KBM 502 medium (KOHJIN
BIO, #16025020) in a density of 1 × 106 cells/ml. Twenty
microliter or 40 μl of 20 × concentrated EphA10-CAR lenti-
virus were added into wells as a MOI of 2 or 4. The medium
were refreshed next day.

Interaction between recombinant huEphA10 Fc chimera
protein and EphA10-CAR-T cells

Briefly, the EphA10-CAR-T cells were incubated with re-
combinant huEphA10 Fc chimera protein (R&D SYSTEMS)
for 45 min on ice. After incubation, the cells were washed by
PBS twice, then FITC-conjugated anti-human IgG Fc antibody
(Sigma Aldrich, #F9512) was added into cell suspension for
30 min on ice in the dark. The signals of fluorochrome were
detected by a flow cytometry.

In vitro cytotoxicity of EphA10-CAR-T cell against MDA-MB-
231 cells

5 × 103 ofMDA-MB-231 cells were seeded onto 96-well plate
per well. Next day, EphA10-CAR-T cells will be added into wells
to coculture withMDA-MB-231 cells for 24 h. After incubation,
the CAR-T cells were carefully removed, and MTT reagent was
added into each well for 4 h. The violet crystals were dissolved in
dimethyl sulfoxide. The absorbance was detected with an ELISA
plate reader at the wavelength of 595 nm.

Human MDA-MB-231/luc orthotropic xenograft mouse model

In our study, we use nude mice to establish MDA-MB-231/
luc xenografts. Briefly, 2.5 × 106 of MDA-MB-231/luc (stably
express luciferase) cells were collected and suspended in 100 μl
of PBS/matrigel buffer (PBS:matrigel=1:1). The MDA-MB-
231/luc cells were injected into the right fourth fat pad of
nude mice, and the bioluminescence was checked with IVIS
image system every 3 to 4 days. On day 7, the nude mice were
divided into two groups based on the signals of the biolumi-
nescence: mock-transduced mice (n = 4) and EphA10-CAR-T
mice (n = 5). The CAR-T cell treatment (1 × 107 of mock-
transduced T cells or EphA10-CAR-T cells) were performed
every 7 days through left femoral vein on day 8, and total three
treatments were conducted (day 8, 15, and 22). In addition,
20,000 IU of human IL-2 was intraperitoneally injected into
mice twice a week. Before detecting the bioluminescence of
tumor cells, 150 μl of D-luciferin solution (15 mg/ml in PBS)
was intraperitoneally injected into mice. The signals of biolu-
minescence were regularly detected by IVIS spectrum system
twice weekly. One week after the last treatment, the animals
were sacrificed (day 26). Before sacrifice, the body weights of
mice were measured. In the end of experiment, the organs will
be resected and analyzed by hematoxylin and eosin stain. The
14 J. Biol. Chem. (2022) 298(4) 101817
infiltrated T cells were stained with anti-human CD8 antibody
and FITC-conjugated secondary antibody while the cell nu-
cleus were stained with DAPI. The signals were detected by a
fluorescence microscope. Digital photographs were taken at a
magnification of 400×. The animal study protocol was
approved by IACUC of China Medical University (CMUIA-
CUC-2021-315).

Statistical analyses

Data are shown as mean ± standard deviation (SD). Statis-
tical analyses were performed with use of the Prism software
program (GraphPad Software). Differences between groups
were compared by using the unpaired t test, Mann–Whitney
test, or one-way ANOVA analysis. The Mann–Whitney test
was performed to analyze IHC data. A p value of <0.05 was
considered statistically significant for all tests. NS, not signif-
icant; *0.01 < p < 0.05; **0.001< p < 0.01; ***p < 0.001.

Data availability

All data are contained within the manuscript and support-
ing information.
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information.
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