generation of Treg in the tumor microenvironment [21, 22],
the amount of Tregs in the tumor microenvironment
with or without RA190 treatment was also determined.
A reduction of Tregs in the tumor microenvironment
was observed in mice treated with RA190 as compared
to the control animals (Figure 5D). The results show that
the RA190 treatment regimen causes alterations in the
characteristics of MDSCs and promotes a less immune
suppressive tumor microenvironment in mice bearing ID8-
OVA-Luc tumor.

Enhancement of the survival of ID§-OVA-
Luc tumor-bearing mice by RA190 treatment
requires CD8+ T cells

Since RA190 treatment in vitro reduced the levels
of key suppressive molecules produced by MDSC and

their capacity to suppress CD8" T cell proliferation, we
sought to determine its impact on ovarian tumor control,
anti-tumor immunity and the survival of a tumor bearing
host. C57BL/6 mice were challenged i.p. with ID§-OVA-
Luc tumor cells then treated with vehicle or RA190 as
described in Figure 6. ID8-OVA-Luc tumor cells express
luciferase that emits bioluminescence upon injection
of luciferin substrate which was used to monitor tumor
growth every 10 days. Mice treated with RA190 showed
a decrease in bioluminescence signal intensity after
20 days and this effect reached significance by day 30
(Figure 6A). Mice treated with vehicle showed a steady
growth of signal intensity. This data suggests that RA190
is able to reverse tumor growth in vivo. This antitumor
effect translates into higher survival in which 60% of
RA190 treated mice survived more than 80 days while all
of vehicle treated mice died in 70 days (Figure 6B).

Figure 3: Arginase and iNOS levels in MDSCs isolated from spleen and tumor microenvironment following RA190
treatment or RPN13 knock down in vitro. (A and B) MDSCs from spleens and ascites of ID8-Luc tumor-bearing mice were treated
with or without RA190 (2 uM) in vitro for 24 hours. The levels of Arginase and iNOS were assessed by flow cytometry. (A) Bar graph
showing arginase expression in CD11b*Grl" cells isolated from spleen and ascites. (B) Bar graph showing iNOS expression in CD11b*Grl*
cells isolation from spleen and ascites. (C and D) Lentivirus expressing Rpn13 shRNA was used to infect MDSCs and knock down Rpn13
expression. Arginase and iNOS expression in MDSCs receiving no treatment, infected with lentivirus expressing control shRNA, infected
with lentivirus expressing Rpnl3 shRNA, or treated with RA190 (2 uM) were assessed by flow cytometry. (C) Bar graph showing the
percentage of arginase expressing CD11b+Gr-1+ cells in different groups. (D) Bar graph showing the percentage of iNOS expressing
CD11b+Gr-1+ cells in different groups. Values are shown as mean + SD (¥*P = 0.05, **P = 0.01, ns, not significant).
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We also determined the role of CD8" T cells in the
antitumor effect observed in RA190 treated mice by using
anti-CD8 antibody to deplete CD8" T cells in one group
of mice. CD8" T cell depletion was achieved by injecting
anti-mCDS8 antibody (100 pg/mouse) intraperitoneally
on day 11, 12, 13, and every 7 days thereafter. Mice
depleted of CD8" T cells during the treatment with
RA190 showed an initial decrease in tumor signal.
However, tumor growth increased dramatically by day 30
(Figure 6A). This suggests that RA190 is less able to
control tumor growth in the absence of CD8" T cells.
The reduction in tumor control by RA190 in CD8 T
cell-depleted mice was reflected in poor survival, and all
mice depleted of CD8"* T cells died in 60 days despite
receiving RA190 treatment (Figure 6B). Depletion of
CDS8" T cells prevented significant control tumor growth
or prolongation of survival by RA190, indicating that the

antitumor effect elicited by RA190 under this regimen is
dependent on the immune activity of CD8" T cells.

DISCUSSION

Since  MDSCs represent a key class of
immunosuppressive cells in the tumor microenvironment,
numerous drugs have been used to target and modulate
their effect [8, 23]. In one of our previous studies, we
observed that treatment with cisplatin reduced the
MDSC population in TC-1 tumor bearing mice, and was
associated with an improved vaccine-mediated antigen-
specific antitumor effect [24]. Other chemotherapeutic
drugs, such as doxorubicin [25], gemcitabine and
S5-fluorouracil also have been shown to inhibit the
proliferation and expansion of MDSCs [26]. An
alternative approach has been to attempt to attenuate
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Figure 4: T cell proliferation after co-culturing with MDSCs treated with RA190 or RPN13 knock down in vitro.
(A and B) OT-1 T cells stimulated by SIINFEKL peptide loaded on irradiated TC-1 cells were labeled with CFSE, and then co-cultured with
RA190-treated MDSCs. (A) Representative flow cytometry of T cell proliferation as measured by CFSE dilution in unstimulated T cells,
stimulated T cells, stimulated T cells co-cultured with MDSCs, and stimulated T cells co-cultured with RA190-treated MDSCs. (B) Bar
graph depicting the percentage of proliferated OT-1 T cells. (C and D) OT-1 T cells stimulated by SIINFEKL peptide loaded on irradiated
TC-1 cells were labeled with CFSE, and then co-cultured with Rpn13 knocked down MDSCs. (C) Representative flow cytometry of T cell
proliferation measured by CFSE dilution in unstimulated T cells, stimulated T cells, stimulated T cells co-cultured with MDSCs infected
with control shRNA, and stimulated T cells co-cultured with MDSCs infected with Rpn13 shRNA. (D) Bar graph showing the percentage
of proliferated T cells in various treatment groups. Values are shown as mean + SD (*P = 0.05, **P = 0.01, ns, not significant).

www.impactjournals.com/oncotarget 68495 Oncotarget



MDSC function or switch their polarization to promote
antitumor immunity. All-trans-retinoic acid was shown to
induce myeloid cells maturation, effectively lowering the
number of MDSCs, which was associated with improved
T cell mediated immune responses [27, 28]. Furthermore,
vitamin E reduces immunosuppression of MDSCs
by neutralizing the reactive oxygen species that they
produce [29].

In the current study we found that in vitro
treatment of MDSCs with RA190 effectively reduces
their expression of Stat3 and P-Stat3, which was also
associated with lower levels of the immunosuppressive
cytokine IL-10, as well as suppressive factors arginase
and iNOS. This was observed for both systemic MDSCs
harvested from spleen and MDSCs from the tumor
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microenvironment. Furthermore, RA190 treated MDSCs
lost their ability to suppress proliferation of OT-1 T cells
in vitro. Rpnl3 knock down in MDSCs produced a
phenotype similar to RA190 treatment, suggesting that
this is the relevant target of RA190 in these cells. This
was affirmed by binding of biotinylated RA190 to the
expected size protein in MDSC cell lysates. Importantly,
either Rpnl3 knock down or RA190 treatment reduced the
capacity of MDSC to suppress T cell proliferation in vitro.
These results, and the increased production of IL12,
indicate that RA190 transforms their polarization via
binding to Rpn13. This phenotypic switch may reflect the
blockade of NF-«B signaling associated with proteasome
inhibition, as previously described with the related
chalcone curcumin and NF-«B inhibition in TAM [30, 31].
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Figure 5: Impact of RA190 treatment upon P-Stat3, arginase and iNOS expression levels in MDSCs, and T cell
populations in the tumor microenvironment. C57BL/6 mice (n = 5/group) were injected with ID8-OVA-Luc tumor cells (2 X 10°)
intraperitoneally. Mice were treated with RA190 (10 mg/kg/day) beginning on day 11 for five consecutive days and again on day 18 for
five consecutive days. (A—B) MDSCs were isolated from ascites at day23 and analyzed for P-Stat3, arginase, and iNOs expression by
intracellular staining and flow cytometry. (A) Bar graph showing mean fluorescent intensity (MFI) of P-Stat3 in the tumor microenvironment
of vehicle and RA190-treated groups. (B) Bar graph showing percentage of Arginase* and iNOS* MDSCs in the tumor microenvironment
in various groups. (C-D) Ascites were collected from mice treated with vehicle or RA190 and flow cytometry was used to assess different
T cell populations in the tumor microenvironment. (C) Bar graph showing the absolute number of CDS8+IFNy+ T cells in the tumor
microenvironment. (D) Bar graph showing the absolute number of CD4+CD25+Foxp3+ T cells in the tumor microenvironment. Values are
shown as mean = SD (*P = 0.05, **P = 0.01, ns, not significant).
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Consistent with our in vitro data, RA190 treatment
also reduced arginase and iNOS levels in MDSCs in the
tumor microenvironment of ID8-luc tumor bearing mice.
Greater numbers of IFNy* CDS8* cytotoxic T lymphocytes
were also observed in the tumor microenvironment
after RA190 treatment. Finally, even though RA190 can
directly induce apoptosis of cancer cells (Supplementary
Figure S5), we showed that the current RA190 treatment
regimen can also reduce ID8 tumor growth and enhance
survival in a CD8" T cell-dependent manner. Overall,
our results suggest that, in addition to its direct cytotoxic
effects on tumor cells, RA190 is able to counteract the
immunosuppressive effects of MDSCs, induce a more
immunogenic phenotype, and elicit effective CD8" T cell
mediated antitumor immunity.

Since RA190 induces cytotoxicity preferentially
in various cancer cells [14], it may also produce some
degree of cytotoxicity in MDSCs, i.e. the recovery of anti-
tumor immunity reflects a loss of MDSC numbers rather
than their re-polarization. However, treating MDSCs
with 2 uM RA190 did not lead to significant induction
of MDSC apoptosis, whereas the ID8 tumor cells were
sensitive (Supplementary Figure S5). Indeed, we have
previously shown that the high metabolic/UPS stress
of ovarian cancer cells renders them more sensitive to
proteasome inhibition than non-transformed cells [32].
Thus, the promotion of CD8+ T cell-dependent antitumor
immunity by RA190 likely reflects the observed changes
in MDSCs phenotype, i.e. re-polarization towards an M1
phenotype, rather than their direct elimination.

Although the major direct effect of proteasome
inhibitors is the induction of ER stress, the unfolded
protein response (UPR) and eventually apoptosis of
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cancer cells, several characteristics of RA190 separate
it from the licensed proteasome inhibitors bortezomib,
iaxomib, marizomib and carfilzomib. All interact with the
20S catalytic particle of the 26S proteasome and disrupt
proteasome degradation primarily by directly inhibiting
proteolysis [33]. RA190 is the first proteasome inhibitor
to interact with Rpnl3 in the 19S regulatory particle.
Bortezomib differs from RA190 mechanistically, and there
is some evidence of synergistic activity which may reflect
the inability of bortezomib to inhibit all of the proteolytic
208 activities.

While it is known that RA190 binds covalently to
RPN13, how it inhibits proteasomal degradation is less
clear. Besche et al demonstrated that RPN13 may undergo
ubiquitination under certain conditions such as when
exposed to proteasome inhibitors like bortezomib. Further
they demonstrated that the ubiquitination of RPN13
prevented it from binding to other ubiquitinated proteins,
resulting in its inactivation [34], although it is not clear if
this happens in the presence of RA190.

Hamazaki et al demonstrated that even though
RPN13 plays an important role in mediating ubiquitinated
protein degradation, its function is at least partially
complemented by RPN10 and that knockout of RPN13
resulted in a less severe toxic effect than RPN10 [15].
Consistent with this observation, RA190 treatment is less
toxic and relatively well tolerated by non-tumor cells such
as MDSCs, resulting in mainly phenotypic changes rather
than direct cell death (Supplementary Figure S5).

It is not clear how proteasome inhibition, including
via RA190, impact antigen presentation. NY-ESO-1
is an important ovarian cancer antigen and Golnik et al
observed that NY-ESO-1 antigen presentation is only
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Figure 6: Role of CD8+ T cells in the antitumor effect of RA190 treatment. Groups of ID8-OVA-Luc tumor-bearing mice
(n =5) were treated with vehicle or RA190 according to the similar schedule described in Figure 5. To deplete CD8+ T cells, a group of mice
(n =5) treated with RA190 were also injected intraperitoneally with anti-CD8 monoclonal antibody (100 pg/mouse) on days 11, 12 and 13
after tumor challenge and every other week subsequently. (A) Line graph showing tumor growth as measured by bioluminescence intensity
in various treatment groups. (B) Kaplan—Meier survival analysis of mice in various treatment groups. Values are shown as mean + SD

(*P =0.05, **P = 0.01, ns, not significant).
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weakly inhibited by RPN13 knockdown, whereas RPN10
knockdown profoundly inhibited it [35]. This may account
for the ability of RA190 to inhibit proteasome function yet
still maintain antigen presentation and increase antitumor
CD8+ T cell responses (Figure 6B).

Our study indicates that RA190, by reversing the
immunosuppressive phenotypes of MDSCs, is able to
shift the tumor microenvironment into the direction of
being more immunogenic. Interestingly, we reported a
similar tumor microenvironment manipulation effect with
bortezomib including enhanced the phagocytic activities
and maturation of CD11c¢c" dendritic cells in vitro [36].
Treatment of mice bearing a murine ovarian tumor, HM-1,
with bortezomib induced dendritic cell maturation which
correlated with more potent antitumor effects. These
results suggest the potential of proteasome inhibitors as
a class of chemotherapeutic agents to modulate the tumor
microenvironment and enhance CD8" T cell immune
response in addition to their direct cytotoxic effects on
tumor cells.

Currently, the effectiveness of most cancer
immunotherapies is compromised by the immunosuppressive
network in the tumor microenvironment. Our data suggest
that the novel proteasome inhibitor RA190 can be used to
reverse the immunosuppressive phenotype of MDSCs into a
more immunogenic profile, and promote activities of CD8"
T cells in the tumor microenvironment. Future studies
should evaluate the use of RA190 in combination with other
immunotherapies.

Rpn13 has been identified as a putative oncogene
in ovarian cancer that promotes tumor cell survival,
proliferation and metastasis [16]. Indeed, RPNI3 is
frequently amplified in human ovarian cancer, although
amplification does not appear to correlate with sensitivity
to RA190 [16]. These properties suggest RPN13 as
a promising target for therapy, and indeed early data
suggest a significant cytotoxic effect in human ovarian
cancer cells. Ovarian cancer cells exhibit elevated UPS
stress, reflecting that higher metabolic rate and protein
production. Indeed, they are susceptible to proteasomal
inhibition by bortezomib or RA190. However, early
clinical trials of bortezomib in ovarian cancer patients
were not promising, either alone or in combination with
carboplatin, doxorubicin or oxiplatin. Unfortunately, its
effect on antitumor immunity and MDSC was not assessed
in these studies.

Intraperitoneal RA190 treatment at 10 mg/kg
significantly inhibited the growth of human ovarian
cancer ES2 xenografts in immunodeficient mice [14].
A comparison of the pharmacokinetics in plasma of
RA190 when administered orally or intraperitoneally
to mice revealed RA190 was more stable and exhibited
a significantly longer half-life in blood circulation
when administered intraperitoneally as compared to
oral administration [14]. Thus, in the current study in
immunocompetent mice, we have again selected 10 mg/kg

IP RA190 treatment as the administration dosage and
route. We also note that chemotherapy for ovarian cancer
is frequently given IP and this route has demonstrated
superiority over i.v. administration [37]. This study in
immunocompetent animals demonstrates that RA190,
in addition to directly eliciting apoptosis in ovarian
tumor through ER stress, can also enhance CD8+ T
cell-dependent antitumor immunity by attenuating and
repolarizing the suppressive functions of MDSCs, an
approach that warrants further exploration as a treatment
for ovarian cancer.

MATERIALS AND METHODS

Animal studies and tumor models

6- to 8-week-old female C57BL/6 mice were
purchased from the National Cancer Institute-Frederick
Animal Production Area (Frederick, MD). All the mice
were housed in the oncology animal facility of the Johns
Hopkins Hospital (Baltimore, MD). All animal procedures
were performed according to approved protocols and in
accordance with recommendations for the proper use and
care of laboratory animals.

The ID8-OVA cell line was originally derived from
spontaneous transformed mouse ovarian surface epithelial
cells, and then transduced to express the ovalbumin gene
[38], and was a kind gift from Tahiro Shin of University of
Texas Health Science Center in February 2011. The cell line
was authenticated and expression of OVA was tested every
week by OT1 T cell interferon gamma activation assay.
In order to trace the tumor growth in vivo, ID§-OVA cells
were transduced with a lentivirus construct to stably express
luciferase (ID8-OVA-LUC) as previously described [39].
Cells were cultured in RPMI1640 medium containing 10%
FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 2 mM
non-essential amino acids, and 50 units/ml streptomycin in
a humidified atmosphere of 5% CO,/95% air at 37°C.

RA190 and RA190R

RA190, and its inactive analog RA190R, were
synthesized in-house and purified as previously
described [14].

Isolation of MDSCs from ascites and spleen

For ID8-OVA-LUC tumor-bearing mice, ascites
were directly aspirated from the peritoneal cavity. To
prepare MDSCs from splenocytes, the spleens of mice
bearing ID8-OVA-LUC tumor mice were ground through
a cell strainer and then red blood cells were lysed in ACK
buffer. A myeloid-derived suppressor cell isolation kit
(Miltenyi Biotec, San Diego) was used following the
manufacturer’s protocol and MDSCs at a purity of > 85%
were obtained after isolation using magnetic beads.
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Flow cytometry analysis

Antibodies used in the current study were Anti-
CDI11b PE (eBioscience M1/70)/APC (BD,M1/70), anti-
GR-1 FITC (BD RB6-8C5), anti-Ly6G FITC (RB5-8C5)
APC (RB5-8C5), anti-Ly6C PreCP-Cr™5.5 (BD AL-21),
anti-IL10 FITC (BD), anti-IL12 (P40/P70) (BD), anti-
p-Stat3 PE (BD PY705), anti-NOS2 PE (eBioscience
CXNFT), arginase FITC (R&D), anti-CD8 PE (BD), anti-
IFNy FITC (BD).

The numbers of IFN-y-secreting CD8* T cells were
analyzed by flow cytometry after adding Golgi plug
(1 pg/mL, BD Pharmingen) for 8 hours. Analysis was
performed on a Becton-Dickinson FACScan with
CELLQuest software (Becton-Dickinson Immunocytometry
System, Mountain View, CA) and Flowjo 10 software.

T cell suppression assay

OVA-specific CD8+ T cell line (OT1) was prepared
by harvesting splenocytes from OT-1 transgenic RAG—/—
mice and stimulation with irradiated and OVA peptide
(SIINFEKL)-pulsed TC-1 cells in the presence of murine
IL-2 (20 TU/ml). 1 x 107 irradiated TC-1 cells loaded with
SIINFEKL peptide were seeded onto a 96 well plate for
4 hours. 5 x 10> MDSCs isolated from splenocytes of
tumor-bearing mice were co-cultured with CFSE (5 mg/mL)
labeled OT-1 T cells, previously described [40], at a one
to one ratio. On day 3, the CFSE intensity of OT-1 T cells
was measured by flow cytometry.

Western blot analysis

50 pg of protein from the MDSC lysate was
denatured using SDS-PAGE and transferred to
nitrocellulose membranes (GE Bioscience). After blocking
with 5% skim milk in PBS—0.1% Tween 20 (PBST) for
1 hour at room temperature, membranes were incubated
overnight with primary antibody at 4°C. Membranes were
then washed with PBST and incubated with horseradish
peroxidase (HRP)—conjugated secondary antibody
before visualization with ECL plus (GE Bioscience). All
antibodies, including P-Stat3 (Tyr705, D3A7), Stat3 (cell
signaling), b-actin (Santa Cruz), RPN-13 (sigma), and
ATF-4 (SC-200; Santa Cruz), were diluted in blocking
buffer. The dilution ratio of the antibody was based on
manufacturer’s recommendation. The Western blot results
were quantified by the software ImageJ64 [41], and the
relative ratio was compared with the control group.

Biotin labeling assay

1 x 106 MDSC cells were lysed in 300 u. MPER
buffer (Pierce) and the lysate was centrifuged at 13K RPM
for 2 min at 4°C to remove cell debris. Lysate supernatant
was incubated with Dyna beads streptavidin MyT1 beads

(100 pL) for 45 min at 4°C to remove non-specific biotin
binding. Beads were removed by a magnet and equal
volumes of supernatant were incubated with RA190B for
45 min at 4°C on a plate shaker.

Equal amount of samples were boiled in Laemmli
buffer, separated using 4-15% SDS-PAGE, and
transferred to a PVDF membrane overnight at 4°C (24 V).
The membrane was blocked with 5% BSA in phosphate-
buffered saline with Tween-20 for 1 h, washed and probed
with HRP-streptavidin (diluted 1:10,000) in PBST for
1 h at room temperature. After washing, the blot was
developed using HyGLO chemiluminescent detection
reagent (Denville) by BioRad Gel Doc imager.

Lentiviral transfer and RPN13 knock down by
shRNA

RPN13 shRNA (TRC no. TRCNO0000125944;
sequence, CCGG-CATGCAGAACAATGCCAAAT-
CTCGAG-ATTTGGCATTGTTCTGCATGG-TTTTTG)
and the nontarget shRNA control vector (cat. no.
SHC002; sequence, CCGGCGTGATCTTCACCGACAA
GATCTCGAGATCTTGTCGGTGAAGATCACGTTTTT)
were purchased from Sigma-Aldrich (St. Louis, MO).

The construct was transfected into 293T cell line,
and the virion-containing supernatant was collected
48 hours after transfection. The supernatant was
immediately clarified using a 0.45 uM cellulose acetate
syringe filter (Nalgene, Rochester, NY) and used to infect
MDSC:s in the presence of 8 pg/mL polybrene (Sigma, St.
Louis, MO) as previously described [42]. One day after
lentiviral transfection, the virus supernatant was replaced
with normal culture medium. Gene expression level of
RPN13 was verified by staining the cell lysates with anti-
RPN13 antibody (Sigma) and Western blot analysis.

q-RT-PCR analysis of STAT3 mRNA expression
with SYBR GREEN

RNA was extracted by using TRIzol® Reagent
(Invitrogen) according to the manufacturer’s instructions.
2 pug RNA was reverse transcription by using SuperScript®
IIT Reverse Transcriptase (Invitrogen). Real-time
PCR was analyzed by using CFX Connect™ Real-
Time PCR Detection System (Bio-Rad Laboratories)
for expression of STAT3 and GAPDH. GAPDH was
used as an internal control. The following sense and
antisense of STAT3 and GAPDH were: mouse STAT3,

'“ACCAACATCCTGGTGTCTCC-3" (sense) and
5'-CATGTCAAACGTGAGCGACT-3' (antisense) [38];
mouse GAPDH, 5-GCACAGTCAAGGCCGAGAAT-3'
(sense) and 5-GCCTTCTCCATGGTGGTGAA-3'
(antisense) [43]. 2 uL cDNA sample was used for PCR
amplification with iQ™ SYBR®™ Green supermix (Bio-Rad
Laboratories) according to the manufacturer’s protocol.
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Luciferase assay for NF-kB activation

HEK 293 cells transiently transfected with
a luciferase reporter construct driven by either an
NF-xB-dependent promotor (NF-kB/FL) or a constitutive
promoter (Luc) were treated with RA190 or Bortezomib,
and TNFa (10 ng/ml) for 7 h. Upon the addition of
luciferin, bioluminescence was measured in cell lysates
using a luminometer.

In vivo tumor treatment

Five mice per group were challenged
intraperitoneally with 3 x 103 ID8-Luc cells per mouse.
Three days after tumor challenge, mice were checked
by the IVIS system to confirm tumor establishment. The
tumor bearing mice were then treated intraperitoneally
(i.p.) with 10 mg/kg RA190 formulated in 20% (W/v)
2-hydroxypropyl-B-cyclodextrin in water [14]. Tumor
burden was measured by bioluminescence intensity by
IVIS system every 7 days. The ID8-OVA-Luc model
grows more slowly than ID8-Luc. Therefore 2 x 10¢ ID8-
OVA-Luc tumor cells were injected intraperitoneally and
drug treatment was started on day 14. The behavior and
body weight of the mice were monitored regularly; upon
observation of stress or a change in body weight of more
than 20% from average, mice were euthanized based on
the animal protocol. Survival statistics were calculated
by the log-rank (Mantel-Cox) test using GraphPad Prism
6 software.

Statistical analysis

All data are expressed as mean = S.E. where
indicated and are representative of at least two separate
experiments. Comparisons between individual data points
for intracellular cytokine staining with flow cytometric
analysis and tumor treatment were made using Student’s
t-test. In the tumor treatment experiments, the principle
outcome of interest was the duration of survival until
euthanasia based on the animal protocol (in stress, weight
change greater than 20%). The event-time distributions
for different mice were compared using the Kaplan—-Meier
method and the log-rank statistic by Prism 6 software. All
p-values < 0.05 were considered significant.
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