Cancer Immunol Immunother (2013) 62:1619-1628
DOI 10.1007/s00262-013-1467-x

ORIGINAL ARTICLE

DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 3, X-linked
is an immunogenic target of cancer stem cells

Jun Koshio * Hiroshi Kagamu - Koichiro Nozaki - Yu Saida - Tomohiro Tanaka -
Satoshi Shoji - Natsue Igarashi - Satoru Miura - Masaaki Okajima -

Satoshi Watanabe - Hirohisa Yoshizawa - Ichiei Narita

Received: 21 May 2013 / Accepted: 12 August 2013 / Published online: 22 August 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract Accumulating evidence suggests that most solid
malignancies consist of heterogeneous tumor cells and that
a relatively small subpopulation, which shares biological
features with stem cells, survives through potentially lethal
stresses such as chemotherapy and radiation treatment.
Since the survival of this subpopulation of cancer stem
cells (CSC) plays a critical role in recurrence, it must be
eradicated in order to cure cancer. We previously reported
that vaccination with CD133" murine melanoma cells
exhibiting biological CSC features induced CSC-specific
effector T cells. These were capable of eradicating CD133™"
tumor cells in vivo, thereby curing the parental tumor. In
the current study, we indicated that DEAD/H (Asp—Glu—
Ala—Asp/His) box polypeptide 3, X-linked (DDX3X) is an
immunogenic protein preferentially expressed in CD1337
tumor cells. Vaccination with DDX3X primed specific
T cells, resulting in protective and therapeutic antitumor
immunity. The DDX3X-primed CD4" T cells produced
CD133" tumor-specific IFNy and IL-17 and mediated
potent antitumor therapeutic efficacy. DDX3X is expressed
in various human cancer cells, including lung, colon, and
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breast cancer cells. These results suggest that anti-DDX3X
immunotherapy is a promising treatment option in efforts
to eradicate CSC in the clinical setting.
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Introduction

There has been increasing evidence that most solid malig-
nancies consist of heterogeneous tumor cells and that a
relatively small subpopulation exhibits unique characteris-
tics, including high tumorigenicity, growth as non-adherent
spheres, unlimited self-renewal, and differentiation. The
members of this unique subpopulation are referred to as
cancer stem cells (CSC) because they share biological, bio-
chemical, and molecular features with normal stem cells
[1]. All examined cancer cells surviving after cytotoxic
chemotherapy and molecular-targeting treatment have been
shown to uniformly express CD133, one of the putative CSC
markers [2, 3]. Because CSC possess multiple mechanisms
to resist cell death—such as an altered chromatin state and
an excess of multidrug efflux transporters, anti-apoptotic
factors, DNA repair gene products, and stem cell-specific
growth signaling—it is likely that cancer can survive as CSC
under potentially lethal stresses [2, 4-9]. Unless an effective
treatment to eradicate the CSC subpopulation is developed, it
will be extremely difficult to achieve a lasting cure.

T cell-mediated immunotherapy, which can in turn
mediate antitumor reactivity, provides a potential avenue
for developing such a treatment. We previously reported
that effector T cells possessed potent antitumor therapeu-
tic efficacy in brain, pulmonary, and skin metastasis models
[10, 11]. More recently, we showed that vaccination with
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CD133" melanoma cells induced specific CD8' and CD4™"
T cells, including type 17 T helper (Th17) cells and Thl
cells. Moreover, this treatment eradicated CD133™" tumor
cells, thereby curing parental melanomas [12]. It is likely
that CD133" melanoma cells possess specific immuno-
genic antigens and that the antigen-primed T cells mediate
antitumor reactivity.

To elucidate the immunogenic proteins that are preferen-
tially expressed in CD133" tumor cells, we compared pro-
tein expression using two-dimensional electrophoresis anal-
yses, identifying 4 proteins. A Mascot search based on mass
spectrometry (MS/MS) protein data identified one of those
proteins as DEAD/H (Asp—Glu—Ala—Asp/His) box polypep-
tide 3, X-linked (DDX3X). This protein is a member of the
DEAD-box family of ATP-dependent RNA helicases and is
located on the X chromosome [13]. DDX3X is evolutionar-
ily well conserved from yeast to humans, suggesting that it
is essential for cell survival. Whole-exome analyses revealed
that DDX3X is a component of pathogenic B-catenin signal-
ing in medulloblastoma and that mutated DDX3X plays an
important role in oncogenesis [14]. DDX3X mutation was
discovered in other human malignancies such as chronic
lymphocytic leukemia and head and neck squamous cell
carcinoma with whole-exome analyses [15, 16].

In this study, we indicated that DDX3X is a major
immunogenic target protein of CD133" melanoma cells.
Vaccination with synthesized DDX3X protein exhibited
therapeutic efficacy against established skin melanoma,
thus curing the tumor. DDX3X is strongly expressed in
human cancer cell lines that have CSC markers. These
results indicate that anti-DDX3X immunotherapy may be a
promising strategy in the efforts to eradicate CSC, thereby
curing cancer.

Materials and methods
Mice

Female C57BL/6J (B6) mice were purchased from the
CLEA Laboratory (Tokyo, Japan), maintained in a specific
pathogen-free environment, and used for experiments at the
age of 8-10 weeks. All animal experiments were approved
by the Niigata University Ethics Committee.

Tumor cells

B16F10, a melanoma of B6 origin, was maintained in vitro.
CD133" and CD133~ tumor cells were isolated using PE-
conjugated anti-CD133 mAb (13A4), anti-PE microbeads
(Miltenyi Biotec, Auburn, CA, USA) and autoMACS™
(Miltenyi Biotec) according to the manufacturer’s instruc-
tions. The cell purity was >90 %.
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mAbs and flow cytometry

Hybridomas producing mAbs against murine CD4 (GK1.5,
L3T4), CDS (2.43, Lyt-2), CD3 (2C11), and murine CD62L
(MEL14) were obtained from the American Type Culture
Collection (Rockville, MD, USA). Anti-CD4 mAb, anti-
CD8 mAb, and anti-CD62L mAb were produced as ascites
fluid from sublethally irradiated (500 cGy) DBA/2 mice.
PE-conjugated anti-CD80 (16-10A), anti-CD86 (GL1), anti-
CD62L (MEL14), anti-CD8 (2.43), and anti-CD25 (PC61)
mAbs; fluorescein isothiocyanate (FITC)-conjugated anti-
Thyl.2 (30-H12); and anti-CD4 (GKI1.5) mAbs were pur-
chased from BD PharMingen (San Diego, CA, USA). Anal-
yses of cell-surface phenotypes were conducted through
direct immunofluorescent staining of 0.5—-1 x 10° cells with
conjugated mAbs. In each sample, a total of 10,000 cells
were analyzed using a FACScan™ flow microfluorometer
(Becton—Dickinson, Sunnyvale, CA, USA). PE-conjugated
subclass-matched antibodies used as isotype controls were
also purchased from BD PharMingen. The samples were
analyzed with CellQuest™ software (BD).

Fractionation of T cells

T cells in the LN cell suspension were concentrated by
passage through nylon wool columns (Wako Pure Chemi-
cal Industries, Osaka, Japan). To yield highly purified
(>90 %) cells with down-regulated CD62L expression
(CD62L%), LN T cells were further isolated by a panning
technique using T-25 flasks pre-coated with goat anti-rat
immunoglobulin antibody (Ig Ab) (Jackson ImmunoRe-
search Laboratories, West Grove, PA, USA)/anti-CD62L
mAb (MELI14) and sheep anti-rat-Ig Ab/anti-CD62L
mAb-coated DynaBeads M-450 (Dynal, Oslo, Norway). In
some experiments, cells were further separated into CD4"
and CD8% cells by depletion using magnetic beads, as
described previously [17]. For in vitro experiments, highly
purified CD4" cells were obtained using anti-CD4 mAb-
coated Dynabeads and Detachabeads (Invitrogen) accord-
ing to the manufacturer’s instructions.

Bone marrow-derived DCs

Dendritic cells (DCs) were generated from bone mar-
row cells (BMs), as described previously. In brief, BMs
obtained from the femurs and tibias of treatment-naive
mice were placed in T-75 flasks for 2 h at 37 °C in com-
plete medium (CM) containing 10 ng/mL of recombinant
murine granulocyte—-macrophage colony-stimulating fac-
tor (rmGM-CSF, a gift from KIRIN, Tokyo, Japan). Non-
adherent cells were collected by aspirating the medium;
they were then transferred into fresh flasks. On day 6,
non-adherent cells were harvested by gentle pipetting.
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CM consisted of RPMI 1640 medium supplemented with
10 % heat-inactivated lipopolysaccharide (LPS) qualified
fetal calf serum (FCS), 0.1 mM non-essential amino acids,
1 uM sodium pyruvate, 100 U/mL of penicillin, 100 pg/
mL of streptomycin sulfate (all from Life Technologies,
Inc.), and 5 x 1075 M 2-ME (Sigma Chemical Co., St.
Louis, MO, USA).

DC/tumor-draining LN cells

BMs and DCs were co-cultured in CM overnight with the
same number of irradiated tumor cells (5,000 cGy). B6
mice were inoculated s.c. with 10 x 10° BM-DC and tumor
cells in both flanks. Inguinal LNs draining BM-DC and
tumor cells were harvested. Single-cell suspensions were
prepared mechanically, as described previously [18].

Adoptive immunotherapy

B6 mice were injected s.c. with parental B16-F10 tumor
cells in 100 pLL of Hanks’ balanced salt solution (HBSS) to
establish subcutaneous tumors. Two or three days after the
inoculation, the mice were sublethally irradiated (500 cGy)
and then infused i.v. with T cells isolated from tumor-drain-
ing LNs. These LN cells were stimulated with anti-CD3
mAb (2C11) and cultured in CM containing 40 U/mL of
IL-2 for 3 days to obtain a sufficient number of T cells for
in vivo experiments, as described previously [11]. The per-
pendicular diameters of subcutaneous tumors were meas-
ured using calipers.

Cytokine ELISAs

T cells were stimulated with immobilized anti-CD3 mAb or
tumor antigen-pulsed BM-DCs in CM. Supernatants were har-
vested and assayed for IFN-y, IL-4, and IL-17 content by a
quantitative “sandwich” enzyme immunoassay using a murine
IFN-y, IL-4, and IL-17 ELISA kit (Genzyme, Cambridge,
MA, USA), according to the manufacturer’s instructions.

Immunoblotting assay

Cells were harvested and lysed in Nonidet P-40 buffer
containing a protease-inhibitor mixture (Sigma). Equal
microgram amounts of proteins were subjected to SDS-
7.5 % PAGE and transferred to polyvinylidene difluoride
membrane (Millipore). Immunoblots from tumor cells
were probed with antibodies against DDX3X (Sigma) and
B-actin (Sigma). Secondary antibodies consisted of anti-
mouse Ig and anti-rabbit Ig conjugated to horseradish per-
oxidase (Bio Rad, Dako). Immunoreactive protein bands
were visualized using the ECL kit (Pierce). At least, 3 inde-
pendent experiments were performed for all analyses.

Knockdown of DDX3X by shRNA

Knockdown of DDX3X was obtained using a shRNA len-
tiviral (pLKO.1-puro) plasmid (Sigma Aldrich). The oli-
gonucleotides containing the DDX3X target sequence
that were used were: sequence # 5'-CCGGACGTTCTAA-
GAGCAGTCGATTCTCGAGAATCGACTGCTCT-
TAGAACGTTTTTTG. B16 CD133" cells were added in
fresh media, and hexadimethrine bromide (8 pg/mL) was
added to each well. The cells were co-transfected with the
pLKO.1-puro plasmid plus the packaging vector accord-
ing to the manufacture’s protocol. The media were changed
approximately 16 h after transfection, and the cells were
cultured for an additional 48-72 h. Experimental cells
were incubated with the fresh media containing puromy-
cin (2.0 pg/mL), and the media were replaced with fresh
puromycin-containing media every 3—4 days until resist-
ant colonies could be identified. A minimum of 5 puro-
mycin-resistant colonies were picked, and each clone was
expanded for the assay. The efficiency of DDX3X knock-
down was determined by immunoblotting.

Statistical analysis

Comparison between groups was performed using Stu-
dent’s ¢ test. Dynamic tumor-growth data were analyzed
by a multivariate, general linear model. Differences were
considered significant for P <0.05. Statistical analysis was
performed with SPSS statistical software (SPSS, Chicago,
IL, USA) or GraphPad Prism 5.0 software (GraphPad Soft-
ware, Inc., La Jolla, CA, USA).

Results

Proteome analyses revealed that CD133" CSCs had
specific proteins

We recently reported that immunization with CD133%
tumor cells purified from murine B16 melanoma lines
exhibited potent antitumor immunity in vivo [12]. Both
CD8" and CD4™ T cells that were primed by draining LNs
with CD133" tumor cells were found to release cytokines
only when stimulated with CD133" tumor cell antigens,
but not when stimulated with CD133~ tumor cell anti-
gens. Since our studies suggested that CD133" melanoma
cells possess specific immunogenic antigens, we used two-
dimensional electrophoresis to examine whether protein
expression patterns differed between CD133% and CD133~
B16 melanoma cells. We found that all proteins except
for 7 exhibited the same expression pattern (Fig. la).
Three proteins (#1 to #3) were preferentially expressed in
CD133™ tumor cells, whereas 4-protein expression (#4 to
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Fig.1 a Proteome analyses of CD133" and CD133~ B16 mela-
noma cells. CD133" or CD133~ B16 melanoma cells were washed
with phosphate-buffered saline (PBS) and solubilized in lysis buffer
(5 M CHyN,0, 2 M CHN,S, 2 % CHAPS, 2 % SB3-10, 1 % DTT).

#7) was enriched in CD133™ tumor cells (Fig. 1b, c). A
Mascot search based on mass spectrometry (MS/MS) pro-
tein data identified protein #5 as DDX3X [19].

DDX3X-specific CD4™ T cells exhibited CD133" tumor
antigen-specific cytokine release

We investigated whether T cells primed with synthesized
DDX3X protein could recognize CD133" melanoma cells.
To test this, T cells with down-regulated expression of
CD62L (CD62L'°%) were isolated as antigen-primed T cells
from LNs draining DC that were pulsed with synthesized
DDX3X protein (DDX3X/DC). DDX3X-specific CD8" T
cells responded to both CD133~ and CD133" melanoma
cells, but not to irrelevant tumor cells that did not express
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DDX3X (Fig. 2a). In contrast, we found that DDX3X-spe-
cific CD4™ T cells secreted IFNy in a CD133" melanoma-
specific manner and secreted a significantly increased
amount of IL-17 on CD133" tumor antigen stimulation
(Fig. 2b, c¢).

Next, we tested whether CD133% melanoma cell-specific
T cells recognized DDX3X and produced cytokines. Con-
sistent with our previous report, we found that CD4" and
CD8™ T cells primed with vaccinated CD133% melanoma
cells produced cytokines in a CD133" melanoma cell-
specific manner (Fig. 2d, e). Although CD133% melanoma
cell-specific CD8" T cells failed to respond to DDX3X
stimulation, CD133" melanoma cell-specific CD4" T cells
did secrete IFNy and IL-17 upon DDX3X stimulation.
Surprisingly, the CD133" melanoma cell-specific CD41 T
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Fig. 2 Interferon (IFN)-y and interleukin (IL)-17A secreted by
lymph node (LN) T cells upon DDX3X, CD133~, or CD133" tumor
antigen stimulation. In a 96-well plate, 1 x 10° CD62L™¥ CD4" or
CD8™ T cells isolated from LNs were stimulated with 1 x 10* DCs
in 200 pL complete medium (CM) for 48 h. Stimulator DCs were
pulsed overnight with an equal number of 5,000 cGy-irradiated
CD133" or CD133~ tumor cells or synthesized DDX3X protein
(5 pg/mL) and were purified with CD11c microbeads prior to co-
culture. *P < 0.05 and **P < 0.01. a IFNy secretion by DDX3X-
draining CD8™ T cells upon DDX3X, MCA 205, CD133~ B16, or
CDI133% B16 tumor antigen stimulation. MCA 205 tumor cells are

cells produced even more cytokines upon DDX3X stimula-
tion than upon CD133" melanoma cell-antigen stimulation.
These results suggest that DDX3X possesses immunogenic
MHC class II-restricted epitopes.

Vaccination with DDX3X conveyed protective immunity
against parental melanoma cells

To examine whether protective immunity against B16 mel-
anoma could be induced by vaccination with synthesized
DDX3X proteins, DC pulsed with DDX3X or ovalbumin
(OVA) at 5 wg/mL, or co-cultured with irradiated CD133™"

DC DC

methylcholanthrene-induced murine fibrosarcoma cells and do not
express DDX3X. b IFNy secretion by DDX3X-draining CD4" LN
T cells on DDX3X antigen stimulation. ¢ IFNy and IL-17 secretion
by DDX3X-draining CD4% LN T cells on CD133" or CD133~ B16
tumor antigen stimulation. d IFNy secretion by CD133™— or CD133%
B16 melanoma cell-draining CD8' LN T cells on DDX3X, CD133™,
or CD133" B16 tumor antigen stimulation. e IFNy and IL-17 secre-
tion by CD133™— or CD133" B16 melanoma cell-draining CD4" LN
T cells on DDX3X, CD1337, or CD133™ B16 tumor antigen stimula-
tion

tumor cells for 8 h, were subcutaneously (s.c.) injected in
the right flank of the mice. Fourteen days later, the mice
were s.c. inoculated in the midline of the abdomen with
2 x 10° parental melanoma cells. As shown in Fig. 3a, b,
tumor growth was significantly more suppressed in the
mice that received the DDX3X-pulsed DC vaccination
compared to the mice that received either no treatment or
treatment with OVA-pulsed DCs. Furthermore, the mice
vaccinated with DCs pulsed with DDX3X exhibited sig-
nificantly more potent protective immunity than did mice
injected with DCs co-cultured with irradiated CD133%
tumor cells.
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Vaccination with DDX3X exhibited therapeutic efficacy
against established skin tumors

We further tested if vaccination with DDX3X had thera-
peutic efficacy against established tumors. On days 2,
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9, and 16 after s.c. tumor inoculation of 1 x 10° paren-
tal melanoma cells in the midline, 1 x 10° DCs were s.c.

injected in the right flank. In the DDX3X-pulsed, DC-

vaccinated mice, skin tumor growth was significantly
suppressed (Fig. 3c, d). As shown in Fig. 3e, we found
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4Fig. 3 a, b Vaccination with synthesized DDX3X protein with DCs
induced protective immunity against parental melanoma cells. Chal-
lenge of mice with parental B16 cells after immunization with DCs
pulsed with DDX3X, ovalbumin (OVA) at 5 pg/mL, 5,000 cGy-irra-
diated parental, or CD133" B16 melanoma cells for 8 h. DCs were
isolated as CD11c™ cells with CD11c microbeads and autoMACS™
after 8-h culture. One million CD11c™ DCs were subcutaneously
administered to B6 mice. Two weeks after immunization, the mice
were subcutaneously inoculated along the midline of the abdo-
men with 2 x 10° parental B16 cells. Each group contained 5 mice.
*P <0.05 and **P < 0.01. ¢, d, e Vaccination with synthesized
DDX3X protein with DCs induced therapeutic antitumor reactiv-
ity against established skin melanoma. Parental B16 melanoma cells
(2 x 10%) were subcutaneously inoculated along the midline of the
abdomen. On days 2, 9, 16 following tumor inoculation, 1 x 10°
DCs pulsed with DDX3X or OVA at 5 pg/mL were subcutaneously
injected at the mice’s right flanks. a Each group contained 5 mice.
d Each group contained 12 mice. The tumor growth curve of each
mouse is depicted in Fig. 4e. *P < 0.05 and **P < 0.01

that 6 of 12 mice vaccinated with DDX3X-pulsed DC
were eventually cured. All the mice that received no treat-
ment or were vaccinated with OVA-pulsed DC died of the
tumor.

Vaccination with CD133" CSC that lacked DDX3X failed
to induce antitumor immunity

It has been shown previously that B16 melanoma cells pos-
sess a number of immunogenic proteins. To elucidate the
significance of DDX3X for the immunogenicity of CD133"
melanoma, we established CD133" melanoma cells lack-
ing DDX3X (Fig. 4a). As shown in Fig. 4b, mice vacci-
nated with CD133™" parental cells or CD133" mock-trans-
fectant tumor cells exhibited effective protective immunity.
In contrast, vaccination with CD133" tumor cells lacking
DDX3X failed to induce antitumor protective immunity.

DDX3X/DC-primed CD4% T cells from draining LNs
mediate potent antitumor therapeutic efficacy

To elucidate that T cells mediated the antitumor reactiv-
ity that was induced by DDX3X vaccination, CD62L!*Y
T cells isolated from draining LNs were infused intrave-
nously (i.v.) into mice with 2-day, established skin mela-
noma tumors. This was done following sublethal, whole
body irradiation (500 cGy). We found that T cells primed
with DDX3X exhibited antitumor reactivity, resulting in
significant suppression of skin tumor growth (Fig. 4c).
We then examined whether CD4" or CD8™ T cells pref-
erentially mediated antitumor reactivity. Ten million
isolated CD8T LN T cells were injected, but showed
no significant antitumor reactivity. In contrast, CD47"
DDX3X-specific T cells were found to mediate potent
antitumor therapeutic efficacy, thus curing the melanoma
(Fig. 4d).

DDX3X is expressed in human cancer cells

We next investigated whether DDX3X is expressed in
human cancer cells, using the following cell lines: 87.5
and S2 (small cell lung cancer), HCT116 (colon cancer),
A549 (non-small cell lung cancer), WM115 (melanoma),
and MCF7 (breast cancer). The 87.5 cells and HCT116
expressed CD133 (Fig. 5). The 87.5 cells proliferated
as floating aggregates and easily formed tumor spheres.
MCF7 cells contained the CD44" and CD24~"°% popu-
lation. Immunoblotting analyses revealed that all of the
examined cancer cells expressed DDX3X and that 87.5,
HCT116, and MCF7 cells strongly expressed DDX3X
(Fig. 5). In contrast, normal human epidermal keratino-
cytes (NHEK), normal human mammary epithelial cells
(HMEC), and normal human bronchial epithelial cells
(NHBE) only faintly expressed DDX3X (data not shown).
These results suggest that, in addition to its expression in
murine melanoma stem cells, DDX3X is expressed in vari-
ous human cancer cells.

Discussion

Our proteome analyses detected 4 proteins that are pref-
erentially expressed in CD133" B16 melanoma, which
is characterized by features of cancer stem cells, includ-
ing high tumorigenicity, non-adherent growth in tumor
spheres, and the ability to differentiate into either CD133%
or CD133™ tumor cells. A Mascot search based on mass
spectrometry (MS/MS) protein data identified one of the 4
proteins as DDX3X, a member of the DEAD-box family of
proteins named after a conserved D-E-A-D sequence that
displays RNA-dependent ATPase and ATP-dependent RNA
helicase activities. The DDX3X gene is located on the X
chromosome and is evolutionarily well conserved from
yeast to humans [13]. Although DDX3X was reported to
have tumor-suppressor functions in virus-associated cancer
cells [20, 21], it has been revealed that DDX3X plays an
oncogenic role by facilitating f-catenin signal transduction
and induces CSC-like features, such as an epithelial-mes-
enchymal transition accompanied by loss of E-cadherin,
increased motility, and invasive properties with up-reg-
ulated snail expression in breast cancer line cells [19, 22,
23]. Moreover, recent whole-exome analyses identified that
DDX3X is one of the genes that drive medulloblastoma,
which is similar in appearance and differentiation potential
to neural stem and progenitor cells [14, 24]. DDX3X knock
down resulted in loss of neurosphere formation ability.
Consistent with these reports, we found that CD133" mela-
noma cells were no longer characterized by high motility,
the ability to grow in tumor spheres, or colony formation in
soft-agar assay following knock down of DDX3X (data not
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shown). Thus, it is likely that DDX3X plays an essential
role in stem cell functions in cancer cells.

Our study further revealed that DDX3X is an immu-
nogenic protein. That is, it possesses highly immuno-
genic MHC class Il-restricted epitopes. This was shown
when CD4% T cells primed by vaccination with irradi-
ated CD133™ melanoma cells were found to secrete even
more cytokines upon DDX3X stimulation as compared to
CD133" melanoma cell-antigen stimulation alone. In other
words, it is likely that the majority of T cells primed by
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CD133" melanoma cell vaccination recognized DDX3X.
Consistent with this observation, CD133" melanoma cells
with DDX3X knock down lost immunogenicity and were
thus unable to mount antitumor protective immunity.
DDX3Y, a homologue of DDX3X with 92 % homol-
ogy located on the Y chromosome, is a male-specific minor
histocompatibility antigen. Male leukemia patients who
received HLA-identical hematopoietic stem cell transplan-
tation from female donors reportedly showed DDX3Y-
specific T cell responses and antibody production [25-29].
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4Fig.4 a Immunoblotting analyses of DDX3X expression in
DDX3X-knockdown CD133" B16 cells, mock-shRNA CDI133"
B16 cells, and CD133" B16 cells. b Protective antitumor immunity
induced by DDX3X-knockdown CD133* B16 tumor cell vaccination
was significantly inferior to that induced by mock-shRNA CD133*
B16 or CD133" B16 tumor cell vaccination. A total of 5,000 cGy-
irradiated mock-shRNA and DDX3X knockdown CD133" B16 cells
were co-cultured with DCs for 8 h. One million CD11c™ cells puri-
fied with CD11c microbeads and autoMACS™ were subcutaneously
administered to B6 mice. Two weeks after immunization, mice were
subcutaneously inoculated along the midline of the abdomen with
2 x 10° parental B16 cells. Each group contained 5 mice. *P <0.05
and **P <0.01. c Efficacy of the antitumor therapeutic effect medi-
ated by DDX3X-draining LN T cells. DCs were pulsed with synthe-
sized DDX3X protein at 5 wg/mL for 8 h and isolated as CD11c™
cells. CD62L1Y T cells were isolated as antigen-primed T cells from
LNs draining DDX3X/DC or DCs. LN T cells were cultured for
5 days as described in the “Materials and methods™ and intravenously
infused into the mice bearing 2-day-established B16 subcutaneous
tumors after sublethal whole body irradiation (500 cGy). Ten mil-
lion T cells were infused intravenously. Each group contained 5 mice.
*P < 0.05 and **P < 0.01. d Efficacy of the antitumor therapeutic
effect mediated by DDX3X-draining CD4" or CD8" LN T cells.
CD62L LN T cells were isolated as antigen-primed T cells and
were further purified as CD4" or CD8™ T cells with magnetic beads,
following the manufacturer’s instructions. After the LN T cells were
purified, they were cultured for 5 days, as described in the “Materials
and methods”, and intravenously infused into the mice bearing 2-day-
established B16 subcutaneous tumors after sublethal whole body
irradiation (500 cGy). Ten million T cells were infused intravenously.
Each group contained 5 mice. *P < 0.05, and **P < 0.01

Fig. 5 Detection of DDX3X A
in human cancer cells. a Whole
cell lysates were extracted from
87.5 and S2 (human small cell
lung cancer lines), HCT116

(a human colon cancer), A549
(a human, non-small cell lung
cancer), WM115 (a human
melanoma), and MCF7 (a
human breast cancer) cells.
Immunoblots from tumor cells
were probed with antibodies
against DDX3X and B-actin.

b Human cancer cell lines,

that is, 87.5 and S2 (small cell
lung cancer lines), HCT116
(colon cancer cell line), A549
(non-small cell lung cancer cell
line), WM 115 (melanoma cell
line), and MCF7 (breast cancer
cell line) were examined for
the expression of putative CSC
markers. It was found that 87.5
and HCT116 cells expressed
CD133, whereas the other
cancer cells did not. MCF7 cells
contained CD44" and CD247/
low populations
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Since DDX3-specific immune responses were detected in
approximately 50 % of these leukemia patients, it is likely
that DDX3 possesses immunogenic MHC class I- and II-
restricted epitopes. Furthermore, it was indicated that
DDX3-specific T cells mediated graft versus leukemia
effects and that DDX3-specific T cells eradicated leuke-
mia stem cells [25]. Interestingly, leukemia patients primed
by T cell clones responded similarly to both correspond-
ing epitopes of DDX3Y and DDX3X. Thus, immunogenic
epitopes, which can induce graft versus leukemia effects,
were shared between DDX3X and DDX3. However, dis-
parities between DDX3Y and DDX3X triggered female
donor-T cell priming in male leukemia patients. Our study
revealed that human small cell lung cancer, colon cancer,
and breast cancer cells with CSC markers expressed a
high level of DDX3X (Fig. 5). Furthermore, we detected
DDX3X-specific T cells in approximately 50 % of patients
with limited disease, small cell lung cancer, but not in
extended disease patients or healthy donors at all (unpub-
lished data).

We also found that CD4™" T cells primed by DDX3X
vaccination discriminated CD133" from CD133~ mela-
noma cells and mediated potent antitumor immunity. On
the other hand, CD8™ T cells primed with DDX3X vaccina-
tion responded to both CD133" and CD133~ tumor cells.

S2 HCT116 A549 WM115 MCF7

pecn (D D e > G wmp

52 A549
CD133 CD133
HCT116 MCF7
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According to proteome analyses, CD133™ melanoma cells
expressed half the amount of DDX3X as did CD133" mel-
anoma cells. It is possible that CD4" but not CD8* T cells
could distinguish CD133" melanoma cells since CD4" T
cells require more TCR engagement for activation than that
required by CD8" T cells.

In summary, this study represents the first demonstra-
tion of DDX3X as an immunogenic antigen capable of
mounting antitumor immune responses. Our results show
that DDX3X could be used as a therapeutic target antigen
for antitumor immunotherapy, which may be very useful in
clinical settings.
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