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Sindbis Viral Vectors Transiently Deliver
Tumor-associated Antigens to Lymph Nodes and
Elicit Diversified Antitumor CD8' T-cell Immunity

Tomer Granot', Yoshihide Yamanashi' and Daniel Meruelo’

'Department of Pathology, NYU School of Medicine, NYU Cancer Institute, NYU Gene Therapy Center, New York, New York, USA

Tumors are theoretically capable of eliciting an antitumor
immune response, but are often poorly immunogenic.
Oncolytic viruses (OVs) have recently emerged as a prom-
ising strategy for the immunogenic delivery of tumor-
associated antigens (TAAs) to cancer patients. However,
safe and effective OV/TAA therapies have not yet been
established. We have previously demonstrated that vec-
tors based on Sindbis virus (SV) can inhibit tumor growth
and activate the innate immune system in mice. Here, we
demonstrate that SV vectors carrying a TAA generate a
dramatically enhanced therapeutic effect in mice bearing
subcutaneous, intraperitoneal, and lung cancers. Nota-
bly, SV/TAA efficacy was not dependent on tumor cell
targeting, but was characterized by the transient expres-
sion of TAAs in lymph nodes draining the injection site.
Early T-cell activation at this site was followed by a robust
influx of NKG2D expressing antigen-specific cytotoxic
CD8* T cells into the tumor site, subsequently leading to
the generation of long-lasting memory T cells which con-
ferred protection against rechallenge with TAA-positive
as well as TAA-negative tumor cells. By combining in vivo
imaging, flow cytometry, cytotoxicity/cytokine assays,
and tetramer analysis, we investigated the relationship
between these events and propose a model for CD8%
T-cell activation during SV/TAA therapy.
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INTRODUCTION
Oncolytic viruses (OV) are viruses that specifically target and
replicate in tumor cells.! Owing to their selectivity and oncolytic
properties, OVs have generated considerable interest as an alter-
native or adjunct to conventional cancer therapies.> However,
a major limitation of OV therapy is inadequate replication and
propagation at the tumor site.>* Moreover, for safety reasons,
many OV are designed to be replication deficient in order to pre-
vent them from spreading to healthy tissues, further limiting their
oncolytic potential.®

One possible solution to this problem is to supplement direct
viral oncolysis with a bystander effect, in which tumor cells not

directly infected by the OV will also be destroyed. This can be
achieved, for example, by inserting a therapeutic or cytotoxic gene
into the OV genome for delivery to the tumor site.*” Endowed with
natural immunogenicity, some OVs are capable of effective stimu-
lation of the immune system, raising the possibility of using OVs
to induce an immunological anticancer bystander effect.® This idea
gained further impetus with the identification®'® and recent priori-
tization" of a variety of clinically relevant tumor-associated anti-
gens (TAA), which can be delivered by the OV (OV/TAA) to the
tumor site."” In their natural state, TAAs are often poorly immu-
nogenic.”” However, by redirecting the antiviral immune response
toward the TAA, an immunogenic OV/TAA could potentially break
this immunological tolerance. A major goal of OV research should
therefore be the development of safe and effective OV/TAA agents.

Sindbis virus (SV), an alphavirus with a positive single-
stranded RNA genome,'* represents one of a select number of
viruses that have demonstrated exceptional potential both as an
OV'™!¢ and as a viral vaccine.” We have previously shown that
replication-deficient SV vectors target and inhibit the growth
of xenograft, syngeneic, and spontaneous tumors in mice.'®'
Recently, we also found that SV induces the activation of natural
killer (NK) cells and macrophages in tumor-bearing mice.” In
addition, SV vectors expressing immune-modulating genes such
as interleukin 12 (IL-12) have enhanced antitumor!® and immu-
nostimulatory" effects. Nevertheless, these approaches have not
generally led to complete tumor remission.'”” Moreover, some
tumor cells may not be efliciently targeted by SV,* underscor-
ing the need to develop new ways of enhancing SV anticancer
therapy.

We hypothesized that the unique characteristics of SV vec-
tors, that make them effective oncolytic agents and gene delivery
systems (e.g., the ability to disseminate through the bloodstream'®
and to deliver high levels of heterologous proteins)?' could also
be useful for efficient TAA delivery. Moreover, the SV life cycle,
which is characterized by the absence of a DNA phase, render-
ing the vectors safer, also involves the production of high levels of
double-stranded RNA, a potent immunological ‘danger signal}?
and the subsequent activation of the type I interferon pathway.?
The combination of safety, immunogenicity, efficient dissemina-
tion, and high TAA expression make SV/TAA an attractive OV/
TAA candidate.
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In this study, we used the BALB/c CT26 colon carcinoma
tumor model to investigate the use of SV as an OV/TAA agent.
We found that unlike other tumor models tested, CT26 cells are
not targeted by SV in vivo. Nevertheless, SV vectors carrying [
galactosidase (LacZ) had a remarkable therapeutic effect in mice
bearing LacZ-expressing CT26 tumors. Using the in vivo imaging
system (IVIS) for sensitive in vivo detection of luciferase activity,**
we identified the mediastinal lymph nodes (MLN) as a site of early
transient heterologous protein expression after intraperitoneal
(i.p.) injection of SV vectors carrying firefly luciferase (SV/Fluc).
TAA delivery into the MLN marked the starting point of a potent
immune response that culminated in the generation of effector
and memory CD8™ T cells displaying robust cytotoxicity against
LacZ-positive and LacZ-negative tumor cells. This latter phenom-
enon, known as epitope spreading, has recently been suggested to
be an important component of effective cancer immunotherapy in
patients.” Taken together, these findings demonstrate the unique
therapeutic potential of SV/TAA, with important implications
for the design of clinical trials using oncolytic SV vectors. On the
basis of our observations, we suggest a four-step model for the
activation of CD8* T-cell-mediated antitumor immunity during
SV/TAA therapy (induction, cytotoxicity, epitope spreading, and
memory), providing a framework for future studies involving SV/
TAA and similar therapeutic approaches.

RESULTS

SV/LacZ inhibits the growth of LacZ-expressing
tumors in immunocompetent mice

In order to evaluate the use of SV vectors carrying TAAs for can-
cer therapy, we used a LacZ-expressing mouse colon cancer cell
line (CT26.CL25) as a model tumor-TAA system. Initially, we
tested SV/TAA (SV/LacZ) efficacy in mice bearing subcutaneous
(s.c.) tumors. As seen in Figure 1a, SV/LacZ significantly inhib-
ited the growth of LacZ-expressing CT26.CL25 tumors, whereas
the control vector SV/Fluc had no observable therapeutic effect
(Figure 1a, left panel). On the other hand, both SV/LacZ and SV/
Fluc had little effect on the growth of LacZ-negative CT26.WT
tumors (Figure 1a, right panel). These results demonstrate that
SV/LacZ has a powerful antigen-dependent therapeutic effect in
mice bearing s.c. CT26 tumors.

In order to investigate SV/LacZ eflicacy in a physiologically
relevant model of colon cancer, we injected CT26.CL25 cells i.p.
to mimic peritoneal carcinomatosis.?® Therapeutic efficacy in this
model was assessed by monitoring mouse survival. As in the s.c.
model, SV/LacZ was found to have a potent therapeutic effect
against these tumors, whereas the control vector (SV/Fluc) had
only a minor therapeutic effect (Figure 1b). Next, we evaluated SV/
LacZ efficacy against tumors growing in the lung. To supplement
our survival data in this model, we constructed Fluc-expressing
CT26 cell lines (CT26.CL25.Fluc and CT26.WT.Fluc), which can
be used to monitor tumor growth noninvasively using the IVIS
imaging system.'® Intravenous injection of Fluc-expressing CT26.
CL25 cells produced lung tumors, and we found that SV/LacZ
induced complete tumor remission and long-term survival in this
model, whereas the control vector, SV/green fluorescent protein
(GFP), only slightly delayed tumor growth and did not result
in long-term survival (Figure 1c). As in the s.c. tumor model,
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the enhanced therapeutic effect obtained from SV/LacZ in the
lung tumor model was dependent on the expression of the TAA
(LacZ) from both the vector and the tumor cells, as LacZ-negative
CT26.WT tumor growth was only slightly inhibited by SV/LacZ
(Supplementary Figure S1). Notably, the same SV/LacZ vector
preparation was used in mice bearing CT26.CL25 and CT26.WT
tumors, demonstrating that any differences between vector prepa-
rations are not responsible for the enhanced therapeutic effect of
SV/LacZ. Taken together, these results demonstrate that SV vec-
tors carrying a TAA induce a potent therapeutic effect in mice
bearing TAA-expressing CT26 tumors, regardless of the site of
tumor growth.

Mediastinal lymph nodes transiently express antigens
delivered by SV vectors and are a site of early T-cell
activation during SV therapy

We have previously shown that SV vectors have oncolytic poten-
tial and can target certain tumors in vivo.'® In order to evaluate
the role of tumor cell targeting in the therapeutic effect observed
in the CT26 tumor model, we treated tumor-bearing mice with
SV/Fluc vectors, which can be used to monitor vector localiza-
tion in mice.'* We found that even after multiple injections, SV
vectors did not target s.c. growing CT26.CL25 tumors (Figure 2a,
left panel). Similarly, the vectors did not target lung tumors;
instead, SV/Fluc was seen in the peritoneal fat of tumor-bearing
mice 24 hours after the first injection and in the liver, 5 days later
(Supplementary Figure S2). This general pattern was not depen-
dent on the presence of tumor cells and occurred in tumor-free
mice as well (Supplementary Figure S2). These results are con-
sistent with other studies demonstrating that CT26 cells are not
infected by SV in vitro,” and suggest that the powerful therapeu-
tic effect obtained from SV/LacZ is not dependent on tumor cell
targeting.

Interestingly, by focusing on very early time points after SV/
Fluc injection, we noticed that a transient Fluc signal can be seen
in the upper body as early as 3 hours after i.p. SV/Fluc injection
(Figure 2a and Supplementary Figure S2). By extracting the MLN
and imaging them separately, we determined that the upper body
signal originated from these lymph nodes (Figure 2a, right panel).
Notably, transient Fluc expression in the MLN occurred in both
tumor-bearing and tumor-free mice (Supplementary Figure S2).
The MLN has previously been shown to drain the peritoneum?
and represents an environment in which antigens delivered by SV
vectors (such as Fluc, LacZ, or other TAAs) can potentially be pro-
cessed and presented to T cells by antigen-presenting cells in the
context of SV viral danger signals such as double-stranded RNA.*
The MLN therefore provides a possible location for the induction of
an immune response to SV/TAA. Consistent with this hypothesis,
the number of T cells in the MLN significantly increased 24 hours
after SV/LacZ treatment (Figure 2b). As a control lymph node, we
used the inguinal lymph nodes (ILN), which do not directly drain
the peritoneal cavity,” and were not targeted by i.p. injection of SV/
Fluc (Figure 2a and additional data not shown). Unlike the MLN,
there was no increase in T cells in the inguinal lymph nodes 24
hours after SV/LacZ injection (Figure 2b). In addition to the appar-
ent influx of T cells into the MLN, the expression of CD69, which is
an early activation marker of T cells, was highly induced on CD8*
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Figure 1 SV/LacZ inhibits the growth of LacZ-expressing CT26.CL25 tumors. (a) 0.5x10° LacZ-expressing CT26.CL25 (left panel) or LacZ-
negative CT26.WT (right panel) cells were injected subcutaneously into the right flank of BALB/c mice. Starting on day 9 after tumor inoculation,
mice were treated intraperitoneally with SV/LacZ, control SV/Fluc vectors, or media (Mock). Tumor volume (mm?) was measured and plotted (N =
3-4). Data are representative of at least two independent experiments. (b) Kaplan—-Meier survival plots of mice bearing peritoneal CT26.CL25 tumors.
2.5x10* CT26.CL25 cells were injected intraperitoneally, and treatment started on day 4 (n = 5). Data for the SV/LacZ and mock groups are represen-
tatives of two independent experiments. (c) Representative bioluminescence images of SV/LacZ- and control-treated mice bearing lung CT26.CL25.
Fluc tumors are shown (left panel). Relative tumor growth (top right panel) was determined by normalizing the luminescence to the first image (day
2) for each individual mouse, and survival rates were plotted (bottom right panel) (n = 5-8). Data are representative of two independent experiments.
Data in a and c are expressed as mean + SEM. *P < 0.05 **P < 0.01. SV, Sindbis viral vector.

T cells in the MLN 24 hours after SV/LacZ treatment (Figure 2c).
By contrast, CD8" T cells from the control inguinal lymph nodes
were significantly less activated, though a slight increase in CD69
expression was observed in these cells (Figure 2c). Taken together,
Figure 2 demonstrates that tumor cell targeting is not required for
effective SV/LacZ therapy, and suggests that immune cell activa-
tion during SV/LacZ therapy may occur far away from the tumor
site, e.g. in lymph nodes that drain the SV injection site.

SV/LacZ treatment induces a robust activation of
CD8* T cells

Because we observed the activation of CD8' T cells in lymph
nodes draining the SV injection site, we anticipated that activated
CD8* T cells might subsequently migrate into the injection site
in the peritoneum. Using flow cytometry, we confirmed that a
large number of CD8* T cells influx into the peritoneum by 7
days after the first SV/LacZ injection (Figure 3a). These perito-
neal CD8* T cells were activated, as evidenced by their upregu-
lation of NKG2D* and downregulation of lymph node-homing
receptor L-selectin® (Figure 3b). In addition to the robust influx
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of activated CD8" T cells into the peritoneum, a small number
of NKG2D-high, L-selectin-low CD8* T cells could also be seen
in the lungs of mice bearing lung CT26.CL25 tumors that were
treated with SV/LacZ (Figure 3b).

SV/LacZ treatment induces LacZ-specific effector and

memory CD8* T cells

The fact that SV therapeutic efficacy depends on the expression
of LacZ from both the vector and the tumor cells (Figure 1 and
Supplementary Figure S1), in conjunction with the robust activa-
tion of CD8* T cells observed during SV/LacZ therapy (Figures
2 and 3) suggest that CD8" T cells may be involved in the anti-
cancer effect of SV/LacZ in this model. Nevertheless, CD8* T-cell
activation also occurred during SV/GFP and SV/Fluc therapy
(Supplementary Figure S3), even though these vectors had sig-
nificantly lower therapeutic efficacy (Figure 1). We hypothesized
that what distinguishes SV/LacZ from the other vectors is its abil-
ity to directly stimulate LacZ-specific CD8" T cells that can sub-
sequently target LacZ-expressing tumors. To demonstrate this
concept, we injected SV/LacZ into a LacZ-naive tumor-free mouse,
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Figure 2 TAA expression and T-cell activation occur in the medias-
tinal lymph nodes. (a) Subcutaneous CT26.CL25 tumor-bearing mice
(left panel) or tumor-free mice (right panel) were treated intraperitone-
ally with SV/Fluc. Three hours after the fifth (left panel) or first (right
panel) treatment, bioluminescent images were taken to monitor Fluc
expression from the vector. To determine the source of the upper body
signal, the MLN was extracted and imaged separately (right panel). Red
circles in the left panel indicate the location of the subcutaneous tumor in
each mouse. (b) Mice bearing lung CT26.CL25.Fluc tumors were treated
with SV/LacZ. Twenty-four hours later, mediastinal and inguinal lymph
nodes were extracted and stained to determine the percentage of T cells
(CD3 positive, MHC class Il negative) in the lymph nodes. Representative
plots (left panel) and their quantification (right panel; n = 3) are shown.
(c) The expression of CD69 on CD8" T cells extracted from medias-
tinal and inguinal lymph nodes of lung tumor-bearing mice 24 hours
after intraperitoneal SV/LacZ injection was analyzed. Representative flow
cytometry plots (left panel) and bar graphs showing the percentage of
CD69-high cells (right panel; n = 3) are shown. Data in b and ¢ are
representative of two independent experiments (the second experiment
was done in mice bearing intraperitoneal tumors) and are expressed as
mean * SEM. *P < 0.05; **P < 0.01. Fluc, firefly luciferase; ILN, inguinal
lymph node; MLN, mediastinal lymph node; S/L, SV/LacZ (SV, Sindbis
viral vector); TAA, tumor-associated antigen.

and observed a robust LacZ-specific CD8" T-cell response in the
peritoneum 4 days later (Supplementary Figure S4a). An increase
in LacZ-specific CD8* T cells was also observed in the spleens of
s.C. tumor-bearing mice (Figure 4a,b), in the peritoneum of ip.
and lung tumor-bearing mice (Figure 4c), and in the lungs of lung
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tumor-bearing mice (Figure 4d, left panel) treated with SV/LacZ.
Fewer LacZ-specific CD8% T cells were seen in mice treated with
control vectors (Supplementary Figure S4b). As expected, LacZ-
specific CD8' T cells from SV/LacZ-treated mice were charac-
terized by an activated (NKG2D high, L-selectin low) phenotype
(Figure 4d, right panel and Supplementary Figure S4a, right
panel). Taken together, these results demonstrate that SV/LacZ
treatment leads to the potent activation of LacZ-specific CD8*
T cells, providing a possible mechanism for the LacZ-dependent
efficacy seen in Figure 1.

In order to determine if a subset of the LacZ-specific CD8*
T cells generated during SV/LacZ therapy eventually develop into
memory T cells, we analyzed splenocytes from SV/LacZ-treated
long-term-surviving mice that bore i.p. CT26.CL25 tumors. Using
LacZ tetramers in combination with the memory marker CD127,
we identified a population (~1% of the CD8* T-cell splenocyte
population) of LacZ-specific, CD127" memory CD8" T cells in
these mice, more than 3 months after the last SV/LacZ injection.
Control splenocytes from naive mice had only background levels
of this population (under 0.1%) (Supplementary Figure S4c).

SV/LacZ treatment induces lymphocyte cytotoxicity
against CT26.CL25 tumor cells

As shown in Figure 4d, LacZ-specific CD8" T cells in the lungs
of lung tumor-bearing mice treated with SV/LacZ appeared to be
activated. In order to investigate the function of these cells, we
performed an ex vivo cytotoxicity assay using lung lymphocytes
obtained from lung tumor (CT26.CL25)-bearing mice receiving
SV/LacZ (or SV/GFP) therapy. As shown in Figure 5a, the viabil-
ity of CT26.CL25 tumor cells was significantly lower when they
were cocultured with lung lymphocytes from SV/LacZ-treated
mice compared with when they were cocultured with lympho-
cytes from mock- or SV/GFP-treated mice. Notably, lung lym-
phocytes from SV/LacZ-treated mice did not affect the viability of
LacZ-negative CT26.WT tumor cells, demonstrating the antigen-
specific nature of the immune response in the lung. Consistent
with this result, only lung lymphocytes from SV/LacZ-treated
mice that were cocultured with LacZ-expressing CT26.CL25
tumor cells showed an increase in interferon (IFN)-y production
(Figure 5b).

CD8* T cells are required for the antigen-specific
enhanced therapeutic effect of SV/LacZ

The results of the cytotoxicity and IFN-y secretion assays
(Figure 5) are consistent with the in vivo observation that SV/
LacZ has a significantly stronger therapeutic effect against CT26.
CL25 tumors than control vectors (Figure 1), and with the obser-
vation that SV/LacZ induces a powerful LacZ-specific CD8"
T-cell response in tumor-bearing mice (Figure 4). Taken together,
these results strongly suggest the involvement of CD81 T cells
in the antigen-specific benefits of SV/TAA therapy. In order
to directly determine the role of CD8" T cells in the therapeu-
tic effects observed, we depleted the CD8* T-cell population in
mice bearing s.c. (Figure 6a), peritoneal (Figure 6b), and lung
(Figure 6¢) tumors, and confirmed that in the absence of CD8*
T cells, the therapeutic efficacy of SV/LacZ was greatly reduced in
all three models.
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Figure 3 SV/LacZ induces potent CD8" T-cell response. (a) Lung CT26.CL25.Fluc tumor-bearing mice were treated with SV/LacZ or media
(Mock). Seven days later, peritoneal cells were analyzed. Representative flow cytometry plots (left panel) and the calculated number of CD8* T cells
(right panel) are shown (mean + SEM; N = 3). (b) CD8* T cells from the peritoneum and the lungs were further analyzed to determine their activation
state, using NKG2D and L-selectin as activation markers. Representative flow cytometry plots (left panel) and the calculated percentage of activated
(NKG2D high, L-selectin low) cells (right panel) are shown (mean + SEM; N = 3). *P < 0.05; **P < 0.01. SV, Sindbis viral vector.

SV/LacZ therapy induces epitope spreading

Surprisingly, we found that, unlike lung lymphocytes, splenocytes
from SV/LacZ-treated tumor-cured mice acquired cytotoxicity
against not only CT26.CL25 cells, but also LacZ-negative CT26.
WT cells (Figure 7a). Consistently, an increase in IFN-y pro-
duction was observed when these splenocytes were cocultured
with CT26.WT cells, although the extent of the production was
lower than when they were cocultured with CT26.CL25 cells
(Figure 7b). On the basis of these results, we hypothesized that
SV/LacZ-treated tumor-cured mice might have acquired resis-
tance to LacZ-negative CT26.W'T tumors. To determine if this was
the case, we injected CT26.WT cells i.v. (Figure 7c) or i.p. (data
not shown) into SV/LacZ-treated tumor-cured mice, and found
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that the tumors did not grow. By contrast, tumor growth was read-
ily observed in control (naive) mice. These results suggest that an
immune response to endogenous CT26 tumor antigens might have
developed as a consequence of SV/LacZ therapy, a concept known
alternatively as epitope spreading, antigen spreading, determinant
spreading, or antigen cascade.” To confirm that epitope spreading
occurred during SV/LacZ therapy, we focused on gp70, which is
an endogenous CT26 TAA. As shown in Figure 7d, an increase
in IFN-7 secretion from splenocytes taken from SV/LacZ-treated
tumor-cured mice was observed after culturing these cells with
either gp70 or LacZ peptides, whereas, no peptide induced IFN-y
secretion from naive splenocytes. These results indicate that sple-
nocytes from SV/LacZ-treated tumor-cured mice could respond
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Figure 4 SV/LacZ induces LacZ-specific CD8" T-cell response. (a,b)
Splenocytes from CT26.CL25 subcutaneous tumor-bearing mice were
collected and analyzed 2 weeks after SV/LacZ or mock treatment started.
(a) Representative tetramer plots and (b) the percentage of tetramer-
positive cells are shown (n = 5). (c) Cells from the peritoneal cavity of
intraperitoneal and lung tumor-bearing mice 7 days after therapy started
were collected, stained, and analyzed (n = 4-5). (d) Lungs from lung
tumor-bearing mice 7 days after treatment started were analyzed, and
the percentage of activated (NKG2D high, L-selectin low) cells in the sub-
sets of LacZ tetramer positive (tet(+)) and negative (tet(-)) CD8" T cells in
the lungs were analyzed and plotted in Figure 3b (n = 3). Data in b—d are
expressed as mean = SEM. *P < 0.05; **P < 0.01. SV, Sindbis viral vector.

to endogenous CT26 TAAs such as gp70 in addition to LacZ.
Consistent with this observation, flow cytometry analysis using
gp70 tetramers demonstrated that the number of gp70-specific
CD8* T cells was increased in the spleens of SV/LacZ-treated
tumor-cured mice compared with naive mice (Figure 7e). Taken
together, these results indicate that SV/LacZ therapy against
CT26.CL25 tumors induced epitope spreading, which led to the
development of immunity against other antigen(s) expressed on
the CT26 tumors.

DISCUSSION

In this study, we used a mouse cancer-TAA system to investigate
the use of SV vectors carrying TAAs for cancer therapy and made
the following key observations: (i) SV represents a potentially
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Figure 5 Lymphocytes acquire LacZ-specific cytotoxicity during SV/
LacZ therapy. Lung lymphocytes were extracted from CT26.CL25.Fluc
lung tumor-bearing mice 7 days after mock (=), SV/GFP (G), or SV/LacZ
(L) treatment started. Extracted lung lymphocytes were cocultured with
CT26.CL25.Fluc cells (CT26.CL25) or CT26.WT.Fluc cells (CT26.WT) for
2 days to determine (a) the cytotoxicity of lung lymphocytes against
each tumor cell population and (b) IFN-y secretion from the lung lym-
phocytes in response to coculture with each tumor cell population, as
described in materials and methods (data in a and b are expressed as
mean + SD, n = 3). **P < 0.01 (significantly different from mock). ND,
not detected; SV, Sindbis viral vector.

powerful therapeutic platform for the immunogenic delivery of
TAAs, (ii) the therapeutic benefit obtained from SV/TAA does
not necessarily require the direct targeting of tumor cells, (iii)
SV/TAA therapy involves transient early delivery of the TAA to
lymph nodes draining the injection site, in particular, the MLN
in the case of i.p. SV injection, (iv) SV/TAA therapy induces a
potent TAA-specific CD8* T-cell response, that is subsequently
redirected against tumor cells expressing the cognate TAA, (v)
SV/TAA therapy leads to epitope spreading, providing a possible
solution to the problem of tumor escape by TAA loss or modifica-
tion, and (vi) SV/TAA therapy ultimately leads to long-term sur-
vival of tumor-bearing mice and to the generation of long-lasting
memory CD8* T cells against multiple TAAs.

Over the past few decades, a variety of methods have been
developed for the immunogenic delivery of TAAs, including the
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employment of vectors that target antigen-presenting cells* or are
directly injected into lymph nodes.** Here, we demonstrate that a
single i.p. injection of SV/TAA leads to the rapid immunogenic
delivery of TAAs to the MLN. TAA expression in the MLN is
transient, and probably would have remained unnoticed without
the use of the sensitive IVIS imaging system. L.p. injections are
frequently used in animal studies and are becoming increasingly
common in the clinic.*® Our observation of transient TAA expres-
sion and subsequent T-cell activation at this site (Figure 2) may
therefore have broad implications for the development of cancer
immunotherapies. In this context, Hsu ef al. have recently demon-
strated that i.p.-injected cytomegalovirus resulted in the produc-
tive infection of CD169" macrophages in the MLN.?* Consistent
with this, depletion of macrophages substantially reduced the
expression of SV-derived heterologous protein in the MLN
(unpublished data). Notably, however, the induction of anti-TAA
CD8" T-cell immunity was not significantly inhibited in mac-
rophage-depleted mice that were treated with SV/LacZ (unpub-
lished data). This discrepancy may be resolved by the observation
that while both macrophages and dendritic cells (DC) express
viral antigens in draining lymph nodes, only DC efficiently pres-
ent these antigens to naive CD8' T cells.*® Another possible
explanation is the fact that additional lymph nodes, besides the
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MLN, drain the peritoneal cavity. Indeed, transient heterologous
protein expression was also observed in the abdominal cavity of
SV-treated mice (Supplementary Figure S2, top panel). Further
studies are needed, and are underway, to clarify the role of TAA
delivery to the MLN during SV/TAA therapy.

One possible future application of SV targeting of the MLN
is the development of dual expression SV vectors that deliver
TAAs in conjunction with appropriate immune-stimulating cyto-
kines to create optimal lymph node conditions for T-cell stimu-
lation. Moreover, because transient MLN TAA expression can
be induced multiple times by injecting SV/TAA every 3-4 days
(unpublished data), different cytokines can be delivered at dif-
ferent stages of SV/TAA therapy to further tailor the antitumor
immune response. We have previously demonstrated that SV vec-
tors carrying IL-12 have an enhanced therapeutic effect in tumor-
bearing mice'® and promote the IFNy-dependent activation of M1
type macrophages.'” However, the effects of IL-12 delivery to the
MLN have not specifically been investigated. Another potential
future application of MLN targeting is the use of SV vectors to
target and/or to deliver payloads to mediastinal masses such as
those derived from certain neurogenic tumors.”

Besides the activation of T cells in the MLN, there appears
to be a systemic redistribution of CD8* T cells early after SV/
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Figure 6 CD8" T cells are required for the enhanced therapeutic effect of SV/LacZ. The therapeutic effect of SV/LacZ was compared between
intact and CD8% T cell depleted (CD8" T cell (<)) mice in the (a) subcutaneous, (b) intraperitoneal, and (c) lung tumor models. (a) The size of
CT26.CL25 subcutaneous tumors at indicated time points was measured and plotted for each group (n = 5). (b) Survival rates in CT26.CL25 intra-
peritoneal tumor-bearing mice were monitored and plotted as Kaplan—Meier survival plots (n = 8-9). (¢) Tumor growth (left panel) and survival
rates (right panel) in CT26.CL25.Fluc lung tumor-bearing mice were analyzed. Relative tumor growth was quantified as in Figure 1c, and survival
rates are shown as Kaplan—-Meier survival plots (n = 5). Data in a and c are expressed as mean + SEM. *P < 0.05; **P < 0.01. NS, not significant; SV,

Sindbis viral vector.
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Figure 7 Immunity against endogenous CT26 TAAs develops during SV/LacZ therapy. (a,b) Splenocytes were extracted from CT26.CL25.Fluc
lung tumor-bearing mice at 7 days after mock (=), SV/GFP (G), or SV/LacZ (L) treatment started. Extracted splenocytes were cocultured with CT26.
CL25.Fluc (CT26.CL25) or CT26.WT.Fluc (CT26.WT) cells for 2 days to determine (a) the cytotoxicity of the splenocytes toward each tumor cell
population and (b) IFN-y secretion from the splenocytes in response to coculture with each tumor cell population, as described in materials and
methods (mean * SD, n = 3). (¢) CT26.WT.Fluc tumor was inoculated intravenously into naive and CT26.CL25 SV/LacZ-treated tumor-cured mice
at more than 60 days after the last SV/LacZ treatment, and tumor growth in the lung was analyzed at the indicated time points by bioluminescent
imaging. The left panel shows representative bioluminescence images of two independent experiments. The right panel shows the quantification of
tumor bioluminescence at the indicated time points (mean + SEM; n = 8. (d) CT26.WT.Fluc tumors were inoculated intravenously into naive (N) and
SV/LacZ-treated tumor-cured mice (S) at more than 30 days after the last SV/LacZ treatment. Eight days after tumor inoculation, splenocytes were
extracted from each mouse and incubated with LacZ, gp70, or control peptides for 3 days. After the incubation, LacZ- or gp70-specific induction of
IFN-y secretion was analyzed as described in materials and methods (mean + SEM, n = 3). (e) The number of gp70-specific CD8™ T cells in splenocytes
extracted in (d) was quantified by flow cytometry using gp70 tetramers (mean + SD; n = 3). *P < 0.05, **P < 0.01 (significantly different from mock
or naive). ND, not detected; SV, Sindbis viral vector.

TAA injection. Various tissues, including the peritoneum
(Supplementary Figure S3a) and the lung (Supplementary
Figure S5) show a reduction in CD8* T cells in the first 1-2 days
after SV/TAA injection. The apparent efflux of T cells from these
tissues coincides with their influx into the MLN (Figure 2b). It
is interesting to note that during this early phase, lung tumors
in SV/TAA-treated mice already appear to shrink (Figure 1c).
Moreover, this early therapeutic effect was also observed in
mice treated with control vectors that do not express the TAA

(Figure 1c), in SV-treated mice bearing tumors that do not
express the TAA (Supplementary Figure S1), and in SV/TAA-
treated mice that were depleted of CD8* T cells (Figure 6c).
One possible explanation for this is the activation of NK cells by
SV. We have previously shown that SV therapy induces a robust
NK cell response in tumor-bearing mice.” In the CT26 lung
model, a rapid influx of NKG2D-expressing NK cells into the
lung was observed as early as 2 days after SV injection, several
days before the maximum influx of TAA-specific CD8% T cells
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Figure 8 Four-step model for the activation of CD8" T cells during SV/TAA therapy. Step 1: Intraperitoneal injection of SV/LacZ results in tran-
sient immunogenic expression of LacZ in the mediastinal lymph nodes (dark blue arrow), followed by the induction of T-cell activation at this site
and/or in alternative locations (light blue arrow). Natural killer cells are also activated against the tumor cells (brown arrow). Step 2 (red arrow):
LacZ-specific CD8* T-cell cytotoxicity results in the destruction of tumor cells and the subsequent release of tumor associated antigens such as LacZ
and gp70. Step 3 (green arrows): Antigen-presenting cells capture and present these antigens to CD8 T cells in the tumor-draining lymph nodes,
resulting in epitope spreading, including the induction of gp70-specific CD8™ T cells that can potentially target LacZ(-) tumor cell escape variants.
Step 4 (purple arrows): memory CD8" T cells against a variety of tumor-associated antigens are generated. APC, antigen-presenting cell; LN, lymph
node; MLN, mediastinal lymph node; NK, Natural killer cell; SV, Sindbis viral vector; TAA, tumor-associated antigen; Tc, cytotoxic CD8* T cell; Tm,

memory CD87 T cell.

(Supplementary Figure S5). A detailed analysis of the NK-cell
response in the lung and other tissues will be the subject of future
investigations.

One of the limitations of cancer vaccine strategies is that the
inherent heterogeneity and genomic instability of tumor cell pop-
ulations, coupled with the selective pressure induced by the treat-
ment, can lead to tumor evasion by loss or modification of the
TAA used in the vaccine.’®” In this context, an interesting and
therapeutically significant observation is the induction of epitope
spreading, i.e., the expansion of the antitumor T-cell response to
incorporate novel TA As that are endogenous to the tumor but not
delivered by the vector* during SV/TAA therapy (Figure 7). The
precise mechanism underlying epitope spreading in our model is
not yet known. For example, it is not clear why epitope spreading
was observed in splenocytes (Figure 7), but not lung lymphocytes
(Figure 5), 7 days after the first SV injection. One possible expla-
nation for these results is that the influx of new CD8 T cells into
the lungs was limited by day 7, because the tumors were already
largely eliminated from the lungs by this point (Figure 1c and
Supplementary Figure Sla). Epitope spreading is currently being
evaluated in clinical trials, and a positive correlation between
this phenomenon and therapeutic efficacy has been observed.?>*
These developments may signify a paradigm shift in the design
of cancer vaccines, whereby an emphasis would be placed on the
induction of a strong diversified T-cell response that could poten-
tially be effective even against tumors with heterogeneous antigen
expression.

In summary, this study represents a proof of concept for the
use of SV/TAA for cancer therapy and provides valuable insight
into the mechanisms underlying SV/TAA efficacy. A simplified
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four-step model for the activation of CD8* T cells during SV/TAA
therapy is depicted in Figure 8, which can be used to guide future
studies. Notably, using SV vectors that carry a TAA not only greatly
enhances SV efficacy, but also abrogates the need for tumor cell
targeting—a hitherto prerequisite for effective oncolytic SV ther-
apy—thereby paving the way for a much broader application of
SV anticancer therapy. The current findings, which stem from our
previous investigation into the oncolytic potential of SV,'>!¢ com-
pliment and expand upon earlier studies on the use of SV nucleic
acid* and replicon particle* vaccines and illustrate the versatility
of SV anticancer therapy. Future work will focus on protocol opti-
mization (e.g., by altering the route and frequency of injection) and
provide a more detailed mechanistic analysis of SV/TAA efficacy.

MATERIALS AND METHODS

Cell lines. Baby hamster kidney (BHK), CT26.W'T, and LacZ-expressing
CT26.CL25 cells were obtained from the American type culture collection.
Firefly luciferase (Fluc)-expressing CT26 cells (CT26.WT.Fluc and CT26.
CL25.Fluc) for noninvasive bioluminescent imaging were generated by
stable transfection of a Fluc-expressing plasmid into CT26.WT and CT26.
CL25 cells. The Fluc-expressing plasmid was constructed by introducing
a SV40 promoter sequence into the multicloning site of pGL4.20 vector
(Promega, Madison, WI).

Cell culture. BHK cells were maintained in minimum essential a-modified
media (a-MEM) (Mediatech, VA) with 10% fetal bovine serum (FBS)
(Atlanta Biologicals, Norcross, GA). CT26.WT, CT26.CL25, CT26.WT.Fluc,
and CT26.CL25.Fluc cells were maintained in Dulbecco-modified essential
media (DMEM) containing 4.5 g/l glucose (Mediatech) supplemented with
10% FBS. All basal media were supplemented with 100 mg/ml of penicillin-
streptomycin (Mediatech) and 0.5mg/ml of amphotericin B (Mediatech).
For culturing CT26.CL25 and CT26.CL25.Fluc cells, 0.4mg/ml of G418
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sulfate (Mediatech, Manassas, VA) was added to the basal media. For cul-
turing CT26.WT.Fluc and CT26.CL25.Fluc cells, 5ug/ml of puromycin
(Sigma-Aldrich, St Louis, MO) was added to the basal media.

SV/TAA production. SV/LacZ was used as an immunogenic SV/TAA agent,
and SV/Fluc and SV/GFP were used as control vectors. SV/Fluc was also
used for imaging experiments (see below). Vectors were produced as previ-
ously described.'® Briefly, plasmids carrying the replicon (SinRep5-LacZ,
SinRep5-GFP, or SinRep5-Fluc) or DHBB helper RNAs (SinRep5-tBB)
were linearized with Xhol (for SinRep5-LacZ, SinRep5-GFP, and SinRep5-
tBB) or Pacl (for SinRep5-Fluc). In vitro transcription was performed
using the mMessage mMachine RNA transcription kit (Ambion, Austin,
TX). Helper and replicon RNAs were then electroporated into BHK cells
and incubated at 37 °C in a-MEM supplemented with 10% FBS. After 12
hours, the media was replaced with OPTI-MEM I (Invitrogen, Carlsbad,
CA), supplemented with CaCl, (100 ug/ml), and cells were incubated at 37
°C. After 24 hours, the supernatant was collected, centrifuged to remove
cellular debris, and frozen at —80 °C. Vector titers were determined as pre-
viously described'® and were similar in all three vectors (SV/LacZ, SV/Fluc,
and SV/GFP).

Mice and tumor inoculation. Four- to eight-week-old female BALB/c
mice were purchased from Taconic (Germantown, NY). For the s.c. tumor
model, 0.5x10° or 1x10° CT26.WT or CT26.CL25 cells in 0.2ml phos-
phate-buffered saline (PBS) were injected s.c. into the right flank of each
mouse. For the i.p. tumor model, 2.5x 10* or 5x10* CT26.CL25 cells in
0.2ml PBS were injected i.p. into each mouse. For the lung tumor model,
0.3x10° CT26.WT.Fluc or CT26.CL25.Fluc cells in 0.2ml PBS were
injected i.v. into each mouse.

Therapeutic efficacy. In the s.c. tumor model, treatment started after
tumor volume was more than 40mm?® (volume = width x width x
length/2). In the ip. tumor model, treatment started on day 4 after
tumor cell inoculation. In the lung tumor model, treatment started on
day 3 after tumor cell inoculation. SV/LacZ, SV/GFP, or SV/Fluc (~107
plaque-forming units in 0.5ml of OPTI-MEM I) and mock treatments
(0.5ml of OPTI-MEM I supplemented with 100 mg/l CaCl,) were admin-
istered i.p. four times a week for 2 weeks, for a total of eight treatments.
Therapeutic efficacy was monitored in three ways: tumor volume (for s.c.
tumors, measured with mechanical calipers), tumor luminescence (for
lung tumors), and survival (for i.p. and lung tumors). Noninvasive bio-
luminescent imaging was done using the IVIS Spectrum imaging system
(Caliper Life Sciences, Alameda, CA), and tumor growth was quantified
using the Living Image 3.0 software (Caliper Life Sciences), as previously
described.'® Survival was monitored and recorded daily.

Bioluminescent imaging of SV/Fluc. Tumor-bearing and tumor-free
mice were injected with SV/Fluc (~107 plaque-forming units in 0.5ml of
OPTI-MEM I 0.5ml) i.p. After the treatment, bioluminescence signal was
detected by IVIS at the indicated time points as previously described.'

Ex vivo cytotoxicity assay. Lung lymphocytes or splenocytes from tumor-
bearing mice were collected 7 days after SV treatment started. Lung lym-
phocytes (1x10°/ml) or splenocytes (2x10%ml) were cocultured with
CT26.WT.Fluc cells (2x10*ml) or CT26.CL25.Fluc cells (2x10*/ml)
in a 24-well plate for 2 days in 1 ml RPMI 1640 supplemented with 10%
FBS. Culture media were then collected for IFN-y secretion assays, and
the remaining cells in each well were washed twice with PBS. Cells were
then lysed with 100 pl of M-PER Mammalian Protein Extraction Reagent
(Pierce, Rockford, IL) per well. Cytotoxicity was assessed based on the via-
bility of the CT26 cells, which was determined by measuring the luciferase
activity in each well. Luciferase activity was analyzed by adding 100 pl of
Steady-Glo reagent (Promega) to each cell lysate and measuring the lumi-
nescence using a GLOMAX portable luminometer (Promega).
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IFN-y secretion assay. Lung lymphocytes (1x10°/ml) or splenocytes
(2 x10°/ml) were stimulated by CT26 tumor cells (2 x 10*/ml) or immuno-
genic peptides (5 pg/ml) in a 24-well plate in 1 m] RPMI 1640 (Mediatech)
supplemented with 10% FBS. The peptides used were the LacZ peptide
TPHPARIGL,” the gp70 peptide SPSYVYHQE* or the P1A peptide
LPYLGWLVF as a negative control.*® After stimulation, IFN-y levels in
the media were measured using a mouse IFN-y Quantikine ELISA kit
(R&D systems, Minneapolis, MN). TPHPARIGL and SPSYVYHQEF-
mediated increase in IFN-y secretion was calculated by subtracting the
IEN-y levels in the control (LPYLGWLVF stimulated) samples from the
IEN-v levels in the TPHPARIGL- and SPSYVYHQEF-stimulated samples.

Flow cytometry. Antimouse antibodies anti-CD8a eFluor 450 and eFluor
650NC, anti-CD4 PE-Cyanine7, anti-CD69 PE, anti-CD314 (NKG2D)
PE-Cyanine7, anti-CD62L (L-selectin) FITC and Alexa Fluor 700, and
anti-CD45 eFluor 450 were purchased from eBioscience (San Diego, CA).
PE-labeled LacZ tetramers were obtained from the NYU Vaccine and
Cell Therapy Core (New York, NY), and allophycocyanin-labeled gp70
tetramers were obtained from the NIH Tetramer Core Facility (Atlanta,
Georgia). For flow cytometry analysis of lung lymphocytes and spleno-
cytes, mice were killed and their lungs and spleens were extracted. The
extracted lungs were chopped into small pieces and incubated with a
digestion mix (collagenase I (50 ug/ml), collagenase IV (50 pg/ml), hyal-
uronidase V (25 pg/ml), and DNAse I (20 U/ml)) for 30 minutes at 37 °C.
Extracted spleens and digested lungs were then mashed through 70-100
um cell strainers, followed by a treatment with 1x RBC lysis buffer (eBio-
science) to eliminate red blood cells. Peritoneal cells were collected from
peritoneal exudates as previously described.” Cells were then stained with
various Abs, washed twice with HBSS (Mediatech), and analyzed using an
LSR I machine (BD Biosciences, San Jose, CA). Data were analyzed using
FlowJo (Tree Star, San Carlos, CA).

CD8* T-cell depletion. CD8* T cells were depleted using anti-CD$ anti-
body (clone 2.43) (Bio X cell, Lebanon, NH). 0.4 mg antibody in 0.2 ml
PBS was injected into each mouse, starting 1 day before the first SV treat-
ment, and then every 2-3 days for 2 weeks. Control mice were injected
with PBS.

Ethics statement. All mice experiments were approved by the institute
of Animal Care and Use Committee at the New York University Medical
Center (protocol number 090413-03).

Statistics. For flow cytometry, IVIS imaging, ELISA, tumor growth, and
survival experiments, Student’s ¢ tests (two-tailed), analysis of variance
(ANOVA) followed by Dunnett’s test, or Kaplan-Meier log-rank test were
done using Prism 4 for Macintosh (GraphPad Software, La Jolla, CA).

SUPPLEMENTARY MATERIAL

Figure S1. The enhanced therapeutic effect of SV/LacZ in mice bear-
ing lung tumors is dependent on LacZ expression on the tumors.
Figure $2. SV does not target CT26 tumors in the lung.

Figure $3. SV/Fluc and SV/GFP induce CD8* T-cell response.

Figure S4. SV/TAA induces the activation of effector and memory
LacZ-specific CD8% T cells.

Figure $5. NK cells are activated at an early stage of SV therapy.
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