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SUMMARY

Immunotherapies are highly promising cancer treatments, but understanding the factors mediating
their resistance remains critical. Successes in randomized clinical testing have supported the
growing appreciation that oncolytic virotherapies primarily act as immunotherapies. Here we
identified prostaglandin E2 (PGEy)) in the tumor as a key mediator of resistance to
immunotherapies, including oncolytic vaccinia virotherapy. Elevated levels of PGE, coupled to
suppressive chemokine profiles and high levels of granulocytic myeloid derived suppressor cells
(MDSC) resulted in loss of immunotherapeutic potential. Viral vectors engineered to target PGE,
were capable of overcoming localized immunosuppression leading to profound changes in the
tumor’s immune status. This allowed the viral vectors to raise robust anti-tumor adaptive immune
responses and sensitized established and previously resistant tumors to immunotherapies.
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Hou et al. identify the prostaglandin PGE2 in the tumor as a key mediator of resistance to immunotherapies, including oncolytic
virotherapy. Viral vectors engineered to target PGE?2 are capable of overcoming localized immunosuppression to allow for robust anti-
tumor adaptive immune responses.
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INTRODUCTION

Recent clinical successes have focused interest on the potential of cancer immunotherapies.
However, solid tumors often display the capacity to limit immune induction or to mediate
early immune shut-off both locally and systemically. Identifying the key mediators of
resistance to immunotherapy will allow the development of more robust treatments with
more predictable responses.

Oncolytic viruses (OV) are vectors designed to selectively replicate in and destroy cancer
cells, and multiple OVs based on many different viral strains are currently undergoing
clinical testing. However, notable among the current clinical generation of oncolytic viral
vectors is that those that have succeeded in randomized trials have expressed an immune
activating cytokine (GM-CSF)(Andtbacka et al., 2013; Heo et al., 2013). This reinforces a
plethora of preclinical data indicating that the immune response can be a key mediator of
OV activity (Lichty et al., 2014) and has led to the development of several ingenious
strategies to enhance the immune activating potential of OVs (Kottke et al., 2013; Tysome et
al., 2012; Zhang et al., 2014). The situation is complex however, as enhanced immune
activation frequently reduces oncolytic activity and other reports have demonstrated that
certain immune-suppression strategies can also enhance OV activity (Alvarez-Breckenridge
etal., 2012; Chen et al., 2013; Lun et al., 2009). A better understanding of the importance of
OV-mediated immunotherapeutic activity, how this interacts with oncolytic activity and how
OVs can be most beneficially engineered to interact with the host immune response is
therefore needed.
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Multiple OV strains based on vaccinia have been reported (Kirn et al., 2007; Mastrangelo et
al., 1999; Thorne et al., 2007; Zhang et al., 2007), and one of these expressing GM-CSF,
Pexa-Vec (JX-594), has produced encouraging responses in randomized clinical testing (Heo
etal., 2013; Park et al., 2008). However it is apparent that even in these successful clinical
trials, some patients appear resistant to the therapy. It will therefore be critical for the future
development of the platform to discover how and why some patient’s tumors do not respond,
and to develop approaches to overcome this.

Treating different immunocompetent mouse tumor models with oncolytic vaccinia results in
a range of in vivo sensitivities, creating an opportunity to interrogate the causes of resistance
and to determine the relative importance of immunotherapeutic and oncolytic mechanisms
of tumor killing under different conditions. Strategies to overcome the causes of resistance
might then be developed.

RESULTS

Immunocompetent mouse tumor models display differing sensitivities and patterns of
response to oncolytic vaccinia therapy

We initially examined a panel of syngeneic immunocompetent mouse tumor models in order
to delineate the mediators of resistance or susceptibility to oncolytic vaccinia therapies. The
in vitro sensitivities of 14 different mouse tumor cell lines to viral replication and cell killing
were compared to in vivo responses with syngeneic tumors formed from a subset of seven of
the same cell lines (Figures 1A and 1B). Mice were treated via direct intratumoral injection
of a low dose of viral therapy to remove any variability due to differences in systemic
delivery. No correlation was seen between viral replication or viral-mediated cell killing in
vitro and in vivo anti-tumor effects, indicating factors in addition to direct oncolytic activity
may be primarily responsible for optimal therapeutic benefit.

Oncolytic vaccinia strain WR.TK-.Luc+ was used during these initial experiments. This
virus bears the same thymidine kinase deletion as all three oncolytic vaccinia strains
currently in the clinic (Kim et al., 2006; McCart et al., 2001; Worschech et al., 2009; Zeh et
al., 2014) and expresses luciferase so that viral gene expression levels could be quantified
over time in individual mice (as a surrogate for viral replication and persistence), and
compared to subsequent response. It was noted that two distinct Kinetic patterns of viral gene
expression emerged in vivo (Figure 1C). In the more resistant tumor models (defined as
those in which viral therapy increased overall survival by less than 2 weeks, as seen with
PANCO02, RENCA, 4T1 & B16 (Figure 1A)), the level of viral gene expression measured
from within the tumor at 24 hr after delivery correlated closely with subsequent response
(Figure 1C). Therefore, within any one of these resistant tumor models greater initial
infection and early replication in the tumor (early viral gene expression) results in improved
subsequent response. This pattern would be predicted if viral replication was the key
mediator of therapeutic effect and suggests that the limited response seen in the more
resistant tumor models is primarily due to oncolytic activity.

However, a different pattern was noted in the tumor models that were more susceptible to
viral therapy (LLC, MC38 & AB12)(Figures 1A and 1C). In these models, there was no
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correlation between early viral gene expression in the tumor (at 24 hr post treatment) and
subsequent response. Instead, the best responders within each of the sensitive tumor models
demonstrated a trend towards a more rapid and robust clearance of the virus, as seen with
reduced levels of viral gene expression in the tumor at 4 or 5 days after treatment (Figure
S1). This robust viral clearance might indicate that a strong immune response is being
induced within the tumor that reinforces any direct oncolytic effects in the more sensitive
tumor models.

Several lines of evidence supported the above hypothesis. Firstly, when LLC tumors were
implanted into immunodeficient mice, the viral gene expression pattern changed to match
that of the poor responders (oncolytic activity only), with viral bioluminescence within the
tumor at 24 hr correlating with subsequent response (Figure 2A). Of note, when LLC tumors
implanted into immunodeficient mice were treated, most of the tumors displayed a pattern of
short-term stable disease (for 10-15 days) followed by progression (Figure 2A), this is
despite evidence of ongoing viral replication (luciferase gene expression) in the tumor
(Figure S2). However, when the same tumor model was implanted and treated in
immunocompetent mice (Figure 1C) 50% of the animals (6 of 12) displayed longer-term
(>21 days) stabilization of tumor growth despite the fact that the viral therapy was cleared
within 10 days of treatment (Figure S2). Secondly, anti-CD8 antibody was used to deplete
CD8™ cells from both sensitive (MC38) and resistant (Renca) tumor models (Figure 2B).
Depletion of CD8* T-cells significantly reduced the vector’s therapeutic activity in the
sensitive MC38 tumor model, but had no effect in Renca, further supporting the hypothesis
that the resistant tumor models were unable to mount a robust immunotherapeutic response.
Of note, the reduced therapeutic activity in MC38 tumors after CD8™ depletion occurred
despite increased viral replication (Figure 2C), again highlighting the increased importance
of immunotherapeutic over oncolytic activity in these vectors.

Resistance to viral therapy correlated with MDSC in the tumor environment

It appears therefore that in order to produce a significant therapeutic effect, the viral vector
needs to be able to mediate both an oncolytic and immunotherapeutic response, while
resistant tumors were able to limit this to an oncolytic-mediated response only. The immune
response to viral therapy was therefore examined in more detail in order to define
differences between susceptible and resistant tumors.

It was determined that pS6 levels were reduced systemically in myeloid DCs in tumor
bearing animals, and that this reduction was more pronounced in the resistant tumor-bearing
mouse models (Figure S3A), indicating that a defect in or suppression of the DC response
may be important for resistance to immunotherapy in these tumors. However, seeing as
oncolytic viral immune activation is likely to primarily occur subsequent to replication in the
tumor, the condition of the more localized immune environment within the tumor was
examined. Different immune cells are associated with a suppressive phenotype, including
MDSC and T-regs, and so the overall level of these different cell types in both the spleen and
the tumor of the same seven mouse tumor models were determined prior to therapy. It was
observed that the overall level of MDSC found in the tumor for different tumor models
correlated very closely with the resistance or sensitivity of that model to subsequent viral
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therapy (Figure 3A and S3B). No similar correlation was seen with T-reg levels or with
either cell type in the spleen (Figure 3A and S3C).

We further examined what changes occurred in the tumor after viral therapy and saw that for
different tumor models (4T1, MC38 and Renca, Figure 3B), the addition of vaccinia therapy
resulted in a rapid loss of T-reg, but that MDSC levels were unaffected (and actually
continued to increase over time, as they also did in control groups). It therefore appears that
MDSC are unaffected by the presence of oncolytic vaccinia and high levels of MDSC can
block the immunotherapeutic activity of these vectors. Of note, in the sensitive MC38 tumor
model (with lower background levels of MDSC), the viral therapy was actually found to
significantly increase the number of CD8* T-cells present in the tumor, an indication of
immunotherapeutic activity, whereas the more resistant 4T1 tumor model (with higher
baseline MDSC levels) did not display any significant increase in CD8* T-cells in the tumor
after treatment (Figure 3C).

We have recently described an oncolytic vaccinia strain, WR.B18R-.IFNf+, with enhanced
immunotherapeutic effects(Kirn et al., 2007; Wang et al., 2011), while oncolytic viral strains
expressing GM-CSF (including vaccinia and HSV based strains(Andtbacka et al., 2013; Heo
et al., 2013)) have produced the most dramatic clinical responses to date despite GM-CSF
being associated with MDSC proliferation(Kohanbash et al., 2013). The effects of these
immune-enhanced vectors were therefore also examined to see if they were able to
overcome MDSC-mediated immunosuppression in the tumor. It was found that the more
immunogenic vaccinia strains (WR. TK-mGMCSF and WR.B18R-mIFNp+) provided no
additional benefit over WR.TK- in a sensitive tumor model (MC38, Figure S4), with
WR.TK-mGMCSF even increasing MDSC in the tumor. In the resistant tumor model (4T1,
Figure S4) all viral treatments resulted in significant increases in MDSC levels in the tumor.
This was less dramatic for the immune-enhanced vectors, and this correlated with a small
but not significant increase in CD8* T-cell infiltration. It therefore appears that the inability
of the virus to induce a robust immunotherapeutic effect in tumors with high levels of
MDSC is a critical determinant of resistance and cannot be overcome by increasing viral-
mediated immune activation.

Targeting of PGE, can reduce MDSC and re-sensitize resistant tumors to viral therapy

Recent reports have identified COX2-mediated production of the prostaglandin PGE; as a
key determinant of MDSC tumor-infiltration and maintenance of the suppressive phenotype
in these cells (Donkor et al., 2009; Fujita et al., 2011; Kalinski, 2012; Obermajer et al.,
2011a; Obermajer et al., 2011b; Rodriguez et al., 2005). It was noted that viral therapy did
not significantly alter the overall levels of COX2 expression in the tumor (Figure S5A).

We therefore looked to develop approaches to reduce PGE, levels, including addition of the
COX2 inhibitor celecoxib or viral expression of the prostaglandin-inactivating enzyme
HPGD (hydroxyprostaglandin dehydrogenase 15-(NAD), 15-PGDH) (Figure S5B, S5C).
Initial in vitro experiments determined that even when used at levels known to be toxic in
vivo, celecoxib was unable to reduce PGE; levels by the amounts achieved with HPGD
expression (Figure S5D). Oncolytic vaccinia expressing HPGD (WR.TK-HPGD+) was
therefore tested in several different mouse tumor models.
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It was found that WR.TK-HPGD+ was non-toxic and that the numbers of MDSC cells in
Renca (resistant) tumors were rapidly and significantly reduced after treatment with
WR.TK-.HPGD+ (Figure 4A). Interestingly, WR.TK-.HPGD+ also induced a more rapid
and robust reduction in T-reg numbers in the tumor. Because several sub-sets of MDSC have
been defined in mice, we further looked to determine if the monocytic
(CD11b*Ly6G~Ly6CM) and granulocytic (CD11bLy6G*Ly6CL%) MDSC were equally
targeted. It was found that HPGD expression selectively depleted the granulocytic MDSC
population (Figures 4B and S5E) that is typically found in greater numbers and thought to be
terminally differentiated.

The identification of the COX2-PGE, pathway as a key mediator of immunosuppression has
led to a variety of inhibitory approaches being proposed. We therefore compared the in vivo
effects of different COX2 or PGE, inhibitors on the levels of G-MDSC in the tumor,
including PGE, depleting antibody, celecoxib and agonists of the PGE, receptors EP2 and
EP4. The only approach capable of reducing G-MDSC levels was WR.TK-HPGD+ (Figure
4C), indicating that high level HPGD expression from within the tumor is uniquely able to
break this immunosuppressive cycle.

These alterations in the tumor microenvironment further correlated with an enhanced
therapeutic effect in different mouse tumor models (Figure 5A). Of note, the Renca tumor
model that was previously resistant to viral therapy (displaying an ‘oncolytic only’
phenotype and high baseline levels of MDSC) displayed the greatest increase in therapeutic
benefit after HPGD transgene expression (Figures 5AB). However MC38 tumors, that had
low-level baseline MDSC and already displayed sensitivity to therapy also showed a
significant further therapeutic advantage after treatment with WR.TK-.HPGD+.

The patterns of viral luciferase transgene expression were also compared for WR.TK- and
WR.TK-HPGD+) in the previously resistant Renca tumor model (Figures 1B and 5CD).
Interestingly, it was initially noted that, unlike many immune enhancing transgenes, HPGD
expression did not reduce the initial replicative capability of the virus (Figures 5C and S6).
However, the virus was cleared from the tumor slightly faster with HPGD expression than
for WR.TK- alone, again indicative of the raising of a robust immune response. It was also
seen that whereas WR.TK- treatment displayed the ‘oncolytic only’ phenotype (with higher
gene expression at day 1, correlating with greatest subsequent therapeutic benefit)(Figure
1B), WR.TK-.HPGD+ treatment of the same tumor model displayed the ‘oncolytic plus
immunotherapeutic’ phenotype, with the best responders displaying a robust and rapid
clearance of the virus at day 5 after treatment (Figure 5D). This was further explored
through depletion of different immune subsets from the mice prior to treatment with
WR.TK-HPGD+ (Figure 5E). It was noted that depletion of CD8" cells had the most
profound effect, resulting in a loss of significance in the therapeutic benefit after treatment.
However both CD4* and NK cells also appear to be important, as their depletion resulted in
a significant reduction in therapeutic effect (even though WR.TK-HPGD+ treatment
maintained a significant therapeutic benefit). It therefore appears that HPGD expression, in
addition to depleting granulocytic MDSC is capable of inducing further immunotherapeutic
benefits.
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We looked to define in more detail the mechanisms underlying the therapeutic advantage
seen with WR.TK-HPGD+. It was noted that at 3 days after treatment, WR.TK- alone was
able to modestly increase the levels of several Thl-associated chemokines both systemically
and in the tumor (Figures 6AB). The expression of HPGD however produced significant
further increases and was also capable of significantly reducing the level of the suppressive
chemokine CXCL12 (SDF-1), which is associated with MDSC attraction into the tumor,
tumor metastasis and a poor prognosis(Chatterjee et al., 2014; Obermajer et al., 2011b)
(Figure 6B). Further analyses looked at the levels of selected cytokines and inflammatory
pathways within the tumor. As expected, WR.TK- infection resulted in an increase in the
type | IFN response, seen with increased lift-1 and lift-2 expression (Figure 6C). However,
this was not increased further with HPGD expression, indicating HPGD does not enhance
the innate immune response that might be expected to reduce viral oncolytic effects and
mediate premature viral clearance from the tumor. Instead, HPGD expression did
significantly increase the level of IFNy produced within the tumor (Figure 6D). Oncolytic
viral infection alone therefore appears capable of inducing an inflammatory response and
initial immune activation, whereas HPGD expression may be required to prevent premature
shutdown of the immune response prior to full induction of adaptive immunity. This is
supported by the observation that at 7 days after treatment WR.TK-HPGD+ had induced a
fourfold increase in the number of anti-tumor CTLs in the spleen relative to WR.TK-
treatment (Figure 6E).

WR.TK-HPGD+ can enhance sensitivity of resistant tumors to other immunotherapies

The observed changes in the tumor’s chemokine profile may be responsible for enhancing
the CTL response through mediating changes in the immune cell repertoire within the tumor.
This might further provide benefits for attracting therapeutic T-cells into the tumor after
adoptive T-cell transfer or application of a therapeutic vaccine. This was examined using a
bilateral Renca tumor model, whereby one tumor was injected with WR.TK- while the
tumor on the opposite flank was injected with WR.TK-HPGD+. It was seen that activated
NK T-cells (Cytokine Induced Killer, CIK cells) delivered intravenously, trafficked
significantly more efficiently to the HPGD expressing tumor (Figure 7A). This indicates that
the expression of HPGD not only limits the suppressive environment within the tumor, but is
also capable of enhancing systemic attraction of T-cells.

It was seen that Cytokine Induced Killer (CIK) cells, used as a model of adoptive T-cell
transfer (Figure 7B), only had a small therapeutic effect in Renca tumor models, but
combined with WR.TK-HPGD+ to increase survival relative to either treatment used alone.

Perhaps more dramatic was the observed effects of combining WR. TK-HPGD+ with
blockade of immune checkpoint inhibitor using anti-PD-1 (Figure 8A). This antibody is
known to have no effect in the Renca tumor model (Masters et al., 2014), as was confirmed
here, yet combination with WR.TK-HPGD+ produced a large therapeutic advantage, again
indicating that WR.TK-HPGD+ has the potential to sensitize otherwise resistant tumors to
different immunotherapies. Of particular note, it has recently been reported that aspirin
could be used to block Cyclooxygenase activity and sensitize tumors to anti-PD-1 therapy
(Zelenay et al., 2015), however this was only possible when the drugs were added prior to
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formation of established tumors. In the Renca model used here a similar result is seen
(Figure 8A), with anti-PD-1 and aspirin added 3 days after tumor implantation producing a
small but significant therapeutic benefit, whereas either used alone had no effect, even at this
early time. However, if this same combination is added at later time points, after tumor
formation (10 days after tumor implantation), there is no therapeutic benefit. However
addition of anti-PD-1 in combination with WR.TK-HPGD+ produces highly significant
therapeutic effects, even when these are added at late times to established tumors. Also, of
note is the observation that adding aspirin to WR.TK- produced no therapeutic benefit,
indicating aspirin could not substitute for HPGD expression.

The effects of aspirin on sensitizing tumors to anti-PD-1 treatment when added prior to
tumor formation were further examined in (Zelenay et al., 2015) using cyclooxygenase
deficient Ptgs1™~Ptgs2~~ mice, and a role for IL-12p40*CD103* DC was identified in
mediating anti-tumor immunity. These cells were depleted when PGE, was present in wild
type mice. Here we found that expression of HPGD from an oncolytic vaccinia could disrupt
PGE; activity sufficiently, even in established tumors, to induce significant numbers of
IL12p40*CD103* DC in the draining lymph nodes of treated tumors (Figure 8B). A small,
but significant increase was seen even with WR.TK- treatment alone, but the effects were
increased significantly when HPGD was also expressed.

DISCUSSION

A variety of approaches have been proposed to overcome the immunosuppressive
microenvironment in large solid tumors, with the COX2-PGE; pathway as a key mediator of
this suppressive activity. This pathway is an attractive target as it has been associated with
attracting and maintaining the suppressive phenotype of MDSC. Breaking this cycle might
even allow these suppressive cells to differentiate into an immune activating phenotype.
Here we demonstrated that an oncolytic vaccinia virus expressing the PGE, inactivating
enzyme HPGD is able to significantly reduce levels of G-MDSC within the tumor. Of
several approaches known to target COX2-PGE,, WR.TK-HPGD+ was the only one able to
actually reduce MDSC levels.

This appears to be especially important in the context of oncolytic viral therapy as the level
of MDSC in the tumor at baseline was inversely related to the sensitivity of the tumor to
oncolytic vaccinia therapy. Higher levels of MDSC in the tumor suppressed the
immunotherapeutic activity of the virus, limiting its activity to oncolytic-mediated cell
killing. Although vaccinia has a known capacity to produce a fast spreading and highly lytic
infection in humans or non-human primates (Naik et al., 2006), it is apparent that the
immune response plays a more critical role for therapeutic activity, as confirmed here. The
determination that local rather than systemic immune suppressive activity is key in
preventing viral immunotherapeutic action allows the creation of vectors such as WR.TK-
HPGD+ that express transgenes to overcome this suppression locally within the tumor.

Recent clinical success using antibodies that block immune checkpoint inhibitors, such as
anti-CTLA-4, anti-PD-1 and anti-PD-L1(Leach et al., 1996; Topalian et al., 2012; Yuan et
al., 2008), have revealed the importance of overcoming the tumor’s capacity to prematurely
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shut down or curtail an immune response. It is apparent that a successful therapeutic strategy
would require both activation of the immune response and prevention of its early shut down.
As such, it is interesting that the standard oncolytic vaccinia strain (WR.TK-) and several
immune-enhanced strains (including WR.TK-mGM-CSF) are capable of inducing
inflammation at early times, even in resistant tumor models, but were unable to subsequently
prime high level anti-tumor adaptive immunity (in tumors with high baseline G-MDSC).

The expression of HPGD from oncolytic vaccinia however produces a vector that is capable
of both immune activation and limiting premature immune shutdown in the tumor. The
primary mediator of early immune shut down and suppression after viral therapy appeared to
be the granulocytic MDSC lineage within the tumor and that targeting of the prostaglandin
PGE, was shown to be a potent strategy to reduce the levels of these cells. This combination
of immune activation after local viral replication in the tumor and overcoming of immune
suppressive effects though G-MDSC depletion resulted in greatly increased anti-tumor CTL
and significantly enhanced therapeutic effects. The greatest therapeutic advantage occurs in
the previously resistant tumors, where the viral gene expression pattern switches to that of
an ‘immunotherapeutic’ response. This confirms that previously resistant tumors can be
sensitized to viral therapy through HPGD transgene expression. It would be predicted that
expression of HPGD from immune-enhanced vectors (such as WR.TK-GMCSF) could
further increase their immunotherapeutic potential.

It is also of note that HPGD expression was able to significantly enhance therapeutic activity
in already sensitive tumor models (with low baseline G-MDSC levels). In this respect,
altered chemokine production patterns and enhanced trafficking of activated T-cells to
tumors treated with virus expressing HPGD may play an important therapeutic role.

This multi-faceted targeting of the immunosuppressive microenvironment within the tumor
through treatment with WR.TK-HPGD+ was further found to sensitize resistant tumors to
other immunotherapies, including adoptive immune cell transfer and immune checkpoint
modulation. In particular, it was observed that Renca tumors that are naturally resistant to
anti-PD-1 therapy, displayed enhanced sensitivity to anti-PD-1 when anti-PD-1 was applied
after the WR.TK-HPGD+. Other approaches that target cyclooxygenase activity (such as
with aspirin) have also been shown to sensitize mouse tumors to anti-PD-1 therapy, however
this was only possible if both therapies were administered prior to tumor formation. The
WR.TK-HPGD+ virus was the only approach found to be effective against pre-established,
large solid tumors.

Finally, the description of distinct tumor response phenotypes to oncolytic viral therapy is
also a finding that has direct clinical relevance for the application of OVs and potentially
other immunotherapies. Recent clinical demonstrations of the ability to image OV expressed
reporter transgenes in the clinic, such as the Sodium-lodide symporter expressed from
oncolytic measles virus using SPECT imaging(Penheiter et al., 2011; Russell et al., 2014),
opens up the possibility of looking for similar patterns of gene expression and robust early
OV clearance in a clinical setting. This might be used to predict clinical responses to
oncolytic viral therapies at early time points after treatment, a particular problem for
immunotherapies, where tumor swelling often precedes therapeutic response. However other
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mechanisms of tumor destruction may also play a role, such as viral-mediated vascular
collapse in the tumor, which has been implicated in anti-tumor activity of several OVs,
including those based on vaccinia (Breitbach et al., 2013; Breitbach et al., 2007). Further,
the use of subcutaneous tumor xenografts minimizes the involvement of stromal cells and
matrix in the response and tumor-associated fibroblasts have recently been implicated in
anti-tumor activity of several OVs, including vaccinia (llkow et al., 2015).

This original approach to targeting tumor-induced local defects in the immune system
therefore appears to be uniquely capable of targeting the highly suppressive MDSC
population in the tumor itself. As a result resistant tumors can be sensitized to the
immunotherapeutic effects of the viral therapy itself and to other commonly used
immunotherapies, such as immune checkpoint blockade. The broad applicability of this
approach would be especially exciting in the development of combination immunotherapies
that produce more reliable and robust responses in a variety of solid tumors.

Experimental Procedures

Cell lines, viruses

A variety of mouse tumor cell lines, including AB12, MOSEC, MC38, CMT93, PANO02, JC,
4T1, B16, CMT TK, RENCA and LLC were used in this research, all were obtained from
the American Type Culture Collection (Manassas, VA), except for MC38 (gift from Dr.
David Bartlett, University of Pittsburgh), and JC, CMT93 and CMT TK (Cancer Research
UK tissue culture collection). All were cultured according to vendors’ recommendations.
Mouse NK T (CIK) cells were expanded from mouse splenocytes and cultured as previously
described (Baker et al., 2001).

The wild-type vaccinia virus WR (Western Reserve) strain was obtained from ATCC (BEI
Resources). WR.TK-.Luc+ and WR.B18R-.IFNp+ were described previously (Kirn et al.,
2007). WR.TK-.HPGD+ and WR.TK-.GMCSF+ were constructed for this work, with the
pSC65 plasmid (gift from Prof. Bernie Moss, NIH) cloned to express firefly luciferase from
the viral pSE/L promoter and mouse HPGD (or mouse GM-CSF) from the p7.5 promoter.
This was recombined into the viral thymidine kinase gene (See Figure S5. In addition,
vvDD.Luc+ and GFP (WR with deletions in TK and the viral growth factor genes, as
described previously) was used as a second model of oncolytic vaccinia.

In vitro cell killing was determined by MTS assay of cell survival relative to uninfected
controls and plaque assay on lysed cell samples was performed on BSC-1 cell layers.

Animal models

NOD SCID, C57/BL6 and BALB/c mice (female 6-8 weeks old) were purchased from The
Jackson Laboratory (Bar Harbor, ME). Tumor cells were implanted subcutaneously with 5 x
10° cells injected per mouse. IT (intratumoral) injection treatments began when tumors
reached 50-100 mm3 (unless otherwise stated). Treatment doses and timings were as
indicated. Tumor size was monitored by caliper measurement unless otherwise indicated and
mice sacrificed when tumors reached 1500 mm3.
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Other treatments included; Anti-PD-1 blocking antibody (BioXCell, RMP1-4) were diluted
in PBS and given IP at 200 mg/mouse twice weekly; mouse CIK cells were given
intravenously at 5x108 cell/mouse; anti-PGE2 antibody was given at 20ug/mouse IP daily;
Celecoxib (Sigma) was given IP at 25 mg/kg daily; EP2 (AH6809) and EP4 (AH23848)
agonsists (both Sigma) were given at 10 mg/kg each daily. Aspirin was given in drinking
water ad libitum at doses of 600 pg/ml.

In immune cell depeltion experiments, anti-mouse CD8* (2.43), anti-mouse CD4* (GK1.5)
or anti-mouse NK1.1 (PK136)(all from BioXCell) were injected intraperitoneally (500mg)
on days 1 and 2 after tumor implantaion, with follow up injections of 150 mg every 5 days
thereafter.

In some experiments tumor homogenates were collected for cytokine and chemokine
quatification (by gRT-PCR). Neutralizing antibody titers in serum were determined as
described previously(Sampath et al., 2013).

All experiments were performed according to the University of Pittsburgh Institutional
Animal Care and Use Committee approved protocols.

Whole animal imaging

In some experiments whole animal bioluminescence imaging was used to image viral
luciferase gene expression. Imaging was on an IVIS 200 (Xenogen, part of PerkinElmer,
Waltham, MA) after intraperitoneal injection of luciferin substrate. Bioluminescence signal
was quantified and images analyzed using the Living Image software (Xenogen, part of
PerkinElmer). In some other experiments, NK-T (CIK)cells were covalently labeled with
Cy5.5 NHS Ester (GE Healthcare, Waukesha, W1) and fluorescence signal was imaged in
vivo using the FMT2500 fluorescence whole animal imaging system (PerkinElmer,
Waltham, MA). In addition, XenoLight RediJect COX2 Probe (PerkinElmer, Waltham, MA)
was imaged on the 1VVIS 200 in vivo.

ELISPOT assay

IFN-y—producing splenocytes were quantified by ELISPOT assay. Splenocytes were
separated from mice after different treatments. Splenocytes were stimulated by lysed tumor
cells at 10:1 ratio or UV-inactivated Vaccinia virus at 5:1 ratio and seeded on plates (EMD
Millipore, Billerica, MA), coated overnight with 15 ng/mg mIFN-y antibody AN18
(Mabtech, Inc., Cincinnati, OH). These were incubated for 48 hr before the plates were
washed and incubated with a biotinylated secondary antibody R4-6A2-biotin (Mabtech) for
2 hr at room temperature. The plates were then washed, incubated for 1 hr with avidin-
peroxidase complex (Vectastatin Kit; Vector laboratories, Burlingame, CA), and developed
by the addition of AEC (3-amino-9-ethylcarbazole) substrate (Vector Laboratories, Inc.,
Burlingame, CA) according to manufacturer’s protocol. The spots were counted on a CTL-
Immunospot analyzer (Cellular Technologies, Shaker Heights, OH). Spots from
unstimulated splenocytes from each group were used to subtract the background.
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Elisa and Western blot assay

Tumor homogenates were harvested from mice treated as indicated, and mechanically
disaggregated and digested with triple enzyme mixture (Collagenase type IV, DNase type IV,
and Hyaluronidase type V (Sigma-Aldrich, St Louis, MO)). Serum was collected through
sub-mandibular bleed. In vitro cells infected with virus at MOI=1 for 24 hr or pretreated for
24 hr with 20 nm Celecoxib (BioVision, San Francisco, CA) were pretreated with 20 pm
arachidonic acid (Sigma-Aldrich, St. Louis, MO) 4 hr prior to harvest. All experiments were
performed in triplicate. Mouse SDF-1(CXCL12), RANTES (CCL5) and I-TAC(CXCL11)
ELISA were performed according to the manufacturer’s protocol (Abcam, Cambridge, MA)
and PGE2 ELISA were performed according to the manufacturer’s protocol (Cayman, Ann
Arbor, Michigan) and optical density was detected with the 3,3,5,5-tetramethylbenzidine
(TMB) peroxidase substrate Kit (\ector Labs, Burlingame, CA).

For western blot assay, in vitro lysed cell protein was prepared. Mouse HPGD antibody
(Abcam,Cambridge, MA), COX2 antibody (BD, Franklin Lakes, New Jersey) and beta-actin
antibody (Sigma-Aldrich, St. Louis, MO) were used for Western Blot according to the
manufacturer’s protocol.

Flow cytometry

gRT-PCR

Acquisition was performed on Gallios or Cyan flow cytometers. Data were analyzed using
the Cyanor Gallios software. Antibodies included those to CD3, CD4, CD8, CD25, FoxP3,
CD11b, Ly6g(Gr-1), Ly6c, CD11b(M1/70), MHC Il (M5/114.15.2), CD103(2E7),
IL12p40(C17.8) (all BD Bioscience or eBioscience) or CD11c¢(N418) (BioLegend).
Intracellular staining for Foxp3 was done according to protocols in the respective kits.
Gating strategies are shown (Figure S3)

In some studies splenocytes were collected and rapidly fixed and permeabilized in order to
examine surface markers as well as intracellular stains by Phosflow (including pS6, BD
BioSciences).

Total RNA was isolated and purified using RNeasy Mini Kit (QIAGEN) from whole-tumor
homogenates. cDNA was synthesized using cDNA Synthesis Kit (Quanta BioScience Inc.).
An array of gene expression assays were performed using a TagMan Gene Expression Assay
following the manufacturer’s instructions (reference gene: Mouse HPRT) and included
IFNy, CXCL10, CXCL11, lift-1, lift-2.

Statistical Analysis

Standard Student’s #test (two-tailed) were used, with significance considered to be < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

Cancer immunotherapies, including oncolytic viruses, offer the potential for curative
cancer treatments. However patients often present with a combination of systemic
immune defects and localized immunosuppression within the tumor that limit immune
activation or mediate premature immune shut-off, leading to resistance. Through
identification of critical pathways and immunosuppressive cell lineages mediating
resistance to oncolytic viral therapies it was possible to develop viral vectors to overcome
them. As a result, previously resistant cancer models became sensitive to oncolytic viral
therapy and other immunotherapies. These findings have the potential to significantly
enhance the effectiveness of oncolytic viral and other immunotherapies in the clinic and
to delineate approaches to overcome resistance to other cancer therapies.
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HIGHLIGHTS

Identification of Granulocytic MDSC as key mediators of resistance to
immunotherapy.

Oncolytic virus expressed HPGD targets PGE, and depletes G-MDSC
in the tumor.

Reduction in PGE; in the tumor alters chemokine profiles and immune
cell infiltrate.

Targeting of PGE sensitizes established and resistant tumors to
imnmunotherapies.
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Figure 1.

Response to oncolytic vaccinia therapy in different immunocompetent mouse models. (A)
Syngeneic tumors were implanted subcutaneously into BALB/c or C57/BL6 mice and
treated with a single intratumoral injection of low dose (1x107 PFU) WR.TK- when tumors
reached 50—100 mms3. Survival benefit (increased survival compared to PBS treated control
mice) was plotted for each tumor model. (B) Cell viability (left), as determined by MTS
assay 72 hr after infection with WR.TK- at an MOI of 1.0 was plotted as percentage
viability relative to uninfected cells for indicated mouse tumor cell lines and viral replication
(right) was followed in the same cell lines after the same treatment by plaque assay on
BSC-1 cells. (C) Tumor growth for individual mice treated as in (A) are shown for 6 of the 7
tumor models (PANO2 displayed no survival benefit) and compared to PBS controls (Grey
lines). For each tumor model, individual mice are divided into good responders (dashed
lines) or poor responders (solid lines) depending on assigned survival benefits.
Bioluminescence imaging (BLI) was performed at 24 hr post-treatment to measure viral
gene expression from within the tumors and BLI signal for poor and good responders was
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normalized to tumor volume and plotted (right hand graph for each cell line). Error bars
+SEM. See also Figure S1
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Fig 2.

Role of Immune Response in Theraeputic Effect of Oncolytic Vaccinia. (A) LLC tumors
were implanted into NOD SCID mice and tumor growth for individual mice is shown over
time after treatment with 1x107 PFU WR.TK- (left). These were divided into good (dashed
lines) and poor (solid lines) responders and bioluminescence imaging used to determine
viral luciferase transgene expression from the tumor at different times after treatment (right).
(B) MC38 and Renca cells were implanted subcutaneously into syngeneic mice and treated
with WR.TK- (1x107 PFU IT) after antibody depletion of CD8+ cells from the mice. *
p<0.05. (C) The viral gene expression from the tumor in the same mice as in (B) was
followed by bioluminescence imaging at day 3 after treatment. * p<0.05. Error bars £SEM.

See also Figure S2.
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Fig 3.

Resistance of different tumor models to oncolytic viral therapy is mediated by localized
immune suppression within the tumor. (A) Baseline levels of regulatory T-cells (T-reg) and
Monocyte Derived Suppressor Cells (MDSC) in tumors prior to therapy. Syngeneic
subcutaneous tumors were formed from different cell lines and mice sacrificed when tumors
reached 100 to 200 mm3 and disaggregated. Flow cytometry was used to quantify the
relative levels of T-reg (CD3*CD25*FoxP3*CD8") and MDSC (CD11b*Gr-1%) in the
tumors. (B) Effect of viral therapy on suppressive immune cell profile within the tumor.
Tumor-bearing mice were treated with a single low dose (1x107 PFU) intratumoral injection
of WR.TK- and the levels of T-reg and MDSC in the tumors at different times after
treatment were analyzed as in (A). (C) CD3*CD8*CD4~ T-cells were also quantified in the
tumor as in (A) (*p<0.05). Error bars +SEM. See also Figure S3 and S4.
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HPGD expression from oncolytic vaccinia reduces MDSC in the tumor. (A) Mice bearing
Renca tumors were treated with intratumoral, low dose (1x107 PFU) injection of
WR.TK-.HPGD+ and mice sacrificed at indicated times, tumors recovered, disaggregated
and analyzed by flow cytometry as in Fig 3. *p<0.05 compared to control. (B) Cells as in
(A) were additionally stained for Ly6G and Ly6C to distinguish effects on monocytic MDSC
(CD11b*Ly6C*Ly6G") and granulocytic MDSC (CD11b*Ly6G™) in the tumor. (C) G-
MDSC levels in the tumors for mice treated as in (A) and sacrificed after 3 days were
compared to mice treated with PBS, anti-PGE2 antibody, celecoxib or EP2/4 agonists. All
non-viral treatments were administered daily for 3 days. Error bars £+SEM. See also Figure

SS.
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Fig 5.

Enhanced therapeutic activity of WR.TK-.HPGD+. (A) Mice bearing subcutaneous RENCA
or MC38 tumors were treated with a single intratumoral injection of PBS or 1x107 PFU of
WR.TK- or WR.TK-HPGD+ and subsequent tumor growth followed by caliper
measurement (n=15 per group). (B) Renca tumor growth in individual mice treated with
WR.TK-HPGD+ are plotted, compared to PBS control (grey bar) and divided into good
(solid line) and best (dashed line) responders. (C) The viral gene expression
(bioluminescence) from the tumor at 24 hr after therapy was compared for mice treated with
WR.TK- and WR.TK-HPGD+. (D) The bioluminescence signal (viral gene expression) from
the tumor of mice treated with WR.TK-HPGD+ at day 1 and 5 were normalized to tumor
volume and shown for both good and best responders. (E) The role of different immune
subsets in the increased therapeutic activity of WR.TK-HPGD+ in Renca tumors was
examined through depletion of CD4*, CD8" and NK cells. (*p<0.05 v PBS; #p<0.05 v
WR.TK-HPGD+). (F) Viral gene expression from the tumor (bioluminescence imaging) at
day 3 after treatment of immune cell depleted mice. Error bars +SEM. See also Figure S6

Cancer Cell. Author manuscript; available in PMC 2017 July 11.



Hou et al.

> S 2010xoL10_ xx

g i
=]

- % *

gi) 3 10 = "

= 2 —

@ ©

=. ¢ ol e .

= Untreated  WR.TK- WR.TK-HPGD+

1509 CCL5

*
— 1004 A
£ * T
[#)]
g * 501 E 3
= =
Q
= Untreated  WR.TK- WR TK-HPGD+
o
= C
8 €20, lifi-1
. ﬁ *
o
= €15) —— .

c

210 |

O %

o A

s :

&} T T T
> Untreated WR.TK- WR.TK-HPGD+
=
-0
3 D E
< 51000' dek
o = -
5 8 800
: : T
8 § 600;
s~} C | i
— 0 400

3 200

[4}]

1 T . -

Untreated  WR.TK- WR.TK-HPGD+
> Fig 6.
=
Iy
Q
<
o
>
c
(2}
Q
=

—
(%))
[a=]

Page 24

€ 150).
% CXCL11
Q
£ 100/ b
g *
g
2 50 i
£ —=
[
o R T T
Untreated  WR.TK- WR. TK-HPGD+
8004 CXCL12
6004 ° *
"E‘g 4004
[=%
2004 ') B
Untreated  WR.TK- WR TK-HPGD+
‘5 6 lift-2
b —4 *
S %* [ ]
= ———
S 4 .
W
e |
3 +— I
22 . s
© i
©
o . ' r
Untreated  WR.TK- WR TK-HPGD+
w
[14]
=
3 *%
g 100-
3 80 . 1
S 60
o
o 404
2 20
2 o0
7] g | |
%— PBS  WR.TK-WRTK-HPGD+
(.

Cancer Cell. Author manuscript; available in PMC 2017 July 11.

HPGD expression enhances the immune response within and against the tumor. (A) Mice
bearing Renca tumors were treated as indicated with 1x107 PFU of different viral strains IT
and sacrificed after 3 days. qRT-PCR was used to detect the expression of CXCL10 and
CXCL11 in the tumor. (B) ELISA was used to detect the levels of CCL5 and CXCL12 in the
serum of mice in (A) at the same times (BLD=Below Limits of Detection). (C) Innate (type
I IFN) immune response of mice as in (A) was determined by gRT-PCR of lift-1 and lift-2.
(D) Adaptive immune response, as measured by gRT-PCR of IFNy was determined for mice
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asin (A). (E) Anti-tumor CTL response was determined in splenocytes collected form
RENCA tumor bearing mice 7 days after the indicated treatments. Anti-tumor CTL response
was determined by ELISPOT (*p<0.05, **p<0.001). Error bars +SEM.
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Fig 7.

Er?hanced Therapeutic Effects of Combination with adoptive T-cell Transfer (A) Mice were
implanted bilaterally with Renca tumors. When tumors reached 50-100 mm3, the tumor on
one flank was injected with 1x107 PFU of WR.TK- and the tumor on the opposite flank was
injected with WR.TK-HPGD+. After 24 hr 1x107 activated and Cy5.5 labeled NK T (CIK)
cells were delivered via tail vein injection. 24 hr later mice were imaged for
bioluminescence to measure viral gene expression and fluorescence to determine NK T cell
trafficking to tumors (*p<0.05). A representative example of fluorescence imaging is shown.
(B) BALB/c mice with subcutaneous Renca tumors were treated with PBS, 1x107 PFU of
WR.TK-HPGD+ (Intratumoral), 5x108 CIK cells (intravenous) or both therapies on the
same day. Animal survival, taken as time to tumor burden reaching 1000 mms3, was
determined by caliper measurement. Error bars £SEM.
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Fig 8.
W??.TK-HPGD+ also sensitizes tumors to anti-PD-1 Therapy. (A) Combination of different
viruses with anti-PD-1 antibody is compared to combinations with aspirin, and with aspirin
+ anti-PD-1 after treatment in BALB/c mice bearing subcutaneous Renca tumors (N.B. the
indicated days of treatment are days after tumor implantation). Viruses (WR.TK- or
WR.TK-HPGD) were given as single IT doses of 1x107 PFU; anti-PD-1 antibody (applied
twice weekly for 21 days after start of treatment); and aspirin (600 pug/ml provided
continuously in drinking water). (B) Draining lymph nodes were collected 5 days after
treatment of mice as in (A) and dissociated for determination of total number of
lymphocytes (left), number of CD103*CD11c*MHCIITIL-12* cells (center), and number of
CD11b*CD11c*MHCII™ cells (right) per 5000 events. Error bars £SEM
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