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Abstract

Recent studies have suggested that pan inhibitors of dipeptidyl peptidase-4 activity and/or

structure homologs (DASH), including ARI-4175, can mediate tumor regression by immune-

mediated mechanisms. This study assessed the potential of combining ARI-4175 with cancer

vaccines. We evaluated ARI-4175's effect on immunogenic modulation, ability to sensitize tumor

cells to antigen-specific CTL killing, effect on immune-cell subsets and function, and antitumor

activity in 2 tumor models, both as a monotherapy and in combination with a recombinant viral or

dendritic cell (DC)-based tumor-cell vaccine.
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ARI-4175's effects on the growth, surface phenotype, and antigen-specific CTL-mediated lysis of

murine and human carcinoma cell lines were assessed in vitro. In vivo, C57BL-6 mice were

treated orally with ARI-4175, after which splenocytes were assessed by flow cytometry and

functional assays. Antitumor studies were performed in murine models of colon carcinoma

(MC38-CEA+ in CEA-transgenic C57BL-6 mice) and rhabdomyosarcoma (M3-9-M in C57BL-6

mice). Mice received oral ARI-4175 alone or in combination with a vaccine consisting of

recombinant vaccinia/fowlpox CEA-TRICOM (colon model) or a DC-based tumor-cell vaccine

(rhabdomyosarcoma model).

Exposure to ARI-4175 had no effect on the proliferation or viability of carcinoma cells in vitro;

however, it did alter tumor phenotype, making murine and human tumor cells more sensitive to

antigen-specific CTL killing. Assessment of immune-cell subsets and function indicated that

ARI-4175 increased levels of natural killer cells and DCs. Detrimental immune effects, including

reduced T effector cells and increased immunosuppressive cells (Tregs, MDSCs), were

normalized when treatment stopped, suggesting that scheduling is critical when combining this

agent with vaccine. As a monotherapy, ARI-4175 had potent antitumor activity in both tumor

models, and had even greater effects when combined with a vaccine (either DC-based or poxviral

vector based). These findings provide the rationale for the combined use of cancer immunotherapy

with DASH enzyme inhibitors such as ARI-4175.
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1. Introduction

Mammalian post-proline cleaving enzymes form a sub-family of serine proteases called the

dipeptidyl peptidase (DPP)-4 and/or structural homologs (DASH). DASH comprise DPP4,

DPP2, DPP8, DPP9, fibroblast activation protein (FAP) and prolyl endopeptidase [1, 2]. The

DPPs selectively cleave after proline or alanine residues when either is located as the

penultimate residue at the N-terminus of peptides. It has been proposed that conserved

prolines act as regulatory elements in biologically active peptides, for which post-proline

cleaving proteases in the DASH sub-family provide checkpoints [1]. The mature forms of

several chemokines frequently possess N-terminally penultimate proline or alanine,

suggesting that their biological activity might be regulated by DPP activity [3, 4]. This has

been shown to be the case for the chemokine stromal cell-derived factor-1 in vivo [5, 6], and

more recently, for GM-CSF, G-CSF, IL-3, and erythropoietin, in the homeostatic regulation

of hematopoiesis [7]. It has previously been reported preclinically that pharmacological

inhibition of the enzymatic activity of DPP4 and/or DASH with dipeptide boronic acids can

mediate tumor regression in an immune-mediated manner [8-10]. In the clinic a DASH

inhibitor PT-100 achieved some partial and complete responses [11, 12] but has since been

discontinued. A second generation pan-inhibitor of DASH, ARI-4175, has been reported to

induce significant immune-dependent anti-tumor activity against established

rhabdomyosarcoma preclinically [13].
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Immunotherapeutic vaccination is being investigated with renewed interest as a treatment

for a wide spectrum of human cancers [14]. In the present preclinical study, we have

investigated the ability of ARI-4175 to enhance tumor immunity in response to active

vaccination. ARI-4175 was combined with either a recombinant vaccinia/fowlpox vaccine

targeting the tumor associated antigen (TAA) CEA in CEA expressing colon carcinoma, or

with a DC-based tumor cell vaccine targeting M3-9-M cells in a model of

rhabdomyosarcoma. We hypothesized that ARI-4175 might interact directly with tumor

cells to sensitize them to cytotoxic T lymphocyte (CTL)-mediated killing. We have

investigated: a) the in vitro effect of ARI-4175 on tumor cell killing by CTLs specific for

TAAs, b) modulation of immune cell subsets and functions resulting from exposure to

ARI-4175 in vivo, and c) antitumor effects of ARI-4715 in two tumor models when

administered either as a monotherapy or in combination with a recombinant viral or DC

tumor cell vaccine. The results support the future clinical translation of ARI-4175 as an

adjuvant to tumor vaccines.

2. Materials and methods

2.1. Tumor cell lines

Murine colon carcinoma (MC38) expressing human CEA (MC38-CEA) were generated and

maintained as previously described [15]. Murine rhabodomyosarcoma (M3-9-M) cells have

been previously described [16]. Human prostate (LNCaP), breast (MDA-MB-231), and

colon (SW480) tumor cells were purchased and maintained as directed (American Type

Culture Collection, ATCC, Manassas, VA).

2.2. Drug preparation and treatment

ARI-4175 was provided by Tufts University School of Medicine Biochemistry Department

(Boston, MA) and stored at –80°C. Concentrated aliquots of ARI-4175 (100 mM) were

prepared by dissolving ARI-4175 in 0.1 N HCl. For in vivo studies, aliquots were diluted

with saline immediately prior to administration to a final concentration of 1 mg/mL.

ARI-4175 was administered by oral gavage (0.2 cc) at a dose of 200 μg/day; HCl (0.1 N)

diluted in saline served as the vehicle control.

2.3. Assessment of phenotypic modulation

Murine and human carcinoma cells were treated for 72 h with 10 μM ARI-4175 and

assessed for changes in a variety of immunologically relevant cell-surface molecules [17].

Murine cells were stained using the following antibodies: anti-H2Kb/H2Db-FITC, anti-

H2Kd/H2Dd-APC, anti-CD54 (ICAM-1)-PE, anti-CD95 (Fas)-PE-Cy7 (BD Biosciences,

San Diego, CA), anti-Col-1 (CEA)-FITC ([18]), and anti-Calreticulin-PE (R&D Systems,

Minneapolis, MN). Human cells were assessed with: anti-CD95 (Fas)-PerCP-Cy5.5, anti-

CD54 (ICAM-1)-PE, anti-CD227 (MUC1)-FITC, anti-HLA-A2-FITC, (BD Biosciences),

anti-CD66 (CEA)-APC (Miltenyi Biotech, Auburn, CA) and anti-Calreticulin-PE (R&D

Systems). Stained cells were acquired on an LSR II flow cytometer and analyzed using

FloJo software. Isotype staining was < 5% for all samples analyzed. Proteins were scored as

up-regulated if either the percent of cells or the mean fluorescence intensity (MFI) was

increased by > 10% relative to untreated and vehicle-treated controls.
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2.4. CTL lines and cytotoxicity analysis

CD8+ CTLs that kill in an antigen specific and haplotype (HLA) restricted manner were

generated and used as described: Murine: CEA-specific (H-2Db-restricted), identifying the

peptide epitope CEA526-533 (EAQNTTLY) [19], and p15E-specific (H-2Kb-restricted;

designated gp-70), recognizing the peptide epitope p15E604-611 (KSPWFTTL) [20]. Human:

HLA-A2-restricted CEA-specific, recognizing the CEA peptide epitope YLSGANLNL

(CAP-1) [21]; PSA-specific, identifying the PSA peptide epitope VISNDVCAQV [22]; and

MUC1-specific, recognizing the MUC1 peptide epitope ALWGQDVTSV [23]. Cancer cells

were treated with 10 μM ARI-4175 for 72 h and used as targets in a standard cytotoxicity

assay using 111In, as previously described [17].

2.5. Inoculation and measurement of tumor cells

Single-cell suspensions of MC38-CEA cells (3×105) were injected subcutaneously into the

backs of female CEA-transgenic (CEA-tg) C57BL/6 mice, while M3-9-M cells (1×106)

were injected intramuscularly into the gastrocnemius muscle of female C57BL/6 mice.

Injections were administered in 0.2 mL PBS in nonanaesthetized mice. Tumors were

measured in 2 dimensions, length (L) and width (W), 2–3 times/week by digital caliper.

Volumes in the subcutaneous model were calculated by the formula L×W2/2. Volumes in

the intramuscular model were calculated by measuring the entire leg and using the formula

((L/2)×(W/2)×[(L+W/2)/2]×4/3—π). Mice were euthanized when tumor diameters reached

2 cm, in accordance with animal protocols.

2.6. Effect of ARI-4175 on immune-cell subsets and function

Nontumor-bearing female C57BL/6 mice were given ARI-4175 for either 3 days (followed

by 4 days of vehicle), 5 days (followed by 2 days of vehicle), or 7 days; control mice

received vehicle alone. On day 7, spleens were removed and pressed through a 70-μm cell

strainer (BD Bioscience), red blood cells were lysed and Fc receptors blocked with anti-

CD16/CD32 (2.4 G2). Immune subsets were identified by staining 1×106 cells from 5

individual animals with the indicated antibodies: T cells (anti-CD3-V500, anti-CD4-AF700,

and anti-CD8-pacific blue), B cells (anti-CD19-PerCP-Cy5.5), NK cells (anti-CD49b-

FITC), DCs (anti-CD11c-FITC and anti-MHC-II (I-A/I-E)-APC), MDSCs (anti-CD11b-

PerCP-Cy5.5 and anti-GR1-V450), and Tregs (anti-CD4-AF700, anti-CD25-APC, and

intracellular anti-FoxP3-PE). All antibodies, except for CD25-APC and FoxP3-PE

(purchased from eBioscience) were obtained from BD Bioscience.

The effect of ARI-4175 on antigen-presenting cells (APCs) was determined using an

allostimulatory (H-2b vs. H-2d) mixed lymphocyte reaction. The effect of ARI-4175 on T-

cell function was analyzed by anti-CD3 proliferation assay. For both functional assays,

[3H]thymidine was added during the final 18 h and incorporation was measured.

2.7. Vaccine preparation

The DC vaccine was prepared by harvesting bone marrow from female C57BL/6 mice as

described [24]. The M3-9-M DC vaccine or sham vaccine was administered to mice by

intraperitoneal injection on day 8 (1×106 cells/0.2 cc). Recombinant modified vaccinia

Ankara (rMVA) and recombinant fowlpox (rF) viruses containing transgenes for the murine
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costimulatory molecules B7.1, ICAM-1, and LFA-3 (designated TRICOM), in combination

with the CEA transgene (rMVA/rF-CEA-TRICOM), have been previously described [25].

rMVACEA-TRICOM was administered subcutaneously as a prime, and rF-CEA-TRICOM

as weekly boosts at 1×108 pfu/mouse [26, 27].

2.8. Statistical analysis

Statistical analyses were performed using GraphPad Prism (GraphPad Software, La Jolla,

CA). Differences between treatments were evaluated using an unpaired Student's t-test with

a 2-tailed distribution or one-way analysis of variance. Subsequent comparisons were made

using Newman-Keuls tests. Survival was analyzed by Kaplan-Meier curves. Results are

reported as P values, calculated using a confidence interval of 95%.

3. Results

3.1. Effect of ARI-4175 on murine tumor cells in vitro: proliferation, cytotoxicity,
immunogenic modulation, and sensitivity to cytotoxic T-cell killing

To determine whether ARI-4175 has a direct proliferative or cytotoxic effect on cancer cells,

murine carcinoma cells were exposed in vitro to 0.1–10 μM of ARI-4175 in a dose-response

study (Fig. 1A). MC38-CEA cells treated with ARI-4175 showed no change in cell number

relative to untreated or vehicle-treated controls. Murine carcinoma cells exposed to

ARI-4175 (10 μM for 72 hours) were analyzed for surface expression of Fas, ICAM-1,

CEA, MHC I, and calreticulin, each of which has been shown to enhance antitumor T-cell

responses through diverse mechanisms [17, 28-33]. Relative to vehicle control, MC38-CEA

cultures treated with ARI-4175 increased expression of Fas (1.7-fold), ICAM-1 (1.4-fold)

and MHC I (H2Db, 1.5-fold; H2Kb, 1.2 fold), whereas cell surface levels of CEA and

calreticulin were unaltered by ARI-4175.

To determine the functional significance of these phenotypic changes induced by ARI-4175,

MC38-CEA cells were either untreated or treated with ARI-4175 and subsequently

cocultured with CEA- or gp-70-specific CTLs. CEA-specific T cells killed untreated or

vehicle-treated MC38-CEA cells at a level of 14% to 20%. Treating targets with ARI-4175

markedly increased lysis 4.5-fold. Similarly, gp-70-specific T cells killed MC38-CEA cells

that were untreated or vehicle-treated at a level of 29% to 31%, while treatment of these

targets with ARI-4175 increased lysis to 43% (Fig. 1C). These data indicate that exposure of

murine cells to ARI-4175 enhances antigen-specific CTL-mediated killing of tumor cells,

and that this effect extends to a variety of TAAs.

3.2. In vivo effect of orally administered ARI-4175 on murine tumor models

Our first in vivo test of ARI-4175 was in an immunogenic rhabdomyosarcoma model in

C57BL/6 mice in which M3-9-M cells were orthotopically transplanted in the gastrocnemius

muscle. After tumor inoculation, 200 μg of ARI-4175 was administered daily, beginning

when tumors became visible (day 3). After initial progression of M3-9-M tumors during the

first week of treatment, tumors started regressing, and on day 21 when 100% of the vehicle-

administered mice had to be euthanized because their tumors had reached the ethical limit, 5
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of 6 mice (83%) treated with ARI-4175 were still surviving (Figure 2A). When treatment

was discontinued (day 24), 4 out of 5 mice remained tumor free (P = 0.0013).

We also tested ARI-4175 as a monotherapy in a nonimmunogenic model, using CEA-tg

mice bearing MC38-CEA tumors. ARI-4175 (200 μg) was administered daily beginning

when tumors became palpable (day 4). As shown in Figure 2B, ARI-4175 suppressed tumor

growth during the time the drug was administered. By day 24, tumor volumes were

significantly reduced in mice given ARI-4175 (mean: 129 mm3) compared to mice given

vehicle (1,498 mm3) (P < 0.0043). However, after ARI-4175 treatment was discontinued,

tumor growth resumed at a rate comparable to that observed in vehicle-treated mice. In this

model, ARI-4175 significantly improved survival compared to mice given vehicle (P =

0.049).

3.3. Effect of orally administered ARI-4175 on murine immune-cell subsets and function

Because the goal of these studies was to determine the optimal timing and schedule for

combining ARI-4175 with immunotherapy, we evaluated splenocytes from nontumor-

bearing mice treated with ARI-4175 for either 7 days, 5 days (followed by 2 days of

vehicle), or 3 days (followed by 4 days of vehicle). As shown in Figure 3A, 7 days of

continuous treatment with ARI-4175 had varied effects on immune-cell subsets as assessed

by flow cytometry. Specifically, continuous treatment with ARI-4175 decreased the

percentage of CD3+ T lymphocytes, increased the percentage of CD4+ T lymphocytes , NK

cells, and DCs, but had no notable effects on the percentage of B lymphocytes. CD3+ and

CD8+ T lymphocytes returned to normal levels within 2 and 4 days, respectively, after

stopping ARI-4175 treatment. Assessment of regulatory cells revealed that ARI-4175

markedly increased Tregs and MDSCs. Tregs remained markedly elevated after ARI-4175

treatment was suspended; however, 4 days after treatment ended, Tregs accounted for only

15% of CD4+ T cells. MDSCs similarly increased with ARI-4175 therapy, but within 4 days

of terminating ARI-4175, MDSC levels returned to the baseline levels observed in vehicle-

treated mice.

We next evaluated the effect of ARI-4175 on the function of APCs using an allostimulatory

(H-2b vs. H-2d) assay, where the APC population came from mice treated continuously with

ARI-4175. APC function remained similar to that in control mice after 7 days of continuous

treatment with ARI-4175; however, APC function significantly increased (74% to 146%) in

mice after shorter periods of ARI-4175 administration followed by 2 or 4 days of drug

washout (Figure 3B). Given the marked effects of ARI-4175 on splenic Tregs and MDSCs,

we additionally evaluated the ability of splenocytes isolated from ARI-4175-treated mice to

proliferate in response to anti-CD3. Continuous administration of ARI-4175 for 7 days

abrogated the ability of T cells to proliferate in response to anti-CD3; however, this

reduction in proliferation was significantly lessened following a shorter period of ARI-4175

administration followed by a 2- or 4-day drug holiday.
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3.4. Effect of ARI-4175 in combination with cancer vaccines in M3-9-M and MC38-CEA
tumor models

Based on the above findings, in the following studies ARI-4175 was administered for either

5 days/week (M3-9-M model) or 3 days/week (MC38-CEA model). We first analyzed the

combination of ARI-4175 and a DC-based M3-9-M tumor-cell vaccine in the M3-9-M

model. The M3-9-M DC-based vaccine and sham vaccine were given on day 14 after tumor-

cell inoculation, either alone or in combination with a 3-week course of ARI-4175, started

on day 10 after tumor-cell inoculation. The 3-week course of ARI-4175 (administered 5

consecutive days/week followed by a 2-day break) mediated tumor regression in 3/7 mice

(Fig. 4A), while in mice given vaccine alone, tumor progression was similar to that observed

in mice given sham vaccine. In contrast, the combination of vaccine and ARI-4175 resulted

in tumor eradication in 7/7 mice. Moreover, the combination of ARI-4175 plus DC-based

vaccine significantly improved survival compared to ARI-4175 plus sham vaccine (P =

0.0221), vehicle plus DC-based vaccine (P = 0.0002), and vehicle plus sham vaccine (P =

0.0001).

In the MC38-CEA model, we evaluated ARI-4175 in combination with a prime with MVA-

CEA-TRICOM, followed by weekly boosts with rF-CEA-TRICOM. In both treatment

schedules, ARI-4175 was administered for 3 consecutive days/week followed by a 4-day

break, in a 5-week course beginning 4 days after tumor-cell implantation. In the first

schedule (Fig. 5B), vaccine was initiated on day 7, after ARI-4175 therapy had already been

started. On day 21, mean tumor volume was reduced 57% in mice receiving ARI-4175

compared to mice given vehicle (P = 0.0052). The combination of ARI-4175 followed by

vaccine did not significantly improve tumor progression relative to ARI-4175 alone (P =

0.5678, day 21) or vaccine alone (P = 0.0749, day 21). We next evaluated whether the

therapeutic effect of ARI-4175 in combination with vaccine could be improved by

administering vaccine concurrently (beginning on day 4) with ARI-4175 (Fig. 5C). In this

schedule, the combination of ARI-4175 with vaccine significantly reduced tumor growth

(77%) compared to vehicle (P < 0.0001, day 21) and vaccine alone (64%, P = 0.0052, day

21).

3.5. Effect of ARI-4175 on growth, immunogenic modulation of human carcinoma cells

To determine whether ARI-4175 has a direct proliferative or cytotoxic effect on human

cancer cells, we performed in vitro dose-response studies using LNCaP, SW480, and MDA-

MB-231 cells. Exposing any of these cells to ARI-4175 (0.1–10 μM) had no effect on cell

number relative to untreated or vehicle-treated controls (Fig. 5A). We next examined the

potential of ARI-4175 to alter the phenotype of human tumor cells, focusing on molecules

that have been implicated in enhancing antitumor T-cell responses [17, 28-33]. Human

tumor cells were treated with 10 μM ARI-4175 for 72h and analyzed for expression of cell-

surface Fas, ICAM-1, the TAAs CEA and MUC1, MHC I (HLA-A2), and calreticulin.

Relative to vehicle and untreated controls, Fas and HLA-A2 increased in 1/3 cell lines;

ICAM-1, CEA, and calreticulin were elevated in 2/3 cell lines, and MUC1 was up-regulated

in all 3 cell lines following treatment with ARI-4175 (Fig. 5B).
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3.6. Effect of ARI-4175 on the sensitivity of human carcinoma cells to antigen-specific CTL
killing

To determine the functional significance of the phenotypic changes induced by ARI-4175 in

human LNCaP, SW480, and MDA-MB-231 cells, cultures were either untreated or treated

with ARI-4174 or vehicle for 3 days, and subsequently cocultured with CEA-, MUC1-,

and/or PSA-specific CTLs. ARI-4175 pretreatment of LNCaP tumor cells markedly

increased killing by CEA-, MUC1-, and PSA-specific T cells over the level seen against

untreated or vehicle-treated control cells (Fig. 6A). Similarly results were seen with with

pretreated SW480 (Fig. 6B) and MDA-MB-231 tumor cells (Fig. 6C) cocultured with CEA-

and MUC1-specific CTLs. These data indicate that exposure of a variety of human

carcinoma cells to ARI-4175 enhances antigen-specific CTL-mediated killing, and that this

effect can be extended to a variety of TAAs.

4. Discussion

In previous studies, DASH inhibitors PT-100 and ARI-4175 were shown to upregulate

cytokine and/or chemokine expression, modulate the trafficking of DCs and

immunoregulatory cells, and activate or accelerate T-cell dependent immune responses

against solid tumors [9, 10]. Our present studies revealed a new aspect of the antitumor

activity of ARI-4175: the direct sensitization of tumor cells to T-cell mediated killing. An

analysis of immune cell populations exposed to ARI-4175 revealed time-dependent changes

in both effector T-cells and Tregs and enabled us to optimize ARI-4175 dosing schedule for

immune stimulation in an investigation of adjuvant activity in combination with

recombinant viral CEA-TRICOM and a DC tumor vaccine.

ARI-4175 was not directly cytotoxic for murine and human tumor cells in vitro (Fig. 1A and

5A). However, ARI-4175 produced increases in the levels of Fas, ICAM-1, MHC class I,

and TAAs—MUC1 and CEA—expressed on the tumor cell surface (Figs. 1B and 5B). Each

of these immunologically relevant molecules have been previously shown to be involved in

the cell-to-cell interactions by which CTLs kill tumor cells. For example, binding of Fas to

the Fas receptor on CTLs is one of the main mechanism by which CTLs induce apoptosis

[17], while ICAM-1 has both co-stimulatory and cell adhesive properties, with increased

levels correlating with CTL binding to tumor cell targets and enhanced cytotoxicity [34].

Moreover, simultaneous upregulation of MHC class I with the TAAs CEA and MUC-1 in

tumor cells should increase the efficiency of immune surveillance [30, 32]. Consistent with

the observed phenotypic modification of the tumor cells by ARI-4175, their sensitivity to

killing by TAA-specific CTL in vitro was significantly increased (Fig. 1C and 6). Whether

exposure of murine or human cancer cells to ARI-4175 similarly increases their

susceptibility to non-antigen and/or non-immune killing remains to be tested.

In the present study we found in the M3-9-M rhabdomyosarcoma and MC38-CEA colon

cancer models that daily administration of ARI-4175 on every consecutive day from day 4,

when tumors become visible, until day 25 produced strong tumor responses: tumor

regression and rejection in the M3-9-M model and greatly reduced tumor growth in the

MC38-CEA model (Fig. 2). In the analysis of ARI-4175 effects on immune cell subsets in

vivo, we observed that T-cell anergy appeared to be quickly reversed once drug treatment
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was stopped in vitro (Fig. 3C). This led us to reason that the ARI-4175 treatment schedule

for investigation of vaccine adjuvant activity should include drug holidays in order to reduce

possible immunosuppressive effects. We sought to improve efficacy of the MC38-CEA

tumors to ARI-4175 in vivo (Fig. 2B) by adjusting the ARI-4175 schedule to 3 days on drug

and 4 days off in each week of treatment in combination with the recombinant virus CEA-

TRICOM vaccine. The vaccine was administered either after ARI-4175 administration had

started (Fig. 4B), or concurrently with the drug (Fig. 4C). We found that the tumor response

was most improved by the latter regimen.

As an adjuvant to the CEA-TRICOM and DC tumor vaccines, ARI-4175 produced superior

tumor responses when added to the DC vaccine. The reason for this difference might lie in

design of the two vaccines and tumor models examined. The CEA-TRICOM vaccine is

designed to elicit a T-cell response against MHC-binding peptides derived from human

CEA; however in CEA-tg mice bearing subcutaneous MC38-CEA expressing tumors, the

vaccine must overcome the hurdle of thymic tolerance to human CEA. This is in contrast to

the DC vaccine in the rhabdomyosarcoma tumor model, where the DCs have the opportunity

to sample all possible M-3-9-M tumor antigens upon ingestion of the apoptotic bodies

derived from the M3-9-M tumor cell line. These antigens could include mutated proteins

that are unique to the tumor cell, wild-type gene products that are overexpressed by the

tumor cell, or differentiation antigens, which due to age- or anatomically-restricted

expression might fail to establish thymic tolerance. Thus, the tolerance barrier in M3-9-M

DC vaccination is lower than that faced by CEA-TRICOM in the MC38-CEA model. The

results of the present study appear to indicate that ARI-4175 is well suited as an adjuvant to

DC tumor vaccines that are designed to incorporate a large repertoire of TAAs and thereby

provide the immune system with the opportunity to respond against antigens that have

escaped thymic tolerance.

The development of cancer vaccines has been hampered by a lack of appropriate adjuvant

therapies. Our results provide a rationale for the combination of ARI-4175 with

immunotherapeutic vaccines in a clinical setting. Our results indicate that the timing and

schedule of ARI-4175 administration in relation to vaccine is critical, and that when used as

a vaccine adjuvant, ARI-4175 should include drug holidays in order to reduce the possible

immunosuppressive effects and maximize the immune beneficial effects of this agent.

Interruption of drug dosing should not affect the sensitization of tumor cells to CTL killing,

as a short duration (only 3 days) of exposure to ARI-4175 was sufficient to increase the

susceptibility of tumor cells to lysis. To date, ARI-4175 remains at the pre-clinical stages of

development and needs to be tested in a phase I trial before it can be combined with a

vaccine platform.
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Highlights

• ARI-4175 modulated the phenotype of immunologically relevant molecules.

• ARI-41745 increased the sensitivity of carcinoma cells to CTL-mediated lysis.

• ARI-4175 modulated immune-cell subsets and function in nontumor-bearing

mice.

• ARI-4175 suppressed the growth of rhabdomyosarcoma and MC38-CEA tumors

in vivo.

• ARI-4175 used in combination with 2 vaccine platforms enhanced antitumor

activity
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Figure 1. Effect of ARI-4175 on growth and cell-surface phenotype of murine MC38-CEA colon
carcinoma cells and their sensitivity to CTL-mediated killing
A. At varying concentrations, ARI-4175 does not alter the growth of MC38-CEA cells.

Vehicle-treated and untreated cells served as controls; medium and compound were

replenished daily. The total number of viable cells was determined at various time points by

trypan blue exclusion. Data represent mean ± SEM from 2 replicate wells. B. MC38-CEA

cells undergo immunogenic modulation following exposure to ARI-4175. Cells were treated

daily with 10 μM ARI-4175 for 72 h, harvested, and analyzed by flow cytometry for cell-

surface expression of Fas, ICAM-1, CEA, MHC I (H2Kb/H2Db), and calreticulin. Vehicle-

treated and untreated cells served as controls. Numbers indicate percentage of positive cells

(MFI in parentheses). Bold type indicates marked up-regulation (> 10% increase in percent

of cells or MFI) relative to controls. C. Exposure of MC38-CEA cells to ARI-4175 increases

sensitivity to antigen-specific CTL killing. Tumor cells treated with 10 μM ARI-4175 for 72

h were used as targets in an 18-h CTL lysis assay. CEA- or gp70-specific CD8+ T cells were

used as effector cells at an effector:target ratio of 30:1 and 50:1, respectively. Data represent

mean ± SEM for 3 replicate wells. Asterisks denote significance (P < 0.05) relative to

untreated wells. Data are representative of one experiment. Experiments were repeated 2–4

times with similar results.
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Figure 2. ARI-4175 as monotherapy decreased tumor volume and improved survival in M3-9-M
and MC38-CEA tumor models
A. CEA-tg C57BL/6 mice were implanted on day 0 with 1×106 M3-9-M cells

intramuscularly on the flank. B. CEA-tg C57BL/6 mice were implanted on day 0 with 3×105

MC38-CEA cells subcutaneously on the back. In both models, mice were given ARI-4175

(200 μg/mouse/day) or vehicle by gavage beginning on day 4 when tumors became visible.

Mice were treated continuously from day 4 to day 25 (indicated by gray bars). Tumor

volume was assessed 2–3 times/week. Statistical analysis of survival based on the Wilcoxon

rank-sum test was performed on the indicated days.
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Figure 3. Effect of ARI-4175 on splenic immune-cell subsets and function
Female C57BL/6 mice were given ARI-4175 (200 μg/mouse/day) by gavage for either 3

days (followed by 4 days of vehicle), 5 days (followed by 2 days of vehicle), or 7 days

(followed by 0 days of vehicle). Control mice received vehicle for 7 days. A. ARI-4175 has

varied effects on immune-cell subsets. On day 7, the percent of indicated immune-cell

populations in individual mice (n = 3–5) was determined by flow cytometric analysis with

the indicated markers. Data are representative of one experiment and are presented as mean

± SEM. B. ARI-4175 enhanced allostimulatory (H-2b vs. H-2d) activity. On day 7,

splenocytes from ARI-4175-treated female C57BL/6 mice (effector cells) were cocultured

with splenocytes from untreated Balb/c mice (target cells) for 4 days at an

effector:stimulator ratio of 1:1 to 32:1. [3H]Thymidine was added during the final 18 h and

incorporation was measured. Data shown represent an effector:stimulator ratio of 1:1 and

mean ± SEM for triplicate wells. C. ARI-4175 reduced T-cell function. On day 7,

splenocytes from ARI-4175-treated female C57BL/6 mice were incubated in the presence of

increasing concentrations of plate-bound anti-CD3 for 3 days. [3H]Thymidine was added

during the final 18 h and incorporation was measured. Data represent mean ± SEM for

triplicate wells. Asterisks denote statistical significance (*P < 0.05, **P < 0.01, ***P <

0.001) relative to vehicle-treated mice.

Donahue et al. Page 15

Vaccine. Author manuscript; available in PMC 2015 May 30.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. ARI-4175 given in combination with vaccine decreased tumor volume and improved
survival in M3-9-M and MC38-CEA tumor models
A. For the M3-9-M model, C57BL/6 mice were implanted on day 0 with 1×106 cells

intramuscularly on the flank. Mice were given ARI-4175 (200 μg/mouse/day) or vehicle by

gavage 5 times/week on days 10–14, 17–21, and 24–28. On day 14, mice received an

intraperitoneal injection of DC-based vaccine (pulsed with irradiated tumor) or sham

vaccine (non-pulsed DCs). B. For the MC38-CEA model, where vaccine was administered

following ARI-4175, CEA-tg C57BL/6 mice were implanted on day 0 with 3×105 MC38-

CEA cells subcutaneously. Mice were given either ARI-4175 (200 μg/mouse/day) or vehicle

by gavage 3 days/week on days 4–6, 11–13, 18–20, 25–27, 32–34, and 39–41. Vaccinated

mice received a prime of MVA-CEA-TRICOM on day 6 and weekly boosts with rF-CEA-

TRICOM. C. For the MC38-CEA model, where vaccine was administered concurrently with

ARI-4175, CEA-tg C57BL/6 mice were implanted on day 0 with 3×105 MC38-CEA cells

subcutaneously. Mice were given either ARI-4175 (200 μg/mouse/day) or vehicle by gavage

3 times/week on days 4–6, 11–13, 18–20, 25–27, 32–34, and 39–41. Vaccinated mice

received a prime with MVA-CEA-TRICOM on day 4 and weekly boosts with rF-CEA-

TRICOM. Tumor volume was assessed 2–3 times/week. Statistical analysis of survival

based on the Wilcoxon rank-sum test was performed on day 40. Arrows indicate

vaccination. Gray bars indicate duration of ARI-4175 treatment.
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Figure 5. Effect of ARI-4175 on growth, cell-surface phenotype, and invasive capacity of human
carcinoma cells
A. At varying concentrations, ARI-4175 did not alter the growth of human prostate

(LNCaP), colon (SW480), and breast (MDA-MB-231) cancer cells. Vehicle-treated and

untreated cells served as controls, and medium and compound were replenished daily. The

total number of viable cells was determined at various time points by trypan blue exclusion.

Data represent mean ± SEM from 2 replicate wells. B. Human tumor cells undergo

immunogenic modulation following exposure to ARI-4175. Cells were treated daily for 72 h

with 10 μM ARI-4175, harvested, and analyzed by flow cytometry for cell-surface

expression of Fas, ICAM-1, CEA, MUC1, MHC I, and calreticulin. Vehicle-treated and

untreated cells served as controls. Numbers indicate percentage of positive cells (MFI in

parentheses). Bold type indicates marked up-regulation (> 10% increase in percent of cells

or MFI) relative to controls.
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Figure 6. Effect of ARI-4175 on the sensitivity of human carcinoma cells to antigen-specific CTL
killing
Exposing human carcinoma cells to ARI-4175 increases sensitivity to antigen-specific CTL

killing. Human cancer cells of the (A) prostate (LNCaP), (B) colon (SW480), and (C) breast

(MDA-MB-231) treated with 10 μM ARI-4175 for 72 h were used as targets in an 18-h CTL

lysis assay. CEA-, MUC1-, or PSA-specific CD8+ T cells were used as effector cells at an

effector:target ratio of 30:1. Data represent mean ± SEM for 3 replicate wells. Asterisks

denote significance (*P < 0.05, **P < 0.01, ***P < 0.001) relative to untreated wells. Data

are representative of one experiment. Experiments were repeated 2–4 times with similar

results.
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