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Abstract

a-difluoromethylornithine (DFMO) is currently used in chemopreventive regimens primarily for
its conventional direct anti-carcinogenesis activity. However, little is known about the effect of
decarboxylase (ODC) inhibition by DFMO on antitumor immune responses. We showed here that
pharmacologic blockade of ODC by DFMO inhibited tumor growth in intact immunocompetent
mice, but abrogated in the immunodeficient Rag1 ™~ mice, suggesting that antitumor effect of
DFMO is dependent on the induction of adaptive anti-tumor T cell immune responses. Depletion
of CD8" T cells impeded the tumor-inhibiting advantage of DFMO. Moreover, DFMO treatment
enhanced antitumor CD8* T cell infiltration and IFN-y production, and augmented the efficacy of
adoptive T cell therapy. Importantly, DFMO impaired Gr1*CD11b* myeloid-derived suppressor
cells (MDSCs) suppressive activity through at least two mechanisms, including reducing arginase
expression and activity, and inhibiting CD39/CD73-mediated pathway. MDSCs were one primary
cellular target of DFMO as indicated by both adoptive transfer and MDSC depletion analyses. Our
findings establish a new role of ODC inhibition by DFMO as a viable and effective
immunological adjunct in effective cancer treatment, thereby adding to the growing list of
chemoimmunotherapeutic applications of these agents.

Introduction

Recently, research has compellingly focused on tumor-induced immunosuppression, as
tumor can escape the host immune system by fostering a highly suppressive environment
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(1-3). Immune suppression is mediated by factors released from the tumor or by infiltration
of different immunosuppressive cells in the tumor microenvironment such as myeloid-
derived suppressor cells (MDSCs) (4-7) or T-regulatory cells (Tregs) (8). It is believed that
tilting the balance from an immune-suppressive to an immune-active environment is
necessary for effective cancer therapy (9, 10). Clinical development of new therapeutics for
established cancer to mitigate the tumor-induced immune suppression and help "wake up"
the immune system to fight cancer is thus warranted, especially with agents with favorable
toxicity profiles and mechanisms of action that differ from the currently approved
checkpoint regulators.

Increased MDSC number has been shown in the blood, lymph nodes, and bone marrow of
patients and animals with cancer, and to accumulate at tumor sites. These cells also suppress
host anti-tumor immunity and are therefore a significant impediment to cancer
immunotherapy (4-6). In mice, MDSCs are uniformly characterized by the expression of
CD11b and Grl markers but with varied subtypes (11, 12). In parallel with tumors in mice,
different human tumors are likely to induce different subtypes of MDSCs (11, 12). In
metastatic melanoma, MDSCs were recently identified as a subset of CD14* HLA-DR™/low
cells in PBMC that could be expanded in blood after administration of GM-CSF-based
vaccines and interfere with the successful generation of DC vaccines (13). In addition,
MDSCs could be responsible for the recruitment of Tregs favoring tumor growth (14). Thus,
a number of treatment approaches have been suggested to overcome MDSC-induced
immunosuppression (15). The main focus of these strategies is the reduction of either
MDSC numbers or their immunosuppressive activity in the tumor-bearing host.

Ornithine decarboxylase (ODC) inhibitors such as a-difluoromethylornithine (DFMO) (16)
were synthesized more than thirty years ago to treat facial hirsutism (excessive hair growth)
and African trypanosomiasis (sleeping sickness) (17). DFMO was also found to induce
tumor cell apoptosis, but its effectiveness as single therapeutic agent was modest in past
clinical trials (18). So clinicians lost interest in further developing DFMO as a cancer
therapeutic single-agent, but it remains in development as a putative chemopreventive agent
given the polyamine-blocking ability of DFMO to hinder carcinogen-induced cancer
development in a number of rodent models. The focus of this work has been in non-
melanomatous skin cancer and other human epithelial cancers such as colon, esophageal,
breast, and prostate malignancies (19-21). Despite the chemopreventive activity, little is
known about the effect of DFMO on antitumor immune responses. Using the well-
established preclinical B16 melanoma model, we showed here that pharmacologic blockade
of ODC by DFMO inhibited tumor growth. The antitumor effect of DFMO is dependent on
the induction of adaptive anti-tumor T cell immune responses. As DFMO impairs the
suppressive function of MDSCs, our results have led to the novel application that DFMO
administration may restore antitumor T cell immunity by suppressing MDSCs to limit tumor
progression.

J Immunol. Author manuscript; available in PMC 2017 January 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yeetal. Page 3

Materials and Methods

Mice, cell lines and reagents

C57BL/6 WT, Pmel trangenic and Ragl ™/~ mice were purchased from the Jackson
Laboratory. Dr. Hans Schreiber (University of Chicago) provided the B16F10, B16-SIY cell
lines, SIY peptides and 2C transgenic mice. CD73/~ mice have been described previously
(22). ID8-OVA cells were generated as described previously (23). All the cell lines were
routinely tested for mycoplasma infections by culture and DNA stain, and maintained in
complete medium composed of RPMI 1640 with 5% FBS. All animal experiments were
approved by institutional animal use committees of the Northwestern University.
Eflornithine (a-difluoromethylornithine or DFMO) was purchased from AK Scientific, Inc.
Dichlorofluorescin diacetate (DCFDA), and 5-fluorouracil (5-FU) were purchased from
Sigma-Aldrich. CD73 selective inhibitors APCP and CD39 selective inhibitors ARL67156
were from Tocris Bioscience. Arginase 1/ARG1 Fluorescein-conjugated antibodies was
purchased from R&D Systems. All the mAbs for flow cytometry were purchased from
eBioscience and BioLegend. The D/gp100 tetramers were provided by the National
Institutes of Health Tetramer Core Facility (Atlanta, GA). Depleting mAb clone 53.6.7 (anti-
CD8a) and RB6-8C5 (anti-Grl) antibodies were purchased from Bio X Cell. N®-hydroxy-
nor-Arginine (Nor-NOHA) and arginase | activity kit were purchased from Cayman
Chemical Company.

Analysis of cells by flow cytometry

All samples were initially incubated with 2.4G2 to block antibody binding to Fc receptors.
Single cell suspensions were stained with 1 ug of relevant mAbs and then washed twice with
cold PBS. ROS detection by DCFDA staining was conducted as described by Youn et al.
(24). The DP/gp100 tetramer staining, Foxp3 staining and intracellular IFN-y staining were
performed as previously described (22). The annexin V staining and ki67 staining were
described previously (25). Intracellular Arginase 1 staining was done according to the
manufacturer's instruction. Samples were conducted on a MACSQuant Analyzer (Miltenyi
Biotec) and data were analyzed with FlowJo software.

ELISPOT assay

Spenic CD8* T cells from tumor-bearing mice treated with or without DFMO were
positively selected using IMag™ CD8a magnetic particles (BD Biosciences). Dendritic cells
purified from tumor-free mice using IMag™ dendritic cell enrichment set (BD Biosciences),
were incubated with above CD8* T cells at a ratio of 2 to 1 in the presence or absence of
gp100 peptides (1 pg/ml). The number of IFN-y-producing cells were examined in an
ELISPOT assay according to manufacturer’s protocol. The numbers and diameters of spots
were counted in triplicates and calculated by an automatic ELISPOT counter.

MDSC suppressive assay

Splenic MDSCs from tumor-bearing WT or CD73~/~ mice were selected using Gr1 or
CD11b MicroBeads (Miltenyi Biotec). To generate bone marrow (BM)-derived MDSCs,
BM cells were cultured with GM-CSF (40 ng/ml, Biolegend) and IL-6 (40 ng/ml,
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Biolegend) in the presence or absence of DFMO at 10 mM for 4 days as previously
described (24, 25). BM-derived MDSCs were enriched using CD11b or Grl MicroBeads
(Miltenyi Biotec). Spenic CD4* T cells from tumor-free mice were positively selected using
IMag™ CD4 magnetic particles (BD Biosciences), and labeled with eFluor450 dilution dye
(eBioscience). Purified CD4* T cells (10°) were subsequently incubated with irradiated
CDA4~ splenic cells that work as antigen presenting cells (APC) and anti-CD3 (0.5 pg/ml)
with or without above MDSCs (at different ratios) for 3 days. For experiments that
examined the effect of arginase inhibitors, nor-NOHA (NW-hydroxyl-nor-l-arginine, 0.5
mM), were added at the beginning of the culture (25). To examine the importance of CD39/
CD73 activity, MDSCs were pretreated with ARL67165 (250 uM) (26), or APCP (100 uM)
(27) for 6 hours prior to the addition of T cells. T cell proliferation was measured by flow
cytometric eFluor450 dye dilution.

Measurement of ODC activity

Splenic Gr1*CD11b* cells from naive and B16F10-bearing mice were sorted by a BD
FACSAria. Cells were then homogenized and centrifuged at 100 000 g for 30 min at 4°C.
The supernatant was harvested and assayed for ODC activity by the Ngo assay (28). ODC
activity was determined by measuring the amount of putrescine (nmol) produced every 30
min (29). An aliquot of the same cell homogenate was collected for protein analysis by the
Lowry assay with bovine serum albumin as a standard.

Arginase activity

Arginase activity was measured in cell lysates using the commercially available
QuantiChrom Arginase Assay kit (BioAssay Systems, Hayward, USA) according to the
manufacturer's instructions.

RNA extraction and real-time PCR

Total RNA was extracted using Trizol reagent (Invitrogen) according to the manufacturer's
instructions. The cDNA synthesis was performed using SuperScript®One-Step RT-PCR
(Invitrogen). Quantitative real-time PCR was performed to measure a series of MDSC-
associated genes by SYBR Green (Bio-Rad) as previously described (25).

Tumor challenge and treatments

B16F10 or B16-SIY cells (1 x 10%) in suspension were injected s.c. and ID8-OVA cells (1 x
10%) in suspension were i.p. injected. DFMO was administered as a 1% solution in drinking
dH,0 to mice starting 1 day after tumor injection. The mean DFMO consumption of mice
was approximately 1.5 g/kg/day. Mice fed with dH,O without DFMO were used as controls.
For MDSC depletion, 2 d after tumor cell injection mice were injected i.p. by 5-FU (50
mg/kg) or anti-Grl antibodies (RB6-8C5, 200 ug) twice a week. Depletion of CD8* T cells
was achieved by twice a week i.p. injection of depleting clone 53.6.7 (anti-CD8a,, 200 ug)
starting one day prior to tumor challenge. Flow cytometry confirmed depletion efficiency of
target cells for 3 days following injections. For adoptive transfer of MDSCs, splenic
Gr1*CD11b* MDSCs from tumor-bearing mice purified using CD11b or Grl MicroBeads
(Miltenyi Biotec) were injected i.v. at 5 x 108 per mouse into B16F10-bearing mice at d7
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and d14. For adoptive T cell therapy, splenic 2C CD8* T cells were stimulated with 0.5
ug/ml SIY peptides and 10 ng/ml IL-2 for 2 days. These activated T cells were injected i.v.
at 5 x 108 per mouse into B16-S1YY-bearing mice 7 d after tumor challenge. To treat the
established tumors, mice were s.c. injected with 108 B16F10 cells. DFMO was administered
as a 1% solution in drinking water starting 7 day after tumor injection. Mice fed with dH,0
without DFMO were used as controls. Activated gp100-specific Pmel CD8* T cells at 5 x
106 per mouse were i.v. injected into tumor-bearing mice on the same day. The size of tumor
was determined at 2-3 day intervals. Tumor volumes were measured along 3 orthogonal
axes (a, b, and c) and calculated as abc/2.

Statistical analysis

Results

Mean values were compared using an unpaired Student’s two-tailed t test. The statistical
differences between the survival of groups of mice were calculated according to the log-rank
test. Probability values >0.05 were considered non-significant.

Antitumor effect of DFMO is dependent on CD8* T cells

Initial studies looked at the direct cytotoxic effect of DFMO on melanoma cell lines. As
shown in Supple. Fig. 1, human (A375, Skemel 5 or Skemel 28) and murine (B16F10) cell
lines were grown in the presence of the indicated concentrations of DFMO for a period of
3-5 days. We found that growth of all melanoma cell lines was inhibited in vitro by DMFO
with some evidence of a dose effect. To investigate the effects of DFMO consumption on
tumor progression in vivo, DFMO was fed for 2 weeks to B16F10-tumor-bearing
immunocompetent mice. Mice that received DFMO showed a significant reduction of tumor
growth compared to the controls (Fig. 1A). However, there was no significant difference of
tumor growth in the immunodeficient Rag1~'~ mice (lack of T and B lymphocytes) (Fig.
1B), Importantly, depletion of CD8* T cells prior to tumor challenge abrogated tumor-
inhibiting advantage of DFMO in B16F10-bearing mice (Fig. 1C), suggesting the antitumor
effect of DFMO is dependent on the induction of adaptive anti-tumor CD8" T cell immune
response in addition to its direct cytotoxic effect.

DFMO treatment restores antigen-specific antitumor T cell immunity

Given the importance of immune regulation in DFMO treatment, we next examined the
phenotype and cytokine profile of tumor-infiltrating immune cells in tumor-bearing mice. At
14 days after tumor inoculation, we found remarkably more tumor-infiltrating CD8* T
lymphocytes in DFMO-treated mice than control mice (Fig. 2A, B). Tetramer staining
showed a greater number of gp100-reactive (tumor-specific) CD8* T cells in DFMO-treated
mice than control mice (Fig. 2C). Moreover, increased IFN-y* cells among CD8* T cells
were observed in DFMO treated mice compared with control mice (Fig. 2D).

To assess further the impact of DFMO treatment on antitumor T cell immunity, we used
ELISPOT assays to measure per cell IFN-y productivity of antitumor CD8* T cells
stimulated by dendritic cells pulsed with gp100 peptides. As expected, the numbers of
antigen-induced IFN-v spots increased when the CD8* T cells from DFMO-treated B16F10-
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bearing mice were compared with those from control mice (Fig. 3A, B). This corresponds to
a frequency increase of IFN-y*CD8* T cells by flow cytometry (Fig. 2D). The digital image
analysis showed that the total diameter of spots (Fig. 3C) and mean spot size (Fig. 3D) were
also significantly increased following DFMO treatment. These data suggest that inhibition
of ODC by DFMO enhanced antitumor T-cell immunity that may contribute to the inhibition
of tumor growth.

DFMO impairs MDSC activity through an arginase-mediated mechanism

In search of a cellular mechanism for the DFMO-mediated antitumor effect we investigated
the well-defined immunosuppressive immune cell subsets in tumor, including MDSCs and
Tregs. We found that DFMO treatment failed to affect the accumulation of splenic and
intratumoral CD4*Foxp3* Tregs (Supple. Fig. 2A). Moreover, there was no significant
alteration in the expression of various Treg-associated markers, including CD39, CD73,
GITR and CTLA-4, and Foxp3 on these Tregs between DFMO-treated mice and control
mice (Supple. Fig. 2B and C). Similar to Tregs, the percentages of both splenic and
intratumoral Gr1*CD11b* MDSCs were nearly comparable between the control mice and
DFMO-treated mice (Fig. 4A and B). MDSCs consist of ly6G~ly6CMd" (monocytic) and
ly6G*ly6C!oW(granulocytic) subpopulations (24, 30). No significant differences in both
granulocytic and monocytic MDSC subsets were further found between DFMO-treated mice
and control mice, while there was a trend towards alteration of intratumor M/G-MDSC ratio
(Fig. 4B). There was a higher ODC activity in Gr1*CD11b* MDSCs from tumor-bearing
mice than those from naive mice. As expected, DFMO treatment inhibited the ODC activity
in MDSCs from tumor-bearing mice (Fig. 4C). We next examined the phenotypes of
MDSCs in tumor-bearing mice. MDSCs from DFMO-treated mice had similar levels of
MHC-II, B7H1 (PD-L1) and ROS compared with those from control mice. However,
significantly decreased expression of CD39, CD73, CD115 (M-CSFR) and arginase-1 was
observed in monocytic MDSCs from DFMO-treated mice (Fig. 4D).

To examine whether DFMO directly affect MDSC differentiation, we generated MDSCs in
short term culture in vitro from BM precursor cells in the absence or presence of DFMO
using GM-CSF and IL-6 cytokines (24, 25). Importantly, DFMO reduced arginase
expression and activity during the induction of BM-derived MDSCs (Fig. 5A). Further
analysis by real-time PCR revealed that s100a9 and mmp9 were down regulated, whereas
vegf, inos, s100a8, il1b, il12b and i16 were unchanged when MDSCs were treated by DFMO
(Supple. Fig. 3). Because arginase-1 in MDSCs is essential for their immunosuppressive
function, we asked whether down-regulation of arginase expression and activity was
implicated in the link between MDSC suppressive activity and DFMO. As expected,
MDSCs without DFMO treatment inhibited T-cell proliferation in a dose-dependent manner.
In sharp contrast, DFMO-treated MDSCs failed to retain their suppressive activity (Fig. 5B).
Moreover, inhibition of arginase-1 with specific inhibitor nor-NOHA completely abrogated
suppressive activity of control MDSCs, whereas DFMO treatment did not affect the MDSCs
(Fig. 5B), suggesting that DFMO impairs arginase-dependent suppressive activity of
MDSCs.

J Immunol. Author manuscript; available in PMC 2017 January 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ye et al.

Page 7

To evaluate differentiation of myeloid cells in the presence of tumor-derived factors, BM
cells were cultured with GM-CSF in the presence of DFMO or dH50 as controls for 5 days
in tumor cell-conditioned medium (TCM) or complete culture medium (25). We found that
tumor-derived factors significantly reduced the differentiation of DCs (CD11c*MHC-II%)
and macrophages (Gr1~F4/80*) and increased the generation of Gr1*CD11b* MDSCs in
WT populations (Supple. Fig. 2D), consistent with our previous observation (25). However,
there was no significant difference of myeloid cell differentiation between DFMO treatment
and the control group (Supple. Fig. 2D), excluding a potential effect of DFMO in MDSC
differentiation in the tumor microenvironment.

DFMO impairs MDSC activity through a CD39/CD73-mediated mechanism

We showed that BM-induced G-MDSC subset expressed higher levels of CD73 than M-
MDSC subset, while CD39 and CD115 (M-CSFR) were expressed predominantly in M-
MDSC (Fig. 6A and B), in line with previous studies (27, 31). Notably, DFMO treatment
decreased expression levels of CD39 and CD115 in M-MDSC subset, and CD73 in both
MDSC subsets (Fig. 6A and B). To define the importance of CD73/CD39 in MDSCs for
their immunosuppressive function, we incubated WT or CD73~/~ MDSCs from tumor-
bearing mice with T cells. The CD73~/~ MDSCs had reduced capacity to suppress T cell
proliferation, compared to WT MDSCs (Fig. 6C). Furthermore, inhibition of CD39 or CD73
enzymatic activity in MDSC by ARL67156 or APCP inhibitors also diminished the
suppressive function of WT MDSCs (Fig. 6C), whereas DFMO treatment did not affect the
suppressive function of CD737/~ MDSCs (Fig. 6D). These results suggest that DFMO may
reduce CD73/CD39 expression and activity on MDSCs, thereby weakening their
suppressive function.

DFMO modulates MDSCs to inhibit tumor growth

In addition to the B16F10 melanoma model, we showed that DFMO treatment was also
effective to increase the survival of ID8-OVA ovarian tumor-bearing mice (Supple. Fig.
4A). Moreover, MDSCs from DFMO-treated tumor-bearing mice impaired their suppressive
activity compared to those from control mice (Supple. Fig. 4B). We next tested whether
DFMO inhibited tumor growth in an MDSC-dependent manner. We initially performed
MDSC depletion in tumor-bearing mice using 5-FU (Fig. 7A) or anti-Gr1 antibodies (Fig.
7B). Consistent with prior published data (25, 32, 33), we confirmed that either 5-FU or
anti-Grl antibodies efficiently depleted CD11b*Grl1* populations within tumor-bearing
mice (data not shown). Notably, MDSC depletion greatly inhibited tumor growth in control
mice, indicating a tumor-promoting role for MDSCs. By contrast, MDSC depletion
minimally affected tumor growth in DFMO-treated mice compared to control mice (Fig. 7A
and B). Moreover, adoptive transfer of control MDSCs into tumor-bearing mice resulted in
faster tumor growth than transfer of DFMO-treated MDSCs (Fig. 7C), further consistent
with the direct impact of DFMO on MDSCs in tumor growth. To examine the effect of
MDSC on antitumor T cell accumulation, we stained with Ki67 and Annexin V to test the
proliferative ability and apoptotic status of gp100-reactive (tumor-specific) CD8* T cells in
the tumor. As expected, transfer of control MDSCs into tumor-bearing mice inhibited the
proliferation and increased the apoptosis of tumor-infiltrating gp100-reactive CD8* T cells
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(Fig. 7D). However, transfer of DFMO-treated MDSCs did not affect the proliferative
ability and apoptotic status of gp100-reactive CD8* T cells within tumors (Fig. 7D). Further
analysis revealed the reduced number of these tumor-specific T cells in tumor-bearing mice
receiving control MDSCs rather than DFMO-treated MDSCs, as compared to mice without
MDSC transfer (Fig. 7D). These results indicate that DFMO may inhibit tumor growth by
weakening the suppressive activity of MDSCs.

DFMO treatment augments the efficacy of adoptive T-cell therapy

MDSCs suppress many import immune cells including cytotoxic CD8* T lymphocytes.
Given the ability of DFMO to curtail MDSC inhibitory effect, we tested whether DFMO
treatment improves the efficacy of adoptive T-cell therapy. In the B16-SIY model, transfer
of high-avidity tumor-specific T-cells (SI'Y-specific transgenic 2C T cells) failed to limit
tumor growth, while DFMO alone inihibited tumor growth (Fig. 8A). In the less
immunogenic B16F10 model, neither transfer of gp100-specific transgenic Pmel T cells
(34), nor DFMO treatment alone affected growth of established tumors (Fig. 8B). However,
combining DFMO treatment with adoptive T-cell therapy resulted in effective antitumor
effect in both models (Fig. 8A and B). Collectively, these data support our thesis that ODC
blockade by DFMO rescues tumor-specific immunity and enhances the efficacy of adoptive
T-cell therapy.

Discussion

Treatment with DFMO alone is poorly cytotoxic against tumors in vivo (19, 20). Current
clinical chemoprevention trials are thus investigating the efficacy of DFMO to suppress
surrogate end point biomarkers of carcinogenesis in patient populations at increased risk for
the development of various epithelial cancers (19, 20). We show here that ODC inhibition
by DFMO exerts an indirect immune-mediated, antitumor effect through inhibition of
MDSC-mediated immunosuppressive mechanisms.

Using the well-established agressive B16 melanoma model, we demonstrate that
pharmacologic blockade of ODC by DFMO inhibited tumor growth, consistent with the
previous observations (35, 36). Besides the anti-proliferative action, our findings establish a
new role for ODC inhibition by DFMO as a viable and effective immunological modulator
in cancer treatment. This novel mechanism of action has been hypothesized on the basis of
several lines of evidence. First, the anti-tumor effect of DFMO is observed in intact
immunocompetent mice, but abrogated in the immunodeficient Ragl™~ mice. Second,
depletion of CD8* T cells prior to tumor challenge impedes the tumor-inhibiting advantage
of DFMO. Third, DFMO treatment enhances antitumor CD8* T cell infiltration and IFN-y
production, and augments the efficacy of adoptive T cell therapy. Fourth, DFMO impairs
MDSC suppressive activity. Thus, DFMO may reverse tumor-induced immunosuppressive
mechanisms and invoke a measurable antitumor immune response that delays cancer
progression.

The importance of polyamine biosynthesis by ODC in MDSC regulation and function has
not yet been characterized. To our knowledge, our data clearly provide the first evidence
that DFMO restores antitumor T-cell immunity by suppressing MDSCs to limit tumor
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growth, using both adoptive transfer and MDSC depletion analyses. In fact, DFMO down-
regulates MDSC suppressive pathways. Moreover, DFMO reverses MDSC suppression in
vitro. Our results indicate Gr1*CD11b* MDSCs are one primary cellular target of DFMO.
However, we did not detect changes in the MDSC accumulation following DFMO
treatment. In addition, no significant differences in both granulocytic and monocytic MDSC
subsets were further found in the treated mice. A recent study has reported that a novel
polyamine-blocking therapy that combines DFMO and AMXT 1501 as an inhibitor of
polyamine transport, decreased levels of tumor-infiltrating Gr1*CD11b™ cells, and inhibited
the M2 polarization of myeloid cells (37). It remains to be defined whether the use of
polyamine transport inhibitors would be required to impair the accumulation and function of
MDSCs together with DFMO. Moreover, DFMO-mediated antitumor effects on other
immune cells (e.g. NK cells and macrophages) need to be explored.

In an effort to unravel the molecular basis for DFMO-mediated inhibitory effect on MDSC
activity, we found that DFMO reduced arginase expression and activity to weaken the
suppressive activity of MDSCs. Recent findings in tumor bearing mice and cancer patients
indicate that the enhanced metabolism of L-Arginine by MDSC producing Arginase |
inhibits T-cell responses (38). L-arginine is the major precursor through the sequential
actions of arginase, which leads to L-ornithine generation and ODC. L-ornithine is a
substrate for ODC, and has been shown to retroinhibit arginase (39). As DFMO is a
structural analogue of L-ornithine, there is likely a direct effect of this reagent upon
arginase. Indeed, it was demonstrated that DFMO could be used as a potent arginase activity
inhibitor in human cancer cells (40). Another study has reported that increased polyamine
levels induce arginase activity in epithelial cells and DFMO blocks the IL-4—-induced
arginase activity of macrophages (37). Although our data expand the effect of DFMO to
MDSC-mediated tumor protection, the inhibitory effect of DFMO on arginase expression
and activity in both immune and non-immune conditions needs further investigation.

In addition to regulating the metabolism of L-Arginine, DFMO reduced levels of CD39 and
CD73 that act as functional markers for MDSCs. The frequency and function of MDSCs
could be modulated by extracellular adenosine (41). Notably, we showed that the MDSCs
immunosuppressive activity was at least partially dependent on CD39/CD73-mediated
adenosinergic effect, suggesting a connection between DFMO and CD39/CD73-mediated
pathway to reverse MDSC function. On the other hand, MDSCs also promote tumor
progression through non-immune mechanisms. Their release of MMP-9 stimulates tumor
angiogenesis. Given the decreased production of MMP-9 from DFMO-treated MDSCs,
further studies will determine whether DFMO affects MDSC-dependent tumor angiogenesis.

Because DFMO administration inhibited MDSC activity and was associated with restored T-
lymphocyte activity, we reasoned that it may create a favorable environment for effective
immunotherapy. Our preclinical studies reveal the feasibility of targeting ODC using DFMO
to control tumor progression by unmasking anti-tumor T-cell immune responses. This novel
strategy likely requires the weakening of tumor-induced immune suppression that is
mediated by MDSCs. However, endogenous immunity that can be restored is often
insufficient and transient. Thus, targeting ODC using DFMO may be more effective
combined with other immunotherapies, such as adoptive T-cell transfer, immune-stimulating
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mADbs or DC vaccines. In support of this concept, in this study we demonstrated that the
therapeutic efficacy of adoptively transferred tumor antigen-specific T-cells was
significantly enhanced by DFMO administration, resulting in regression of aggressive B16
melanoma.

Compared with the other chemotherapeutic drugs assessed for MDSC inhibition, DFMO is
endowed with a high degree of safety and tolerability, and is relatively inexpensive. DFMO
is currently used in chemopreventive regimen primarily for its conventional direct anti-
carcinogenesis activity. Here we highlight a new application for this drug as a potent
immunomodulatory agent, which can be used to overcome a major mechanism of tumor
immune evasion by targeting MDSCs. These observations open the opportunity for the rapid
translation of our preclinical findings into the clinic and advocate for the implementation of
polyamine-blocking agent in combination strategies to enhance the efficacy of
immunotherapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Antitumor effect of DFM O is dependent on CD8" T cells
B16F10 (A, B) or B16-SIY (C) cells were injected s.c. into WT (A, C) or Rag™/~ C57BL/6

mice (B) (5 mice per group). DFMO was administered as a 1% solution in drinking dH,O to
mice starting 1 day after tumor injection. The mean DFMO consumption of mice was
approximately 1.5 g/kg/day. Mice fed with dH,O without DFMO were used as controls (5
mice per group). (C) Depletion of CD8* T cells was achieved by twice-weekly i.p. injection
of depleting mAb clone 53.6.7 (anti-CD8a, 200 ug), starting 1 day prior to tumor challenge.
Tumor volumes were measured every 2 or 3 days (5 mice per group). Data (mean + SEM)
are representative of at least 3 independent experiments. *, p< 0.05; **, p<0.01.
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Figure 2. DFM O adminstration enhances tumor-infiltrating T cell immunity
(A) Representative flow cytometric analysis of tumor-infiltrating CD8*TCRVpB* T cells (5

mice per group). (B) Percent CD8*TCRVp* cells and (C) absolute number of gp100-
specific tetramer*CD8*TCRV™ cells per 106 cells in tumor infiltrates (5 mice per group).
(D) Percent IFN-y secreting CD3*CD8* T cells in tumor infiltrates. Cells were collected
from B16F10-bearing DFMO treated or control mice 14 days after tumor inoculation (5
mice per group). Data (mean = SEM) are representative of 3 independent experiments. *, p<
0.05.
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Figyre 3. DFM O treatment augments | FN-y production of CD8" T cellsin response to tumor
antigen

(A)gll?epresentative ELISPOT images. Negative control wells contain splenic CD8* T cells
from B16F10-bearing DFMO treated or control mice collected 14 days after tumor
inoculation (3 mice per group). Other triplicated wells contain CD8* T cells and dendritic
cells at the ratio of 2 to 1 in the presence of tumor antigen gp100 peptides (1 pg/ml). Each
spot represents an IFN-vy secreting cell. The digital image analysis showed the total number
(B), diameter of spots (C) and mean spot size (D) were significantly increased following
DFMO treatment. Data (mean + SEM) are representative of 2 independent experiments.
**p< 0.01, ***p< 0.001.
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Figure 4. Charaterization of phenotypic tumor-associated M DSCsfollowing DFM O treatment
(A) Percent splenic Gr1*CD11b* MDSCs were determined by flow cytometry from

B16F10-bearing mice. Percent CD11b*Ly6G*Ly6C!W (granulocytic) and
CD11b*Ly6G~Ly6C9I" (monocytic) MDSCs were indicated within plots (5 mice per
group). (B) Percent Gr1*CD11b* MDSCs, CD11b*Ly6G*Ly6C!W (granulocytic) and
CD11b*Ly6G~Ly6CM3" (monocytic) MDSCs in spleen and tumor tissues from B16F10-
bearing mice were summarized (5 mice per group). (C) Measurement of ODC activity in
Gr1*CD11b" cells from naive and B16F10 tumor-bearing (TB) mice treated by DFMO or
dH,0 (5 mice per group). (D) Expression levels of CD39, CD73, CD115, MHC-II, B7H1,
DCFDA (ROS indicator) and arginase-l1 among both tumor-infiltrating
CD11b*Ly6G*Ly6C!oW (granulocytic) and CD11b*Ly6G~Ly6Chi9" (monocytic) MDSCs
were determined by flow cytometry. Cells were collected from B16F10-bearing DFMO
treated or control mice 14 days after tumor inoculation (5 mice per group). Data (mean +
SEM) are representative of 2 independent experiments. *, p< 0.05.
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Figure 5. DFM O impairs MDSC function by reducing arginase expression and activity
(A) Real-time quantitative RT-PCR analysis of arginase-I expression in MDSCs from

DFMO-treated and control mice (5 mice per group). Arginase-1 activity of DFMO-treated
MDSCs was compared with that of control MDSCs (3 mice per group). (B) Suppressive
activity of DFMO-treated MDSCs versus control MDSCs. MDSCs were added at different
ratios to eFluor450-labeled CD4* T responder cells (Tres) stimulated with anti-CD3 plus
antigen-presenting cells (APC) for 3 days and T cell proliferation was measured by flow
cytometric eFluor450 dye dilution (3 mice per group). Arginase-I inhibitor nor-NOHA was
able to blunt the suppressive activity of control MDSC but not DFMO-treated MDSCs. *,
p<0.05; **, p<0.01. Data are representative of 3 independent experiments.

J Immunol. Author manuscript; available in PMC 2017 January 15.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Ye et al.

% in G-MDSC

% in M-MDSC

G-MDSC M-MDSC
10° 5 6.1 ] 'y 429 v 435
10' o ' 'y S 10 a8
::3-3 PR ' 0 ks 10°q P
1’4 1o 1? 1074
0 'y ' 10'
—1‘ 3 o —1‘: g o ! 1! 10 10 10! :c‘ :LS
104 42 w4 9.9 | 1 13.0] 104 14.8
' 'y ' 7 10* 4 i
E v o 6 0 2 10° 4 o ul
"y o g 10 1024 :
04 o v o' L' 4
A e n el T Wi aarand DA o e A L —
8 1 1 1 8 : 8 1! 1 1 8 10 10° 10°
CD11b CD11b CD11b CD11b
60 [ cb39
C2 1007 suu  aw D 2 1007 e s
CD115 *%* *%*
= S 80 — S 80 *x
2 — E
© 604 g 601
w =
= =
5 40 5 40
= ey
S 20 S 201
2 2
0- 0-
Tres  + ¥ + + + Tres + + + + +
WT-MDSC - + - + + WT-MDSC - + - + -
CD73"-MDSC e = + = = CD73"-MDSC = = * = +
APCP - - - + - DFMO - - - + +
ARL67156 ] - - = *

Figure 6. DFM O impairs MDSC function by reducing CD39/CD73-mediated adensiner gic effect
(A) Representatvie flow dot plots show the gating strategy for CD11b*Ly6G*Ly6C!oW

(granulocytic) and CD11b*Ly6G~Ly6CNi9" (monocytic) BM-cultured MDSCs, and the
percent CD73, CD39 or CD115 in each MDSC subset treated by DFMO or dH,0 as
controls. (B) Flow quantification of CD73, CD39 or CD115 expression in DFMO-treated
MDSCs versus control MDSCs (5 mice per group). *, p<0.05; **, p<0.01. (C) Suppressive
activity of MDSCs as shown by quantification of eFluor450-labeled CD4" T responder cells
(Tres) cocultured with the indicated Gr1*CD11b* MDSCs treated with or without CD73
inhibitors APCP or CD39 inhibitors ARL67156. The ratio of T cell/MDSC was 2:1. (D)
Suppressive activity of MDSCs as shown by quantification of eFluor450-labeled Tres
cocultured with the indicated Gr1*CD11bh* MDSCs treated with or without DFMO. The
ratio of T cell/MDSC was 2:1. **, p<0.01; ***, p<0.001 (3 mice per group). Data (mean +
SEM) are representative of 2 independent experiments.
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Figure 7. DFMO targets MDSCsto inhibit tumor growth
Mice were injected s.c. with 108 B16F10 tumor cells. Depletion of MDSC was achieved by

either twice-weekly i.p. injection of (A) 5-Fluorouracil (5-FU) or (B) anti-Gr1 antibodies
starting 2 days after tumor challenge (5 mice per group). (C) Splenic Gr1*CD11b* MDSCs
from B16F10-bearing mice treated with DFMO or dH,0O were injected i.v. into B16-bearing
mice at d7 and d14. Mice receiving PBS without MDSCs were controls. Tumor volume was
measured and plotted at indicated times (5 mice per group). (D) Flow cytometry analysis of
expression of ki67 and Annexin V in gp100-specific tetramer*CD8*TCRVA™* cells, and
absolute number of these tetramer*CD8*TCRVp™ cells per 106 cells in tumor infiltrates 3d
after the initial MDSC transfer (5 mice per group). *, p<0.05; **, p<0.01. Data (mean +
SEM) are representative of 2 independent experiments.
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Figure 8. DFM O augmentsthe efficacy of adoptive T cell therapy
(A) Mice were s.c. injected with 108 B16-SIY cells (5 mice per group). DFMO was

administered as a 1% solution in drinking water starting 1 day after tumor injection. Mice
fed with dH,O without DFMO were used as controls. 7 days after tumor inoculation,
activated SIY-specific 2C CD8" T cells were i.v. injected into tumor-bearing mice. (B) Mice
were s.c. injected with 108 B16F10 cells (5 mice per group). DFMO was administered as a
1% solution in drinking water starting 7 day after tumor injection. Mice fed with dH,0
without DFMO were used as controls. Activated gp100-specific Pmel CD8" T cells were i.v.
injected into tumor-bearing mice on the same day. Tumor volumes were measured every 3
days. Data (mean = SEM) are representative of 2 independent experiments. *, p< 0.05; **,
p<0.01.
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