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ABSTRACT

The identification of universal tumor-specific antigens shared between multiple patients and/or multiple
tumors is of great importance to overcome the practical limitations of personalized cancer
immunotherapy. Recent studies support the involvement of DEPDC1 in many aspects of cancer traits, such
as cell proliferation, resistance to induction of apoptosis and cell invasion, suggesting that it may play key
roles in the oncogenic process. In this study, we report that DEPDC1 expression is upregulated in most
types of human tumors, and closely linked to a poorer prognosis; therefore, it might be regarded as a
novel universal oncoantigen potentially suitable for targeting many different cancers. In this regard, we
report the identification of a HLA-A"0201 allele-restricted immunogenic DEPDC1-derived epitope, which is
able to induce cytotoxic T lymphocytes (CTL) exerting a strong and specific functional response in vitro
toward not only peptide-loaded cells but also triple negative breast cancer (TNBC) cells endogenously
expressing the DEPDC1 protein. Such CTL are also therapeutically active against human TNBC xenografts
in vivo upon adoptive transfer in immunodeficient mice. Overall, these data provide evidence that this
DEPDC1-derived antigenic epitope can be exploited as a new tool for developing immunotherapeutic
strategies for HLA-A"0201 patients with TNBC, and potentially many other cancers.
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Introduction ICI enhances neoantigen-specific T-cell reactivity.”> Accord-

In recent years, the field of cancer immunotherapy has considerably
expanded with the introduction of several new treatment options,
including cancer vaccines, adoptive cell transfer, chimeric-antigen
receptor (CAR) T-cell therapy, monoclonal antibodies and
immune checkpoint inhibitors (ICI)." Although some patients with
advanced cancer may respond to single-agent immunotherapy, for
the majority, however, monotherapy is relatively ineffective.”
Hence, multiple combined therapeutic approaches are likely
required to achieve complete remission and cure.

As tumors grow, they accumulate mutations leading to
potential generation of neoantigens that influence the response
of patients to ICIL. Indeed, T cells recognizing clonal neoantigens
were detected in non-small cell lung cancer and melanoma
patients with durable clinical benefits after therapy with anti-
PD-1 and anti-CTLA-4 blockades, suggesting that therapy with

ingly, the combination therapy of ICI with cancer vaccines or
the adoptive transfer of enriched populations of neoantigen-
reactive T cells may function synergistically to induce more
effective antitumor immune responses.6 For example, in patients
not responding to ICI because of the lack of tumor-infiltrating
lymphocytes, cancer vaccines may induce effector T-cell infiltra-
tion into the tumors.” These findings support therapeutic devel-
opments targeting clonal neoantigens to design personalized
immunotherapies to treat patients with advanced cancer.
Despite this evidence, the identification of expressed nonsy-
nonymous somatic mutations by whole-exome sequencing of
tumor and normal DNA, which allows the selection of candi-
date neoepitopes to be exploited for developing personalized
immunotherapies, is typically unwieldy, time-consuming and
expensive.® To overcome the practical limitations of

CONTACT Antonio Rosato @ antonio.rosato@unipd.it e Department of Surgery, Oncology and Gastroenterology, Oncology and Immunology Section, University of

Padova, Via Gattamelata 64, 35128 Padova, Italy.
@ Supplemental data for this article can be accessed on the publisher’s website.

*Co-senior authors.

© 2017 Anna Tosi, Silvia Dalla Santa, Elisa Cappuzzello, Carolina Marotta, Dawid Walerich, Giannino Del Sal, Paola Zanovello, Roberta Sommaggio, and Antonio Rosato. Published with license by

Taylor & Francis Group, LLC

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.


https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2017.1313371&domain=pdf&date_stamp=2017-08-22
mailto:antonio.rosato@unipd.it
https://doi.org/10.1080/2162402X.2017.1313371
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1080/2162402X.2017.1313371

e13133712 (&) A.TOSIETAL.

personalized cancer immunotherapy, the identification of uni-
versal tumor-specific antigens (TSA) shared between multiple
patients and/or multiple tumors has been gaining renewed
interest and great importance. Furthermore, the selection of
TSAs playing a key role in tumor cell proliferation and survival
is considered crucial to overcome immune escape, as their
downregulation or loss is expected to impair tumor progres-
sion.” In this regard, encouraging results have been achieved in
clinical trials, such as a recent pilot study in leukemia patients
exploring the use of allogenic CD8™ T cells with activity against
the Wilms tumor antigen 1 (WT1)."* Similar approaches have
been applied in ovarian cancer'' and melanoma.'

Among the potential TSAs, the poorly characterized
DEPDCI1 protein is a very promising one. First identified by
Kanehira et al.,'> DEPDCI (Dishevelled EGL-10 and Pleckstrin
domain containing 1) has been shown to be significantly over-
expressed in a great majority of bladder cancer cells, but not
present in normal human tissues except the testis. While the
biologic functions of DEPDCI are still far from being
completely understood, a few published reports have focused
on the role played in inhibiting tumor cell growth, activating
anti-apoptotic pathways'*'” and regulating mitotic progres-
sion.'® Interestingly, DEPDCI has been reported to be a direct
downstream target of the mutant p53 pathway, and it is a mem-
ber of a group of genes relevant in the regulation of the migra-
tion and invasion of breast cancer cells, and therefore in the
enhancement of tumor aggressiveness.'” Collectively, these
studies support the involvement of DEPDCI in many aspects
of cancer biology, such as cell proliferation, resistance to induc-
tion of apoptosis and cell invasion, suggesting that it may play
key roles in the oncogenic process.

A

Based on these observations, the clinical exploitation of
DEPDCI as an immunological target for vaccination in HLA-
A*2402 subjects has started both in bladder cancer patients,,***!
and patients with gastrointestinal, lung or cervical tumors,*
with promising results.

Here, we report that DEPDC1 expression is upregulated in
most types of human tumors, and particularly well represented in
triple negative breast cancer (TNBC), an aggressive form of
neoplasia that occurs in approximately 15% of all breast cancer
patients® and still lacks proper therapeutic solutions. Together
with a leading role in tumorigenesis, the broad and cancer-
specific expression of DEPDCI suggests that it might be regarded
as a novel universal oncoantigen potentially suitable for targeting
many different cancers. In this regard, we also report the identifi-
cation of an immunogenic DEPDC1-derived epitope restricted to
the HLA-A"0201 molecule, which can foster a strong and specific
CTL response in vitro. Such CTLs recognize the endogenously
processed and presented DEPDCI-derived peptide on tumor
cells, and are therapeutically active against human TNBC xeno-
grafts in vivo upon adoptive transfer. Thus, this DEPDCI-derived
antigenic epitope can represent a new tool for the development of
immunotherapeutic strategies for HLA-A"0201 patients with
TNBC, and potentially many other cancers.

Results

DEPDCT1 is widely expressed in tumors but not in normal
tissues

The Oncomine database was interrogated for DEPDC1 gene
expression.”**”> Fourteen independent data sets referred to
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Figure 1. DEPDC1 is upregulated in different human cancers. (A) DEPDC1 mRNA expression in normal (white) and tumor tissues (gray) as reported from microarray stud-
ies in the Oncomine database. Breast: (t-test = 10.953; p-value = 1.181E—14);?° bladder (t-test = 6.217; p-value = 8.82E—9);*7 brain (t-test = 9.929; p-value =
7.56E—12);%8 cervix (t-test = 7.688; p-value = 9.13E—9);*® colon (t-test = 3.978; p-value = 9.98E—5);*° esophagus (t-test = 10.994; p-value = 8.17E—19);>' stomach (t-
test = 7.378; p-value = 4.54E—10);** nasopharynx (t-test = 5.832; p-value = 1.71E—6);** leukemia (t-test = 4.400; p-value = 8.57E—4);** liver (t-test = 6.180; p-value =
2.18E—7);*® lung (t-test = 16.310; p-value = 7.19E—18);* skin (t-test = 5.874; p-value = 3.54E—5);*” ovary (t-test = 14.643; p-value = 2.12E—7) (TCGA Ovarian, No Asso-
ciated Paper, 2013); pancreas (t-test = 4.794; p-value = 8.57E—6).>® Numbers above each box plot refer to the number of samples reported. (B) Endogenous expression of
DEPDC1 protein in several human tumor cell lines (left panels) and in different normal human tissues (right panels), as assessed by western blot analysis. MDA-MB-
231shDEPDC1 refers to cells with DEPDC1 silenced by shRNA, and served as an internal negative control.
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Table 1. Candidate peptides derived from DEPDC1 sequence, their predicted binding affinities to HLA-A*0201 and stabilization ratios.

Peptide Start position Peptide sequence BIMAS score NetMHC affinity (nm) NetCTL score Stabilization ratio on T2 cells
DEPDC1#1 673 FLMDHHQEI 728.022 6.05 1.4641 37
DEPDC1#2 580 SMLTGTQSL 57.085 20.15 1.2956 2.6
DEPDC1#3 588 LLQPHLERV 133.255 47.31 1.2127 25
DEPDC1#4 574 SLLPASSML 79.041 37.72 1.1822 25
DEPDC1#5 282 FLDLPEPLL 39.307 21.60 1.1503 29
DEPDC1#6 289 LLTFEYYEL 54.474 41.23 1.1172 23
DEPDC1#7 524 YINTPVAEI 15.177 165.46 1.0234 2.0
DEPDC1#8 786 ALFGDKPTI 38.601 83.19 1.0145 13
DEPDC1#9 618 LLMRMISRM 71.872 58.86 1.0108 2.1
DEPDC1#10 562 RLCKSTIEL 21.362 127.36 0.9906 1.2

different tumor histotypes showed an upregulation of DEPDC1
mRNA levels in primary cancers, as compared with normal
counterpart tissues (p = 2.15E—7), (Fig. 1A).25% Moreover,
DEPDCI expression turned out to be associated with patho-
logic and prognostic parameters independently from tumor
type. Indeed, advanced stage (Table S1) and high-grade tumors
(Table S2) overexpressed DEPDC1 mRNA as compared with
early stage or low-grade tumors, respectively. Additionally,
higher DEPDC1 mRNA levels were detected in primary tumor
tissues from patients with metastatic events than in patients
with no recurrence, and were related to a worst overall survival
(Table S3). Noteworthy, 13 independent data sets of human
TNBC showed overexpression of DEPDC1 compared with
other breast cancer histotypes (Table S4).

Consistent with these findings, DEPDCI protein was found
to be expressed in a large set of human tumor cell lines of differ-
ent histotypes, such as breast, bladder, brain, cervix, colon, stom-
ach, leukemia, liver, lung and melanoma cell lines (Fig. 1B), thus
supporting the concept that DEPDC1 can be regarded as a
potential universal tumor-associated antigen, whose expression
is strictly linked to the neoplastic status. Conversely, DEPDC1
was not found to be expressed in a set of normal different human
tissues (bladder, breast, cervix, kidney, ovary, placenta, prostate
and uterus; Fig. 1B), consistent with data reported by Kanehira
et al."”’> We failed, however, to visualize DEPDCI1 protein in tes-
tis, even though its specific mRNA had been previously detected
by Northern blot, albeit at low levels."?

In silico prediction of HLA-A*0201-restricted DEPDC1-
derived peptides and assessment of their MHC stabilizing
properties

DEPDCI1 amino acid (aa) sequence was analyzed for potential
HLA-A"0201-restricted peptides using three epitope prediction
algorithms available online, namely BIMAS, NetMHC and
NetCTL. Different nine-aa peptides were classified according to
their predicted ability to stabilize the MHC allele. The 10 pepti-
des with the highest prediction score were chosen and synthe-
sized for further studies (Table 1). To evaluate their ability to
stabilize the HLA-A"0201 allele, the DEPDC1-derived peptides
were incubated with antigen-processing deficient T2 cells.
Then, HLA-A"0201 expression levels were measured and com-
pared with those induced by incubation of T2 cells with an
irrelevant peptide (Table 1 and Fig. S1). DEPDCI-derived pep-
tides induced different levels of HLA-A"0201 expression, being
DEPDCI1#1 and DEPDCI1#5 those with the highest ability to
stabilize the MHC molecule.

DEPDCT1#5 peptide induces interferon-gamma (IFNy)
production in peptide-stimulated T-cell cultures

Monocytes were obtained from peripheral blood mononuclear
cells (PBMC) of healthy donors, and were induced to differen-
tiate into dendritic cells (DC; data not shown) to act as anti-
gen-presenting cells for T-cell stimulation. The lymphocytes
isolated from the PBMC of the same healthy donors were
immunomagnetically enriched for CD8™ T cells (80 + 1.5% of
total lymphocytes), being the remaining contaminant CD4* T
cell subset only fractional (7.6 &= 5.9%). To induce the expan-
sion of antigen-reactive T-cell populations, CD8* T cells were
stimulated weekly by autologous DC pulsed with DEPDCI1-
derived peptides. At the third round of stimulation, T cell cul-
tures were screened for IFNy production in response to HLA-
A*0201-positive lymphoblastoid cells (LCL) pre-loaded with
different DEPDCl1-derived peptides. The most responsive
CD8* population was observed after stimulation with the
DEPDCI1#5 peptide. LCL cells loaded with an irrelevant
peptide (HLA-A"0201-restricted Gag-17,7_g5, SLYNTVATL)
or left unpulsed did not induce IFNy production (Figs. 2 and
S2). Taken together, these results led us to focus on and
further characterize DEPDC1#5 peptide-stimulated T-cell cul-
tures. After three stimulation rounds the bulk population was
essentially composed of CD8" T cells (79.4 £+ 1.5%; n = 24
donors, Fig. 3A), mainly characterized by an effector memory
phenotype (78.48 & 7% of CCR7/CD45RA™; n = 11 donors;
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Figure 2. Identification of DEPDC1-derived immunogenic epitopes. The IFNy pro-
duction from CD8™ T cells stimulated for three times with autologous DCs pulsed
with each DEPDC1-derived peptide was measured in response to unpulsed or
pulsed LCL cells, by cytokine intracellular staining. LCL cells loaded with Gag-17,7_
5 peptide served as a negative control. Data are presented as the percentage of
CD8™ T cells positive for IFNy staining (“*p < 0.01; not statistically significant (p >
0.05) if not indicated).
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Figure 3. Characterization of DEPDC1#5 peptide-stimulated T cell cultures. (A) Flow cytometry analysis of T cells subsets in cell cultures after three stimulations with autol-
ogous DC pulsed with DEPDC1#5 peptide. The mean percentage and standard deviation are shown (n = 24 healthy donors). (B) Percentages of CD8™ T cells within sub-
sets defined by the expression of CD45RA and CCR7 differentiation markers (CD45RA"CCR7" naive, CD45RA~CCR7" central memory (CM), CD45RA~CCR7~ effector
memory (EM) and CD45RATCCR7™ terminally differentiated effector memory (Temra) cells; n = 11 healthy donors)). (C) Tetramer staining of CD8™ T cells after sequential
rounds of stimulation. The mean percentage =+ SD of CD8/tetramer™ lymphocytes in cultures is shown for each stimulation.

Fig. 3B). Natural killer (NK) cells were essentially undetectable
in these cultures. DEPDC1#5 peptide-specific CD8" T cells
were quantified by tetramer staining throughout the culture
period. The amount of CD8™ T cells expressing a DEPDC1#5/
HLA-A"0201-specific TCR reached a peak (1 £ 0.5%) after
three in vitro stimulations, and then slightly declined after the
fourth stimulation (Figs. 3C and S3).

DEPDC1#5 peptide-stimulated CTL are HLA-A0201-
restricted, strictly antigen-specific and recognize an
endogenously processed epitope in tumor cells

Antigen specificity of CTLs stimulated with DEPDC1#5 peptide
was assessed against the MDA-MB-231 TNBC cell line, which is
HLA-A"0201-positive and endogenously expresses DEPDCI
(Fig. 4A). Upon challenge with these cells, a consistent fraction
of DEPDC1#5 peptide-induced CTLs was stimulated to produce
IFNy (Fig. 4B). On the other hand, the percentage of cytokine-
producing CD8" CTLs sharply dropped in response to MDA-
MB-231 cells either pretreated with the anti-MHC class I W6/32
blocking antibody, or silenced for DEPDCI1 expression by a spe-
cific short hairpin RNA (shDEPDC1). A control scrambled
siRNA (shCTRL) produced no relevant effects on recognition.
Additionally, a very limited IFNy response was observed against
the human embryonic kidney 293 cell line, which endogenously
express DEPDC1 (Fig. 4A) but is devoid of the HLA-A"0201
molecule. Conversely, stable transfection of 293 cells with the
HLA-A"0201 allele (Fig. S4) led to a prompt and sustained rec-
ognition of target cells, revealed by the increased percentage of
IFNy-producing CD8" T cells (Fig. 4B).

In support of these data, the cytolytic activity of DEPDCI1#5
peptide-stimulated CTLs was assessed in a classical ' Cr-release
assay (Figs. 4C and S5A). In particular, CTLs exerted a high
cytotoxicity against MDA-MB-231 cell line (Fig. 4C); such lytic
effect was significantly reduced upon DEPDCI1 silencing, while

silencing with a shCTRL did not affect CTL-dependent cyto-
toxicity, thus confirming antigen specificity. To further demon-
strate that CTL activity was specific for the DEPDCI1#5
peptide, MDA-MB-231 cells were pulsed with DEPDC1#5 or
Gag-17,;_g5 peptides, and tested for susceptibility to lysis. In
this condition, exogenous peptides bind to HLA-A*0201 and
replace the endogenously presented peptides. CTLs exhibited a
significantly higher lytic activity against DEPDC1#5-pulsed
MDA-MB-231 cells as compared with the same cells pulsed
with the irrelevant HLA-A"0201-restricted peptide. As a confir-
mation of the HLA-A"0201 restriction, incubation of MDA-
MB-231 cells with the W6/32 blocking antibody led to a signifi-
cant reduction of cytotoxicity, an effect that was not observed
with the addition of an isotype control antibody. Furthermore,
DEPDCI1#5 peptide-stimulated CTLs were significantly more
cytotoxic against HLA-A"0201 transfected 293 cells, which
acquire the ability to present DEPDCI1-derived peptides in the
context of the HLA-A*0201 molecule, compared with wild type
293 cells that lack the expression of this allele.

The critical aspects of peptide specificity and HLA recogni-
tion were further confirmed by assessing the lytic activity of
DEPDCI1#5 peptide-stimulated CTLs against the NIH 3T3
murine fibroblast cell line, in which neither human DEPDCI1
nor HLA-A*0201 are endogenously expressed (data not shown
and Fig. S4). CTLs did not disclose any relevant activity against
wild type NIH 3T3 cells, but cytotoxicity significantly increased
when target cells were simultaneously transfected with HLA-
A*0201 (Fig. S4) and pulsed with DEPDC1#5 peptide; HLA-
A*0201-transfected NIH 3T3 cells unloaded or pulsed with an
irrelevant peptide were essentially not recognized (Fig. 4D).

On the other hand, the capacity of DEPDCl1#5-stimulated
CTLs to recognize the naturally processed and presented epi-
tope was further validated using as targets additional tumor cell
lines of different histotypes, namely A375 (melanoma), HepG2
(hepatocellular carcinoma) and U87MG (glioblastoma). Such
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Figure 4. Functional characterization of DEPDC1#5 peptide-stimulated CTLs. (A) Western blot analysis of DEPDC1 protein expression in MDA-MB-231 and 293 cell lines.
MDA-MB-231shDEPDC1 are silenced for DEPDC1, while shCTRL refer to cells silenced with a scrambled control siRNA. (B) Intracellular IFNy staining of CD8™ T cells stimu-
lated for three times with autologous DEPDC1#5 peptide-pulsed DC. Data are presented as the mean percentage + SD of CD8™ T cells positive for intracellular IFNy stain-
ing (*p< 0.05; n = 3 healthy donors). (C, D) Lytic activity and specificity of DEPDC1#5 peptide-stimulated CTL. Cytotoxicity of DEPDC1#5 peptide-stimulated CD8™ T cells
generated as in (B) was analyzed by a 6-h chromium release assays against the reported targets. Results are expressed as LUs, x 10° effectors ("p < 0.05; ***p < 0.001;

Forokk

p < 0.0001; not statistically significant (p > 0.05) if not indicated).

cells turned out to be sensitive to killing (Fig. S5A), as expected
from both DEPDCI1 (Fig. 1B) and HLA-A"0201 (Fig. S5B)
expression, with cell lysis apparently correlating with the
expression levels of the HLA-A*0201 molecule.

DEPDC1#5 peptide-stimulated CTLs restrain tumor growth
in vitro

To investigate the ability to induce long-term effects in vitro,
DEPDC1#5 peptide-stimulated CTLs were co-cultured with
MDA-MB-231 or NIH 3T3 in an outgrowth assay (Fig. 5).
After 4 weeks, both MDA-MB-231 and NIH 3T3 reached the
full confluency in the absence of lymphocytes. Conversely, the
addition of DEPDC1#5 peptide-stimulated CTLs completely
inhibited the growth of MDA-MB-231 cells, even at very low
effector/target (E/T) ratios. Control CTLs stimulated with an
irrelevant peptide were not able to repress MDA-MB-231
growth, and served as control for antigen specificity (Ctrl-
CTL). No effects were observed on NIH 3T3 cell growth.

Adoptively transferred DEPDC1#5 peptide-stimulated CTLs
inhibit breast cancer growth and restrain the metastasis
process

Before proceeding with experiments aimed at assessing the in
vivo therapeutic efficacy of anti-DEPDC1 T cells upon adoptive

transfer, unrelated control effectors were generated. Thus, CTL
populations directed against the HLA-A2-restricted Melan-
Ajs 35-a271 peptide, which was derived from the melanocyte
lineage-specific Melan-A protein expressed in most of primary
and metastatic melanomas,”® were obtained following the same
protocol used to generate DEPDCI#5 peptide-stimulated
CTLs. The amount of CD8" T cells expressing a Melan-Aq_
35-a270/ HLA-A¥0201-specific TCR was quantified using tetra-
mer staining throughout the culture period (25.7 & 19.44% at
the third round of stimulation, n = 3 healthy donors) (Fig. S6A
and B). The cytotoxic activity of Melan-As 35.4271, peptide-
stimulated CTLs was assessed in a classical >'Cr-release assay
to confirm that they did not recognize MDA-MB-231 cells
alone or pre-loaded with the DEPDC1#5 peptide (Fig. S6C).
Conversely, when breast cancer cells were pulsed with the
Melan-Ays 35.4271. peptide, the cytotoxicity was significantly
increased.

Thereafter, the in vivo therapeutic efficacy of DEPDC1#5
peptide-stimulated and control CTLs was evaluated against
MDA-MB-231 cells stably transduced with the firefly luciferase
(luc) reporter gene, and injected into the mammary fat pad of
NOD/SCID common y chain knockout (NSG) female mice.
Three days after inoculation, the tumor was detected by biolu-
minescence (BLI), and a group of mice (n = 9) received intra-
tumor injections of DEPDC1#5 peptide-stimulated CTLs for a
total of three doses, whereas another group (n = 8) received
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CTLs. The figure reports the inhibition of MDA-MB-231 outgrowth by DEPDC1#5 pep-

tide-stimulated T cells after 4 weeks of culture. MDA-MB-231 cultured alone or in presence of control CTL (Ctrl-CTL), and NIH 3T3 cells alone or co-cultured with DEPDC1#5
peptide-stimulated CTL were used as negative controls. Results are expressed as percentage of target cell growth inhibition and the numbers above each bar refer to the

target:CTL ratio (n = 3 healthy donors).

CTL cultures stimulated against the irrelevant Melan-A,s
35:a271. peptide; the untreated mice (n = 18) were injected with
PBS (Fig. 6A). While a progressive increase in tumor growth
was observed in the two groups of control mice, DEPDC1#5
peptide-stimulated CTL treatment was able to delay the growth
of primary tumor (Fig. 6B). When MDA-MB-231 cells are
injected orthotopically, metastases are frequently observed
3-4 weeks later in the axillary lymph nodes and lungs.**** In
this regard, mice treated with DEPDCI1#5 peptide-stimulated
CTLs showed a significant reduction in peripheral metastatic
colonization as compared with untreated mice and to mice
treated with Melan-A-specific CTLs, when examined at the
same primary tumor size (Fig. 6C), thus clearly indicating that
DEPDCI1#5 peptide-stimulated CTLs were also effective in
inhibiting metastases.

Discussion

Tumor-specific mutations can be envisaged as ideal targets
for cancer immunotherapy since they are not present in
healthy tissues and can potentially be recognized as neoanti-
gens by the T-cell repertoire. However, mutated protein-
based personalized vaccines are hampered by the fact that in
each patient the tumor possesses a unique set of mutations,
which must be first identified with enormous time-consum-
ing and expensive molecular screenings. Therefore, the iden-
tification of TSA shared by multiple patients and different
types of cancers is likely destined to become again crucial
for overcoming these problems and making immunotherapy
universally applicable.

The involvement of DEPDCI in many cancer traits sug-
gests its key role in tumor cell growth and survival,'>*’
hence supporting a low possibility of antigen downregula-
tion. Therefore, we investigated DEPDC1 gene expression
among human cancer tissues using the Oncomine database,

and found that it is overexpressed almost ubiquitously in
human cancers as compared with healthy counterpart tis-
sues. This aspect, together with its involvement in the onco-
genic process, strongly indicates that DEPDCI1 can be
regarded as a novel universal oncoantigen, potentially suit-
able for targeting many different tumors. Additionally, the
pathologic and prognostic value of DEPDCI1 upregulation is
consistently supported by its association with the most
common clinic-pathological variables associated to cancer
aggressiveness, such as the presence of regional nodal
metastasis, invasion of distant organs and presence of
poorly differentiated or undifferentiated abnormal-looking
cells, and a significant correlation was demonstrated with
both overall and disease-free survival. According to the pre-
dominant DEPDC1 overexpression in most aggressive
tumors, its upregulation was found to be particularly rele-
vant in TNBCs, which are characterized by a poorer prog-
nosis respect other forms of breast cancer, and associated
with an increased risk of recurrence within 3 y from diag-
nosis and an increased 5-y mortality rate.”” In this regard,
our study shows that the identified HLA-A"0201-restricted
DEPDCIl-derived peptide could be exploited for immuno-
therapy against TNBCs, which unfortunately still suffer
from the lack of therapeutic options already available for
other breast cancer subtypes.**

We decided to focus on the HLA-A*0201 allele as it is the
most common HLA class I subtype in the Caucasian popula-
tion and the second most common in the Japanese popula-
tion.*>*®  Therefore, 10 HLA-A*0201-restricted DEPDCI-
derived peptides were identified by integrating the results of
three epitope prediction programs based on the prediction of
peptide binding affinity to MHC, on the probability of peptide
proteasomal cleavage and on the efficiency of peptide transport
trough the endoplasmic reticulum. One of the peptides tested
had the ability to induce a specific and relevant functional CTL



CTL
(10x10°)

MDAMB231
(1x10%)

W

N\

CTL
(10x10%)

ONCOIMMUNOLOGY e1313371-7

CTL
(10x10°)

ey ’ O ® (S
(2> > ;
: g & i
Day 0 Tumor mass evaluation
and BLI monitoring
2x10" 7 ® Untreated
©
£ B Melan-A CTLs
@
£ 1.6x10" o O DEPDC1#5 CTLs
=
4 .
x o 10
E & a 12x10
o~ x
5 5§ £
< 5 .
E 8 3 &0
" [=%
pud
3}
£ 4x10°
Q
a
o
8 0 . . : . ;
9 15 19 21 29
Days post tumor injection
*
5x10" 7
=4 *x
Q
g .
= 4x10"
b}
3
= @
2 2 2 3x10' 1 °
x
< 28 2
< £ © L
@ 3 S 2x10° 7
= - 18 "
. : .
g 1x10" .....0 == o
3* ®oo00® 00 _©O
a - %00
& 0 T T ol
o Untreated Melan-A CTLs DEPDC1#5 CTLs

Figure 6. Assessment of therapeutic efficacy in vivo of DEPDC1#5 peptide-stimulated CTL. (A) On day 0, NSG mice were injected into the mammary fat pad with 1 x 10°
luc-transduced MDA-MB-231 cells, and were treated intra-tumorally at days 3, 6 and 10 with 1 x 107 DEPDC1#5 peptide-stimulated CTLs (n = 9) or Melan-A peptide-stim-
ulated CTL (n = 8). The untreated group of mice received three injections of PBS1X (n = 18). (B) Tumor growth was monitored by BLI measurement as photon flux. Left
panels show the primary tumor BLI of three representative mice for each group after 29 d from tumor injection, while right panel reports tumor growth of all animals at
different time points (mean of photons/second =+ SD; ***p < 0.001; the ANOVA was used for statistical analysis). (C) Distant metastatic colonization was evaluated by BLI
when a primary tumor size of about 700 mm? was reached in each group. The left panels show the BLI of distant metastases in three representative mice for each group,
while right panel reports the photons/second detected in each individual mouse belonging to the different groups ("p < 0.05; **p < 0.01).

response against target cells; indeed, DEPDC1#5-stimulated
CTLs produced IFNy in presence of both target cells artificially
loaded with the DEPDC1#5 peptide, and tumor cells endoge-
nously expressing the DEPDCI1 protein. Furthermore, despite
the small percentage of tetramer-positive T cells, the
DEPDCI1#5-stimulated CTL populations exerted a relevant and
specific cytotoxic activity against TNBC cells, indicating that
they naturally process the DEPDCI antigen and present the
epitope in association with the HLA-A*0201 molecules, thus
becoming susceptible to the CTL attack. These findings suggest
that even a small fraction of antigen-specific T cells can exert a

significant lytic function, likely due to the recycling potentiali-
ties of the effectors, ultimately leading to a marked enhance-
ment of the overall activity of DEPDC1#5-specific lymphocytes.

Apparently, the functional response mediated by
DEPDC1#5-stimulated CTLs was not a short-term effect, as
completely inhibited in vitro breast cancer cell growth even at
very low E/T ratios. Moreover, in a TNBC mouse model
DEPDCl-stimulated CTL delayed breast tumor growth and
reduced peripheral colonization despite the apparently limited
number of DEPDC1#5-specific CD8" T cells injected, thus
demonstrating the effectiveness of the CTL therapy also in



e1313371-8 A.TOSI ET AL.

restraining the metastasis process. Conversely, CTL popula-
tions directed against the well-known immunogenic Melan-A
protein,”® which is not expressed in MDA-MB-231 cells,*” had
no therapeutic effects despite the higher amount of Melan-A s
35:a271, specific CD8™ T cells infused, thus excluding a possible
therapeutic effect of non-specific lymphocytes.

The limited number of DEPDC1#5-specific T cells obtained
after the in vitro stimulations could represent a potential limita-
tion for ACT. Nonetheless, it must be considered that our
DEPDC14#5-specific CTL cultures were generated from PBMC
of healthy donors, where the precursor frequency is almost
undetectable, while priming of DEPDCl1-specific T cells could
occur in tumor patients. In this regard, a preliminary survey on
a very limited number of TNBC patients provided evidence of
a potential response in one patient, thus suggesting the need of
further studies. Alternatively, a higher number of DEPDC1#5-
specific T cells could be obtained by stimulating cultures with a
Rapid Expansion Protocol,*® or with cellular or acellular artifi-
cial Antigen Presenting Cells (aAPC),” even though these
protocols generate a large number of non-specific responders,
the interactions between T cells and aAPC are weaker than
those between the lymphocytes and the natural autologous
APC.

Taking together, the results of this study emphasize the idea
that DEPDCI1 can be considered as a universal tumor antigen,
and might represent a potential and safe target for cancer
immunotherapy, as its overexpression is confined only in
tumor cells and not in normal tissues. In support of this con-
cept, results of three vaccination clinical studies based on a
HLA-A24-restricted DEPDCl1-derived peptide have shown a
good tolerability and provision of clinical benefit to patients
with both bladder cancer’**' and other different solid tumors.*?

Materials and methods
cDNA microarrays analysis

The Oncomine database, a repository for published cancer-pro-
filing cDNA microarray data® (http://www.oncomine.org), was
explored for DEPDC1 mRNA expression in various human
tumor tissues, and in the corresponding non-neoplastic tissues.
Statistical analysis of the differences in DEPDC1 expression
was accomplished through the use of the ONCOMINE algo-
rithms, which allow multiple comparisons among different
studies.”*** The fold change and gene rank were defined as
“all,” whereas the data type was restricted to mRNA. Only stud-
ies with results achieving a p <0.05 were considered.

Western blot

Total cell extracts from tumor cells were obtained with a buffer
containing 50-mM Tris-HCI pH 7.5, 2-mM EDTA, 150-mM
NaCl, 1% NP-40 and 1% protease inhibitor cocktail (Roche
Biochemical Reagents). Protein concentration was determined
by BCA Protein Assay Micro Kit (Serva Electrophoresis).
Lysates were resolved by SDS-sample buffer (4% sodium
dodecyl sulfate (SDS), 200-mM Tris-HCl pH 6.8, 3% pB-Mer-
captoethanol, 6% glycerol and 0.6% Bromophenol Blue, all
from Sigma-Aldrich), boiled for 5 min before loading in

NuPage Novex 4-12% Bis-Tris Midi Protein gels (Invitrogen),
and then transferred to the nitrocellulose membrane (Perki-
nElmer). DEPDCI expression was assessed in non-neoplastic
samples using a commercially available tissue microarray (Pro-
Sci) containing nine normal human tissues (bladder, breast,
cervix, kidney, ovary, placenta, prostate, testis and uterus).
Western blot analysis was performed according to standard
procedures using a rabbit anti-DEPDCI polyclonal antibody
(1:500, Abcam) and HRP-conjugated goat anti-rabbit IgG
(diluted 1:3,000, Abcam) secondary antibody. The membrane
was developed with ECL detection reagents (ThermoFisher Sci-
entific) and visualized using chemiluminescence. Signal inten-
sity was measured by a Bio-Rad XRS chemiluminescence
detection system (Lyfe Science Group).

Cell lines

The following cell lines were used in this study: the human
TNBC cell line MDA-MB-231 (HLA-A*02017), and the related
derivatives MDA-MB-231 shDEPDC1 and MDA-MB-231
shCTRL that have been stably transduced with a short hairpin
RNA (siRNA) for DEPDCI1 silencing or with a control siRNA,
respectively; the human TNBC cell line MDA-MB-468; MCEF-
7, a human breast cancer cell line; the human bladder cancer
cell line SW-780; U87MG, a human glioblastoma cell line;
HeLla, a human cervix adenocarcinoma cell line; HCT-15, a
human colorectal adenocarcinoma cell line; MKN-45, a human
gastric cancer cell line; K562, a human chronic myelogenous
leukemia cell line; HepG2, a human hepatocellular carcinoma
cell line; A549, a human lung carcinoma cell line; A375, a
human melanoma cell line; the human embryonic kidney cell
line 293 (HLA-A"02017) and 293-A2 [stably expressing the
HLA-A*0201 molecule upon pcDNA3/neo plasmid-mediated
transfection using Lipofectamine2000 (Invitrogen)]; the T2
cells (HLA-A"0201"), a TAP-deficient human hybrid B/T lym-
phoblastic cell line; the mouse fibroblast cell line NIH 3T3 and
NIH 3T3-A2 (stably expressing HLA-A*0201 upon retroviral
transduction). Cells were maintained in DMEM (MDA-MB-
231, MDA-MB-468, MCEF-7, SW-780, U87MG, HeLa, HepG2,
A549, A375, 293 and NIH 3T3) or RPMI 1640 (HCT-15,
MKN-45, K562, T2) medium (EuroClone) supplemented with
10% Fetal Bovine Serum (FBS, Gibco), 2 mM L-Glutamine,
10 mM HEPES, 100-U/mL Penicillin and 100 U/mL Strepto-
mycin (all from Lonza), at 37 °C in a 5% CO, atmosphere.

Peptide selection and synthesis

Several 9-mer HLA-A"0201 binding motifs from DEPDCI pro-
tein sequence were selected based on a integration of their score
using the HLA peptide binding prediction algorithms available
at BIMAS (http://www-bimas.cit.nih.gov/molbio/hla_bind/),”"
NetMHC (http://www.cbs.dtu.dk/services/NetMHC/)52 and
NetCTL (www.cbs.dtu.dk/services/NetCTL/)> websites. A total
of 10 HLA-A"0201-restricted peptides were chosen. The
DEPDC1-derived HLA-A*2402-restricted peptide EYYELFVNI
served as negative control in the T2 stabilization assays. All
peptides were synthesized by CRIBI (Padova, Italy) with a
purity of 98% verified by mass spectrometry analysis. The
peptide SLYNTVATL (HIV-1 pl7 Gag, aa 77-85; named
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Gag-17,,_gs) was used as negative control in functional assays,
as it was described previously as an optimal HLA-A2-restricted
CTL epitope.>*>® The HLA-A2-restricted peptide ELAGI-
GILTV (Melan-A/MART-1 analog, aa 26-35"A27L; named
Melan-A s _35-4271) Was used for the selection and expansion of
Melan-A-specific T cells for in vivo experiments.*

T2 stabilization assay

Binding and stabilization of HLA-A"0201 molecule by
DEPDCI-derived peptides was evaluated using T2 cells.”” T2
cells were stripped in 0.131 M citric acid, 0.066 M Na,HPO,
(pH 3.3) for 45 s, washed and resuspended in serum-free cul-
ture media. A total of 2 x 10° cells were incubated with 3 ug/
mL B2-microglobulin (Sigma-Aldrich) and 100 pg/mL peptide
in a final volume of 500 L for 4 h at 37 °C. Cells were then
washed and stained with the FITC-conjugated HLA-A"0201
monoclonal antibody BB7.2 (BioLegend) before cytometry
evaluation (FACSCalibur, BD Biosciences). Stabilization was
calculated by dividing the Mean Fluorescence Intensity (MFI)
of peptide-pulsed T2 cells with the MFI of T2 cells loaded with
a negative control peptide (EYYELFVNI) with no predicted
binding affinity to HLA-A*0201.>®

Generation of peptide-specific T cells from healthy donors

CD8" T cells and monocyte-derived DC were obtained from
peripheral blood of HLA-A"0201 positive healthy donors.
PBMC were isolated by Ficoll-Plaque PLUS (GE Healthcare)
density gradient centrifugation, and then separated by adher-
ence to plastic culture flasks (Falcon) for 1.5 h at 37 °C in 5%
CO, to enrich the monocyte fraction. Non-adherent cells were
collected and purified for CD8" T cells using MACS CD8"
microbeads (Miltenyi Biotec) according to manufacturer’s
instructions. Isolated CD8"' T cells were cryopreserved until
further use. The adherent fraction was differentiated into
mature DC by culture in RPMI 1640 supplemented with 8%
Human AB serum (HS; Aurogene), 2 mM L-Glutamine,
10 mM HEPES, 100 U/mL Penicillin, 100 U/mL Streptomycin
and 50 uM 2B-mercaptoethanol for 7 d with the addition of
1,000 U/mL granulocyte-macrophage colony-stimulating factor
(GM-CSF) and 500 U/mL IL-4 (PeproTech). After 5d, 1 ug/
mL of LPS was added, and the DCs’ mature phenotype at day 7
was confirmed by flow cytometry analysis of the expression of
CD14 (clone TUK4; Miltenyi), CD83 (clone HB15; Miltenyi),
CD86 (clone FM95; Miltenyi), CD80 (clone L307.4; BD Bio-
sciences), CCR7 (clone G043H7; BioLegend), HLA-ABC (clone
W6/32; BioLegend) and HLA-DR (clone 1243; BioLegend)
markers. Mature DCs were pulsed with 20 pg/mL of synthe-
sized peptides in presence of 3 pug/mL B2-microglobulin
(Sigma) in RPMI 1640 medium supplemented with 3% HS at
37 °C for 4 h. These peptide-pulsed DC were then irradiated
(55 Gy) and mixed at 1:10 ratio with autologous CD8" T cells
in a complete medium supplemented with 8% HS, 10 ng/mL
IL-7 (PeproTech) and 20 U/mL rhIL-2 (Proleukine, Novartis).
After 2 d, half of medium was replaced with fresh medium sup-
plemented with 100 U/mL rhIL-2. On days 7, 14 and 21, T cells
were restimulated with the autologous peptide-pulsed DC as
described above.
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Intracellular cytokine staining for IFNy detection

IFNy production in response to peptide epitopes was measured
by intracellular cytokine staining after blocking the cellular
secretion using BD Cytofix/Cyotperm kit, according to the
manufacturer’s instructions. HLA-A*0201-positive LCL or
tumor target cell lines were used as stimulators. LCL cells were
pulsed overnight with each peptide (10 pg/mL), washed and
incubated at 1:1 ratio with peptide-specific CTLs stimulated
three times with autologous peptide-pulsed DC. The Gag-17,,_
g5 peptide served as negative control, while phorbol 12-myris-
tate 13-acetate (PMA; 40 ng/mL)/ionomycin (4 pg/mL) (Sigma
Aldrich) as positive control. After 1 h, cellular cytokine secre-
tion was blocked by the addiction of GolgiStop (2 M) and the
incubation was allowed to continue for 5 h at 37 °C. Cells were
then stained with APC-conjugated anti-CD8a antibody (clone
RPA-T8; BioLegend), washed and fixed. After permeabilization,
cells were stained with a PE-conjugated anti-IFNy antibody
(clone B27; BioLegend) for 30 min at 4 °C, and flow cytometry
analysis was performed (FACSCalibur, BD Biosciences).

MHC-biomonomer and MHC-tetramer preparation

The synthesis of MHC-peptide tetrameric complexes has
been reported previously.”” Briefly, the MHC HLA-A"0201
heavy chain, f2m and epitope peptide (DEPDCI1#5 or Melan-
Ay 354271, peptides) were subjected to a refolding in vitro in
Tris-HCl pH 8, L-Arginine-HCI, NaEDTA, oxidized glutathione
and reduced glutathione (Sigma-Aldrich). The complex was
isolated through dialysis, concentrated and purified by HPLC to
separate monomers from unconjugated components. Monomers
were then enzymatically biotinylated by the enzyme BirA. The
biomonomers obtained were purified and then quantified with a
spectrophotometer. The tetramers were finally assembled with
PE-conjugated extravidin (Sigma-Aldrich) for subsequent use in
flow cytometry analysis.

Peptide-stimulated T-cell characterization

T cells selected and expanded in vitro were characterized using
the following fluorochrome-conjugated monoclonal antibodies:
APC-conjugated CD3 (clone UCHT1; BioLegend) and CD8™"
(clone RPA-T8; BioLegend); FITC-conjugated CD16 (clone
3G8; BioLegend) and CCR7 (clone GO043H7; BioLegend);
PerCP-Cy5.5-conjugated CD56 (clone B159; BD Biosciences)
and CD45RA (clone HI100; BioLegend); BV421-conjugated
CD8™" (clone RPA-T8; BD Biosciences); APC-H7-conjugated
CD4" (clone RPA-T4; BD Biosciences); PE-conjugated CD4"
(clone RPA-T4; BioLegend). For the tetramer staining, CTLs
were incubated with the PE-conjugated HLA-A"0201-
DEPDCI1#5 or PE-conjugated HLA-A*0201-Melan-As_3s.a271.
tetramers. Samples were analyzed by an LSRII flow cytometer
(BD Biosciences) and evaluated with Flow]Jo software (TreeStar,
Inc.).

*'Cr-release assay

DEPDCI1#5 peptide-specific CTL cytotoxic activity was
assessed using a 6 h >'Cr-release assay. Briefly, a total of 1 x
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10° target cells were labeled with 100 1Ci of Na,”'CrO, for 1 h
at 37 °C and washed twice with culture medium. Depending on
the experiment, target cells were incubated with 10 uM of
DEPDCI1#5, Gag-17,7_g5 or Melan-A,4 35-a271 peptides for
40 min at 37 °C and then washed twice. For blocking experi-
ments, target cells were incubated for 30 min on ice with
10 pg/mL anti-MHC-class I blocking antibody (W6/32 clone;
BioLegend) or the relative isotype control (mouse IgG2a, « iso-
type ctrl; BioLegend). Target and effector cells were then plated
in a 96-well U-bottom plate at the indicated E/T ratio in a total
volume of 200 uL. After 6 h of incubation at 37 °C, 30 uL
supernatant was transferred on a scintillation plate (Perki-
nElmer), and measured using a Top Count gamma counter
(PerkinElmer). The percentage of lysis was calculated as fol-
lows: % Specific lysis = (experimental release — spontaneous
release)/(maximal release — spontaneous release) x 100. Spon-
taneous and maximal releases were obtained by incubating tar-
get cells in medium alone or in RPMI 2% SDS, respectively.
Cytotoxicity was expressed as lytic units 30 (LU3) or lytic units
20 (LU,), where 1 LU;, or 1 LU,, were defined as the number
of effector cells capable of killing 30% or 20% of target cells,
respectively.”” Results were expressed in number of LUj, or
LU, per 10° responder cells.

Outgrowth assays

Target MDA-MB-231 or NIH 3T3 cells were serially double
diluted into replicate flat-bottom 96-wells plate starting from
3,000 cells/well, and T cells were added where indicated at 3,000
cells/well. Plates were incubated at 37 °C in 5% CO, with weekly
refeeding, and target cells outgrowth was scored after 4 weeks.

In vivo experiments of adoptive immunotherapy

On day 0, 6-8 weeks old female NSG (Charles River) mice were
anesthetized (1-3% isoflurane, Merial Italia), and injected into
the mammary fat pad with 1 x 10° MDA-MB-231 cells trans-
duced with a lentiviral vector coding for the Firefly Luciferase
reporter gene.’’ At day 3, mice were injected intra-tumorally
with 10 x 10° DEPDCl1-specific or Melan-A-specific CTL stim-
ulated three times with autologous peptide-pulsed DC. Another
group of mice received only PBS1X as negative controls. The
same treatment was repeated for two additional times at 3-4 d
interval.

Tumor growth was monitored over time by bioluminescence
analysis. In particular, anesthetized animals were given the sub-
strate D-Luciferin (PerkinElmer) by intraperitoneal injection at
150 mg/kg in PBS (Sigma). The light emitted from the biolumi-
nescent tumors or metastasis was detected using a cooled
charge-coupled device camera mounted on a light-tight specimen
box (IVIS Lumina II Imaging System; PerkinElmer). Imaging
times ranged from 15 s to 8 min. Regions of interest from dis-
played images were identified around the tumor sites or at
peripheral metastasis region, and were quantified as total photon
counts or photon/s using Living Image® software (PerkinElmer).
For the peripheral metastatic colonization detection, the lower
portion of each animal was shielded before reimaging to mini-
mize the bioluminescence from primary tumor, thus allowing
the signals from metastatic regions to be observed in vivo.

Statistical analysis

Results were analyzed for statistical significance by using paired
or unpaired Student’s t-test and ANOVA, as appropriate (***p
< 0.0001; “p < 0.001; **p < 0.01; *p < 0.05). Histograms rep-
resent mean values & SD. In scatter-plot graphs, symbols indi-
cate different samples or assays, and horizontal bars represent
means £ SD. Statistical analysis was performed using Sigma-
plot and GraphPad Prism 4.0 software.
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