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Systemically Administered Sindbis Virus
in Combination with Immune Checkpoint
Blockade Induces Curative Anti-tumor Immunity
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Oncolytic viruses represent a promising form of cancer immu-
notherapy. We investigated the potential of Sindbis virus (SV)
for the treatment of solid tumors expressing the human cancer
testis antigen NYESO-1. NYESO-1 is an immunogenic antigen
frequently expressed in numerous cancers, such as ovarian can-
cer. We show that SV expressing the tumor-associated antigen
NYESO-1 (SV-NYESO1) acts as an immunostimulatory agent,
inducing systemic and rapid lymphocyte activation, leading
to a pro-inflammatory environment. SV-NYESO1 treatment
combined with anti-programmed death 1 (anti-PD-1) mark-
edly augmented the anti-tumor immunity in mice over the
course of treatment, resulting in an avid systemic and intratu-
moral immune response. This response involved reduced pres-
ence of granulocytic myeloid-derived suppressor cells in
tumors and an increase in the activation of splenic and tu-
mor-infiltrating T cells. Combined therapy also induced
enhanced cytotoxic activity of T cells against NYESO-1-ex-
pressing tumors. These results were in line with an observed in-
verse correlation between T cell activation and tumor growth.
Finally, we show that combined therapy resulted in complete
clearance of NYESO-1-expressing tumors in vivo and led to
long-term protection against recurrences. These findings pro-
vide a rationale for clinical studies of SV-NYESO1 combined
with immune checkpoint blockade anti-PD-1 to be used in
the treatment of NYESO-1-expressing tumors.
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INTRODUCTION
Cancer immunotherapy requires elicitation of an immune response
that recognizes, targets, and eliminates cancer cells. Several methods,
including immune checkpoint blockade, cancer vaccine, and chimeric
antigen receptor T cell treatment, have already been approved for the
treatment of some cancers.1–4 Although these methods are very prom-
ising, benefits are often observed for only a minority of patients.5,6

Oncolytic virus (OV) immunotherapy has emerged in the last decades
as another therapeutic approach to treat cancer. In 2015, talimogene
laherparepvec (T-Vec) became the first approved OV by the US
Food and Drug Administration (FDA).7 Many other OVs are now un-
der investigation in advanced trials for liver, prostate, bladder, and
other cancers, with some encouraging data.8–10 The therapeutic effi-
cacy of OVs is achieved by a combination of selective tumor cell killing
and establishment of a local anti-tumor immune response, which can
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have a systemic effect.7,11–14 Moreover, OVs can be genetically engi-
neered for optimization of tumor selectivity and enhanced stimulation
of the immune response. Recently, clinical investigation of OVs are
more and more focused in the immunostimulatory properties of these
viruses, and combinatorial studies with immune checkpoint blockade
have emerged, showing promising results.9,15,16

Sindbis virus is a member of the Alphavirus genus and an OV with
marked oncolytic activity.17,18 A Sindbis virus vector (SV) has several
advantages that make it a good candidate for cancer therapy. First, SV
has a positive sense single-stranded RNA genome, rendering the
vector safer than DNA-based OVs, as the vector cannot incorporate
its genome into the host’s DNA.19 Furthermore, in humans, Sindbis
infection is considered asymptomatic, though infrequently, it can
lead to mild fever, rash, and arthralgia that resolves promptly and,
more rarely,20–22 prevalently in some DRB1*01-positive individuals,
arthritic symptomology that can persist longer.23,24 To further
enhance its safety, SV was genetically modified to be replication
defective by splitting its genome so the replicon and gene of interest
are separated from the structural genes and the packaging signal
deleted from the later genome strand.25 Last, due to the fact that Sind-
bis is a blood-borne pathogen, it can be administrated systemically in
the bloodstream facilitating the delivery of the drug.18

We previously demonstrated using a tumor model expressing
b-galactosidase (LacZ), that SV—expressing the tumor-associated
antigen (TAA) LacZ (SV-LacZ)—transiently delivered the TAA to
lymph nodes (LNs) and elicited a diversified anti-tumor CD8+

T cell response, resulting in complete tumor clearance in most of
the mice.26 Because LacZ is not normally expressed in mammalian
cells, we next wanted to test the therapeutic efficacy of SV in a clini-
cally relevant tumormodel. Therefore, a tumor cell line expressing the
human cancer testis antigen NYESO-1 was used. NYESO-1 is an ad-
vantageous clinical antigen for use in immunotherapy due to its lack
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Figure 1. SVs Expressing the Tumor-Associated Antigen NYESO-1 Exhibit Enhanced Antitumor Efficacy In Vivo

(A) Treatment schema. BALB/cmice were injected i.p. (day�4) withCT26.Fluc.NYESO1 cells (7� 104) on the right side of the abdomen. Five days later (day 1), SV-LacZ or SV-

NYESO1 was injected into the left side of the abdomen for 4 consecutive days for a total of 4 weeks. Tumor growth was measured once a week using noninvasive biolumi-

nescence imaging. (B)Tumorgrowthcurvesare shownas foldchanges relative to the luminescenceonday0of thesamemouse. Left graph, no treatment (control, n=40).Middle

graph, treated with SV-LacZ (SV-LacZ, n = 33). Right graph, treated with SV-NYESO1 (SV-NYESO1, n = 43). (C) Representative bioluminescence images of control and SV-

treated mice bearing CT26.Fluc.NYESO1 tumors. (D) Survival plots of untreated (Control, n = 35) and SV-NYESO1- (n = 35) or SV-LacZ (n = 34)-treated mice. Statistical sig-

nificance between SV-LacZ and SV-NYESO1 was determined with the Mantel-Cox text. Results are representatives of at least two independent experiments. ****p% 0.0001.
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of expression in tissues outside of the testes but frequent occurrence
in numerous cancers, as well as its immunogenicity and its safety,
which have been demonstrated in numerous clinical trials.27 Presence
of NYESO-1 is seen in approximately one-third to one-fourth of all
melanoma, lung, esophageal, liver, gastric, prostate, ovarian, and
bladder cancers. Although a rare cancer, over 80% of synovial
sarcomas express NYESO-1.28 Here, we examine the therapeutic
efficacy of SV expressing the TAANYESO-1 (SV-NYESO1) in immu-
nocompetent mice. Our results demonstrate the importance of the
addition of immune checkpoint blockade anti-programmed death 1
(anti-PD-1) to SV-NYESO1 therapy to induce a stronger systemic
and intratumoral anti-tumor immune response that leads to total
tumor clearance in the majority of treated animals as well as the rejec-
tion of tumor rechallenges. Thus, our treatment strategy could greatly
improve the outcome of treatment for many NYESO-1-expressing
tumors and merits consideration for clinical testing.

RESULTS
SVs Expressing the TAA NYESO-1 Exhibit Antitumor Efficacy

In Vivo

To exploit the therapeutic effect of SV against human cancers, we
genetically modified a replication-deficient SV to express the human
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cancer testis antigen NYESO-1 (SV-NYESO1; Figure S1A). NYESO-1
is an advantageous candidate for eliciting a tumor-specific immune
response due to its restricted expression in normal tissues but
frequent occurrence in numerous cancers, such as ovarian cancer,
where it is expressed in 43% of cases.27 To test SV-NYESO1 for cancer
therapy, we intraperitoneally (i.p.) injected a tumor cell line express-
ing NYESO-1 and firefly luciferase (CT26.Fluc.NYESO1) into
immuno-competent female mice. Expression of NYESO-1 by
SV-NYESO1 and CT26.Fluc.NYESO1 was previously confirmed by
western blot (Figures S1B and S1C). After the tumor had become
established (4 days after tumor cell injection [day 0]), SV-NYESO1
was systemically injected on 4 consecutive days (days 1, 2, 3, and 4)
for a total of 4 weeks (Figure 1A). To investigate the importance of
the TAA NYESO-1 in the vector, SV expressing an unrelated antigen,
b-galactosidase (LacZ), was used (Figures S1A and S1D). Tumor
growth was measured once a week using noninvasive bioluminescent
imaging (Figures 1B and 1C). Tumors grew progressively in both un-
treated animals (control) and mice treated with SV-LacZ. In contrast,
systemically injected SV-NYESO1 induced a delay in tumor growth
and in some cases resulted in complete regression. Tumor growth
was inversely correlated with long-term survival, as all control and
SV-LacZ-treated animals died after 3 weeks, and 15% to 20%,
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Figure 2. SV-NYESO1 in Combination with Anti-PD-1 Antibody Completely Inhibits Tumor Growth and Cures Mice from Established Tumors

(A) PD-L1 expression on the surface of tumor cells CT26.Fluc.NYESO1 in vivo. PD-L1 expression was analyzed by flow cytometry in untreated (C) and SV-NYESO (SV)-

treated mice on day 14 and shown as histogram and bar graph. (B) PD-1 expression on T cells was analyzed by flow cytometry by gating on CD3+ cells. Top graph,

Splenocytes from naive (n = 3) and untreated (C, n = 9) or SV-NYESO1-treated (SV, n = 9) tumor-bearing mice on day 7. Bottom graph, T cells from tumor of untreated (C,

n = 4) or SV-NYESO1-treated (SV, n = 8) tumor-bearing mice on day 14. Representative flow cytometry plots are shown as histograms. (C) Regulatory T cell frequency (TREG)

in tumor from control and SV-NYESO1-treated mice on day 14. Frequency was analyzed by flow cytometry, and results are shown as dot plots and bar graph. (D) Treatment

schema used in (D) and (E). Tumor-bearing mice were left untreated or were treated with SV with or without anti-PD-1. (E) Tumor growth curves are shown as fold changes

relative to the luminescence on day 0 of the same mouse. Left to right, untreated (control, n = 40), anti-PD-1 (aPD-1, n = 23), SV-NYESO1 (n = 43), SV-NYESO1 in

combination with anti-PD-1 (SV-NYESO1 + aPD-1, n = 23), and SV-LacZ in combination with anti-PD-1 (SV-LacZ + aPD-1, n = 10)-treated mice. (F) Survival plots of

untreated and treatedmice. Statistical significance between SV-NYESO1 and SV-NYESO1 + aPD-1 was determined with theMantel-Cox test. (A–C) Lines represent means,

and statistical significance was determined with the Mann-Whitney test or with the Kurskal-Wallis test followed by the Dunns’ test. (D and E) Results are representatives of at

least two independent experiments. *p < 0.05, **p % 0.01.
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depending on the experimental conditions, of the animals treated
with SV-NYESO1 showed complete tumor clearance response
(Figure 1D).

SV-NYESO1 in Combination with Anti-PD-1 Antibody

Completely Inhibits Tumor Growth and Cures Mice from

Established Tumors

Previous data from the lab demonstrated the crucial role of T cells in
eradicating tumors in response to SV treatment.26 In those studies,
LacZ, a foreign antigen, was used, whereas in the current studies a
cancer-testis-antigen is involved in the model. We postulated that
SV-NYESO1 treatment may have been less efficacious due to themiti-
gation of the therapeutic activity of T cells by the tumor-specific
expression of immune checkpoint molecule programmed death
ligand 1 (PD-L1) as well as by the expression of programmed death
protein 1 (PD-1) on T cells. Indeed, SV-NYESO1 therapy induced
a significant increase of PD-L1 and PD-1 expression on tumor cells
and tumor-infiltrating T cells, respectively (Figures 2A and 2B).
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PD-1 expression on splenic T cells was similar in tumor-bearing mice
with and without viral therapy (Figure 2B). In addition, an increase of
regulatory T cells was observed in tumors from SV-NYESO1-treated
mice when compared with control mice (Figure 2C). These observa-
tions suggest that SV-NYESO1 therapy may be augmented by anti-
PD-1 treatment, as blockade of PD-1/PD-L1 reduces the number
and/or suppressive activity of regulatory T cells and restores the activ-
ity of effector T cells.29 To test this hypothesis, tumor-bearing mice
were treated with SV-NYESO1 together with the checkpoint antibody
anti-PD-1. Anti-PD-1 was injected three times a week (day 0, 2, and
4) for a total of 2 weeks (Figure 2D). The animals were then moni-
tored for tumor growth once a week using noninvasive biolumines-
cent imaging (Figures 2E and S2). Again, tumors in untreated mice
grew progressively and all mice succumbed to cancer after 3 weeks.
SV-NYESO1 and anti-PD-1 alone induced a delay in tumor growth
with moderate therapeutic efficacy of 15% to 20%, depending on
the experimental condition. However, the combination of SV-
NYESO1 and anti-PD-1 resulted in complete regression of tumors
in almost all mice (12 of 15 mice) (Figure 2F). This effect was depen-
dent on the expression of NYESO-1 by SV, as all mice (1 of 10 mice)
treated with SV-LacZ and anti-PD-1 were unable to control tumor
growth and succumbed to cancer. Thus, efficacy is dependent upon
SV initially presenting the TAA present in the tumor; in this case
NYESO-1 as well as the presence of the immune checkpoint blockade
anti-PD-1.

SV-NYESO1 Acts as an Immunostimulatory Agent and Induces a

Rapid and Systemic Lymphocyte Activation

Recently, it has become apparent that OVs can stimulate the immune
response and trigger inflammation, which can enhance the anti-tu-
mor response.8 To analyze the effect of SV therapy on the immune
response, the spleen, LNs, and plasma from all groups were collected
on several days during treatment. First, the effect of one SV-NYESO1
injection on the immune response was investigated (Figure 3A).
Plasma was collected on day 2 (24 and 48 hr after the first
SV-NYESO1 and/or anti-PD-1 injection, respectively) and pro-in-
flammatory cytokines and chemokines were analyzed (Figure 3B).
Pro-inflammatory cytokine levels of interferon-g (IFN-g), tumor
necrosis factor a (TNF-a), and interleukin-2 (IL-2) showed a signif-
icant increase in SV-NYESO1-treatedmice when compared with con-
trol and naive mice. The same trend was observed for chemokines
CCL-2 and CCL-4, which have been shown to promote leukocyte
recruitment to the site of inflammation and/or infection (Figure 3C;
Castellino et al.30). No difference in cytokine and chemokines levels
was detected between groups treated with SV-NYESO1 with and
without anti-PD-1 (data not shown).

Next, we wondered whether the pro-inflammatory condition
observed in the blood after one injection of SV-NYESO1 reflected
the activation status of lymphocytes. Spleen and LNs were collected
on day 2, and lymphocyte activation—as judged by the expression
of the early activation marker CD69—was analyzed by flow cytome-
try. CD69 expression on CD4+ and CD8+ T cells (Figures 3D–3G) as
well as on natural killer (NK) and B cells (Figure S3) was markedly
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upregulated in spleen, mediastinal, inguinal, and axillary LNs after
one injection of SV-NYESO1 when compared with control mice
and mice treated with anti-PD-1 alone. Even though a slight differ-
ence can be observed, there is no significant difference in T cell
activation between mice treated with combined therapy and
SV-NYESO-1-treated mice. Interestingly, the strongest lymphocyte
activation was detected in mediastinal LN. This finding is consistent
with published data from our lab demonstrating that SV quickly
localizes in the mediastinal LN after i.p. injection.26 In line with
this observation, a strong T cell infiltration in mediastinal LN was
observed in mice treated with SV-NYESO1 with and without anti-
PD-1 (Figures 3H and 3I). These results demonstrate that replica-
tion-deficient SV-NYESO1 is a potent immunostimulatory agent,
which quickly induces a systemic pro-inflammatory environment
and lymphocyte activation.

Combined Therapy Enhances T Cell Activation and Function

over the Course of Treatment

To better understand the role of anti-PD-1 in the combined therapy,
T cell activation in peripheral lymphoid organs was determined over a
3-week period. After tumor inoculation (day �4), mice were treated
with SV-NYESO1 four times a week (days 1, 2, 3, and 4) for a total of
4 weeks (Figure 4A). Anti-PD-1 antibody was administered to the
respective groups three times a week (days 0, 2, and 4) for a total of
2 weeks. Spleen and LNs were collected on days 7, 14, and 21, and
T cell activation was determined by assaying the expression of the
activation and proliferation marker CD44 and Ki-67, respectively.
CD44 and Ki-67 expression were substantially and continuously
upregulated on splenic CD4+ and CD8+ T cells in animals treated
with combined therapy when compared with SV-NYESO1 alone
(Figures 4B and 4C). T cell activation was not observed in LNs, except
for a slight increase in mediastinal LNs on day 14 (Figures S4A and
S4B). In contrast to mice receiving SV-NYESO1 therapy, control
mice and mice treated with anti-PD-1 alone showed no significant
difference in T cell activation when compared with naive mice.
Furthermore, a highly significant negative correlation between splenic
T cell activation— as judged by CD44 and Ki-67 expression— and tu-
mor growth was observed, suggesting that T cells have an important
role in controlling tumor growth (Figures 4D and S4C). In line with
these results, ELISPOT analysis of IFN-g by splenocytes revealed that
combined therapy accelerated and augmented IFN-g secretion
compared with SV-NYESO1 alone, with peak IFN-g secretion on
day 14 (Figure 4E). Splenocytes from mice treated with SV-NYESO1
alone produced a constant low level of IFN-g over the course of
treatment.

Having observed enhanced T cell activation and cytokine production
in mice treated with combined therapy, the function of T cells was
investigated using an ex vivo cytotoxic assay. Splenocytes obtained
from all groups were co-cultured at various effector-to-target
(E/T) cell ratios with the tumor cell line CT26.Fluc expressing the
TAA NYESO-1 (CT26.NYESO1) or an unrelated antigen, LacZ
(CT26.LacZ) (Figure 4E). The cytotoxic potential of splenocytes
was determined by measuring the luciferase activity of CT26, which
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Figure 3. SV-NYESO1 Acts as an Immunostimulatory Agent and Induces a Rapid and Systemic T Cell Activation in Peripheral Lymphoid Organs

(A) Treatment schema. Tumor-bearing mice were left untreated or were treated with one injection of anti-PD-1 and/or SV-NYESO1. On day 2, organs and blood were

collected from mice for flow cytometry and multiplex analysis, respectively. (B and C) Plasma samples from naive, control, and SV-NYESO1-treated mice were collected on

day 2. Cytokine (B) and chemokine (C) levels in plasma samples were determined by multiplex assay. (E, G, and I) Representative flow cytometry plots of the mediastinal

lymph node. (D–G) Percentage of CD69 expression by CD4+ T cells (D and E) and CD8+ T cells (F and G). Left to right, spleen, mediastinal (LN med), inguinal (LN ing), and

axillary lymph nodes (LN ax). (H and I) T cell frequency was analyzed in naive mice and control or treated tumor-bearing mice. Results are representatives from two

independent experiments. (B–I) Lines represent means, and statistical significance was determined with the Kurskal-Wallis test followed by the Dunns’ test and with the

Mann-Whitney test (B). n.s. > 0.05, *p < 0.05, **p % 0.01, ***p % 0.001.
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correlates with the tumor cell viability. Viability of CT26.NYESO1
was markedly reduced at both E/T ratios (10:1 and 50:1) when
co-cultured with splenocytes from mice receiving combined therapy
compared with splenocytes from naive, control, and mice treated
with anti-PD-1 alone. The cytotoxic potential of splenocytes from
mice treated with SV-NYESO1 alone was weaker than that from
Molecular Therapy: Oncolytics Vol. 9 June 2018 55
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Figure 4. The Presence of Anti-PD-1 Antibody Enhances T Cell Activation and Function during SV-NYESO1 Therapy

(A) Treatment schema. Tumor-bearing mice were left untreated or were treated with SVwith or without anti-PD-1. Mice were sacrificed on day 7, 14, or 21 to analyze the T cell

immune response in spleen. (B and C) Percentage of CD44 and Ki-67 expression by CD4+ T cells (B) and CD8+ T cells (C) in naive mice as well as control and treated tumor-

bearing mice using flow cytometry (n = 8 mice per group). Top graphs, representative flow cytometry plots from day 14. Bottom graphs, symbols summarizing data from two

independent experiments. Statistical significance between groups treated with SV in presence or absence of anti-PD-1 was determined with the Mann-Whitney test. (D)

Correlation of splenic CD4+ T cells or CD8+ T cells CD44 expression against tumor growth on day 14 by the Spearman-rank correlation test. (E) Interferon-g (IFN-g) enzyme-

linked immunospot analysis of splenocytes harvested on day 14 from control and treatedmice (n = 8mice per group). (F) Cytotoxic activity of splenocytes harvested on day 14

from control and treated mice (n = 5 mice per group). Splenocytes were co-cultured with either CT26.Fluc.NYESO1 (left column) or CT26.Fluc.LacZ (right column) at various

ratios for 2 days. Cytotoxic activity was assessed based on the viability of CT26 cells, which was determined by measuring the luciferase activity and is shown relative to naive

splenocytes. Results are representatives from two independent experiments. (B, C, E, and F) Bars or symbols represent means ± SEM, and statistical significance was

determined with the Mann-Whitney test (B, C, and E) or with the Kurskal-Wallis test followed by the Dunns’ test (F). n.s. > 0.05, *p < 0.05, **p % 0.01, ***p % 0.001.
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combined therapy. Our results also indicate that cytotoxicity was
TAA dependent, as the viability of CT26-expressing LacZ remained
stable across all groups. Only splenocytes from combined therapy
showed some killing potential toward CT26.LacZ at an E/T ratio
of 50:1, suggesting that SV-NYESO1 in combination with anti-
56 Molecular Therapy: Oncolytics Vol. 9 June 2018
PD-1 may induce a broader immune response and favor epitope
spreading.

Together, these results clearly show that the addition of anti-PD-1
to SV-NYESO1 therapy enhances T cell activation over the course
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Figure 5. Mice Treated with SV-NYESO1 in Combination with Anti-PD-1 Display Enhanced Intratumoral T Cell Immunity

Tumors were harvested after 2 weeks of treatment from control and treated mice (n = 5–8 mice per group). (A and B) T cell immune response from indicated groups were

assessed by flow cytometry. (A) Left graph, T cell frequency. Middle graph, percentage of CD69 expression by T cells. Right graph, percentage of Ki-67 expression by T cells.

(B) Representative flow cytometry plots. (C) Interferon-g (IFN-g) enzyme-linked immunospot analysis of tumor-infiltrating cells from control and treated mice. (D) Resident-

memory T cell frequency from indicated groups were assessed by flow cytometry and shown in dot plots and bar graph. (E–G) Frequencies of various myeloid cells in tumors

from indicated groups were assessed by flow cytometry. (E) Granulocytic-myeloid-derived suppressor cell (gMDSC) frequency. (F) Tumor-associated macrophage (TAM)

frequency. (G) Frequency of CD206+MHCII� cell as a proportion of TAMs. Results are representatives from two independent experiments. Bars and lines represent means ±

SEM, and statistical significance was determined with the Kurskal-Wallis test followed by the Dunns’ test (A–G) or the Mann-Whitney test (C). n.s. > 0.05, *p < 0.05,

**p % 0.01, ***p % 0.001, ****p % 0.0001.
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of treatment, which results in improved IFN-g production
and cytotoxic activity. In line with these results, a highly significant
negative correlation between T cell activation and tumor growth
was demonstrated, indicating a crucial role of T cells in controlling
tumor growth. Thus, SV-NYESO1 acts as an initial stimulus
to activate the immune response. The presence of anti-PD-1
helps to keep T cells activated and to further enhance T cell
function.

Mice Treated with SV-NYESO1 in Combination with Anti-PD-1

Display Enhanced Intratumoral Immunity

Not only does SV-NYESO1 enter peripheral lymphoid organs and
induce a systemic response, but like many other OVs, it can directly
infect cancer cells and provide a local immune response in the tumor
microenviroment.11 However, as shown in previous publications,
CT26 cells are not infected by SV in vitro or in vivo,26,31 suggesting
that the powerful therapeutic effect observed from combined therapy
is not a direct result of tumor cell targeting. Thus, we wondered
whether SV-NYESO1 therapy in combination with anti-PD-1 can
nevertheless alter the local tumor microenvironment and favor an
intratumoral immunity.

To assess the immune response in the tumor microenviroment,
tumors were harvested from all groups after 2 weeks of treatment,
and immune cells were analyzed by flow cytometry. A strong T cell
infiltration was observed in animals treated with combined therapy
(Figures 5A and 5B). Furthermore, T cell activation was markedly
enhanced, as judged by CD69 and Ki-67 expression, in mice treated
with SV-NYESO1 with anti-PD-1 when compared with naive mice
as well as control and mice treated with anti-PD-1 alone. T cell acti-
vation was also observed in mice treated with SV-NYESO1 alone,
although to a lesser extent. These results were reflected by the
IFN-g production from tumor infiltrating cells measured by
ELISPOT (Figure 5C).
Molecular Therapy: Oncolytics Vol. 9 June 2018 57
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The presence of tissue-resident memory T cells (TRM) in tumors has
been linked with improved overall survival in both mice and
humans.32–34 Consistent with those results, a 4-fold increase in TRM

cells was detected in tumors from mice treated with combined ther-
apy compared with naive mice (Figure 5D). The overall increase in
intratumoral T cell response in mice treated with SV-NYESO1 and
anti-PD-1 is also in accordance with a significant reduction of gran-
ulocytic myeloid-derived suppressor cells (gMDSC) and tumor-asso-
ciated macrophages (TAMs) with a pro-tumor “M2” state (Figures 5E
and 5G). Reduction of both cell types in tumors was also observed in
mice treated with SV-NYESO1 alone, although to a lesser extent.
Interestingly, an overall increase in TAMs was detected during
SV-NYESO1 therapy (Figures 5F and S5). This indicates an increase
in inflammatory “M1” like TAMs in tumors, which have been corre-
lated with a reduction in tumor growth and prolonged survival time
in humans and mice.35,36

Collectively, these findings reveal that SV-NYESO1 therapy produces
a favorable intratumoral immune response with increased number of
activated T cells and percentage of TRM cells, as well as more inflam-
matory M1 TAMs and fewer suppressor cells, such as gMDSC and
M2 TAMs. The addition of anti-PD-1 to SV-NYESO1 therapy
strongly enhances these trends, inducing a better immune response
within the tumor microenvironment.

Combined Therapy Favors the Formation of Effector Memory

T Cells, Providing Long-Term Immunity against Recurrence

An important goal of successful anti-tumoral immunity is the devel-
opment of long-term protective immunity to prevent relapse metas-
tases and recurrences. To investigate whether SV-NYESO1 therapy
induces T cell memory formation, the phenotype of T cells in all
groups was investigated by flow cytometry in the spleen and tumor
after 3 weeks of treatment (Figure 6). Splenocytes from untreated
(control) mice and mice treated with anti-PD-1 alone demonstrated
percentages of central-memory (TCM) and effector-memory (TEM)
T cells similar to naive splenocytes, with 7% and 4%, respectively (Fig-
ure 6A). Treatment with SV-NYESO1 alone or in combination with
anti-PD-1 showed a slight enhancement of TCM (11% or 14%, respec-
tively) but not of TEM (4% and 6%, respectively). After 3 months,
surviving mice that received combined therapy demonstrated
enhanced formation of TEM (19%) with a similar percentage of TCM

(10%). The same observations were made in tumors. Tumors treated
with combined therapy induced 20% TEM, while control and anti-
PD-1- and SV-NYESO1-treated mice showed 5%, 7%, and 8%,
respectively (Figure 6B). The percentage of TCM remained stable in
all groups.

To test whether enhanced T cell memory formation correlates with
long-lived protection against the same cancer, we rechallenged mice
after 200 days with CT26.Fluc.NYESO1 (Figures 6C, 6D, and S6).
As epitope spreading was previously observed to occur during SV
therapy,26 mice were rechallenged with a closely related tumor lacking
NYESO-1, CT26.Fluc.LacZ. Indeed, mice cured by combined therapy
were immune to rechallenge with the same tumor as well as the
58 Molecular Therapy: Oncolytics Vol. 9 June 2018
closely related tumor. These results demonstrate that SV-NYESO1
in combination with anti-PD-1 enhances the formation of TEM in
the spleen and tumor, which provides long-term immunity against
closely related cancer.

DISCUSSION
In this study, we show a potent therapeutic effect of SV expressing the
TAANYESO-1 in combination with anti-PD-1 in NYESO-1-express-
ing, tumor-bearing mice. Our data demonstrate a systemic lympho-
cyte activation and induction of pro-inflammatory cytokines and
chemokines after a single SV-NYESO1 injection. In a model system
where anti-PD-1 induces a moderate therapeutic effect, the introduc-
tion of SV leads to a curative result as well as protection against tumor
relapses. Anti-PD-1 contributes to SV therapy by enhancing T cell
activation, as judged by IFN-g production and cytotoxic activity, in
spleen and tumors during treatment. The role of T cell responses is
clear in that an inverse correlation is seen between T cell activation
and tumor growth. These findings account for total tumor clearance
in mice treated with SV-NYESO1 and anti-PD-1. In short,
SV-NYESO1 acts as an immunostimulatory agent inducing a strong
systemic inflammatory response, while anti-PD-1 improves the
magnitude of the anti-tumor T cell response in spleen and tumor.

Previous data from our lab demonstrated complete clearance of LacZ
expressing tumors in mice treated with SV-LacZ alone.26 The addi-
tion of an immune checkpoint blockade antibody was not needed.
The reason of this discrepancy is not fully understood. However,
the choice of TAA expressed by SV might play an important role.
Granot et al. used the foreign antigen LacZ, which is expressed in
Escherichia coli, as a TAA.26 NYESO-1 is a human cancer testis anti-
gen and has distant cousin in mice, ESO-3, which shares 42% identity
with human NYESO-1. In addition, using different algorithms to
detect potential epitopes in proteins demonstrated that LacZ
expresses seven strong epitopes that bind to H2-Kd, whereas
NYESO-1 expresses only one strong epitope on that major histocom-
patibility complex (MHC) molecule. The same trend was also
observed for CD4 T cell epitopes presented by H2-IAd. Thus, LacZ
might be more immunogenic than NYESO-1 leading to a stronger
and more diverse immune response. We demonstrated in this study
that the therapeutic efficacy of the TAA expressed by SV also depends
on the tumor model as SV-LacZ was unable to cure mice bearing
CT26.NYESO1 tumors. This is most likely due to the fact that
SV-LacZ induces a strong LacZ-specific T cell response, which cannot
recognize the tumor anymore.26 These observations indicate that the
choice of TAA expressed by SV is crucial for an initial adequate anti-
tumor immune response. Subsequently, a diversified T cell response
develops that contributes to long-term protection.26

Treatment with anti-PD-1 or anti-PD-L1 antibodies results in long-
lasting antitumor responses in patients with various cancers.37–40

However, only a subset of patients respond to therapy, and it was pre-
viously observed that patients who did not respond to treatment were
more likely to lack CD8+ T cells inside tumors;6,41 if no CD8+ T cells
are present that can be inhibited by PD-1:PD-L1 interaction, then
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Figure 6. Memory T Cells Are Enriched in Spleen and Tumor of Mice Treated with SV-NYESO1 in Combination with Anti-PD-1, Providing Long-Term

Immunity against Closely Related Tumors

(A and B) Memory phenotype of T cells was characterized in spleen and tumor from indicated groups by flow cytometry by gating on CD3+ cells. The percentage of T cells

expressing CD62L and/or CD44 was analyzed and shown as contour plots and pie charts, summarizing data from two independent experiments. (A) Splenocytes were

harvested 3 and 13 weeks after the beginning of treatment from indicated groups (n = 8mice per group). (B) Tumors were harvested 3 weeks after the beginning of treatment

from indicated groups (n = 5–8 mice per group). (C) Treatment schema. Tumor-cured mice after SV therapy were rechallenged with the same cancer CT26.Fluc.NYESO1 at

more than 150 days after the last SV treatment, and tumor growth was analyzed every day by noninvasive bioluminescent imaging. (D) Survival plots of naive (control, n = 5)

and tumor-cured mice (n = 11) after rechallenge with CT26.Fluc.NYESO1 (n = 7) or CT26.Fluc.LacZ (n = 4). Statistical significance between tumor-cured and control (naive)

mice was determined with the Mantel-Cox text. n.s. > 0.05, ***p % 0.001.
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PD-1 blockade therapy is unlikely to work as well.42–44 Another
reason why patients might not respond to PD-1 blockade therapy is
the low expression of PD-L1 and PD-1 on tumor cells and tumor-
infiltrating T cells, respectively.6,9,45,46 PD-L1 expression on tumor
cells is induced by IFN-g, a mechanism that appears to have evolved
to evade destruction by the immune system.42,44 Here, we show that
SV-NYESO1 therapy increases T cell infiltration in tumors as well as
enhances IFN-g production by tumor-infiltrating lymphocytes. In
addition, SV-NYESO1 induces PD-L1 and PD-1 expression on tumor
cells and on tumor-infiltrating T cells, respectively. The mechanism
behind PD-L1 induction during SV therapy is likely due to increased
presence of activated tumor-infiltrating cells, such as T and NK cells,
resulting in higher IFN-g levels rather than an immediate-early
response to type I IFN in the tumor microenvironment as demon-
strated by Zamarin et al.47 Due to increased PD-1 and PD-L1 expres-
sion in the tumor microenvironment, it is reasonable to suggest that
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antitumor immune responses initiated by SV infection could be
enhanced by combination with immune checkpoint therapy. Indeed,
T cell response in the spleen and tumors was strongly enhanced in
presence of the immune checkpoint blockade anti-PD-1. Our findings
are in line with several other mouse studies using various OVs, such as
Newcastle disease virus,13,47 Maraba virus,15 and Reovirus.16,48

Results from a phase 1b trial in humans investigating the use of
T-Vec in combination with anti-PD-1 support the findings in murine
models.9

We show that SV-NYESO1 therapy leads to long-term protection
against recurrences of the originally seeded tumor, indicating both
a therapeutic and prophylactic effect of SV-NYESO1. This observa-
tion is in line with enhanced formation of TEM cells in the spleen after
treatment. Increased frequency of TEM and TRM was also observed in
tumors during combined therapy. TRM cells are characterized by
stable surface expression of CD69 and an enhanced effector ability
that functionally provides a tissue-wide alert state against local rein-
fection.49–51 These results coincide with previous studies in humans
and mice showing a correlation between tumor infiltration of
T cells with a TRM cell-like phenotype and improved overall
survival.32–34,52,53 In murine studies, the presence of TRM cells was
also shown to improve the anti-tumor response and provide long-
term immunity to cancer. Furthermore, anti-PD-1 treatment
promotes the infiltration of TCM cells that can differentiate into
TRM cells following viral infection.53 Therefore, the combination of
SV and anti-PD-1 is needed for increased TRM presence in tumors.

Tumor-cured mice after SV-NYESO1 treatment were also protected
against a closely related tumor lacking the TAA NYESO-1,
CT26.LacZ. In line with these results, we showed that splenocytes
from combined therapy-treated mice exhibited cytotoxicity against
not only CT26.NYESO1 cells but also CT26.LacZ. These results sug-
gest that an immune response to endogenous CT26 tumor antigens
developed as a consequence of SV-NYESO1 therapy, a concept
known as epitope spreading.54

Most OVs are administrated intratumorally, which limits the possi-
bility of cancer treatment to easily accessible ones, such as mela-
noma.9,13,14 We show that i.p. injections of SV-NYESO1 induces an
intratumoral immune response and changes the tumor microenvi-
ronment by promoting T cell recruitment and activation as well as
deflection of M2 to M1 macrophages in tumors. Our findings are in
line with those obtained by Samson et al.16 and Bourgeois-Daigneault
et al.,15 where they show that intravenous infusion of OVs are effec-
tive in generating an anti-tumor immunity. Interestingly, in our
tumor model, SV does not directly infect tumor cells, indicating
that the therapeutic effect observed in tumors during treatment is
not a direct result of tumor cell targeting. Rather, SV quickly localizes
in LNs—infecting monocytes and macrophages—where T cells are
primed against the TAA expressed by SV.26,55,56 The recruitment of
T cells to the mediastinal LN on day 2, as well as the increased
T cell activation compared with spleen and other LNs, are indications
that SV is inducing a T cell response in the mediastinal LN. One
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particular advantage of alphaviruses is that they are known to target
LNs.57 We propose that this is a strong advantage of SV, as TAAs can
be directly delivered to LNs, enabling more efficient and quicker T cell
priming.

Ovarian cancer ranks fifth in cancer deaths among women due to the
fact that the majority of patients are diagnosed at a late disease stage
and in most cases total cytoreductive surgery may not be technically
fully possible anymore.58 Thus, there is an urgent need for new ther-
apeutic approaches for ovarian cancer. The use of SV-NYESO1 is
attractive for several reasons. One is that approximately 43% of
ovarian cancer cases express NYESO-1,27 and SVs have been shown,
once they trigger an antigen-specific T cell response, to subsequently
induce a diversified T cell response that can recognize additional
TAAs present in the tumor.26 In addition, one of the challenges
during single-agent immunotherapy with checkpoint inhibitors in
ovarian cancer treatment has been that the number of tumor-infil-
trating lymphocytes and the number of cells that express PD-L1 are
both relatively low.59

We demonstrate here that SVNYESO-1 and anti-PD-1 have the
potential to overcome these limitations and are very effective in
murine models of ovarian cancer.60,61 Furthermore, the fact that
SV-NYESO1 treatment can be administrated i.p. or intravenously
rather than intratumorally is an additional advantage that facilitates
eliciting a strong cellular immune response. We expect that the
premises and observations discussed in this study will help guide
the clinical development of SV-NYESO1 therapy in an upcoming
NIH-funded phase I dose-escalation study using this vector as an
i.p. consolidation immunotherapy in women with residual or recur-
rent ovarian cancer status after chemotherapy.

MATERIALS AND METHODS
Study Design

The overall study was designed to investigate the therapeutic efficacy
of SV-NYESO1 therapy with or without immune checkpoint
blockade anti-PD-1 in mice bearing NYESO-1-expressing tumors.
Further experiments were designed to evaluate the immune response
to SV therapy. In all experiments, to ensure similar tumor sizes in all
groups, mice were randomized only after tumors were established and
before SV treatment (day 0). Tumor inoculated mice that showed a
tumor signal below 105 relative luminescence units (RLU) before
treatment were excluded from our study. The numbers of mice,
statistical tests, and numbers of experimental replicates performed
for each experiment are included in the figure legends. Data include
all outliers, and investigators were not blinded during evaluation of
the in vivo experiments.

Cell Lines

Baby hamster kidney (BHK), BALB/c colon carcinoma (CT26), and
the CT26-expressing LacZ (CT26.LacZ) cell lines were obtained
from the American Type Culture Collection (ATCC). Firefly lucif-
erase (Fluc)-expressing CT26 cells (CT26.Fluc and CT26.LacZ.Fluc)
were generated by stable transfection of pGL4.20_Fluc plasmid. The
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CT26 cell line expressing both Fluc and NYESO-1 (CT26.Fluc.
NYESO1) was generated by stably transfecting the CT26.Fluc cell
line with the expression plasmid pReceiver-M02 (GeneCopoeia)
that has NYESO-1 (NM_001327.1).

BHK cells were maintained in minimum essential a-modified media
(a-MEM) (Corning CellGro) with 5% fetal bovine serum (FBS;
Gibco) and 100 mg/mL penicillin-streptomycin (Corning CellGro).
CT26.Fluc.NYESO1 and CT26.Fluc.LacZ cells were maintained in
DMEM containing 4.5 g/L glucose (DMEM, Corning CellGro) sup-
plemented with 10% FBS, 100 mg/mL penicillin-streptomycin,
7.5 mg/mL Puromycin, and 800 or 400 mg/mL Geneticin, respectively.
All cell lines were cultured at 37�C and 5% CO2.

SV Production

Sindbis replicon expressingNYESO-1 cDNA (SV-NYESO1)wasmade
by PCR amplification of the NYESO-1 gene from the pReceiver-M02
plasmid. Expression of the NYESO-1 gene was confirmed by western
blot as described below for vector titering. Sindbis expressing the
LacZ gene (SV-LacZ) has been described previously.17

Sindbis viral vectors expressing LacZ cDNA (SV-LacZ) or NYESO-1
(SV-NYESO1) were produced as previously described.62 In brief, the
DNA plasmids carrying the Sindbis replicon with the gene of interest
or Sindbis helper sequences were linearized before in vitro transcrip-
tion using the mMACHINE RNA transcription kit (Ambion, Austin,
TX) following the manufacturer’s protocol. Helper and replicon
RNAs were mixed at a 1:1 ratio and were then electroporated into
BHK cells. Media was replaced with OPTI-MEM (Invitrogen) and
supplemented with 100 mg/mL CaCl2. Supernatant was collected
24 hr later and stored at �80�C.

SV Quantification

Titers were determined making serial dilutions of the vector in Opti-
mem-CaCl2 and infecting BHK cells for an hour at room temperature
(RT). Cells were washed with a-MEMmedia and incubated overnight
(o/n) at 37�C and 5% CO2. For SV-LacZ, we infected 10

4 BHK cells in
96-well plates with 50 mL/well and for SV-NYESO1, 105 BHK cells in
12-well plates with 250 uL/well. In both cases, protein extraction was
performed using M-PER Mammalian Protein Extraction Reagent
(Pierce). LacZ was detected using the All in One b-Gal Assay reagent
kit (Pierce) following the manufacturer’s protocol. NYESO-1 was
detected by western blot following standard protocol, using as a pri-
mary antibody the anti-NYESO-1 clone E978 (Upstate) at a dilution
1/5,000 in Tris-buffered saline-Tween (TBS-T) with 5% non-fat milk.
Vector titers refer to the number of infectious particles (transducing
units per milliliter of supernatant [TU/mL]) and were estimated as
the last dilution having detectable reporter activity.

Because different detection sensitivities are obtained by the b-gal
assay and NYESO-1 western blot, vectors were also titered by
RT-PCR on total RNA of infected BHK cells (Table S1). Both vectors
were used at RT-PCR titer of 107–108 TU/mL, equivalent to 104–
105 TU/mL NYESO1 western blot or 106–107 TU/mL b-gal assay.
In Vivo Experiments and Tumor Models

All experiments were performed in accordance with the Institute of
Animal Care and Use Committee at New York University Health.
Six- to twelve-week-old female BALB/c mice were purchased from
Taconic (Germantown, NY). For the tumor model, 7 � 104

CT26.Fluc.NYESO1 cells in 500 mL OPTI-MEM were injected i.p.
into the right side of the animal on day �4. For treatments, the virus
(107–108 TU/mL) in a total volume of 500 mL was injected i.p. into the
left side of the animal 4 days a week (days 1, 2, 3, and 4) for a total of
4 weeks. The immune checkpoint inhibitor anti-PD-1 (clone RMPI-
14, BioXCell) was injected i.p. into the left side of the animal at a dose
of 250 mg per injection. Anti-PD-1 was administrated 3 days a week
(days 0, 2, and 4) for a total of 2 weeks. For the tumor rechallenge
model, 7 � 104 CT26.Fluc.NYESO1 cells or 5 � 104 CT26.Fluc.LacZ
cells were injected i.p. into the left side of the animal. Therapeutic
efficacy of the treatment was monitored in two ways: tumor lumines-
cence and survival. Noninvasive bioluminescent imaging was done
using the IVIS Spectrum imaging system (Caliper Life Science), and
tumor growth was quantified using the Living Image 3.0 software
(Caliper Life Science) as previously described.18 Relative tumor
growth for each mouse was calculated dividing total body counts of
a given day by total body counts of the first IVIS image. Survival
was monitored and recorded daily.

Flow Cytometry

For flow cytometry analysis, spleens, LNs, and tumors were harvested
from mice. The extracted LNs and tumors were chopped into small
pieces and incubated with a digestive mix containing RPMI with
collagenase IV (50 mg/mL) and DNaseI (20 U/mL) for 1 hr at 37�C.
Tumor samples had additional hyaluronidase V (50 mg/mL) in the
digestive mix.

Spleens, digested tumors, and LNs were mashed through a 70 mm
strainer before red blood cells were lysed using ammonium-chlo-
ride-potassium (ACK) lysis (Gibco). Cells were washed with PBS
containing 1% FBS, and surface receptors were stained using various
antibodies (Table S2). Stained cells were then fixed with PBS contain-
ing 4% formaldehyde. For intracellular staining (Table S3), the
forkhead box P3 (FOXP3) staining buffer set was used (eBioscience).
Flow cytometry analysis was performed on a LSR II machine (BD
Bioscience) and data were analyzed using FlowJo (Tree Star).

Enzyme-Linked Immunospot

Splenocytes were isolated as described for flow cytometry. To isolate
tumor-infiltrating cells, digested tumors were mashed through a
70-mm strainer and incubated for 4 hr at 37�C until most tumor cells
adhered to the flask. Floating cells were collected and used to char-
acterize tumor-infiltrating cells. Splenocytes and tumor-infiltrating
cells were prepared at various time points during treatment, and
mouse IFN-g ELISPOT was performed according to the manufac-
turer’s protocol (BD Biosciences). 4 � 105 cells were plated per
well o/n in RPMI supplemented with 10% FBS and stimulated
with NYESO-1 peptide (RGPESRLLE) at a final concentration of
5 mg/mL.
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Ex Vivo Cytotoxic Assay

Splenocytes were collected 14 days after treatment started. Splenocytes
(4� 106/mL)were co-culturedwithCT26.Fluc.NYESO1 (2� 104/mL)
or CT26.Fluc.LacZ (2� 104/mL) in a 24-well plate for 2 days in 1 mL
RPMI supplemented with 10% FBS. Cells were washed with PBS and
lysed with 100 mL of M-PER Mammalian Protein Extraction Reagent
(Pierce) per well. Cytotoxicity was assessed based on the viability of
CT26 cells, which was determined by measuring the luciferase activity
in each well. Luciferase activity was measured by adding 100 mL of
Steady-Glo reagent (Promega) to each cell lysate and measuring the
luminescence using a GLOMAX portable luminometer (Promega).

Statistical Analysis

All statistical analyses were performed using GraphPad Prism 6.0 as
described in the figure legends. Data are means ± SEM.
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