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Oncolytic Sindbis Virus Targets Tumors Defective
in the Interferon Response and Induces Significant
Bystander Antitumor Immunity In Vivo

Pong-Yu Huang', Jih-Huong Guo' and Lih-Hwa Hwang'-
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Sindbis virus (SBV) has been shown to possess oncolytic
potential in many human xenograft tumor models in
immunocompromised mice. However, the mechanism
underlying the tumor selectivity of SBV remains undeter-
mined. In this study, we provide evidence that the tumor
tropism of SBV infection is not determined by the levels
of SBV receptor but by the status of the type | interferon
(IFN) response in the tumors. Our results demonstrate
that cells with defects in the IFN response (in either IFN-f3
production or IFN signaling) were highly susceptible to
SBV infection in vitro. The results of oncolysis experi-
ments conducted in immunocompetent animals further
confirmed that the success of SBV-mediated oncolysis is
greatly dependent on the presence of defects in IFN sig-
naling in tumors. In all cases, viral titers rapidly declined
in tumors due to host immune responses in immuno-
competent animals. Interestingly, however, tumor-spe-
cific immune responses were concomitantly elicited,
which might contribute to the sustained antitumor effect
observed after the clearance of SBV. These findings indi-
cate that SBV-mediated virotherapy is a promising thera-
peutic strategy for cancers defective in the IFN response
and underscore the importance of bystander antitumor
immunity in the efficacy of this virotherapy.
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INTRODUCTION

One major obstacle to the development of gene therapy for solid
tumors is the low transduction efficiency of replication-defective
viral vectors or nonviral vectors. Oncolytic viruses, which undergo
tumor-selective replication and lead to tumor cell destruction,
provide an attractive new tool because they are capable of repli-
cating and spreading efficiently within tumors.

Sindbis virus (SBV) has been shown to have great oncolytic
potential of eradicating several types of human and mouse tumors
in immunocompromised mice.'”® SBV belongs to the Alphavirus
genus of the Togaviridae family and has a positive sense, single-
stranded RNA genome. SBV infects many animal species such as

mosquitoes and birds and causes very mild symptoms, if any, in
humans.® The underlying mechanism of the tumor selectivity of
SBV is not clear; however, it has been hypothesized to be caused
by the higher levels of laminin receptor, the receptor for SBV,
observed in numerous tumors as compared to normal cells.” In
fact, there are two cellular receptors for SBV, the laminin receptor
and the heparin sulfate proteoglycan.®’ Thus, the fact that normal
cells have lower levels of laminin receptor than tumor cells does
not explain why SBV replication fails in normal cells.

Many RNA viruses, such as Newcastle disease virus and
vesicular stomatitis virus (VSV), are interferon (IFN)-sensitive
and have been shown to exert significant oncolytic effects in
IFN-defective tumor cells.'”** Therefore, we hypothesized that a
defective type I IFN response may be the major determinant of
the tumor tropism of SBV because it is also sensitive to IFN.!*-¢
Type I IFNs, including IFN-o and IFN-B, can activate hundreds
of IFN-stimulated genes (ISGs),"” which constitute the first line
of host defense against viral infection. The IFN response consists
of the early phase of IFN-} production and the late phase of IFN
signaling. IFN- production is triggered via the recognition of
viral nucleic acids by host Toll-like receptors, retinoic acid induc-
ible gene-I (RIG-I), or melanoma differentiation-associated gene
5 (MDA5),"** which then transduce these signals to activate the
IFN-B promoter. The IFN-B produced binds to the IFN receptor
(IFNAR) in an autocrine or a paracrine manner and activates the
JAK-STAT signaling pathway, leading to the expression of ISGs.

In this study, we investigated the mechanism underlying the
tumor tropism of SBV. Our results do not support the assumption
that the levels of SBV receptor determine tumor selectivity but indi-
cate that the status of the IFN response, particularly in terms of IFN
signaling, is critical to the success of Sindbis virotherapy in vivo.
Our data also demonstrate that apart from its oncolytic activity,
SBV-mediated oncolysis induces a bystander antitumor immunity
that continuously constrains tumor growth after SBV clearance.

RESULTS

Cellular susceptibility to SBV infection is not
determined by the levels of SBV receptor

We first determined the tumor selectivity of SBV. The suscepti-
bilities of several cell lines or primary cells to SBV infection were
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examined using a recombinant SBV that expresses enhanced green
fluorescence protein (EGFP). As shown in Figure 1a, the cell lines
were roughly divided into two groups, one with high susceptibil-
ity (>50% infectivity) and the other with low susceptibility (<50%
infectivity). Of the primary cells, all but STKO, a STAT1-knockout
mouse embryonic fibroblast cell line, had low susceptibilities to
SBV infection. The EGFP expression was strongly correlated with
SBV RNA replication, revealed by the northern blot which showed
that the SBV RNA species were expressed in abundant levels in
representative cell lines with high susceptibilities, but were low in
those with low susceptibilities (Figure 1d). Moreover, robust SBV
replication in cell lines with high susceptibilities resulted in sig-
nificant cell death (Supplementary Figure S1).

Based on these cell lines, we examined whether the various
susceptibilities to SBV infection were caused by various levels of
SBV receptor expression on the cells, as previously suggested.”
An EGFP-expressing lentiviral vector pseudotyped with the SBV
envelope protein (SBV-E/Lenti) was used to infect these cell lines.
The results showed that the SBV-E-pseudotyped lentiviruses could
enter and express EGFP in most cells, regardless of their suscepti-
bilities to SBV infection (Figure 1b); these results are reminiscent
of the infection pattern of VSV-G/Lenti, which are lentiviruses
pseudotyped with VSV glycoprotein-G (Figure 1c). We further
examined the surface expression of laminin receptor in some rep-
resentative cell lines with extremely high or low susceptibilities to
SBV infection. As shown in Figure le, the receptor was expressed
in all these cell lines; however, the expression levels were not cor-
related with their susceptibilities. These results thus demonstrate
that SBV receptor is widely expressed on the surface of many
cells and exclude the possibility that various levels of SBV recep-
tor expression account for the various susceptibilities of these cell
lines to SBV infection.

Cell lines with defects in IFN-B production or IFN
signaling are all susceptible to SBV infection

Since SBV is highly sensitive to IFN activity,”*"* we hypothe-
sized that cells that are susceptible to SBV infection may have
defects in eliciting the IFN response, either in IFN-f produc-
tion or in IFN signaling, thus allowing for robust SBV repli-
cation. To test this hypothesis, we chose several mouse and
human cell lines with extremely low or high susceptibilities
to SBV infection and examined their abilities to synthesize
IFN-B upon poly(I:C) stimulation. Cells were transfected with
poly(I:C), and IFN-B mRNA expression was analyzed using
quantitative RT-PCR (qRT-PCR). As shown in Figure 2a, all of
the cell lines with low susceptibilities to SBV infection expe-
rienced a more than 100-fold increase in IFN-J expression
upon stimulation, whereas all those with high susceptibilities
to SBV infection (except LNCaP) had tenfold lower inductions
of IFN-f. Conditioned medium from the poly(I:C)-treated cells
had inhibitory effects on SBV replication (which was strongly
correlated with IFN-B production levels) in mouse ML-1, and
human 293T cells, both of which have intact IFN signaling (vide
infra) (Figure 2b). Interestingly, although LNCaP cells express
high levels of IFN-fB, and although the conditioned medium
also strongly inhibited SBV replication in 293T cells, LNCaP
themselves are highly susceptible to SBV infection (Figure 1a).
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The results suggest that LNCaP cells may have defects in IFN
signaling rather than IFN-f production.

Therefore, we further examined the intactness of IFN signal-
ing in these cells. Cells were treated with IFN-0, and the mRNA
expression of two ISGs, ISG56 and ZAP, was analyzed using qRT-
PCR (Figure 3a and Supplementary Figure S2, respectively).
The IFN-o.-treated cells were also challenged with SBV to deter-
mine whether IFN signaling was induced to inhibit SBV replica-
tion (Figure 3b). In mouse STKO cells, significantly lower levels
of ISG56 and ZAP mRNA were induced, and the cells had lower
ability to inhibit SBV replication upon IEN stimulation, which is
in agreement with their lack of STAT1. The human LNCaP cells
had a similar phenotype to STKO cells, supporting our aforemen-
tioned hypothesis. All the other cell lines expressed reasonable
levels of ISG56 or ZAP and significantly inhibited SBV replica-
tion, suggesting that they have normal IFN signaling. Collectively,
these data indicate that cell lines with high susceptibilities to SBV
infection do indeed possess defects in the IFN response. ML-1,,
Huh-7, 293T, and STKO cells have partial defects in IFN-f pro-
duction, whereas STKO and LNCaP cells have defects in IFN
signaling.

Modulation of the IFN response alters susceptibility
to SBV infection

To confirm that the IFN response plays a crucial role in determin-
ing the cell tropism of SBV infection, we used genetic approaches
to modulate the IFN response in cells. Hep3B cells have a low
susceptibility to SBV infection (Figure 1a). However, when the
expression of MDA5 was knocked down in Hep3B (Figure 4a),
their ability to express IFN-B upon poly(I:C) stimulation was
significantly attenuated (Figure 4b), leading to an increased sus-
ceptibility to SBV infection (Figure 4c). Similarly, when STAT1
was knocked down (Figure 4d), the ability of Hep3B cells to
induce ISG56 mRNA expression upon IFN-o stimulation was
also reduced (Figure 4e). As a result, SBV infection significantly
increased (Figure 4f).

Contrarily, 293T cells are highly susceptible to SBV infec-
tion due to partial defects in IFN-f3 production (Figure 2a). We
later discovered that 293T cells expressed extremely low levels of
MDAD5. Therefore, when MDA5 was overexpressed in 293T cells
(Figure 4g), the cells regained the ability to express IFN- upon
poly(I:C) stimulation (Figure 4h) and became resistant to SBV
infection (Figure 4i). Taken together, these data confirm that the
IFN response plays a major influential role in determining the cell
tropism of SBV infection.

Defects in IFN signaling are important to the success
of Sindbis virotherapy in vivo

Animal experiments were performed to investigate how the IFN
response of tumor cells might influence the antitumor effects of
Sindbis virotherapy in vivo. ML-1, is a mouse hepatoma cell line
that is partially defective in IFN-f production (Figure 2a) but
intact in IFN signaling (Figure 3a). As a result, when implanted in
vivo and treated by Sindbis virotherapy, ML-1, cells may produce
low levels of IFN-f but can respond well to the IFNs secreted by
the surrounding normal cells. As a result, these tumor cells may
still be capable of mounting an antiviral response and reducing the
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Figure 1 Cellular susceptibility to SBV infection. (a) Various cell lines were infected with EGFP-expressing SBV, (b) EGFP-expressing lentivirus
pseudotyped with SBV envelope proteins (SBV-E/Lenti), or (¢) EGFP-expressing lentivirus pseudotyped with VSV glycoprotein-G (VSV-G/Lenti), at
a multiplicity of infection of 5. The percentages of virus-infected cells were determined by flow cytometry. Cell lines with SBV-infectivity >50%
were classified as having high susceptibility to infection, whereas those with SBV-infectivity <50% were classified as having low susceptibility.
Some primary cells were also used for infectivity assays, including STAT1-knockout mouse embryonic fibroblasts (STKO), Brown Norway rat
embryonic fibroblasts (BNEF), mouse embryonic fibroblasts (MEF), human umbilical vein endothelial cells (HUVECs), human keratinocytes, and
human foreskin fibroblasts (HFF). Data presented are representatives of three independent experiments with similar results. (d) Northern blot
showing the SBV replicative RNA species. Five micrograms of cellular RNA from the indicated cell lines with (+) or without (=) SBV infection
were analyzed by northern blot using the SBV E1 and the GAPDH probes. The region of the ET probe is indicated at the bottom of the figure.
(e) Surface expression of laminin receptor. Representative cell lines with extremely high or low susceptibilities to SBV infection were analyzed
for their surface expression of laminin receptor using the monoclonal antibody MLuC5. The black lines show the expression levels of laminin
receptor and the gray areas show the background levels. GAPDH, glyceraldehydes-3-phosphate dehydrogenase; SBV, Sindbis virus; VSV, vesicular
stomatitis virus.
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Figure 2 Correlation of low IFN-B production with high suscep-
tibility to SBV infection. Representative mouse and human cell lines
with extremely low or high susceptibility to SBV infection were exam-
ined with respect to their abilities to synthesize IFN-f in response to
poly(I:C) stimulation. (a) IFN-B production. Cells were left untreated or
transfected with poly(l:C) (1 pg/ml) for 6 hours. Total RNA was isolated
from the control or poly(l:C)-transfected cells, and the levels of IFN-f
mRNA were determined by qRT-PCR. The results are expressed as fold
induction, with the IFN-B mRNA levels of poly(l:C)-treated cells divided
by those of the control cells. (b) Inhibition of SBV replication by condi-
tioned medium. Representative cell lines were transfected with poly(l:C)
for 6 hours. Fresh medium was then placed on the cells, and they
were incubated for another 18 hours. The conditioned medium from
the poly(l:C)-treated mouse or human cells was collected, diluted with
fresh medium at a 1:1 ratio, and then applied to ML-1,, or 293T cells,
respectively. After an overnight incubation, the cells were challenged
with EGFP-expressing SBV for 24 hours. EGFP(+) cells were analyzed by
flow cytometry. Data were presented as percentage of inhibition of SBV
infection, calculated using the formula: [(A — B)/A] x 100%, where A
is the percentage of EGFP(+) cells from cells treated with the control
medium, and B is the percentage of EGFP(+) cells from cells treated with
the conditioned medium. EGFP, enhanced green fluorescence protein;
IFN, interferon; SBV, Sindbis virus.

efficacy of virotherapy. To test this possibility and to demonstrate
that cells defective in IFN signaling are better targets for viro-
therapy in vivo, we established a stable IFN receptor 1 (IFNAR1)-
knockdown cell line, ARKD, based on the ML-1,_ cell line. ARKD
retained only ~20% of the original level of IFNARI expression
(Supplementary Figure S3a). Thus, upon IFN-o stimulation,
IFN signaling and ISG56 expression were reduced in ARKD as
compared to parental ML-1,_cells; these cells were also less able to
inhibit SBV replication (Supplementary Figure S3b,c).

Both ML-1, and ARKD cells have same genetic background
and similar growth rates in vivo (Figure 5a,b, the phosphate-
buffered saline (PBS)-treated groups), thus enabling easier interpre-
tation of the role of IFN signaling in Sindbis virotherapy. BALB/c
mice bearing subcutaneous ML-1, or ARKD tumors were treated
with a single dose of SBV (1 x 10’PFU/mouse) or PBS intratu-
morally on day 7 after tumor implantation, and tumor growth was
followed for up to 41 days. The results showed that Sindbis viro-
therapy significantly retarded tumor growth in both tumor models
as compared to the PBS control (Figure 5a,b). In contrast, it had
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Figure 3 Correlation of poor IFN signaling with high susceptibil-
ity to SBV infection. Representative mouse and human cell lines with
extremely low or high susceptibilities to SBV infection were examined for
the presence of intact IFN signaling upon IFN-o stimulation. Cells were
left untreated or treated with IFN-o (100 IU/ml) for 24 hours. (a) ISG56
mRNA expression, reflecting the status of IFN signaling, was determined
in various cell lines. Total RNA was isolated from the IFN-c-treated cells,
and the levels of ISG56 mRNA were determined by qRT-PCR. (b) Control
or IFN-o-treated cells were challenged with luciferase-expressing SBV for
24 hours, and cell lysates were analyzed for luciferase activity. The results
were presented as percentage of inhibition of SBV infection, calculated
based on the formula: [(A — B)/A] x 100%, where A is the luciferase activ-
ity from cells without IFN-a treatment, and B is the luciferase activity
from cells treated with IFN-o. IFN, interferon; SBV, Sindbis virus.

no effect on the BNL tumor model (Figure 5c), a mouse hepa-
toma cell line with normal IFN response (Figures 2a and 3a). A
lower dose of SBV (1 x 10° PFU/mouse) or an UV-inactivated SBV
(1 x 107 PFU/mouse) exerted no therapeutic effect on the ML-1
or ARKD tumors (Figure 5a,b). Notably, the volumes of ARKD
tumors were significantly smaller than those of ML-1, tumors
(P < 0.001, Figure 5d). The SBV-induced oncolysis was demon-
strated by the staining of apoptotic cells in the tumor region. Both
SBV-treated ML-1, and ARKD tumors exhibited higher levels of
apoptosis than did the PBS-treated tumors; the apoptotic cells in
the ARKD tumors were also significantly higher than those in the
ML-1,, tumors (Figure 5e and Supplementary Figure S4).

To demonstrate the relationship between viral loads and
tumor sizes, we used a recombinant SBV expressing luciferase
to treat the tumors, in which system viral replication is required
for the expression of luciferase. At the time indicated, tumor tis-
sues were harvested, and luciferase activity in tumor lysates was
measured to determine viral loads. As shown in Figure 5f, the
luciferase activity in ARKD tumors was significantly higher than
that in ML-1, tumors on days 1, 2, and 4 after virus injection. It
is worth mentioning that viral replication in ML-1, or in ARKD
tumor cells was comparably high in vitro (data not shown). These
results imply that tumors defective only in IFN-B production may
not be sufficiently susceptible to SBV replication in vivo and that
additional defects in IFN signaling would make tumors more vul-
nerable to SBV-mediated oncolysis.
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Figure 4 Modulation of the IFN response can change cellular sus-
ceptibility to SBV infection. Hep3B cells, which are not susceptible to
SBV infection, were converted to be susceptible by knocking down the
expression of MDA5 or STAT1. Conversely, 293T cells, which are sus-
ceptible to SBV infection, were converted to be more resistant to SBV
infection by overexpressing MDAS. (a,d) The protein levels of MDA5
or STATT, respectively, in Hep3B cells knocked down by shRNA. (b)
Reduced IFN-B mRNA expression in response to poly(l:C) stimulation
in the Hep3B cells with MDAS5 knockdown. (e) Reduced /ISG56 mRNA
expression in response to IFN-o stimulation in Hep3B cells under STAT1
knockdown. (c,f) Increased susceptibility to SBV infection in Hep3B cells
under MDAS5 or STAT1 knockdown, respectively. (g) Protein levels of
ectopic MDAS expression in 293T cells. (h) Increased /FN- mRNA syn-
thesis in response to poly(I:C) stimulation in 293T cells overexpressing
MDAS. (i) Reduced susceptibility to SBV infection in 293T cells overex-
pressing MDAS. IFN, interferon; SBV, Sindbis virus.

Sindbis virotherapy induces bystander antitumor
immune responses

We noted that the SBV viral loads rapidly (in about a week)
declined in both tumor models (Figure 5f), implying that immune
mechanisms rapidly clear SBV in immunocompetent animals.
However, the tumor volumes remained small for a period of time
even after SBV had disappeared; this effect was particularly evi-
dent in the ARKD tumor model (Figure 5b). We interpreted that a
bystander antitumor immunity might have been induced by SBV-
mediated oncolysis. Therefore, we examined immune cell infiltra-
tion in tumors treated with Sindbis virotherapy. Both ML-1, and
ARKD tumors treated with SBV displayed higher levels of CD8™
and CD47 cell infiltration compared with the PBS-treated tumors
(P < 0.05, Figure 6a and Supplementary Figure S5), suggesting
that immune responses were induced. To demonstrate whether
these immune responses involve antitumor immunity or not, the
splenocytes of the animals bearing ML-1, or ARKD tumors were
isolated on day 7 after virotherapy, and ML-1, - or ARKD-specific
cytotoxic T lymphocyte activity was assayed. In both ML-1,
and ARKD tumors treated with SBV, an enhanced cytotoxic
T lymphocyte response was induced compared to the control
(Figure 6b). The cytotoxic T lymphocyte response was specific
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Figure 5 Defective IFN signaling in tumors facilitates Sindbis viro-
therapy in immunocompetent mouse models. Sindbis virotherapy in
(@) the ML-1, tumor mode, (b) the ARKD tumor model, and (c) the BNL
tumor model. Tumor cells (5 x 10°/mouse for ML-1,  and ARKD, or 3 x
10%/mouse for BNL) were subcutaneously inoculated in syngenic BALB/c
mice to generate tumors. A single dose of SBV (1 x 107 PFU/mouse) or PBS
was intratumorally injected on day 7 after tumor implantation. In panels
a and b, a lower dose of SBV (1 x 10°PFU/mouse) and an UV-inactivated
SBV (1 x 107PFU/mouse) were also injected as controls. Tumor growth
was monitored weekly. (d) Tumor sizes at day 41 were compared between
the ML-1,, and the ARKD tumor models. (e) SBV induced apoptosis in
tumors. Animals were killed seven days after SBV virotherapy and tumor
cell apoptosis was analyzed by TUNEL assay. Data presented are the quan-
tification of apoptotic cells from three high power fields (HPFs) per tumor
and three tumors per group. (f) Viral loads in the tumors. BALB/c mice
bearing ML-1, or ARKD tumors were intratumorally treated with SBV
expressing a luciferase reporter. Animals were killed at the time indicated,
and the luciferase activity was measured in the tumor lysates to assess SBV
replication. The results are expressed as relative luciferase activity per mg
tumor tissue. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test. PBS,
phosphate-buffered saline; SBV, Sindbis virus.

to ML-1, /ARKD tumors because it had no effect on the synge-
nic BNL hepatoma cells (Supplementary Figure S6). To further
confirm that T cell immune responses were involved in the SBV-
induced antitumor effect, we depleted CD8" T cells in the mice
bearing ARKD tumors which were treated with SBV virotherapy.
The depletion efficiency of CD8™ T cells was >97% as determined
by flow cytometric analysis (Figure 6¢). The results showed that
CD8* T cells depletion significantly impaired the antitumor effect
of SBV virotherapy, compared with the mice treated with an IgG2a
isotype control antibody (P < 0.001, Figure 6d). These results
strongly suggested that Sindbis virotherapy induces the develop-
ment of tumor-specific immune responses that may continuously
restrict tumor growth even after the cessation of SBV-mediated
oncolysis.
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Figure 6 Sindbis virotherapy generates tumor-specific immune
response. Tumor cells (5 x 10°/mouse) were subcutaneously inoculated
in syngenic BALB/c mice on day 0. A single dose of SBV (1 x 10”7PFU/
mouse) or PBS was intratumorally injected on day 7. Animals were killed
on day 14 for the analysis of the Sindbis virotherapy-induced immune
response. (@) Increased numbers of tumor-infiltrating CD8% and CD4™
lymphocytes in both ML-1,, and ARKD tumors treated with Sindbis viro-
therapy. Data presented are the quantification of IHC staining results
from three low power fields (LPFs) per tumor and three tumors per
group. (b) Enhancement of tumor-specific CTL response in the Sindbis
virotherapy-treated animals. Mouse splenocytes were prepared from
the mice bearing ML-1,, or ARKD tumors. They were stimulated with
mitomycin C-treated respective tumor cells for 5 days. The stimulated
splenocytes were recovered and incubated with fresh ML-1, or ARKD
cells, respectively, for 4 hours at the indicated E/T ratios. CTL activity
was determined by lactate dehydrogenase release assays. (c) The effi-
ciency of CD8* T cells depletion. Animals were depleted of CD8" T cells
following a protocol as described in the Supplementary Materials
and Methods by the anti-CD8 monoclonal antibody (53-6.72). An
irrelevant IgG2a antibody was used as an isotype control. One day after
the last antibody injection, the percentages of CD8* T cells remained in
the spleens were examined by flow cytometry. (d) The roles of CD8* T
cells in the Sindbis virotherapy-mediated antitumor activity. The growth
of ARKD tumor was examined as described in the legend to Figure 5 in
the SBV-treated animals which were depleted of CD8* T cells or treated
with an irrelevant IgG2a control antibody. *P < 0.05, **P < 0.01, ***P <
0.001, Student’s t-test. CTL, cytotoxic T lymphocyte; PBS, phosphate-
buffered saline; SBV, Sindbis virus.

DISCUSSION

This study demonstrates that cellular susceptibility to SBV infec-
tion is not determined by SBV receptor levels, because the len-
tivirus pseudotyped with the SBV envelope glycoproteins could
infect diverse tumor cell lines and primary cells as efficiently as the
lentivirus pseudotyped with the VSV-G glycoproteins. The results
imply that SBV can attach to tumor cells and primary cells compa-
rably well in vitro. Thus, the laminin receptor may not be a major
determinant for the tumor selectivity of SBV. However, given that
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the membrane and matrix components of the in vitro cell lines
may not completely mimic those of the in vivo tissues, this study
can not rule out the possibility that the attachment properties of
SBV to tumor tissues and to normal tissues are highly variable in
vivo, which may partly attribute to the tumor selectivity in vivo.
Despite this possibility, herein we provide strong evidence that the
status of IFN response in tumor cells plays critical roles in deter-
mining cellular susceptibility to SBV virotherapy.

By dissecting the IFN response into IFN-f3 production and IFN
signaling phases, we showed that tumors defective in either phase
had an attenuated IFN response and were therefore more suscep-
tible to SBV infection in vitro (Figures 2 and 3). However, tumors
defective only in IFN-B production did not sufficiently allow
SBV-mediated oncolysis in vivo (Figure 5a), probably because of
IFN production by neighboring normal cells, which limits SBV
replication in the tumor cells intact in IFN signaling. The results
of animal experiments support this scenario, showing that only
about a fifth of the total SBV load was produced in the parental
ML-1, tumors as compared to the IFN-signaling-defective ARKD
tumors on day 1 after virotherapy (Figure 5f). Nevertheless, SBV
was still quickly cleared in both the ML-1, and the ARKD tumor
models.

We provide the following possible explanations for this phe-
nomenon. First, because IFNAR1 knockdown was not 100% in
ARKD cells, it is possible that the remaining IFN receptors may
still be able to mount an antiviral response in ARKD tumors in
vivo. Second, in immunocompetent animals, other forms of
immunity that can limit SBV replication (e.g., innate or antiviral
adaptive immunity) could have been induced. We have evidence
showing that the titers of anti-SBV neutralizing antibodies rose
significantly starting on day 3 after virotherapy (Supplementary
Figure S7), indicating that virus-specific adaptive immunity was
quickly induced by one dose of virotherapy. Notably, previous
studies used xenograft tumor models in immunocompromised
mice and did not observe clearance of SBV,'-* which could be due
to the lack of adaptive immunity in immunocompromised mice
and to the lack of cross reactivity of IFN across different species.

Though host immune responses strongly limit SBV replication
and thus reduce the efficacy of oncolysis, they may not be detri-
mental in terms of overall antitumor effects. As shown in our study
and in many others,-? virotherapy actually induced a bystander
antitumor immune response, for several reasons. First, oncolytic
viral infection increases the release of tumor-associated antigens;
second, it triggers the production of inflammatory cytokines. The
inflammatory response acts as a danger signal and enhances the
phagocytosis of tumor-associated antigens by antigen-presenting
cells.?* Consequently, oncolytic virotherapy can lead to the prim-
ing and development of adaptive antitumor immunity. An increas-
ing body of evidence has demonstrated that bystander immune
responses play significant roles in the efficacy of oncolytic viro-
therapy.?’* In our tumor model, antitumor immune responses
play important roles in continuously restricting tumor cell growth
after the termination of oncolysis, thus prolonging the therapeutic
effects of virotherapy.

In conclusion, virotherapy can induce antiviral and anti-
tumor immunities in immunocompetent hosts. Host immune
responses act as a double-edged sword for the success of oncolytic
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virotherapy, depending on the balance between the antiviral and
antitumor immune responses.** Therefore, strategies to alter this
balance in favor of a therapeutic benefit may increase the thera-
peutic efficacy of oncolytic virotherapy.

MATERIALS AND METHODS

Cell culture. Primary human foreskin fibroblasts were isolated from human
foreskin tissue obtained with patients’ informed consent. Mouse embry-
onic fibroblasts were isolated from a 13.5-day-old mouse embryo. STKO,
a mouse embryonic fibroblast cell line derived from STAT1-knockout
mice, was kindly provided by Dr Lee (National Taiwan University, Taipei,
Taiwan). The mouse hepatoma cell line ML-1, was kindly provided by Dr
Lei (National Cheng Kung University, Tainan, Taiwan). The ARKD cell
line, an IFNR knockdown cell line, was generated from ML-1 “ by lentiviral
transduction of a shRNA targeting IFNR and was adapted in BALB/c mice
for one generation. The remaining cell lines used in Figure 1 are described
in Supplementary Materials and Methods.

Preparation of SBVs and lentivirus pseudotyped with the Sindbis viral
envelope proteins. The DNA-based Sindbis viral vector, dSinF, was modi-
fied from dsTE12Q plasmid (kindly provided by Dr Hardwick).” To
express viral RNA in mammalian cells, the SP6 promoter in the dsTE12Q
was replaced with a cytomegaloviral immediate early gene promoter via
recombinant PCR, in a way that enabled the transcription to be initiated at
the first nucleotide of the SBV sequence. In addition, a ribozyme sequence
derived from hepatitis D virus and the polyadenylation signal sequences
from bovine growth hormone were also inserted downstream of the poly
A sequences in dsTE12Q, enabling the transcript to be terminated exactly
at the 3’ end of the SBV sequences. An in-frame fusion of the 2A pro-
tease of the foot-and-mouth disease virus was cloned downstream of the
capsid gene as previously described.? Two restriction sites, Mlul and NotI,
were introduced at the 5" end of the 2A protease sequences. Therefore,
the cDNAs of transgenes, including EGFP and luciferease, that were PCR
amplified included an Mlul and a Notl restriction site at their 5 and 3’
ends, respectively. The cDNA fragments were then inserted into the SB
viral vector via the Mlul and Notl sites. SBVs were produced by transfec-
tion of the viral genomic DNAs into BHK cells using a calcium phosphate
precipitation method. Sixteen hours after transfection, cells were replaced
with Opti-MEM I medium (Invitrogen, Carlsbad, CA) and cultured for
another 32 hours. The virus-containing culture medium was collected, fil-
tered through a 0.22 um filter, and then stored at —80 °C. Sindbis viral titer
was determined by standard plaque assay on monolayers of BHK cells.

To produce lentiviruses pseudotyped with Sindbis viral envelope
protein, the lentiviral vector expressing EGFP, the gag-pol expressing
plasmid p8.91, and the plasmid encoding the SBV envelope protein,
pIntron-SB,”” were co-transfected into 293FT cells using a calcium
phosphate precipitation method. Viruses were collected 2 days after DNA
transfection.

Assays measuring IFN-§ production or IFN signaling in various cell
lines. To examine the IFN-f production capabilities of various cell lines,
cells were transfected with 1 pg/ml of poly(I:C) using Lipofectamine
2000 (Invitrogen). Six hours after transfection, the cultures were replaced
with fresh medium and incubated for another 18 hours. The conditioned
medium was collected, diluted with fresh medium at 1:1 ratio, and then
used to prime ML-1, or 293T cells for 24 hours. The ML-1, and 293T
cells were further challenged with an EGFP-expressing SBV at a multiplic-
ity of infection of 5 for 24 hours. The percentages of EGFP(+) cells were
analyzed by flow cytometry. To examine the status (intact or defective) of
IFN signaling in various cell lines, cells were first treated with 100 IU/ml
of IFN-o (Sigma, St Louis, MO) for 24 hours and then challenged with a
luciferase-expressing SBV. Luciferase activity was analyzed 24 hours after
SBV infection.
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Animal studies. Male BALB/c mice aged 7-8 weeks were obtained from
the National Laboratory Animal Center, Taipei, Taiwan. The mice were
housed in standard conditions, and all the experiments were conducted
in accordance with the “Guide for the Care and Use of Laboratory
Animals” prepared by the Institutional Animal Care and Use Committee
of National Yang-Ming University. Subcutaneous tumors were generated
by inoculating 5 x 10° ML-1, or ARKD cells in the posterior flanks of
the mice on day 0. Seven days after tumor implantation, a single dose of
SBV (1 x 10’ PFU/mouse) was intratumorally injected. A 100-fold lower
dose of SBV (1 x 10°PFU/mouse) and an UV-inactivated SBV (exposed
to UV at 2000 uWatts/cm?* for 20 minutes on ice) were used as controls.
The efficiency of UV irradiation on virus was confirmed by plaque assay.
The growth of tumors was monitored weekly, and tumor volumes were
calculated using the following formula: volume = 0.52 x A x B? where A
and B are the longest and the shortest diameters of the tumors, respec-
tively. To quantify the viral loads in tumor tissues, the SBV expressing
a luciferase reporter was used. Three mice from each group were killed
on days 0 (6 hours after injection), 1, 2, 4, and 7 after SBV injection.
Tumors were explanted, weighed, and homogenized in 0.2 ml cell culture
lysis reagent (Promega, Madison, WI). Ten microliters of the lysate was
subjected to a luciferase activity assay using the Luciferase Assay System
(Promega). The luciferase activity results were further normalized to the
tumor weights.

Statistical analysis. GraphPad Prism 4 was used for all statistical analysis.
Data are presented as the means + SD. The statistical analysis was per-
formed using an unpaired, two-tailed Student’s t-test. Differences with a
P value <0.05 were considered statistically significant.

SUPPLEMENTARY MATERIAL

Figure S1. Images of SBV-induced cytopathology of representative
cell lines.

Figure $2. Induction folds of ZAP mRNA in various cell lines upon
IFN-o. stimulation.

Figure $3. Establishment of the IFN signaling-defective ML-1, tumor
cell line ARKD.

Figure S4. TUNEL analysis showing apoptotic cells in tumor tissues.
Figure S5. Immunohistochemistry of CD8% and CD4* cells showing
the lymphocyte infiltration in tumor tissues.

Figure $6. Syngenic BNL hepatoma cells were used as a control for
CTL specificity.

Figure S7. Production of SBV neutralizing antibodies in tumor-
bearing mice after virotherapy.

Table $1. Sequences of the primers used for quantitative RT-PCR
analysis.

Materials and Methods.
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