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Abstract

Background—LIGHT, a ligand for lymphotoxin-f receptor (LTPR) and herpes virus entry
mediator, is predominantly expressed on activated immune cells and LTBR signaling leads to the
recruitment of lymphocytes. The interaction between LIGHT and LTBR has been previously
shown in a virus induced tumor model to activate immune cells and result in tumor regression, but
the role of LIGHT in tumor immunosuppression or in a prostate cancer setting, where self antigens
exist, has not been explored. We hypothesized that forced expression of LIGHT in prostate tumors
would shift the pattern of immune cell infiltration, would inhibit T regulatory cells (Tregs) and
would induce prostate cancer tumor associated antigen (TAA) specific T cells that would eradicate
tumors.

Methods—Real Time PCR was used to evaluate expression of forced LIGHT and various other
genes in prostate tumors samples. Adenovirus encoding murine LIGHT was injected
intratumorally into TRAMP C2 prostate cancer cell tumor bearing mice for in vivo studies.
Chemokine and cytokine concentrations were determined by multiplex ELISA. Flow cytometry
was used to phenotype tumor infiltrating lymphocytes and expression of LIGHT on the tumor cell
surface. Tumor specific lymphocytes were quantified via an ELISpot assay. Treg induction and
Treg suppression assays determined Treg functionality after LIGHT treatment.
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Results—LIGHT expression peaked within 48 hours of infection, recruited effector T cells into
the tumor microenvironment that recognized mouse prostate stem cell antigen (PSCA) and
inhibited the infiltration of Tregs. Tregs isolated from tumor draining lymph nodes had impaired
suppressive capability after LIGHT treatment. LIGHT in combination with a therapeutic vaccine,
PSCA TriVax, reduced tumor burden.

Conclusion—Forced LIGHT treatment combined with PSCA TriVax therapeutic vaccination
delays prostate cancer progression in mice by recruiting effector T lymphocytes to the tumor and
inhibiting Treg mediated immunosuppression.
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Introduction

Prostate cancer is the second most common cause of cancer related deaths in men in the
United States. Approximately 32,000 deaths are expected annually in the United States, and
258,000 deaths are expected annually worldwide (1). While treatments for patients with
early stage prostate cancer exist, many are accompanied by severe side effects such as
impotence or incontinence (2,3). Options for patients with advanced stage disease are
limited. The standard of care for metastatic prostate cancer patients is chemical castration, a
hormone therapy that reduces androgen levels and removes necessary growth components
for transformed prostate cancer cells, halting cell growth (4,5). Alternatively, hormone
manipulation can be avoided when treating advanced prostate cancer with personalized
therapeutic treatments such as Sipuleucel-T (Provenge®), which activates the immune
system to attack cells expressing tumor associated antigens (TAA) (6). Sipuleucel-T extends
median survival by 25.8 months as compared to 21.7 months with standard of care and has
been recommended by the National Comprehensive Cancer Network as a category 1 drug
indicating a first choice treatment for advanced diseases (7-9). Despite the development of
new treatments such as this, mortality rates remain unchanged (1,10,11). The efficacy of
therapeutic vaccines have been limited when used alone, but the discovery of adjuvants such
as aluminum-based mineral salts, toll-like receptor agonists, check point inhibitors and other
immune response stimulators have become key factors in vaccine development (12).
Therefore, identifying novel adjuvants or checkpoint regulators for therapeutic vaccines is
expected to improve the overall efficacy of generating an immune response against prostate
cancer, ultimately increasing patient survival.

The goal of cancer immunotherapy is to stimulate the immune system to eradicate malignant
tumors. One of the most common responses that effective therapeutic vaccines elicit is TAA
specific T lymphocytes (13). However, a suppressive tumor microenvironment counteracts
the efficacy of these vaccines (14), often times by preventing the elicited TAA specific T
lymphocytes from migrating into the tumor or by inactivating tumor-infiltrating
lymphocytes. There are a variety of mechanisms that may suppress immune responses in
prostate cancer but Tregs appear to be central to tumor-mediated immune suppression (15).
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Herpes virus entry mediator receptor (HVEM) signaling plays an important role in either
activating naive T cells or inactivating T cell responses by enhancing Treg suppression
depending on the bound ligand (16,17). TNFSF14/LIGHT, lymphotoxin-like inducible
protein that competes with glycoprotein D for HVEM on T cells, is a membrane bound
protein that is highly expressed during lymphogenesis for the recruitment of lymphocytes
via chemokine signaling of LTPR (18,19). LIGHT has been shown to induce strong
activating co-stimulatory signals on the recipient cell when bound to HVEM (20). In an
HPV-induced cervical cancer model, forced intra-tumoral LIGHT expression induced naive
T cell recruitment into the tumor microenvironment, HPV-specific immunity, and increased
overall survival in mice (21). The effects of forced LIGHT expression in prostate cancers
where immunological self-tolerance exists has not been explored previously, and therefore
was analyzed in this study.

Tumor immunosuppression and escape mechanisms have long been implicated as hurdles
for successful immunotherapy, yet many vaccines focus solely on activating specific T cells
and do not attempt to address the inhibitory aspects of the tumor microenvironment (14,22).
HVEM binds B and T Lymphocyte Attenuator (BTLA), which has previously been shown
to enhance Treg suppression and inactivate T cell responses (17), possibly contributing to
the failure of therapeutic vaccines. In contrast, LIGHT has the opposite effect of BTLA on
HVEM, potentially skewing the tumor microenvironment away from immunosuppression by
tipping the balance towards activating co-stimulatory signals. Given the multiple
mechanisms of LIGHT, including homing of T cells to the tumor microenvironment and
induction of TAA-specific T cells in an HPV setting, we hypothesized that forced LIGHT
expression in murine prostate cancer transgenic adenocarcinoma of the mouse prostate
(TRAMP-C2) tumor model would increase prostate cancer survival by inducing prostate
TAA specific T cells, would inhibit Tregs and would synergize with a TAA therapeutic
vaccine.

Prostate Stem Cell Antigen (PSCA) is highly elevated in aggressive and established prostate
tumors (23). It is therefore an excellent prostate TAA for the basis of a therapeutic vaccine.
In this study, we have chosen to use PSCA TriVax, a vaccine that targets PSCAg3_g1 peptide
and consist of two dendritic cell activators, anti-CD40 antibody (Ab) and Poly-ICLC. We
explored LIGHT treatment alone and in combination with PSCA TriVax in an established
TRAMP-C2 prostate tumor system as a new therapeutic approach. The results of our study
can potentially improve the outcome for prostate cancer patients that are treated with a
therapeutic vaccine.

Materials and Methods

2.1 Mice and cell lines

Specific pathogen free C57BL/6 mice and C3H mice, 6 to 8 weeks of age, were purchased
from Taconic Farms (Germantown, NY). TRAMP-C2 (ATCC CRL-2731; originally derived
from the prostate tumor of a TRAMP mouse on the C57BL/6 background) cells were used
for tumor challenge studies. TRAMP-C2 cells were grown and expanded in vitro with
IMDM medium supplemented with 5% Fetal bovine serum (FBS; Gemini, Sacramento,
CA), 5% Nu Serum IV (BD Biosciences, San Jose, CA), 0.01 nM dihydrotestosterone

Prostate. Author manuscript; available in PMC 2016 February 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yan et al.

Page 4

(Sigma Chemical Co.), and 5 pg/ml insulin (Sigma Chemical Co.). All in vivo studies were
in compliance and approved by University of Southern California Institutional Animal Care
and Use Committee (USC IACUC).

2.2 Antibodies and Reagents

The following antibodies were purchased from BD Bioscience (San Jose, California): amu-
CD4 FITC, amu-CD25 PE-Cy5, amu-FoxP3 PE-Cy7, amu-CD3 PE-Cy7, and amu-CD8
PE. Goat amu-1gG FITC antibodies were purchased from Biolegend (San Diego, CA).
LTPR-Fc antibody was purchased from R&D Systems (Minneapolis, MN). Appropriate
isotype controls were purchased from either BD Bioscience or Biolegend.

2.2 Tumor Challenge, Treatments and Immunizations

Groups of 6 to 8 week old C57BL/6 male mice were challenged subcutaneously with 5x10°
TRAMP-C2 tumor cells in PBS. Tumor growth was measured three times per week with
manual calipers by measuring tumor length, height, and depth to generate a tumor volume.
Tumor volumes exceeding 1500 mm3 or ulcerated tumors resulted in euthanasia as per USC
IACUC guidelines. For studies evaluating the effect of LIGHT in vivo, recombinant
adenovirus carrying DNA encoding the murine LIGHT gene (Ad-LIGHT) were injected
intratumorally using a 31 gauge insulin syringe (24). For every in vivo experiment with
LIGHT treatment, injections were performed when average tumor volumes in randomized
groups were approximately 30 mm?3 (25-30 days post challenge). Ad-LIGHT treatment was
given twice, three days apart with 2x1010 viral particles (vp) per intratumoral injection.
Control adenovirus particles (Ad-Control) were used as a control. In studies evaluating the
synergistic properties of both Ad-LIGHT and therapeutic vaccination PSCA TriVax, mice
were treated with two doses of Ad-LIGHT given three day apart when average tumor
volumes in randomized groups reached 30mm3, and were subsequently vaccinated i.m. with
PSCA TriVax 7 days and 14 days after the first LIGHT injection. PSCA TriVax consist of a
mixture of 50 pg of synthetic peptide PSCAg3.91, 100 g anti-CD40 mAb (BioXCell) and 50
ug of Poly-ICLC (Hiltonol, Oncovir, Inc.). Control immunizations were conducted with a
mixture of 100 pg of anti-CD40 mAb and 50 pg of Poly-ICLC alone. Tumor burden was
recorded three times per week. Euthanasia was conducted as per USC IACUC guidelines.

2.4 IFN-y Enzyme Linked Immunospot Assay

96-well ELISpot plates (Millipore Multiscreen HTS IP) were coated with 10 pg/ml IFNy
capture Ab (IFNy R406A2, BD Pharmingen) in sterile PBS overnight at 4°C. Plates were
washed once with 0.5% PBS-T and then twice with sterile PBS. Complete RMPI medium
was then used to block plates for 2 hours at 37°C. Splenocytes isolated from treated mice
were plated in serial dilutions ranging from 5x10° to 1.25x10° cells per well in medium
containing either 50 pg/mL of PSCAg3.91 peptide, DMSO control or 10 ug/ml of PHA-L.
After 48 h of incubation at 37°C, plates were washed 6 times with 0.05% PBST and were
incubated with 1 pg/ml of biotinylated IFN-vy antibody (BD Pharmingen) in 0.05%
PBST/1% BSA for 2 h at room temperature. Plates were washed 6 times with 0.05% PBST
and wells were subsequently incubated with 100 pl of 1:4000 diluted streptavidin-
horseradish peroxidase (Sigma Chemical Co.) for 1 h at room temperature. Spots were
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developed with 3-amino-9-ethylcarbazole (Sigma Chemical Co.) for 5 minutes and reactions
were quenched with deionized water. A Zeiss KS ELISPOT microscope was used to
determine the number of spots per well. Numbers of spots were normalized to background
control (DMSO control) then each treatment group was further compared to the untreated
study arm.

2.5 Treg Suppression Assay

Tumor draining lymph nodes from individual treatment groups were pooled together and
isolated for CD4+CD25N (suppressive cells) populations via a CD4+CD25N Regulatory T
cell magnetic activated cell separation (MACS) kit (Miltenyi Biotec). CD4+CD25-
(responder cells) population was isolated from splenocytes of naive C57BL/6 mice. 5x104
Responder cells were co-cultured with a decreasing ratio of suppressor cells (Tresp:Treg
ratios: 1:1, 2:1, 4:1 and 8:1), 1 pg/ml anti-CD3, 2 pg/ml anti-CD28 and 5x10° irradiated
accessory cells (allogenic T cell cells) that were isolated from C3H mice. After 48 h, 1 g of
3H-thymidine was added into each well for an additional 24 h. Responder cell proliferation
was measured by thymidine incorporation using a TopCount NXT microplate scintillation
counter (PerkinElmer, Shelton, CT). The proliferation index was calculated for each
Tresp:Treg ratio and was normalized to maximum proliferation (Tresp cultured in the
absence of Tregs).

2.6 Treg Induction Assay

Naive CD4+ T cells were isolated from splenocytes of a naive C57BL/6 mouse via the
Mouse CD4+CD62L+ T cell MACS kit (Miltenyi Biotec). Untreated TRAMP-C2 cells or
TRAMP-C2 cells infected with 2x103 vp/cell of Ad-LIGHT were irradiated at 30 Gray prior
to co-cultures. 5x10° naive CD4+ T cells were plated out into each well of a 6 well plate in
complete T cell medium (RPMI medium supplemented with 10% FBS). Treg-inducing
factors and tumor cells were added to appropriate wells; 100 units/mL rhiL-2, 5 ng/ml
rhTGF-b, 1:1 bead to cell ratio of CD3/CD28 dynabeads (Invitrogen, Oslo, Norway), and
1:1 ratio of naive T cells to tumor cells. Cultures were incubated for 5 days at 37°C prior to
Treg phenotyping via flow cytometry.

2.7 Isolating tumor Infiltrating Lymphocytes (TIL), Ad-LIGHT infected TRAMP-C2 cells and
Flow Cytometry

Tumors were extracted and weighed from TRAMP-C2 bearing C57BL6 mice that were
treated with Ad-LIGHT and/or immunized with PSCA TriVax. Tumor tissues were minced
into small pieces prior to using the Miltenyi Tumor Dissociation Kit and GentleMACS
Dissociator. Cell suspension was passed through a 70 um nylon strainer to generate a single
cell population and separated in a Lympholyte-M gradient (Cedarlane) for the isolation of
TIL from debris. TIL were then washed 3 times with PBS, stained with antibodies and
analyzed by flow cytometry to determine the phenotype of infiltrating lymphocytes. For
Treg population, we first gated on CD4+ cells and then gated on CD25+ and Foxp3+ cells.
Effector T cells were gated on CD8+ and CD3+ double positive population and helper T
cells were gated on CD4+ and CD3+ double positive populations.
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TRAMP-C2 cells infected with Ad-LIGHT (1x103 or 2x103 viral particles per cell) were
collected 24, 48, 72, 96 and 120 h post infection, washed twice with FACS Buffer, prior to
being stained with primary antibody, LTPR-Fc recombinant protein, and then with
secondary, goat anti-mouse FITC. TRAMP-C2 cells were gated on FITC expressing cells
and the mean fluorescence intensity was recorded.

2.8 Quantitative real-time polymerase chain reaction

Tumors harvested from treated mice were weighed and stored in RNAlater solution. Fixed
tumors were homogenized with the PolyTron PT2100 homogenizer in RLT buffer solution
at 4°C. Ad-LIGHT treated TRAMP-C2 cells were isolated subsequent to Ad-LIGHT
infection with either 1x103 or 2x103 viral particles per cell. Total RNA was isolated using
the QIAGEN RNAeasy Plus kit following manufacturer’s instructions. The iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA) was used to reverse transcribe the isolated RNA to
cDNA. RNA and cDNA concentrations (ng/ml) were quantified using a NanoDrop 2000
(Waltham, MA). Quantitative real time PCRs were performed on a CFX-96 real time PCR
machine (Bio-Rad) using the Sensi-fast SYBR NO-ROX Kkits (BioLine, Taunton, MA),
following manufacturers protocol. Genes including GAPDH, mLIGHT, NOS, Arg2 and
IDO were analyzed. The relative expression of each gene was normalized to the expression
of GAPDH (AACq) and results from each treatment groups were compared to the untreated
control study arm. All primers were synthesized by IDT (Coralville, 1A) or the USC DNA
Core.

GAPDH gPCR primers: forward 5-TCA ATG AAG GGG TCG TTG AT-3’; reverse 5'-
CGT CCC GTA GAC AAAATG GT-3.”

mLIGHT gPCR primers: forward 5-CAA CCC AGC AGC ACA TCT TA-3; reverse 5'-
GCTCAGCTGCACTTT GGA G-3.”

NOS gPCR primers: forward 5’-GTC GAT GTC ACA TGC AGC TT-3’; reverse 5-GAA
GAA AACCCCTTG TGC TG-3.’

Arg2 qPCR primers: forward 5-AGG GAT CAT CTT GTG GGA CA-3’; reverse 5-AGA
AGC TGG CTT GCT GAA GA-3.”

IDO gPCR primers: forward 5’-GTG GGC AGC TTT TCA ACT TC-3’; reverse 5-GGG
CTTTGC TCT ACC ACATC-3

2.9 Measuring intratumoral cytokines

Tumors harvested from treated mice were weighed and homogenized with the PolyTron
PT2100 homogenizer (Kinematica AG, Switzerland) in a 1x Halt Proteinase Inhibitor
Cocktail (Pierce, Rockford, IL)/PBS solution for 20 minutes at 4°C. Homogenate was
centrifuged and supernatants were collected to quantify cytokine levels with a custom 22-
plex Milliplex mouse cytokine immunoassay (Millipore, Billerica, MA) using the Bio-Plex
multiplex system (Bio-Rad).
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2.10 Statistical Analysis

Results

All statistical analyses were performed on Prism, Graphpad 5.0 (GraphPad Software Inc.,
San Diego, CA). Tumor growth, ELISpots, Cytokine levels and flow cytometry results were
assessed with either a student t test, one-way ANOVA or a two-way ANOVA comparing
data to untreated controls. Significance was defined at p<0.05 for all experiments.

Ad-LIGHT infected TRAMP-C2 cells are capable of expressing membrane bound LIGHT

Prior to in vivo studies with intratumoral LIGHT injections, we wanted to determine whether
TRAMP-C2 prostate cancer cells were capable of taking up an adenovirus vector coding for
LIGHT DNA and then expressing membrane bound LIGHT on the tumor cell surface. To
examine this, TRAMP-C2 tumors were incubated with either 1x103 viral particles/cell (vp/
cell) or 2x103 vp/cell for 24 h, 48 h, 72 h, 96 h and 120 h. Adenovirus encoding for no
foreign gene (Ad-control) was used for controls. TRAMP-C2 cells infected with 1x103 vp/
cell and 2x103 vp/cells were harvested at various time points and analyzed for mMRNA
expression and surface expression of LIGHT. LIGHT mRNA level peaked within the first
24-48 h, with a 1 fold increase compared to untreated controls at a dose dependent manner
(Fig. 1a). Expression levels tapered off 72 h post-infection. Similar results were detected by
flow cytometry using the LIGHT ligand, LTBR-Fc recombinant protein, to assess LIGHT
expression on the cell surface. Membrane bound LIGHT peaked within the first 24-48 h
post-infection (Fig. 1b). TRAMP-C2 cells infected with 2x1083 vp/cell Ad-LIGHT showed a
2-fold increase in mean fluorescence intensity as compared to cells infected with 1x103 vp/
cell Ad-LIGHT at 24 h, indicating a dose-dependent increase in membrane bound LIGHT
expression. These results demonstrate the ability of TRAMP-C2 cells to take up Ad-LIGHT
and express membrane bound LIGHT on the tumor cell surface.

LIGHT treatment increases Teffector:Treg ratio amongst tumor infiltrating lymphocytes

We investigated whether chemokine signaling as a result of LIGHT-LTBR signaling in the
stroma of the TRAMP-C2 prostate cancer tumor model was able to recruit T cells to the
microenvironment. To this end, mice were challenged subcutaneously with 5x10° TRAMP-
C2 cells. When tumors were palpable and large enough to inject, mice were randomized into
treatment groups with an average tumor volume of 30 mm3. Mice were then given two
intratumoral injections of either Ad-LIGHT or Ad-Control given three days apart. Tumors
were harvested one week after the last treatment. TIL were released from tumors using a
tumor dissociation kit and phenotyped by flow cytometry. An increase in the mean number
of infiltrating CD8+/CD3+ and CD4+/CD3+ T cells per gram of tumor was observed in Ad-
LIGHT treated tumors compared to untreated controls (Fig. 2a). In contrast, the mean
number of suppressive Treg per gram of tumor was not statistically significantly different
between any of the three treatment groups (Fig. 2b). These data show that expression of
intratumoral LIGHT increases the number of infiltrating effector T cells but does not
increase the total number of Tregs in the tumor microenvironment, shifting the balance of
the intratumoral Teffector:Treg ratio to a more favorable state.
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LIGHT prevents the maturation of Tregs from naive CD4+ T cells and compromises the
suppressive functions of existing Tregs

Induced Tregs (iTregs) are derived from naive CD4+ T cells that receive stimulatory signals
of IL-2, TGF-B and a weak co-stimulation, as is commonly found in the tumor
microenvironment. However, since LIGHT provides a strong co-stimulatory signal we
hypothesized that intratumoral LIGHT expression would prevent the induction of Tregs
from an infiltrating naive population, potentially explaining the data presented in Figure 2.
To investigate this possibility, we harvested spleens from naive C57BL/6 mice and isolated
naive CD4+CD62L+ T cells to use in an iTreg induction assay. We then forced the
maturation of naive CD4+ T cells to Tregs by providing IL-2, TGF-$ and CD3/CD28
stimulation, and introduced irradiated TRAMP-C2 cells or TRAMP-C2-LIGHT expressing
cells to appropriate samples. After 5 days of co-culture with stimulants, the percentage of
naive CD4+ T cells that had been induced to become CD4+CD25+FoxP3+ Tregs was
quantitated by flow cytometry. In the positive control group, 16.7% of naive T cells had
been converted to iTregs under normal iTreg-inducing conditions. Using the same
conditions but with the addition of TRAMP-C2-LIGHT cells; the frequency of iTregs was
reduced to 2.7%, suggesting that LIGHT expression prevented the maturation of naive T
cells to iTregs (Fig. 3a).

In addition, we evaluated the suppressive capacity of Tregs isolated from Ad-LIGHT treated
mice through a Treg suppression assay. We sought to determine whether the co-stimulatory
interaction of LIGHT to HVEM acted as a competitive inhibitor to the suppressive BTLA-
HVEM interaction. Tregs were isolated from tumor draining lymph nodes of tumor-bearing
mice (treated with either Ad-Control, Ad-LIGHT, or left untreated) and naive mice
(untreated and tumor-free). We performed co-culture experiments with various ratios using
isolated Tregs from Ad-LIGHT treated animals and naive T responder cells (Tresp) isolated
from naive mice. The proliferation of Tresp in these co-cultures was expected to inversely
correlate to the suppressive function of Tregs. The proliferation index of cells at all
Tresp:Treg ratios were compared to the maximum proliferation of Tresp (i.e., Tresp cells
cultured alone, without the influence of Treg). As expected, the proliferation of co-cultures
containing Tregs isolated from naive, untreated and Ad-Control mice were inhibited
proportionally to the number of Tregs in the co-cultures. (Fig. 3b; supplemental Fig. 1A). In
contrast, Tregs isolated from Ad-LIGHT treated mice were incapable of suppressing the
proliferation of Tresp; maximum proliferation was observed at all Tresp:Treg ratios from
1:1 to 8:1 indicating that Tregs isolated from Ad-LIGHT treated mice had lost their
suppressive capacity.

LIGHT expression and adenovirus-vector alters the suppressive tumor microenvironment
to a pro-inflammatory setting

Next, we wanted to determine the MRNA expression of several immunosuppressive and
tumor-promoting factors including nitric oxide synthase (NOS), indolamine 2,3-dioxygenase
(IDO) and arginase-2 (Arg-2) in treated tumors. Tumors from Ad-LIGHT or Ad-control
treated mice were isolated one week after treatment and RNA isolated to analyze gene
expression in the tumors. First we wanted to confirm that the presence of LIGHT expression
was only evident within LIGHT treated tumors with the relative expression of LIGHT
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mRNA normalized to GAPDH. As expected, LIGHT expression was only present within
LIGHT treated tumors while untreated and vector-control treated animals showed no
expression of LIGHT (Fig. 4). Relative mRNA expression of NOS, normalized to GAPDH,
was increased in LIGHT treated mice compared to untreated and vector control. The relative
mRNA levels of both IDO and Arg-2 also were decreased in both LIGHT and adenovirus-
vector control groups, suggesting an adenovirus-vector effect. As a result, we see a
reduction in immunosuppressive/tumor-promoting factors (Arg2, IDO) due to this
adenovirus-vector effect while an increase in the anti-tumoral factor NOS is enhanced upon
LIGHT expression.

Ad-LIGHT expression in prostate tumor shows an increased trend in pro-inflammatory

chemokines

We evaluated the change in tumor milieu by assessing chemokine and cytokine levels in
untreated, Ad-Control and Ad-LIGHT treated tumors. Tumors lysates from treated mice
were prepared and analyzed using a 22-plex chemokine and cytokine ELISA. Macrophage
inflammatory protein (MIP)-1a, MIP-1B, and vascular endothelial growth factor (VEGF)
showed an increased trend in Ad-LIGHT treated tumors (Fig. 5). All other analytes tested
(GM-CSF, IFN-y, IL-1a, IL1B, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12(p70), IL-13, IL-15,
IL-17, KC, MCP-1, M-CSF, MIP-2, TNF-a) were equivalent between treatment groups
(data not shown). These results suggest that LIGHT skews the tumor microenvironment
from an immunosuppressive setting to an immune-stimulating milieu.

Synergistic therapeutic approach with Ad-LIGHT and PSCA TriVax reduces tumor burden

One of the goals of this study was to evaluate the synergistic approach of using Ad-LIGHT
in conjunction with a therapeutic prostate cancer vaccine, PSCA TriVax, and determine the
effects on tumor burden. Three groups of C57BL/6 mice were challenged and then treated as
follows: Ad-LIGHT with PSCA TriVax, PSCA TriVax, or untreated. When compared to
untreated and PSCA TriVax, Ad-LIGHT with PSCA TriVax showed a sustained reduction
in tumor burden throughout day 50 (Fig. 6). These results indicate that LIGHT and PSCA
TriVax treatment acted synergistically in reducing tumor burden. Ad-LIGHT treatment
alone was not significantly different from the untreated control (Supplemental Fig. 1B).

Ad-LIGHT synergizes with PSCA TriVax by increasing TIL

We hypothesized that the observed synergy between LIGHT treatment and PSCA TriVax
vaccination in reducing tumor burden could be the result of two possible mechanisms of
action. The first is that Ad-LIGHT may directly induce more TAA specific lymphocytes (as
previously observed in a different tumor model (21)). The second is that LIGHT expression
in the tumor recruits more TILs into the microenvironment; when combined with
vaccination a greater proportion of TILs will be recruited. To investigate this, three groups
of C57BL/6 mice challenged subcutaneously with TRAMP-C2 cells were treated with either
PSCA TriVax, or Ad-LIGHT with PSCA TriVax, or were left untreated. Spleens were
isolated one week after the last treatment and splenocytes were tested in an IFN-y ELI1Spot
assay with peptide PSCAg3.91 to enumerate PSCA-specific T cells. Combination treatment
with Ad-LIGHT and PSCA TriVax showed a non-statistical increase in the number of
PSCA-specific IFN-y secreting T cells induced compared to PSCA TriVax alone (Fig. 7a).
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This suggests that expression of LIGHT in the tumor enhances vaccine-induced TAA-
specific T cells. Ad-LIGHT treatment alone did not induce TAA specific T cells
(Supplemental Fig. 1C).

Although the expression of intratumoral LIGHT and PSCA TriVax contributed a slight
increase in frequency of PSCA-specific T cells in the periphery, we investigated the
frequency of TIL in each treatment group. C57BL/6 mice were challenged and treated with
PSCA TriVax or Ad-LIGHT with PSCA TriVax or left untreated to determine the frequency
of TIL. The combination of Ad-LIGHT with PSCA TriVax resulted in an influx of TIL as
compared to PSCA TriVax alone (Fig. 7b). The number of CD8+ T cells per gram of tumor
was significantly higher in the Ad-LIGHT with PSCA TriVax group, while there was a trend
towards increased numbers of infiltrating CD4+CD3+ T cells. Therefore, it appears that the
mechanism of action underlying the synergy between intratumoral LIGHT expression with
PSCA TriVax vaccination is based upon LIGHT’s ability to recruit TIL into the tumor
microenvironment.

Discussion

Although immunotherapeutic vaccines against cancers are promising, these treatments often
fail to elicit an effective response that results in tumor regression due to active
immunosuppression within the prostate tumor microenvironment, stressing the need for
concomitant treatment with agents that can overcome immunosuppression. The
identification of such agents to utilize in therapeutic modalities is crucial for increasing TAA
specific T cell responses, while simultaneously reducing tumor immunosuppression so as to
reduce tumor burden and ultimately improve prostate cancer patient survival. With that goal
in mind, we evaluated the role of LIGHT as a single agent treatment and concomitantly with
immunotherapeutic vaccine by performing intratumoral injections of Ad-LIGHT in
TRAMP-C2 challenged mice to recapitulate LIGHT lymphogenesis in the tumor
microenvironment. Intratumoral LIGHT expression altered the suppressive tumor milieu and
supported our hypothesis that LIGHT synergizes with PSCA TriVax vaccination to improve
therapeutic efficacy by converting the tumor microenvironment from immunosuppressive to
immunostimulatory.

In this study, LIGHT displayed a two pronged effect that highlighted its role as a possible
adjuvant. LIGHT expression recruited a significantly higher frequency of TIL into the tumor
microenvironment than untreated tumors. As supported by the literature, LIGHT protein, a
29 KDa homotrimer, has been shown to recruit lymphocytes through chemokine signaling
via CXCR4/CCL21 in stromal cells and acts as a co-stimulatory molecule when engaging
the HVEM receptor on T cells (25-27), a potential mechanism in our prostate cancer model
system. Forced LIGHT expression increased the Teff: Treg ratio, indicative of a good
prognosis since infiltrating lymphocytes are necessary for tumor regression. LIGHT’s value
lies in its ability to recruit CD8+ T cells. In contrast to the HPV 16 tumor model where
tumor antigen specific T lymphocytes were induced by intratumoral Ad-LIGHT injections,
the TRAMP-C2 challenged model did not generate antigen specific T lymphocytes in the
periphery with Ad-LIGHT. HPV 16 tumors have foreign tumor associated antigens for
which there is no tolerance; this provides an advantage in immunotherapy where higher
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frequencies of T cell responses can be generated. This phenomenon suggests that Ad-
LIGHT alone may not break tolerance to self antigens but acts to remodel the tumor
microenvironment through alterations in cytokines and chemokines and patterns of
infiltrating lymphocytes.

In contrast to other adjuvants that merely enhance antigen-specific immune responses, our
data suggest that LIGHT targets the Treg mediated immunosuppressive pathway. Clinical
outcome of immunotherapeutic treatments is tightly controlled by the balance between co-
stimulatory and inhibitory signals. Traditional therapeutic vaccines induce T cells with
antigen specificity but fail to target the inhibitory pathways in cancers, leading to an immune
imbalance that favors tumor growth. As shown in this study, LIGHT has the ability to
prevent the maturation of naive T cells to Tregs and infiltration of Tregs into the tumor
microenvironment, thereby derailing the suppressive effects of Tregs that promote tumor
growth. Although TRAMP-C2 cells alone in the Treg induction assay reduced the frequency
of maturated Tregs to similar extent as the negative control, TRAMP-C2 tumor cells express
TGF- receptors that are known to sequester TGF-B. This occurrence likely reduced the free
TGF- in culture that is used to drive Treg maturation, therefore a lower frequency of Tregs
was detected in TRAMP-C2 cultures. The addition of LIGHT expressing TRAMP-C2 cells
demonstrated a more pronounced effect in Treg induction, indicating that the effects of
LIGHT may directly counteract Treg inducing factors with positive co-stimulation,
explaining the lower frequency of Tregs. Mechanisms described in the literature support a
role for LIGHT in compromising Treg function (17). LIGHT expression has been shown to
play a dominating role in preventing the immunosuppressive interaction between HVEM
and BTLA, which has been shown to inhibit T cell activation and enhance Treg mediated
immunosuppression (28). Studies have indicated the interaction between LIGHT-HVEM
and HVEM-BTLA play opposing roles in the tumor microenvironment. This phenomenon
has been coined as the “molecular switch” of T cells, where LIGHT functions to activate T
cells whereas BTLA inhibits this activation mechanism (29). The HVEM receptor has 3
cysteine rich domains (CRD); LIGHT has been shown to occupy CRD 2 and 3 while BTLA
occupies CRD 1 (30,31). Due to a higher binding avidity and affinity, LIGHT is capable of
dislodging the inhibitor interaction between HVEM-BLTA (20,32), indicating LIGHT’s
potential in providing a positive effect of costimulation and T cell recruitment when bound
to HVEM. As seen in our results, intratumoral forced LIGHT expression recruited T cells
and reduced Treg mediated immunosuppression by reducing the Treg frequency and tumor
mediated immunosuppression.

In contrast to our study, a previous group examining the effects of LIGHT on Tregs by
Wang et al. showed that LIGHT does not affect the suppressive properties of Tregs in
inflammatory bowel disease (IBD) (33). Wang et al. demonstrated that LIGHT expression in
IBD propagated Treg expansion but had no effect on their suppressive capacity. Quite
interestingly, IBD and tumors have opposing microenvironments; classically IBD shows
heighted immune activation while tumors have immunosuppressed microenvironments and
reduced immune activation (33,34). Therefore, differences in the disease model, as well as
the inflammatory milieu versus the suppressive microenvironment, suggest that LIGHT
expression may either activate or inhibit Treg immunosuppression based on the
pathophysiology of the disease. In our prostate cancer model, intratumoral LIGHT
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counteracts the suppressive milieu by reducing suppressive function of Tregs and maturation
of naive T cells into Tregs.

The effects of intratumoral LIGHT in recruiting immune cells and overcoming immune
suppression were striking; however, the adenovirus vector alone also produced intriguing
results. Tumors treated with Ad-LIGHT displayed an increase in NOS expression as
compared to vector control or untreated, and NOS has been shown to be cytotoxic to tumor
cells at increased levels (35-38). It was also observed that Arg-2 and IDO,
immunosuppressive and anti-tumoral factors associated with poor prognosis (39,40), were
reduced in both Ad-LIGHT and Ad-Control treated tumors. IDO has become a gene of
interest because expansion of Tregs has previously been shown to be induced in the
presence of IDO, leading to immune tolerance against TAA (40). Arg-2 is known to be
highly elevated in cancer patients with aggressive tumors (39,41,42); therefore, reduction in
both IDO and Arg-2 expression can potentiate a better prognosis. Although we saw a
reduction in Arg-2 and IDO in the Ad-LIGHT treated group, we conclude this is an
adenovirus-mediated effect because vector controls also displayed a decreased expression of
Arg-2 and IDO. Despite this adjuvant-like effect of adenovirus alone, our results show that
LIGHT expression increases anti-tumor immunity, particularly with respect to lymphocyte
infiltration.

Similar to a previous study in an HPV 16 induced-cervical cancer model (21), we show that
LIGHT expression in prostate tumors resulted in an increased trend in immunostimulatory
chemokines, MIP-1a and MIP-1a. MIP’s are directly involved with migration and
activation of lymphocytes (43,44), potentially explaining the increased trafficking of T
lymphocytes to the LIGHT expressing prostate tumors. Remarkably, VEGF, a pro-tumoral
factor shows a trend to be increased in LIGHT-expressing prostate tumors. This coincides
with the HPV 16 induced-cervical cancer model (21) where VEGF was also increased after
LIGHT treatment. Although VEGF is known to associate with a poor prognosis in patients
due to tumor angiogenesis (45), we have yet to determine whether VEGF is a negative
regulator in LIGHT-expressing tumors. In a wound healing study, LIGHT has been
demonstrated to promote macrophage apoptosis through VEGF expression, a process that is
crucial for the resolution of inflammation (46). Likewise in our study, VEGF may have been
up-regulated to resolve inflammation and further control tumor homeostasis.

Our next goal was to explore LIGHT in combination with an established therapeutic
vaccine, PSCA-TriVax. PSCA-TriVax treatment is a three-component cocktail that elicits
cytotoxic CD8+ T cell response against PSCA, a known prostate TAA. This cocktail
contains the TAA peptide and two antigen presenting cell stimulators, anti-CD40 mAb and
Poly-ICLC (47). In this study, the PSCA TriVax vaccine consisted of mouse PSCAg3.91
peptide, anti-CD40 mAb and Poly-ICLC, a combination that has been demonstrated by our
lab to result in tumor-free survival when used as a vaccine 20 days post TRAMP-C2 tumor
challenge (unpublished data). We explored Ad-LIGHT with PSCA TriVax in vivo and
demonstrated a reduced tumor burden throughout day 50 when compared to untreated or
PSCA TriVax alone. Accurate survival statistics (e.g. log-rank survival curves) were
hindered by the consistent occurrence of ulcerations, necessitating euthanasia prior to the
endpoint of maximum tumor volume. Nevertheless, the tumor growth curves by themselves
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demonstrated reduced tumor burden, and can be used to establish the efficacy of LIGHT in
combination with PSCA TriVax. Although LIGHT in combination with PSCA TriVax did
not increase the frequency of TAA specific T cells in the periphery above that induced by
PSCA TriVax alone, our data show that the significant increase of tumor-infiltrating
cytotoxic CD8+T cells is mediated by forced expression of LIGHT in the tumors. Taken
together, our data showing that the frequency of effector T cells that are recruited into the
tumor is increased and that simultaneously Treg function is reduced upon expression of
intratumoral LIGHT provides support for treating prostate cancer with a LIGHT and PSCA
TriVax combination in order to increase anti-tumor efficacy. A recent study by Perret et al.
demonstrate a similar increase in Teff:Treg ratio when poly-1CLC was used to influence
tumor immunity (48). With the addition of LIGHT in our study, we have further enhanced
the Teff:Treg ratio to favor anti-tumor immunity. LIGHT has previously been demonstrated
in other settings to synergize with anti-CD40 ligand, a component in the PSCA Trivax, to
enhance dendritic cells activation of cytotoxic T lymphocytes (49). Along those lines,
LIGHT may potentially synergize with anti-CD40 mAb by enhancing PSCA TriVax
mediated induction of TAA specific T cells.

Conclusion

In summary, our results provide evidence that the use of LIGHT is beneficial in directing the
tumor microenvironment in becoming an immunostimulatory setting with increased
chemokine signaling and infiltrating effector T lymphocytes. LIGHT treatment alone
reduced Treg mediated immune suppression. In addition, LIGHT contributed to the
effectiveness of a therapeutic vaccine by recruiting a vast number of effector T lymphocytes
to the tumor microenvironment and subsequently reducing tumor burden. We show here that
for the prostate cancer model, LIGHT makes an excellent adjuvant for a good therapeutic
vaccine. Therefore, the use of LIGHT may be advantageous for the successful application of
future therapeutic vaccinations in prostate and other cancers.
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Fig. 1.

Mgmbrane bound LIGHT expression in TRAMP-C2 cells peaks within the first 48 hours of
infection. (A) 5x10° TRAMP-C2 cells were infected with either 1x103 or 2x103 Ad-LIGHT
viral particles per cell. mRNA was isolated and showed a higher mRNA level of LIGHT
with 2x103 viral particles as compared to 1x103 viral particles. Expression peaked at 24 and
48 hours. Shown is the relative expression of LIGHT mRNA normalized to GAPDH (+ SD)
in Ad-LIGHT infected cells measured by RT-qPCR. (B) Membrane bound LIGHT was
detected via flow cytometry with the LTBR-Fc ligand. Expression of LIGHT protein
correlates with the mRNA expression level, where 24 hours shows the highest levels of
LIGHT expression. All experiments were repeated once and representative data are shown.
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Fig. 2.

Ingrease in intratumoral CD4+ and CD8+ T cells following forced expression of membrane
bound LIGHT in a prostate cancer tumor model. (A) Tumor infiltrating lymphocytes were
released from untreated or treated tumors 7 days after Ad-Control or Ad-LIGHT injection.
Cells were stained with CD4, CD8 and CD3 Ab and analyzed via flow cytometry. The
number of TIL/gram of tumor from CD8+/CD3+ and CD4+/CD3+ T cells were significantly
higher in Ad-LIGHT treated mice compared to untreated. (p<0.05, one-way ANOVA). (B)
The number of CD4+CD25+Foxp3+ Tregs per gram of tumor were not significantly
differently, despite the increase in total number of infiltrating lymphocytes in the Ad-LIGHT
samples. Shown is the average number of FoxP3+ TIL (£SD) from 5 treated mice/group.
Data are representative of two individual experiments.
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Fig. 3.

In?ratumoral expression of LIGHT reduces the frequency of induced Tregs and causes
existing Tregs to lose their suppressive capacity. (A) Naive CD4+CD62L+ T cells were
cultured with Treg inducing factors. Flow cytometry data represented in table. Results in
each column show the frequency of Tregs induced in different treatment arms and growth
factors and cytokines that were added. Results demonstrate that the presence of LIGHT
reduces the frequency of iTregs. Experiment was repeated once and representative
frequency is shown. (B) Tresp cells alone (1:0 Tresp:Treg ratio) was taken as 100%
proliferation (Set to 1). Tregs isolated from Ad-Control treated mice suppressed Tresp
proliferation at all co-culture ratios. Tregs isolated from Ad-LIGHT treated mice lose the
ability to suppress Tresp proliferation. Tregs isolated from untreated tumor-bearing mice or
naive mice showed statistically similar suppressive capacity to Ad-Control treated mice
(Supplemental Fig. A). N=10 per experiment, one-way ANOVA, *p<0.05, **p<0.01,
***n<0.001). Experiment was repeated twice.
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Fig. 4.
Expression of intratumoral LIGHT alters gene expression in the tumor microenvironment.

Tumors were isolated from TRAMP-C2 challenged mice that were given Ad-Control, Ad-
LIGHT or left untreated. Various gene were examined by RT-gPCR including LIGHT,
NOS, IDO and Arg2. Shown is the relative gene expression = S.D. (Two-way ANOVA,
*p<0.05) All experiments were repeated once and representative data are shown.
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C=JAd-Control EEEAd-LIGHT

Ad-LIGHT treatment modulates the tumor microenvironment to an immunostimulatory

environment. There is an increase trend in concentration of MIP-1a, MIP-1p and VEGF.
MIP-1a is statistically higher in Ad-LIGHT treated groups when compared to combined
controls of untreated and Ad-Control (student t test, p=0.46).
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Fig. 6.

AS-LIGHT and mPSCA TriVax therapeutic vaccination delays TRAMP-C2 tumor growth.
Mice were first treated with two doses of Ad-LIGHT (or Ad-control) prior to receiving
mPSCA TriVax. 2 weeks post treatment, animals whom received Ad-LIGHT followed by
mPSCA TriVax showed a delay in tumor growth. (Two-way ANOVA on single time-point,
***n<0.001). All experiments were repeated once and representative data are shown.
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Intratumoral LIGHT treatment in combination with PSCA TriVax shows an increased
number of CD4+ and CD8+ in a prostate cancer tumor model. (A) Combined Ad-LIGHT
and PSCA TriVax vaccination shows an increased trend in TAA specific T cells as
compared to PSCA TriVax alone but was not significantly different. (B) Expression of
LIGHT in the tumor microenvironment recruited CD4+/CD3+ and CD8+/CD3+ T cells into
the tumor microenvironment of PSCA TriVax vaccinated mice. Representative data are
shown from two experiments. (*p<0.05, **p<0.01, one-way ANOVA).
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