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Abstract
Current multimodality therapy consisting of surgery, chemotherapy and radiation will fail in
approximately 40% of patients with pediatric sarcomas and results in substantial long-term
morbidity in those who are cured. Immunotherapeutic regimens for the treatment of solid tumors
typically generate antigen-specific responses too weak to overcome considerable tumor burden
and tumor suppressive mechanisms and are in need of adjuvant assistance. Previous work suggests
that inhibitors of DASH (Dipeptidyl peptidase IV activity and/or structural homologues) enzymes
can mediate tumor regression via immune-mediated mechanisms. Here we demonstrate that the
DASH inhibitor, ARI-4175, can induce regression and eradication of well-established solid
tumors, both as a single agent and as an adjuvant to a dendritic cell (DC) vaccine and adoptive cell
therapy (ACT) in mice implanted with the M3-9-M rhabdomyosarcoma (RMS) cell line.
Treatment with effective doses of ARI-4175 correlated with recruitment of myeloid (CD11b+)
cells, particularly myeloid dendritic cells (DCs), to secondary lymphoid tissues and with reduced
frequency of intratumoral monocytic (CD11b+Ly6-ChiLy6-Glo) myeloid-derived suppressor cells.
In immunocompetent mice, combining ARI-4175 with a DC vaccine or ACT with tumor-primed T
cells produced significant improvements in tumor responses against well-established M3-9-M
tumors. In M3-9-M-bearing immunodeficient (Rag1-/-) mice, ACT combined with ARI-4175
produced greater tumor responses and significantly improved survival compared to either
treatment alone. These studies warrant the clinical investigation of ARI-4175 for treatment of
sarcomas and other malignancies particularly as an adjuvant to tumor vaccines and ACT.

Introduction
Pediatric sarcomas are heterogeneous solid tumors that arise from bone or soft tissues and
include osteosarcoma, Ewing's sarcoma, and rhabdomyosarcoma (RMS). RMS accounts for
over half of the soft tissue tumors occurring in individuals under the age of 201. Dramatic
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improvements in surgery, multi-agent chemotherapy and radiotherapy have resulted in
improvements in overall survival for children and young adults with pediatric RMS from
25% in the 1970s to about 55-60% for patients treated on current cooperative group studies2.
However, approximately 40% of cases recur and will ultimately be fatal in almost all of
these patients including the majority presenting with metastatic disease. For these
individuals there has been little improvement in outcome over recent decades. Moreover,
patients who are cured experience substantial life-long morbidity including a markedly
increased risk for secondary malignancies and other health problems3,4. Thus, more
effective therapies for RMS will be required for further improvements in overall survival
and quality of life after treatment.

The feasibility of cancer immunotherapy has recently gained considerable support from the
success of proof-of-concept clinical trials 5. One approach to using the immune system to
eradicate tumors is adoptive cell therapy (ACT), in which T cells are isolated from the
patient, expanded and activated ex vivo, and infused back into the patient 6. Indeed, adoptive
T-cell transfer in the M3-9-M model of embryonal RMS has been shown to reduce primary
tumor burden and to have significant impact on growth of metastases but was unable to
produce a cure7. There is also considerable interest in the use of vaccines that can strengthen
tumor immunity sufficiently to achieve clinically meaningful responses 8. Dendritic cells
(DCs) pulsed with lysates of RMS tumors have been shown to stimulate CD4+ T cell
responses against multiple tumor antigens in murine RMS 9. Furthermore, favorable
outcomes have been observed in patients receiving peptide-based vaccines combined with
autologous T cells10. However, improvements in the effectiveness of immunotherapy for
pediatric sarcomas are needed.

The immunosuppressive nature of the tumor microenvironment presents a major challenge
to the efficacy of immunotherapy with ACT and therapeutic vaccines. In order to eradicate
the tumor, T cells must home to the tumor, where they may encounter multiple
immunosuppressive mechanisms that defend the tumor against immune attack. One
mechanism involves the accumulation of subsets of suppressive immune cells in the tumor
microenvironment including regulatory T cells (TReg), regulatory B cells and myeloid
derived suppressor cell (MDSCs) 11,12. These suppressive cells have been shown to inhibit
the function of adaptive immune cells targeting tumors in multiple models 13. In addition,
increased numbers of regulatory T cells has been shown to be associated with worse
prognosis in multiple epithelial cancers 13,14. More recently, infiltration of sarcomas with
myeloid cells has also been associated with worse outcome 15. Thus, targeting suppressive
immune cells has the potential to improve the efficacy of cancer immunotherapy. Indeed,
immune checkpoint blockade has been shown to be effective in a number of recent clinical
trials 16-18.

The first-generation compound, L-valinyl-L-boroproline (PT-100, talabostat), is known to
inhibit the proteolytic activity of DASH (Dipeptidyl peptidase IV activity and/or structural
homologues) enzymes including dipeptidyl peptidase (DPP)-IV-like subfamily of serine
proteases comprising DPP4/CD26, DPP2, DPP8, DPP9, prolyl endopeptidase (PREP), and
fibroblast activation protein (FAP) 19. The DPPs and FAP selectively cleave active forms of
certain peptides after proline separated by one residue from the N-terminus, and FAP and
PREP can also cleave after internal prolines 20. We and others have shown that oral
administration of PT-100 mediates complete regression in multiple tumor models 21,22. In
addition, PT-100 achieved partial responses in patients with stage IV melanoma, and both
partial and complete responses in non-small cell lung carcinoma 23,24. Previous studies with
PT-100 demonstrated that it appears to stimulate tumor immunity via the upregulation of
cytokine and chemokine expression in tumor and lymphoid tissues 21. More recently, we
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have shown that PT-100 produces increased DC trafficking and accelerates CD4+ and CD8+

T-cell priming against a tumor-associated antigen in mice22.

Our primary objective in the present study was to determine whether ARI-4175, which is
pan-inhibitor of DASH enzymes, could produce tumor regression in a preclinical model of
RMS. Using the well-established MB49 immunogenic tumor model 25 in tandem with the
M3-9-M RMS model7, we have demonstrated the efficacy of ARI-4175 in treatment of both
early and late stage tumors. To help elucidate some of the mechanism behind the anti-tumor
effects of ARI-4175, we analyzed the responses of various immune cell subsets to ARI-4175
in vivo. Our results suggest that the modulation of myeloid (m)DC and myeloid-derived
suppressor cells (MDSC) by ARI-4175 in tumor-bearing mice might contribute to improved
tumor immunity. Importantly for the possible future clinical development of ARI-4175, we
have demonstrated the ability of ARI-4175 to enhance the activity of ACT and DC
vaccination, resulting in regression of established RMS, which is resistant to treatment with
ACT or DC vaccine when either is used alone.

Materials & Methods
Cell lines

MB49 26, M3-9-M 7, and 76-927 cells were cultured in 10% complete mouse media (CMM:
RPMI-1640 with 10% heat inactivated FCS, 1% HEPES buffer, 1% penicillin/streptomycin/
L-glutamine, 1% Non-essential amino acids and 2-mercaptoethanol 50umol/L) at 37°C in
5% CO2 (Invitrogen, Carlsbad CA). MB49 was administered to mice subcutaneously on the
flank at a dose of 106 unless stated otherwise. M3-9-M and 76-9 were orthotopically
administered by intramuscular injection into the gastrocnemius at 106 or 5×105 as indicated.
All tumor injections were given in a total volume of 0.2mL RPMI.

Mice
C57BL/6 mice were purchased from the Animal Production Facility at NCI-Frederick and
housed until 6 weeks of age. B6.129SvRag1tn1Mom/J mice were originally purchased from
Jackson Laboratories (Bar Harbor, ME). Animals were kept in a specific pathogen-free
facility at the NIH (Bethesda, MD) and were handled according to protocols approved by the
NCI Animal Care and Use Committee.

ARI-4175
ARI-4175 was produced by the Tufts University School of Medicine Biochemistry
Department (Boston, MA). Concentrated aliquots of ARI-4175 (100mM) were made by
dissolving ARI-4175 in 0.1N HCl. Aliquots were diluted immediately prior to
administration with saline for a final concentration of 1mg/mL. ARI-4175 was typically
administered to mice daily by oral gavage (0.2cc) at a dose of 200 μg on a schedule of five
days on followed by two days off unless otherwise stated. Normal saline was given orally as
a control (0.2cc).

Dendritic cell vaccination
Donor C57BL/6 female mice were sacrificed and bone marrow was harvested, pooled,
processed into a single cell suspension, and ACK lysed to remove red blood cells. Lineage
negative cells were isolated with the AutoMACs by using a Lineage cell depletion kit
(Miltenyi Biotech, Auburn, CA). Cells were maintained for 8 days in 10% CMM
supplemented with GM-CSF and IL-4 (PeproTech, Inc., Rocky Hill, NJ) at 37 °C and 5%
CO2. On day 6 of culture, cells were pulsed with irradiated M3-9-M cells at a 1:1 ratio to
DCs. DCs were activated with 20 μg/ml of αCD40 (clone I-C10, R&D Systems,
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Minneapolis, MN) on day 7 and administered intraperitoneally to recipient mice on day 8
(106/0.2cc).

Adoptive Transfer of T cells
Donor C57BL/6 female mice were primed and subsequently boosted 7 days later with
irradiated M3-9-M (5×106/0.2cc) or RPMI (0.2cc) by intraperitoneal injection. One week
following the boost, spleens and axillary, brachial, and inguinal LNs from donor mice were
harvested, pooled, processed into a single cell suspension, and ACK lysed to remove red
blood cells. From this suspension, T cells were purified with the AutoMACs using a Pan T
cell isolation kit II (Miltenyi Biotech, Auburn, CA). In C57BL/6 recipients, purified T cells
(5.7×106) were adoptively transferred on day 10 after tumor challenge. In Rag1-/- recipients,
purified T cells (8×106) were adoptively transferred one day after tumor challenge.

Flow Cytometry
Tissues were processed into single cell suspensions and ACK lysed to deplete red blood
cells. Before staining for cell surface markers, FcγIII/II receptors were blocked (2.4G2).
Cells were labeled with one of the following antibody panels: (1) Ly6-G-FITC, CD11c-PE-
Cy7, CD11b-PerCP-Cy5.5 Ly6-C-APC; (2) Gr-1-FITC, CD11c-PE, CD11b-PerCP-Cy5.5,
CD4-PE-Cy7, F4/80-APC, CD8a-PacificBlue; (3) Ly6-G-FITC, IL-4Rα-PE, Ly6-C-PerCP-
Cy5.5, CD11c-APC, CD11b-PacificBlue; (4) CD4-FITC, CD8a-PE, B220-PerCP-Cy5.5,
NK1.1-APC. Cells were incubated with antibodies for 30 minutes at 4°C and then washed
and analyzed in FACS buffer (0.1% sodium azide, 0.5% fetal bovine serum, 2mM EDTA).
Flow cytometry was performed using a seven channel LSRFortessa® and FACSDiva
software (BD, Franklin Lakes, NJ). Further analysis was completed using FlowJo software,
version 9.1 for Macintosh (Tree Star Inc., Ashland, OR).

MDSC in vitro Suppression Assay
C57BL/6 mice were given 1×106 M3-9-M tumor followed by either saline or ARI-4175
treatment from day 3-7. On day 10 spleens were harvested, Gr1+ cells were isolated using
magnetic selection (Miltenyi Biotech) and cultured with purified CD4+/CD8+ T-cells
labeled with CellTrace Violet (Invitrogen) at a ratio of 1:3 and stimulated with 5×104 CD3/
CD28 beads. Cells were plated in 96 well round bottom plate in CMM containing
physiologic levels of L-arginine (150uM). Cells were harvested on day 4 and analyzed by
flow cytometry for dye dilution. Suppression was calculated by comparing the fraction of
dividing cells in wells containing Gr1+ cells to the fraction dividing the absence of Gr1+

cells.

Real Time PCR
MDSC were isolated on day 8 using Gr1+ magnetic bead separation (Milteyni Biotech) from
the spleens of mice given 1×106 M3-9-M cells and either saline or ARI-4175 on days 3-7.
RNA was extracted using RNAqueous4PCR kit (Ambion) and cDNA was synthesized using
RT2 SYBR Green ROX qPCR Mastermix (Qiagen). RT2 Profiler PCR Array for mouse
chemokines and receptors was used to examine the differences in gene expression between
untreated and 4175 treated MDSC samples. All samples were run on StepOnePlus real-time
PCR system (Applied Biosystems) and analyzed using the ΔΔCT method.

Statistical Analysis
All statistical analysis was performed using GraphPad Prism software, version 4.0c
(GraphPad Software Inc, La Jolla, CA). Two-tailed Mann-Whitney tests were used to
examine the statistical differences between two treatment groups. One-way ANOVA
(Kruskal-Wallis test and Dunn's Multiple Comparison test) was used to test significance of
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tumor volumes between 3 or more groups in tumor growth experiments. For tumor growth
analysis with only two groups, two-tailed Mann-Whitney tests were performed on data
points from groups on a specific day, as indicated. A score of p<0.05 for all tests was
considered significant.

Results
Orally administered ARI-4175 induces tumor regression in multiple tumor models and
results in immunologic memory that protects against rechallenge

We first tested ARI-4175 in mice transplanted with the highly immunogenic bladder
epithelia carcinoma cell line, MB49, which expresses the male HY minor histocompatibility
antigen. Starting on day 3 after inoculation of MB49 subcutaneously in the flank, ARI-4175
was administered daily at a dose of 200 μg per mouse by oral gavage following a schedule
of 5 consecutive days of dosing interspersed by 2 days of no treatment (hereafter referred to
as the early treatment schedule). As shown in Figure 1A, 2 weeks of ARI-4175 mediated
complete regression in all mice. We next compared the antitumor activity of ARI-4175
when administered by i.p. injection versus gavage in order to determine the appropriate
route of administration for use in subsequent studies. Comparison of tumor volumes
between mice that received ARI-4175 orally and mice that received ARI-4175 i.p. revealed
no difference in the potency of the antitumor effect (data not shown). We subsequently used
gavage as the primary route of administration because of the desirability of an orally
bioavailable agent for potential clinical application. Next, we tested the antitumor activity of
ARI-4175 in two syngeneic models in which C57BL/6 mice were orthotopically implanted
in the gastrocnemius muscle with M3-9-M and 76-9 RMS cell lines, 27. M3-9-M also
expresses the HY antigen complex, whereas 76-9 does not (data not shown). Following
tumor inoculation, 200 μg of ARI-4175 was administered by the early treatment schedule
for 3 weeks. As shown in Figures 1B and 1C, ARI-4175 produced regression in 3/6 mice
bearing 76-9 (p=0.002 compared to saline) and completely eradicated M3-9-M in 6/6 mice.

In order for the first generation DPP4-like serine protease inhibitor, PT-100, to induce tumor
regression and rejection in vivo, CD4+ and CD8+ T cells and CD11c+ DCs are required22.
Hypothesizing that the antitumor activity of ARI-4175 might also involve adaptive
immunity, we investigated mice that had rejected primary M3-9-M tumors in response to
early treatment with ARI-4175 for resistance to rechallenge with M3-9-M on day 56
following initial tumor challenge. After a short period of initial tumor growth, the
rechallenged mice rapidly rejected the secondary tumors without any further ARI-4175
treatment (Figure 1D, n = 7, p < 0.05) but were unable to reject 76-9 (data not shown),
which is consistent with tumor-specific immunological memory response to M3-9-M tumor
antigens. Finally, we challenged Rag1-/- mice with M-3-9M and treated with ARI-4175. As
shown in Figure 1E, the absence of adaptive immune cells completely abrogated the anti-
tumor activity of ARI-4175 confirming that tumor eradication is immunologically mediated
and that direct antitumor activity of ARI-4175 is not sufficient.

The anti-tumor effect of ARI-4715 correlates with a dose-dependent increase in recruitment
of myeloid cells to secondary lymphoid tissues

In order to further investigate how ARI-4175 mediates tumor regression we analyzed blood
cells and lymphoid tissues for quantitative changes in leukocytes and immune cell subsets.
Female C57BL/6 mice were inoculated s.c. with MB49 (1×106) and administered saline or
ARI-4175 at daily doses of 5 and 200 μg by the early treatment schedule. After 9 days,
blood was collected for complete blood cell counts (CBC), and tumor-draining lymph nodes
(TDLNs) and spleen were harvested for FACS analysis. The total and differential white
blood cell counts and erythroid cell numbers in the blood were unaltered by ARI-4175
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treatment (data not shown). However, there was an increase in the platelet count from
approximately 2 × 105/μL in saline-treated mice to 7 × 105/μL in both 5 μg and 200 μg
ARI-4175 treated mice (n = 5 per group, p < 0.01 for both doses compared to saline, Figure
2A). In both TDLNs and spleens of mice treated with 200 μg ARI-4175, the absolute
numbers and frequencies of CD11b+CD11c+ myeloid (m)DCs (Figure 2B and 2C) and
CD11b+CD11c- myeloid cells (Figure 2D) increased significantly but were not affected at
the 5 μg dose level. Plasmacytoid (p)DCs (CD11b-CD11c+) increased in frequency and
absolute number in TDLNs of mice treated with 200 μg ARI-4175 and increased in
frequency, but not in absolute number, in the spleen (Figure 2E). To further analyze the
myeloid cell populations affected by ARI-4175, we investigated the expression of Ly6 C
and Ly6 G on gated CD11b+CD11c- cells. These markers define monocytic
(CD11b+Ly6ChiLy6Glo) and granulocytic subsets (CD11b+Ly6 CloLy6 Ghi) of myeloid
derived suppressor cells (MDSCs). In the mice that received 200 μg ARI-4175, the most
significant change occurred in the TDLN where there was a substantial shift toward the
granulocytic MDSCs (Figure 2F). Changes in splenic MDSCs were more modest but there
was a significant decrease in the granulocytic fraction.

With the goal of identifying a potential biomarker for the ARI-4175 anti-tumor effect and
establishing the active dose level, we investigated the effects of early treatment with 5, 10,
50, 100 and 200 μg doses of ARI-4175 in the MB49 tumor model. A cohort of mice was
sacrificed on day 11 for FACS analysis of TDLNs and spleen, and the remaining mice
continued to receive treatment until day 14 and were monitored for tumor growth. ARI-4175
had no effect on MB49 tumor growth at the 5 and 10 μg dose levels; however, evidence of
anti-tumor activity became apparent at 50 μg, and tumor regression was observed at 100 and
200 μg (Figure 3A). ARI-4175 was well tolerated up to at least 200 μg daily, at which dose
complete tumor regression was consistently achieved. There were no changes in total
numbers of CD4+ or CD8+ T cells (Figure 3B) or in the frequency of naïve
(CD44-CD62L+), central memory (CD44+CD62L+) or effector memory (CD44+CD62L-)
CD4+ (Figure 3C) or CD8+ subsets (data not shown) in spleen or TDLN of ARI-4175
treated mice at any dose. There were also no observed changes in B cells or NK cells related
to ARI-4175 dose or tumor volume (data not shown). Treatment with ARI-4175 increased
the absolute number of CD11b+ CD11c+ mDCs and CD11b+ CD11c- myeloid cells in
TDLNs and spleen in a dose-dependent manner, and the increases became significant at
dose levels that were sufficient to produce a tumor response (Figure 3D and E ). When the
CD11b+ CD11c- cells were further analyzed for expression of the F4/80 macrophage marker
and the Gr-1 granulocyte marker the frequency of the F4/80+ Gr-1+ double positive subset
was found to increase significantly in response to ARI-4175 in a dose-dependent manner in
TDLNs and with a non-significant trend towards increased frequency in spleen (Figure 3F).

ARI-4175 treatment decreases the frequency of monocytic MDSCs and the suppressive
function of immature myeloid cells within the tumor

Based on the changes in myeloid cell subsets in secondary lymphoid tissues we
hypothesized that ARI-4175 might affect the tumor-infiltrating myeloid cell population,
subsets of which can negatively impact adaptive immune responses against tumors. Mice
were challenged with MB49, administered ARI-4175 or saline by the early treatment
schedule, and sacrificed for analysis on day 9 when tumor sizes were similar in both groups
(as shown in Figure 1). Tumors were harvested and single-cell suspensions were analyzed
by flow cytometry. CD11b+ CD11c- myeloid cells were subgated into Ly6ChiLy6Glo

(monocytic) and Ly6CloLy6Ghi (granulocytic) subsets. As seen in the TDLNs (Figure 2G),
there was a marked decrease in the proportion of tumor infiltrating monocytic MDSCs in
mice treated with ARI-4175 (Figure 4A and B) accompanied by a proportional increase in
the frequency of the granulocytic fraction (Figure 4A and C). In the spleen, there was an
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increase in monocytic MDSCs with a modest, but non-significant, decrease in granulocytic
MDSCs. The changes appeared to be dose dependent and generally achieved significance at
the 100- and 200-μg dose levels of ARI-4175 that are required to produce tumor regression.

We hypothesized that changes in MDSC subsets were partially due to alterations in myeloid
cell trafficking. To test this, Gr1+ cells from the spleens of M3-9-M tumor-bearing mice
were analyzed for chemokine and chemokine receptor gene expression. As shown in figure
4D, ARI-4175 induced changes in the expression of a number of chemokine receptors and
ligands further suggesting that ARI-4175 may alter the chemokine-mediated trafficking
pattern of suppressive myeloid cells. Finally, the effect of 4175 on the overall suppressive
capacity of tumor-infiltrating myeloid cells in mice bearing M3-9-M tumors was assessed.
Gr1+ myeloid cells were isolated from spleens ARI-4175 or saline treated mice and tested
for the ability to suppress T cell proliferation in vitro. As shown in Figure 4E, Gr1+ myeloid
cells from tumor-bearing mice suppress T cell proliferation but this suppression is
statistically reduced with ARI-4175 treatment. Taken together, these results suggest that at
least some of the anti-tumor activity of ARI-4175 results from trafficking and functionality
of suppressive myeloid cells.

ARI-4175 produces significant tumor responses in a model of established RMS, both as a
single agent and as an adjuvant to a DC vaccine or adoptively transferred tumor antigen-
primed T cells

In order to investigate whether ARI-4175 could produce regression of established tumors,
treatment of C57BL/6 mice orthotopically inoculated with M3-9-M cells (106) was delayed
until day 10 and continued for 5 weeks. As in the early treatment schedule, 200-μg of
ARI-4175 was administered by daily gavage for periods of 5 consecutive days interspersed
by 2 days of no treatment. Although M3-9-M tumor volumes approached 2000 mm3 at the
start of ARI-4175 treatment, 5/7 mice completely rejected their tumors and survived (p <
0.01; Figure 5A).

The first generation DASH inhibitor, PT-100, has been shown to produce tumor regression
and rejection by activating endogenous tumor immunity and by enhancing responses to a
tumor vaccine 21,28. The establishment of tumor-specific immunological memory in mice
that had rejected M3-9-M tumors as a result of ARI-4175 treatment suggests that tumor
immunity also contributes to the antitumor activity of this agent. Therefore, we
hypothesized, that, ARI-4175 might improve the response to therapeutic vaccination against
M3-9-M. Because ARI-4175 was effective as a single agent, even when treatment was
delayed until the tumors were established, we reduced the period of administration to 4
weeks in order to investigate the interaction with a DC-based M3-9-M tumor vaccine
(M3-9-M DC vaccine). The vaccine was produced from C57BL/6 bone marrow cells
cultured with GM-CSF and IL-4 for one week, loaded with irradiated M3-9-M tumor cells,
and incubated with anti-CD40 antibody to activate the differentiated DCs. The M3-9-M DC
vaccine (106 cells per mouse) and sham vaccine (unloaded, activated DCs) were
administered by IP injection on day 14 after tumor inoculation either alone or with 4-week
course of ARI-4175 started on day 10 after tumor inoculation. A 4-week course of
ARI-4175 alone was sufficient to mediate regression in only 2/7 mice (Figure 5B and C).
Although the M3-9-M DC vaccine is sufficient to protect against tumor challenge 7, it is
insufficient as a therapeutic vaccine. However, the addition of DC vaccine to ARI-4175
improved the therapeutic efficacy resulting in eradication of tumors in 5/7 mice.

The apparent adjuvant effect of ARI-4175 in combination with the M3-9-M DC vaccine
suggested enhancement of T cell-mediated anti-tumor immunity by ARI-4175. Thus, we
next investigated whether ARI-4175 could enhance tumor responses produced by the
adoptive transfer of T cells primed against tumor antigens. Donor mice were primed with
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irradiated M3-9-M tumor cells and boosted one week later, and their splenic T cells (5.7 ×
106) were isolated and transferred intravenously to tumor-bearing recipients that had been
inoculated with M3-9-M tumor cells 14 days earlier. ARI-4175 was given for 4 weeks,
starting on day 10 after tumor inoculation. ARI-4175 combined with T cells from unprimed
donors eradicated tumors in 3/7 mice, and when combined with tumor-primed T cells, 5/7
mice were cured (Figure 5D and E).

Adoptive cell therapy combined with ARI-4175 significantly improves tumor responses in
lymphopenic recipients

The effectiveness of adoptive immunotherapy is increased in the setting of lymphopenia 29.
In order to investigate whether the efficacy of ACT accompanied by treatment with
ARI-4175 might be improved in a lymphopenic environment, we utilized Rag1-/- mice as
tumor-bearing recipients of tumor-primed T cells. T cells (8 ×106) were isolated from the
spleens of naïve or M3-9-M tumor-primed female C57BL/6 mice and transferred to Rag1-/-

female mice that had been inoculated with M3-9-M tumor cells (1×105) one day earlier. The
mice were then treated with 100-μg ARI-4175 or saline for five weeks (Figure 6A). In the
absence of host-derived T cells, early initiation of ARI-4175 treatment by itself had no effect
on tumor growth, further confirming the role lymphocytes play in the therapeutic effect of
this compound (Figure 6B-D). The transfer of naïve T cells did not improve the efficacy of
ARI-4175 at the dose used. Primed T cells alone appeared to modestly, but not significantly,
delay tumor growth in some mice (Figure 6C) but all succumbed to tumor. However, the
addition of ARI-4175 to the transfer of primed T cells produced a significant delay in tumor
development and an apparent cure in some mice.

Discussion
We have demonstrated that oral administration of ARI-4175 can produce tumor regression
and eradication in mice transplanted with the MB49 bladder tumor cell line and the M3-9-M
or 76-9 RMS cell lines. It was previously reported that a functional adaptive immune system
was required for the earlier compound, PT-100, to produce tumor rejection in syngeneic
tumor transplant models 21. We found that the antitumor effect of ARI-4175 was completely
absent in Rag1-/- mice transplanted with the M3-9-M cell line, indicating a similar
dependence on adaptive immunity. Protective immunological memory was also established
in mice that had rejected primary M3-9-M tumors as a result of an initial course of treatment
with ARI-4175. The memory response was able to prevent the development of tumors after
secondary challenge with M3-9-M tumor cells without any requirement for additional
treatment with ARI-4175. The M3-9-M tumor cell line was derived from a RMS that arose
in a hepatocyte growth factor transgenic (HGFTg+) p53+/- mouse that was full backcrossed
to the C57BL/6 mouse strain 7,30. When C57BL/6 mice are transplanted with M3-9-M cells,
aggressive tumors develop that have been reported to resemble embryonal RMS in human
patients, both morphologically and in the transcriptional signature of gene expression 7.
Immunotherapeutic approaches that demonstrate high efficacy in preclinical tumor models
very often fail to produce clinically meaningful responses in human cancer 31. This has been
attributed in established cancer to the development of an immunosuppressive
microenvironment that involves DC-mediated T-cell tolerance, MDSCs, immunosuppressive
tumor-associated fibroblasts, and the predominance of TReg cells over TEff cells that are
competent to perform the functions required for tumor killing 12,32-34. Therefore, it is
noteworthy that ARI-4175 could produce tumor regression when used to treat mice bearing
established M3-9-M tumors that approached 2000 mm3 in volume.

Changes in the content of myeloid cells and DCs in lymphoid and tumor tissues appeared to
accompany the tumor response produced by ARI-4175 in the M3-9-M RMS model. These
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changes are provocative in the light of the ability of ARI-4175 to stimulate tumor immunity,
because DC act as professional antigen-presenting cells required for the cross-priming of T-
cell responses against tumor antigens 35, and myeloid cells appear to include subsets
belonging to the population of MDSCs that are thought to dampen the activation of T-cell
responses against tumor antigens in the tumor microenvironment 12. DCs migrate in
response to a cognate interaction between CCR7 of the DCs and chemotactic gradients of
CCL19 and CCL21 cytokines. The ability of tumor cells to prevent the maturation and the
function of DCs can contribute to the immune escape of tumors. Tumors appear to inhibit
the migration of DCs by the release of prostaglandin E2 (PGE2) that signals IL-10-
dependent downregulation of CCL19 36,37, and by the release of liver X receptor (LXR)
ligands that inhibit expression of CCR7 on maturing DCs 38. ARI-4175 produced significant
increases in the numbers of mDCs and pDCs resident in TDLNs, and of mDCs in spleen,
suggesting that the agent might restore the migration of DCs that is otherwise defective in
the tumor-bearing mouse. MDSCs comprise myeloid progenitors and immature myeloid
cells identified by co-expression of cell surface CD11b and Gr-1 and the absence of cell-
surface markers specific for mature cell types, such as the CD11c marker of mDCs 39,40.
ARI-4175 appeared to have differential effects on the absolute numbers and frequencies of
the granulocytic and monocytic MDSCs identified by the Ly-6 markers in tumor and
lymphoid tissues. In MB49 tumor-bearing mice, ARI-4175 produced overall increases in the
absolute number and frequency of CD11b+CD11c- myeloid cells in spleen and TDLNs; but
the frequencies of CD11b+Ly-6ChiLy-6Glo monocytic MDSCs and CD11b+Ly-6CloLy-6Ghi

granulocytic MDSCs in TDLNs, tumor and splenic tissues were altered differently: the
frequency of monocytic MDSCs decreased significantly in TDLNs and tumor tissues but
increased in the spleen, whereas the frequency of granulocytic MDSCs increased
significantly in TDLNs and tumor tissue but decreased in the spleen. It has been reported in
ex vivo assays that monocytic MDSCs are more potent suppressors of antigen-stimulated T
cell responses than granulocytic MDSCs, and, moreover, the monocytic MDSCs appear to
undergo differentiation into macrophage-like cells with highly potent antiproliferative
effects against activated T cells 41. In addition, the reduced suppressive capacity of splenic
myeloid cells in the spleens of ARI-4175 treated mice suggests function changes induced by
DASH inhibition. Consequently, it is highly plausible that part of the immunostimulatory
activity of ARI-4175 is due to relief of immune suppression by modulation of trafficking
and/or suppressive capacity of myeloid cell populations, a novel feature of DASH inhibition
as an adjuvant.

The results obtained with ARI-4715 in combination with a DC vaccine and adoptively
transferred tumor antigen-primed T cells in the M3-9-M RMS model suggest that ARI-4175
might be used clinically for the enhancement of immunotherapy with cancer vaccines and
ACT. The US Food and Drug Administration approved the sipuleucel-T (Provenge) DC-
based vaccine, for treatment for of advanced prostate cancer in April 2010 42. Despite this
success, the development of DC-based cancer vaccines continues to be impeded by lack of
knowledge of the optimal tumor antigens for DC loading ex vivo and the lack of optimal
adjuvants 5. In the M3-9-M DC vaccine used in our studies, we have surmounted the issue
of optimal antigen selection by loading the DCs with apoptotic tumor bodies, thereby
enabling presentation of multiple antigenic peptides in association with MHC class I and II
proteins. The apparent ability of ARI-4175 to enhance tumor responses in combination with
M3-9-M DC vaccine suggests that ARI-4175 might provide a new type of adjuvant that can
be administered orally and tested in combination with a variety of cancer vaccines in the
clinic. Rosenberg et al have discovered that adoptive transfer of tumor-infiltrating
lymphocytes isolated from the patient in combination with IL-2 treatment can produce
durable and complete tumor regression in up to 40% of patients with metastatic melanoma
when used after nonmyeloablative lymphodepletion with chemotherapy 43. A similar ACT
approach with adoptively transferred autologous T cells transduced with a HLA class I-
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restricted T-cell receptor recognizing a NY-ESO-1 cancer/testis peptide epitope produced
objective clinical responses in 4 out of 6 patients with synovial cell sarcoma and 5 out of 11
patients with melanoma, including 2 complete regressions of greater than 1 year in
duration 44. Although these results are impressive, additional immunotherapy might be
required to further improve the durable response rate. The significant improvement in
survival that we obtained by adding ARI-4175 to ACT with M3-9-M tumor-primed T cells
in lymphopenic Rag1-/- mice provides a rationale for clinical investigation of the activity of
ARI-4175 combined with ACT in the setting of lymphopenia produced by chemotherapy.

Historically, clinical development of anticancer agents has depended on Response Criteria in
Solid Tumors (RECIST) for the demonstration of the efficacy of investigational anticancer
agents in human cancer patients 45,46. However, because measurable tumor responses to
immunotherapy may be delayed for months while the human patient develops immunity,
prolonged survival may be a more appropriate measure of clinical benefit. Indeed, this
appeared to be the case in trials of sipuleucel-T 47. In addition, tumor biopsies have revealed
that tumor infiltration by immune cells can be accompanied by edema followed by fibrosis
that might interfere with the use of RECIST to evaluate clinical responses to
immunotherapy 48. Consequently, for any future clinical development of ARI-475 it will be
important to have biological markers available that are predictive of clinical benefit. We
have demonstrated that significant increases in the content of mDCs and myeloid cells in
TDLNs appear to correlate with tumor regression in response to ARI-4175. In phase 1 safety
trials of ARI-4175, analysis of these cell types in biopsies of TDLNs might give an early
indication of whether immune modulation can be achieved at dose levels that are well
tolerated.

The stimulation of endogenous tumor immunity by PT-100, was accompanied by
upregulated expression of cytokines and chemokines mRNA in tumors and TDLNs 21. At
the time it was hypothesized that PT-100 might promote T-cell priming and activation by
increasing the levels of chemokines responsible for the trafficking of T cells and antigen-
presenting cells between the tumor and the TDLNs; however, no direct evidence was
provided for this. Similar to PT-100, ARI-4175 is a DASH inhibitor. In the studies reported
here, we have found that the trafficking of mDCs, pDCs and MDSCs appears to be modified
by ARI-4175. Indeed, treatment of tumor bearing hosts with ARI-4175 induced changes in
the chemokine and chemokine receptor gene expression profile of Gr1+ myeloid cells. Sedo
and Malik have suggested that conserved prolines might act as regulatory elements in
biologically active peptides for which post-prolyl peptidases provide checkpoints 49.
Interestingly, the trafficking of MDSCs is guided by interaction of their CCR2 with
gradients of CCL2 and CCL7 chemokines 50, both of which contain prolines at the second
position from the amino terminus of the mature peptide 51. CCL2 and CCL7 are, therefore,
potentially cleaved in vivo by DPP4, and it has been reported that deletion of the first two
residues results in the conversion of CCL2 from an agonist into an antagonist of CCR2 51. It
seems feasible that ARI-4175 might preserve the chemotactic activity of CCL2 and CCL7
by inhibiting DPP4 proteolytic activity, and thereby alter the trafficking of MDSCs. Another
member of the DPP4-like protease subfamily, FAP, is selectively expressed in the stroma of
many solid tumors 52; therefore, ARI-4175 might also modulate chemokine activity in the
tumor microenvironment by inhibition of FAP 53. In a preliminary study, Jesson et al
reported that PT-100 could stimulate the transcriptional upregulation of cytokines and
chemokines in cultures of macrophages, and that this response could also be initiated by
selective inhibitors of the intracellular DPP4-like proteases, DPP8 and DPP9 54. It is
possible that ARI-4175 and PT-100 might promote tumor immunity by a combination of
transcriptional and post-translational effects on chemokines mediated via the inhibition of
different members of the DPP4-like subfamily. We have synthesized a panel of selective
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pharmacological inhibitors of individual DPP4-like proteases, and we are using these to
probe the roles DPP4, DPP8/9 and FAP in the regulation of tumor immunity.
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Figure 1. Early treatment with ARI-4175 induces regression in multiple tumor models and
induces tumor-specific immunological memory
(A) Female C57BL/6 mice were challenged subcutaneously with MB49 (1×106 cells) on day
0 and treated with saline or 200 μg ARI-4175 by oral gavage on days 3-7 and 10-14. Two
weeks of ARI-4175 treatment produced complete regression in all mice (n=7, p<0.001).
Representative of 4 independent experiments. (B and C) Female C57BL/6 mice were
challenged intramuscularly with the murine RMS lines, M3-9-M (1×106 cells, n=10/group,
representative of 3 independent experiments) or 76-9 (5×105 cells, n=6/group, representative
of 2 independent experiments) on day 0 and treated with saline or 200 μg ARI-4175 by oral
gavage on days 3-7, 10-14, and 17-21. ARI-4175 induced regression in all mice challenged
with M3-9-M (B) and in 3/6 mice challenged with 76-9 (C). (D) Female C57BL/6 mice
were challenged with M3-9-M as in (B) and orally dosed with ARI-4175 on days 3-7.
Treatment resumed on day 14 and continued on a schedule of 5 days treatment with 2 days
rest until day 42 when the mice exhibited complete tumor regression. On day 56, mice were
rechallenged with M3-9-M (5×105 cells) in the opposite leg. With no further treatment
following rechallenge, ARI-4175-treated survivors exhibited initial tumor growth followed
by rejection, indicative of immunological memory, whereas M3-9-M grew rapidly in naïve
controls. * p<0.05, ***p<0.01 Representative of 2 independent experiments. (E) Rag1-/-
mice were challenged with M3-9-M (1×105 cells, n=5/group) and treated with saline or 200
μg ARI-4175 by oral gavage on days 3-7 and 10-14 as in figure (B).
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Figure 2. ARI-4175 modulates the myeloid cell populations in secondary lymphoid tissues
Mice were injected with MB49 and treated with ARI-4175 as described in Figure 1. (A) On
day 9 complete blood counts showed a significant increase in platelet count at both the 5 μg
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and 200 μg ARI-4175 doses. (B) Splenocytes from tumor-challenged mice analyzed on day
11 of ARI-4715 treatment for expression of CD11c and CD11b showed an increase in
CD11b+ cells at the 200 μg dose. (C-E) Changes in the frequency and absolute number of
CD11b+CD11c+ mDCs (C), CD11b+CD11c- myeloid cells (D), and CD11b-CD11c+ pDCs
(E) on day 11 in spleen and TDLN of ARI-4175 treated MB49-challenged mice. (F) Further
characterization of CD11b+CD11c- myeloid cells in the spleen and TDLN demonstrated an
increase in proportion of Ly6CloLy6Ghi granulocytic myeloid cells and a decrease in
proportion of Ly6ChiLy6Glo monocytic cells in TDLN with ARI-4175 treatment. A modest
decrease in proportion of Ly6CloLy6Ghi granulocytic myeloid occurred in the spleen. *
p<0.05, **p<0.01. n=6 mice per group. Data representative of 3 independent experiments.
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Figure 3. ARI-4175 induces dose-dependent anti-tumor activity and myeloid cell expansion in
lymph nodes
Following subcutaneous MB49 challenge (106 cells), C57BL/6 mice were gavaged with
saline (n=6) or ARI-4175 at doses: 5 μg, 10 μg, 50 μg, 100 μg, or 200 μg (n=5-6/group). (A)
Individual tumor curves demonstrate anti-tumor activity of ARI-4175 at doses of ≥ 50 μg
without noticeable toxicity. (B-E) C57BL/6 mice were orally gavaged as described in (A),
sacrificed on day 11, and tissues were harvested, processed, and stained for FACS analysis.
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Absolute number of CD4+ or CD8+ T cells (B) or phenotype of CD4 + T cell subsets (C)
were not altered by ARI-4175 treatment. (D and E) Myeloid cells (CD11b+CD11c-) and
mDCs (CD11b+CD11c+) showed dose-dependent increases in lymphoid tissues of
ARI-4175 treated mice. (F) F4/80+Gr-1+ myeloid cells increased in frequency in a dose-
dependent manner in lymph nodes, but not in spleens, of ARI-4175-treated mice. * p<0.05,
**p<0.01. Data representative of 2 (Figure 3B-F) or 4 (Figure 3A) experiments.
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Figure 4. Monocytic, but not granulocytic, MDSCs are reduced within tumors of ARI-4175-
treated mice
(A-C) Female C57BL/6 mice were challenged with MB49 and treated as described in Figure
3A. On day 11, spleens and tumors were harvested and stained for FACS analysis. (A)
Monocytic MDSCs were identified by gating on CD11b+CD11c- cells followed by analysis of
Ly6-C versus Ly6-G levels. Cells in the upper left-hand quadrant (Ly6-ChiLy6-Glo) are
referred to as monocytic MDSCs, and cells in the lower right-hand quadrant (Ly6-CloLy6-
Ghi), as granulocytic MDSCs. (B) Monocytic MDSCs within the tumor decreased
significantly at the 100 μg and 200 μg doses of ARI-4175 as compared to lower doses. The
opposite trend was observed in the spleen, where a significant increase in monocytic
MDSCs occurred at the 200 μg ARI-4175 dose. (C) Granulocytic MDSCs exhibited a
significant increase within the tumor at the two highest doses of ARI-4175, and they seemed
to decrease with dose within the spleen, although not significantly. * p<0.05, **p<0.01 n=6
mice/group. Data representative of 2 independent experiments. (D) Female C57BL/6 mice
were challenged with M3-9-M (1×106 cells, n=6/group) and treated with saline or 200-μg
ARI-4175 by oral gavage on days 3-7 and days 10-14. On Day 14, Gr1+ cells were isolated
from the spleen (n=6 mice/group) and analyzed by qPCR. Tables show genes with
expression differences in the treated mice of 5 fold or more compared to saline treated. (E)
Female C57BL/6 mice were challenged with M3-9-M (1×106 cells, n=6/group) and treated
with saline or 200-μg ARI-4175 by oral gavage on days 3-7 and days 10-14. On Day 14,
Gr1+ cells were isolated from the spleen (n=6 mice/group), pooled and added CFSE-labeled
T cells in triplicate at a ratio of 1:3. Suppression was determined as described in methods. *
p<0.05

Duncan et al. Page 19

J Immunother. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Inhibition of established M3-9-M tumors by ARI-4175 in combination with DC
vaccination or ACT
(A) Individual tumor-growth curves in female C57BL/6 mice that were challenged
intramuscularly with M3-9-M (1×106 cells) on day 0. Treatment with 200 μg ARI-4175
started on day 10 when tumors were well established, and ended on day 42. Although two
ARI-4175-treated mice had to be euthanized around day 20 due to large tumor burden,
tumors in the remaining mice regressed completely and did not recur after termination of
treatment. Data representative of 3 independent experiments. (B and C) M3-9-M challenge
and ARI-4175 treatment follow the schedule described in (A), except that ARI-4175
treatment was discontinued one week earlier on day 35. An RPMI sham- or a DC-vaccine
(106) was administered intraperitoneally on day 14. (B) Individual tumor curves
demonstrating eradiation of tumors in 2/7 mice with ARI-4175 alone and 5/7 mice with a
combination of ARI-4175 and DC vaccination. There was no effect with DC vaccination
alone. (C) Survival plot showing significantly improved survival with ARI-4175 alone or
ARI-4175 plus vaccine (both <0.001 compared to saline). The survival between the
ARI-4175+DC Vaccination was significantly improved compared to ARI-4175 plus sham
vaccination (p<0.05). Data representative of 2 independent experiments. (D and E) M3-9-M
challenge and ARI-4175 treatment follow the same schedule described in (B and C). T cells
(5.7×106) from either primed or naïve donors were administered IV by tail vein injection on
day 10. (D) Individual tumor curves show complete regressions in 5/10 mice treated with
ARI-4175 and naïve T cells and in 8/10 mice treated with ARI-4175 and primed T cells. (E)
When compared with saline controls, both ARI-4175 treated groups had significantly
improved survival compared to saline (p<0.05 for ARI-4175 plus naïve T cells vs saline and
p<0.001 for ARI-4175 plus primed T cells vs saline), however the difference between these
groups was not significant. Data representative of 2 independent experiments.
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Figure 6. As an adjuvant to ACT in immunodeficient hosts, ARI-4175 inhibits M3-9-M tumors
and increases survival
(A) Female Rag1-/- mice were challenged intramuscularly with M3-9-M (1×105) on day 0.
Purified splenic T cells (8×106) from M3-9-M primed or naïve C57BL/6 mice were
adoptively transferred to Rag1-/- mice by i.v. tail injections one day after tumor challenge.
Mice were treated with 100 μg ARI-4175 or saline for 5 weeks starting on day 3. (B)
Individual tumor curves demonstrating regression of tumors only with ARI-4175 plus
primed T cells. (C) Mice given primed T cells seemed to exhibit slower tumor growth
compared to controls, however only mice that received both primed T cells and ARI-4175
exhibited a clear decrease in tumor volume. (D) Mice given ARI-4175 and primed T cells
had significantly improved survival compared to all other treatment groups. **p<0.01,
***p<0.001. Data representative of 2 independent experiments.
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