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Summary

Glioblastoma is an immunosuppressive, fatal brain cancer that contains glioblastoma stem-like
cells (GSCs). Oncolytic herpes simplex virus (o0HSV) selectively replicates in cancer cells, while
inducing anti-tumor immunity. OHSV G47A expressing murine IL-12 (G47A-mIL12), antibodies
to immune checkpoints (CTLA-4, PD-1, PD-L1), or dual combinations modestly extended
survival of a mouse glioma model. However, the triple combination of anti-CTLA-4, anti-PD-1,
and G47A-mIL12 cured most mice in two glioma models. This treatment was associated with
macrophage influx and M1-like polarization, along with increased T effector to T regulatory cell
ratios. Immune cell depletion studies demonstrated that CD4* and CD8* T cells as well as
macrophages are required for synergistic curative activity. This combination should be translatable
to the clinic and other immunosuppressive cancers.

eTOC blurb/In brief

Saha et al. show that the combination of an oncolytic virus expressing IL-12 with two immune
checkpoint inhibitors, anti-CTLA-4 and anti-PD1 antibodies, can eradicate glioma in two mouse
models. The therapeutic efficacy of the combination treatment depends on CD4* and CD8* T cells
as well as macrophages.

"Corresponding Author: Samuel D. Rabkin, rabkin@mgh.harvard.edu.
3Lead Contact

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of

the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Author Contributions
D.S. designed and performed experiments. R.L.M., and S.D.R. designed overall study, supervised the work and obtained funding.

D.S., and S.D.R. analyzed data, wrote the manuscript, and made figures. D.S., R.L.M., and S.D.R. reviewed and edited the manuscript.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Saha et al. Page 2

Vins-induced increase in Teff: Treg ratio
and decreased tumor celis

Combination increased
M1dike TAMs and Teffs,
and decreased tumeor cells
and Tregs

Checkpoint inhibitor increased
Tedf

" adidy ' nmat A . + A

Checkpaint M-like (T @ co8* (3 cD4 CDa™ (gl Tumor
@ ¢ { <PD-1

blockadeAb &Y Tam LGBY TAM Tt (S T ¥ Teg (W) cans

Keywords
oncolytic virus; HSV; cancer stem cells; immunotherapy; glioma

Introduction

Cancer immunotherapy harnesses the patient’s immune system, both innate and adaptive, to
attack and destroy tumors. It has elicited impressive therapeutic responses in some patients,
but efficacy is significantly obstructed by immune suppression, tolerance, and ineffective
activation. Major cellular players in immune suppression are T regulatory cells (Tregs),
typically expressing FoxP3; innate tumor associated suppressive myeloid cells, expressing
CD11b and Gr1; and M2 polarized tumor-associated macrophages (TAMs) (Ugel et al.,
2015). T effector cell (Teff) function is regulated by co-stimulatory and co-inhibitory
receptors and ligands. Cytotoxic T lymphocyte-associated protein-4 (CTLA-4), an immune
checkpoint co-inhibitory receptor expressed on T cells, competes with the co-stimulatory
receptor CD28 for binding of their ligands CD80 and CD86, decreasing activation of T
helper cells and Teffs while stimulating Tregs (Sharma and Allison, 2015; Topalian et al.,
2015). Programmed death-1 (PD-1), another immune checkpoint receptor, is expressed on
activated T cells, B cells, natural Killer (NK) cells, and myeloid cells. PD-1 is often
upregulated in the tumor microenvironment, while its ligands PD-L1 (CD274, B7-H1),
which also binds CD80, and PD-L2 (CD273, B7-DC) are upregulated in activated
leukocytes and myeloid cells, as well as many cancer cells (Topalian et al., 2015). Thus,
PD-1 and PD-L1 blocking antibodies are thought to act predominantly within the tumor.
However, anti-tumor activity is dependent upon tumor antigen presentation, T cell
activation, and tumor cell recognition and killing. Anti-CTLA-4 and anti-PD-1 antibodies
regulate different inhibitory pathways on immune cells, promoting anti-tumor immunity
through distinct and non-redundant immune evasion mechanisms (Curran et al., 2010;
Topalian et al., 2015). Antibody blockers of immune checkpoints have demonstrated striking
and durable clinical responses in a subset of solid tumors, but only in a fraction of patients
(Sharma and Allison, 2015). Thus, it is critical to develop strategies that will improve
response rates and expand the range of cancers that can be effectively treated.
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Glioblastoma (GBM) is the most common primary malignant brain tumor and is almost
always fatal (Carlsson et al., 2014). Despite advances in molecular understanding and
therapies, clinical benefits have remained limited and life expectancy of GBM patients has
only been extended to approximately 15 months (Carlsson et al., 2014). GBM stem-like cells
(GSCs), or tumor initiating cells, are thought to be responsible for tumor maintenance,
progression, recurrence, and resistance to therapy, and thus critical targets for therapy
(Lathia et al., 2015). A major dilemma for immunotherapy is GBM-induced
immunosuppression, including expression of immune checkpoint receptors in T cells, PD-
L1 in tumors, and immunosuppressive molecules (ie., TGF-B, IDO, IL-10), and
accumulation of Tregs and M2-like TAMs (Perng and Lim, 2015; Preusser et al., 2015b).
There are over 10 clinical trials of checkpoint inhibitors for GBM (Preusser et al., 2015b).
However, efficacy has been limited, while the combination of nivolumab (anti-PD-1) and
ipilimumab (anti-CTLA-4) caused significant toxicity (Curry and Lim, 2015).

There are a relatively limited number of mouse syngeneic glioma models, many of which
have immunogenic phenotypes (Maes and Van Gool, 2011; Oh et al., 2014). Studies have
demonstrated therapeutic efficacy with immune checkpoint blockade (anti-CTLA-4, -PD-1,
and -PD-L1) in orthotopic GBM models, all in immunogenic GL261 (Agarwalla et al.,
2012; Reardon et al., 2016; Vom Berg et al., 2013; Wainwright et al., 2014; Zeng et al.,
2013), except for one in SMA-560 (Fecci et al., 2007), and many involved combination
therapies. We recently described a mouse immunocompetent GSC model (005), which forms
intracranial tumors in syngeneic C57BI/6 mice (Cheema et al., 2013). Mouse 005 GSCs
were isolated from gliomas after lentiviral transduction of brains with activated H-Ras and
Akt, in 77053/~ mice, and have stem-like properties including self-renewal and
differentiation into more mature phenotypes such as endothelial-like cells (Marumoto et al.,
2009; Soda et al., 2011). Mouse 005 GSCs are highly tumorigenic and relatively non-
immunogenic, lacking expression of co-stimulatory molecules (CD80 and CD86) and MHC
I, which can be induced with IFNy (Cheema et al., 2013). Brain tumors derived from mouse
005 GSCs are histologically similar to human GBM, with characteristics of tumor
heterogeneity, invasiveness, vascularity, and an immunosuppressive microenvironment
(Cheema et al., 2013). CT-2A mouse glioma cells isolated from a carcinogen-induced tumor
also have a GSC-like phenotype (Binello et al., 2012; Oh et al., 2014; Seyfried et al., 1996).

Oncolytic viruses are a distinct class of anti-cancer agents with unique mechanisms of
action: selectively replicating in and killing cancer cells (oncolysis), including GBM,
spreading in the tumor while sparing normal tissue, and inducing anti-tumor immune
responses (Saha et al., 2015). Replication-competent oncolytic herpes simplex viruses
(oHSVs) are engineered for oncolytic activity and safety (Peters and Rabkin, 2015). OHSV
talimogene laherparepvec (T-Vec) expressing GM-CSF produced durable responses in
patients with advanced melanoma, similar to that seen with individual checkpoint inhibitors
(Robert et al., 2015), but with a benign toxicity profile, and was recently approved by the
FDA (Ott and Hodi, 2016). G47A is similar to T-Vec but without GM-CSF and with an
additional mutation that makes it safe in the brain (Todo et al., 2001). G47A is efficacious
against human GSCs (Wakimoto et al., 2009) and is in a clinical trial for recurrent GBM in
Japan. While G47A was unable to effectively treat 005 intracerebral tumors, 2 injections of
G47A expressing murine IL-12 (G47A-mIL12) significantly improved anti-tumor efficacy
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(Cheema et al., 2013). IL-12 is one of the more potent inducers of anti-tumor immunity and
IFN-y, yet toxic when systemically administered to patients (Tugues et al., 2015). G47A-
mlL12 treatment was associated with a reduction of Tregs within the tumor and enhanced T-
cell-mediated anti-tumor immune responses; however, only a small proportion of G47A-
mlL12 treated mice were cured (Cheema et al., 2013). We hypothesized that treatment with
G47A-mlIL12, which induces antitumor immune responses, would synergize with checkpoint
blockade. With immunocompetent GBM models in hand, we explored the efficacy and
immune changes occurring after treatment with cytokine-expressing oHSV and immune
checkpoint inhibitor combinations.

PD-L1 expression in mouse and human GSCs and G47A-mlL12 treatment

005 GSCs, cultured as spheres in serum-free media with growth factors, have stem-like
properties (Cheema et al., 2013), including expression of CD133 (Prom1), about 30% of
single cells proliferating and forming spheres, and transdifferentiation into vascular-like
cells (data not shown). To explore GBM immunovirotherapy in 005 GSC-derived tumors, we
first characterized the expression of PD-L1, an important immunosuppressive molecule, and
the effects of G47A-mIL12 on tumor infiltrating immune cells. PD-L1 was only expressed
on a low number of cells (18%), but was induced by IFN-y in almost all 005 GSCs in vitro
(Figure 1A), reflective of the dynamic expression in patients (Mellman et al., 2016). G47A-E
and G47A-mlIL12 did not alter PD-L1 expression in vitro (Figure 1B). Both primary (Figure
1C, left panels) and recurrent (Figure 1C, right panels) human GSCs express PD-L1, with
expression varying from 12% (in MGG4 or MGG8) to nearly 100% (in MGG31) of cells.
MHC 11 was not expressed on 005 GSCs or induced by IFN+y (Figure S1A).

005 GSCs grow rapidly in vivo; however, in line with their stem-like properties, in vitro
differentiation of 005 GSCs with serum prior to injection reduced the ability of these cells to
propagate tumors in vivo (Figure S1B). G47A-mlIL12 infection of GSC-derived brain tumors
in vivo led to an almost 2-fold increase in the number of tumor infiltrating CD3*
lymphocytes (Figure 2A, B) and increased M1-like TAMs, as measured by iNOS* and
pSTAT1* cells (Murray et al., 2014). G47A-mlL12 infection did not affect the number of
total TAMs (CD68%), CD8* T cells, granzyme B™ activated T cells, PD-L1* cells, Ki67*
proliferating cells, or cleaved caspase 3* apoptotic cells (Figure 2A, B, S1C, D). While
IFN-y induced PD-L1 expression in 005 cells in vitro, G47A-mIL12 did not increase PD-L1
expression in vivo, and virus mediated changes were limited to increased proinflammatory
markers and lymphocytes.

Individual immune checkpoint inhibitors only minimally extend survival in 005 GBM

To evaluate the activity of immune checkpoint inhibitors in the 005 GSC-derived brain
tumor model, we administered anti-PD-1, anti-PD-L1, or anti-CTLA-4 antibodies
intraperitoneally in mice with established orthotopic 005 tumors. Despite limited PD-L1
expression on 005 cells in vitro (Figure 1A), anti-PD-1 treatment, as well as anti-PD-L1 and
anti-CTLA-4 treatments, modestly, but significantly, improved median survival compared to
mock isotype control antibody treatment by 16, 25, and 20% respectively (Figure 3A-C).
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One explanation for the limited efficacy of anti-PD-1 or anti-PD-L1 treatment might be the
inability of the antibodies to cross the blood-brain/tumor barrier and gain access to the
tumor. However, anti-PD-1 and anti-PD-L1 antibodies were detected in 005 tumors 3 hr after
antibody administration, but not in the surrounding normal brain (Figure 3D). Similar
observations were made for anti-PD-L1 antibody in CT-2A tumors (Figure S2A). Despite
curative outcomes from individual checkpoint inhibitors in other glioma models (Reardon et
al., 2016), checkpoint inhibition only modestly improved survival in 005 tumors.

Combination of G47A-mIL12 with individual immune checkpoint inhibitors modestly
improves efficacy

Similar to immune checkpoint inhibitors, G47A-mlL12, administered as a single
intratumoral injection, had only a modest effect on 005 GSC-derived tumors (Figure 3A—
3C). OHSV induces anti-tumor immune responses, which should enhance the activity of
immune checkpoint inhibitors. Therefore, we examined the combination of G47A-m1L12
with individual immune checkpoint inhibitors. Mice bearing 005 GSC-derived tumors were
treated with G47A-mIL12 on day 12, followed by systemic administration of anti-PD-L1
(Figure 3A), anti-PD-1 (Figure 3B), or isotype control antibodies on days 15, 18 and 21. The
combination extended survival, but not significantly versus antibodies alone. With anti-
CTLA-4, we initiated treatment earlier; G47A-mIL12 on day 8 and anti-CTLA-4 on days 8,
11 and 14 (Figure 3C), to provide more time for an adaptive immune response, in case that
was a limitation in the prior experiment. Here, the combination significantly extended
survival (p < 0.05) and resulted in 1 long-term survivor, which had no evidence of tumor
(Figure S2B). The different checkpoint inhibitors when combined with G47A-mIL12
resulted in similar modest extensions in survival.

G47A-mIL12 treatment reduces the percentage of 005 cells and Tregs

To assess the immune responses of combination anti-CTLA-4 and G47A-mIL12 treatment,
the most effective combination, we collected tumor-containing brain quadrants 24 hr after
the last antibody injection and performed multicolor flow cytometry of the brain tissue. An
example of sequence and gating for flow cytometry of individual cell subtypes is illustrated
in Figure S3A. At this time point, anti-CTLA-4 treatment alone did not alter the percentage
of 005 GSCs (GFP*), while G47A-mIL12 treatment alone significantly reduced them
(Figure 3E). This suggests that the effect of anti-CTLA-4 on tumor growth is limited in the
first week, in contrast to virus, despite a somewhat longer overall survival. The virus both
alone and in combination significantly reduced Tregs (CD4*FoxP3™*; Figure 3E), as we
reported previously (Cheema et al., 2013), and total FoxP3* T cells (CD3*; Figure S3B). In
contrast to what has been reported in melanoma (Simpson et al., 2013), anti-CTLA-4 alone
did not reduce Tregs in the brain tumors (Figure 3E). The percentage of T cells (CD3*) was
increased by each treatment alone (Figure 3E), as seen with G47A-mIL12 by IHC (Figure
2A, B), and then further with the combination (Figure 3E). An important parameter in
immunotherapy success (Quezada et al., 2011) and increased survival in GBM (Sayour et
al., 2015) is the ratio of Teffs (CD8*) to Tregs (CD3*/CD4*FoxP3*). This was increased by
G47A-mlIL12 alone and further in combination with anti-CTLA-4 (Figure 3E, S3C). There
was no change in leukocytes (CD11b*) or activated T cells (CD3*CD69*) (Figure S3B).
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Though G47A-mIL12 alone and in combination with anti-CTLA-4 increased the Teff/Treg
ratio, this was not sufficient to cure most of the mice.

Triple combination of anti-mPD-1 and -mCTLA-4 antibodies with G47A-mIL12 cures mouse

GBM

Though anti-PD-1 or -CTLA-4 antibodies enhanced the antitumor effects of G47A-mIL12 in
the 005 GSC-derived GBM model, the effects were limited and not long lasting (Figure 3A—
C). Because anti-CTLA-4 and -PD-1 promote anti-tumor immunity through two independent
immune pathways (Twyman-Saint Victor et al., 2015), we hypothesized that individual
checkpoint inhibitors were insufficient to overcome GBM immunosuppression and the
combination was necessary to unleash effective immunity. Using the same conditions as
with the anti-CTLA-4 experiment (Figure 3C), we treated established 005 brain tumors with
G47A-mlIL12 or PBS plus anti-PD-1 and anti-CTLA-4, or isotype control antibodies (Figure
4A). Dual checkpoint inhibitors alone were more efficacious than either antibody alone,
increasing median survival by 37% compared to 20% for anti-CTLA-4. However, the
addition of G47A-mIL12 with anti-PD-1 and anti-CTLA-4 antibodies now resulted in 89%
long-term survivors (Figure 4A). In 2 additional experiments, the cure rate for triple therapy
was 4/6 and 5/7 mice (data not shown). The addition of checkpoint inhibitors did not alter
early virus spread (Figure S4A) or increase toxicity (Figure S4B). The cured mice were then
re-challenged on day 183 with a 5-fold increased number of 005 GSCs in the contralateral
hemisphere and none developed tumors (Figure 4B, S4C), demonstrating immunologic
memory for at least 6 months post-treatment, as well as no recurrence of the original tumor.
This also supports the safety of the combination, as all mice were healthy at time of
sacrifice, about 9 months after treatment. All age-matched naive mice challenged with 005
GSCs succumbed to tumor (Figure 4B, S4C). This demonstrates that curative therapy
requires multiple therapeutic interventions (oHSV, IL12, anti-PD-1, and anti-CTLA-4).

We then examined triple combination therapy in another mouse syngeneic glioma model,
CT-2A (Oh et al., 2014). Tumors derived from CT-2A glioma cells are more aggressive than
those from 005 GSCs, with median survival of mock-treated mice only 20 days after
intracranial implantation of 1 x 104 CT-2A cells (Figure 4C). After CT-2A implantation,
mice were treated with G47A-mIL12 on day 10 and antibodies on days 10, 13, 16 (Figure
4C). Dual antibody (anti-PD-1 and anti-CTLA-4) treatment had no effect on median survival
(day 19) compared to mock (day 20) or G47A-mlIL12 (day 21), as opposed to what was seen
with 005, possibly due to more rapid CT-2A tumor growth. However, triple combination
treatment significantly extended survival (p < 0.01), with half the mice surviving long term
(Figure 4C). These long-term survivors were then re-challenged on day 109 with a 5-fold
increased number of CT-2A glioma cells in the contralateral hemisphere and none
succumbed to tumors (Figure 4D, S4D), demonstrating immunologic memory, as well as no
recurrence of the original tumor. All age-matched naive mice challenged with CT-2A glioma
cells succumbed to tumor by day 20 (Figure 4D, S4D). These synergistic combination
results in the CT-2A model, a more aggressive GBM tumor that is non-responsive to
individual treatments, validate those in 005.
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Effect of triple combination therapy on tumor-associated immune cells

To evaluate the phenotypes of tumor infiltrating cells, we used 2 complementary approaches;
multicolor flow cytometry of cells harvested from the tumor-bearing quadrant of the brain
and immunohistochemistry of cells present within the tumor. The number of live CD45*
cells in the non-tumor bearing quadrant was <0.3% of those in the tumor bearing quadrant.
Dual antibody treatment (anti-PD-1 and anti-CTLA-4) significantly increased CD8" T cells
(Figure 5A) and the Teff to Treg ratio (Figure 5B, S5A), although there was no decrease in
the proportion of Tregs (Figure 5B), as also seen with anti-CTLA-4 alone (Figure 3E). Dual
antibody therapy also increased infiltration of CD11b*Gr1™" cells (neutrophils, myeloid-
derived suppressor cells) (Figure S5A) and CD11b*CD45Mi cells (peripheral macrophages),
and decreased CD11b*CD45'° cells (microglia) (Figure 5C) (Badie and Schartner, 2000),
without significantly changing overall CD11b™ cells (leukocytes/myeloid cells) (Figure 5A).

The triple combination (dual antibodies and G47A-mIL12) led to a decrease in CD4™ T cells,
especially Tregs, and an increase in CD8* T cells (Figure 5A, B), resulting in an increase in
the Teff to Treg ratio of 6.9-fold and 3.4-fold compared to mock (p<0.05) and dual antibody
(not significant), respectively (Figure 5B). CD8*FoxP3* (suppressor or regulatory) T cells,
which are not well characterized (Le et al., 2011; Peng et al., 2012), were also decreased, but
they represent a much smaller proportion of CD8* compared to CD4* T cells (Figure 5B).
Virus treatment reduced, but not significantly, PD-L1 and CTLA-4 expression on T cells,
which was then significantly increased when combined with checkpoint blockade (Figure
5C). PD-L1* 005 cells were significantly increased by triple combination treatment. PD-1
expression on immune cells varied compared to mock, but not significantly (Figure 5C),
except for CD11b™ cells (Figure S5A). Antibody treatment alone reduced the number of
GFP* 005 cells (1.6-fold vs mock), while the addition of G47A-mIL12 further reduced it
(3.2-fold vs mock) (Figure 5A). The number of GSC-selective IFNy* splenocytes was
almost doubled after dual antibody treatment, possibly indicative of systemic blockade
effects, which was not further increased after combination treatment with G47A-mIL12
(Figure S5B). Interestingly, splenocytes from triple combination treatment were more active
against serum-differentiated 005 cells in vitro (Figure S5C). Overall, these results indicate
that the major change engendered by triple combination therapy, compared to dual
checkpoint inhibitors or G47A-mIL12, was an increase in the Teff/Treg ratio and a decrease
in tumor cells.

We evaluated a different set of immune cell markers expressed in the tumor
immunohistochemically. CD68*, pSTAT1", iNOS*, and Ki67* cells were all significantly
increased in the triple combination group (Figure 6A, B), while cleaved caspase 3%,
granzyme B*, CD3*, and CD8* cells were increased but non-significantly due to large
variability between mice (Figure S6A, B). In contrast, there was a large decrease in PD-L1*
cells in both the dual checkpoint inhibitors and triple combination groups (Figure 6A, B),
but not virus alone (Figure 2B). Dual and triple combinations resulted in a pronounced
increase in M1-like TAMs at the tumor periphery (Figure S6C, D). CD4* T cells were
broadly distributed in tumors, increasing after triple combination therapy (Figure S6E), as
were T-bet* cells, a marker for Thl cells (Figure S6F, G). Ki67 and pSTAT1 can be
expressed in tumor and immune cells. To distinguish which cell type, we performed double
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staining for Ki67 and CD3 (for proliferating T cells) and pSTAT1 and CD68 (for M1-like
TAMs) (Figure 6C). In the triple combination, 67% of CD68" cells were also pSTAT1*
(Figure 6D), similar to the percent of pSTAT1* cells that were CD68* (74%) (data not
shown), indicating that the increase in pSTAT1, and likely iNOS, seen after triple
combination therapy was mostly due to M1-type TAMs. 46% of CD3* cells were Ki67*
(Figure 6D), similar to the percent of Ki67* cells that were CD3* (45%) (data not shown),
indicating that the increase in Ki67 was largely due to activated proliferating T cells.
Overall, these immunchistochemistry results revealed that triple therapy induced T cell
activation and an influx of TAMs and M1-like polarization.

Depletion/Inhibition of immune cell subtypes

To address whether the changes seen in tumor infiltrating immune cells are necessary to
elicit triple therapy efficacy, we performed antibody depletion studies of CD4* and CD8*
cells (Figure S7), clodronate liposome (clodrosome) depletion of peripheral macrophages
(Figure S7), and inhibition of CSF-1R to target TAMSs (infiltrating macrophages and resident
microglia, and MDSCs) using brain penetrant BLZ945 (Pyonteck et al., 2013). Both
clodrosomes and BLZ945 similarly blocked most triple therapy efficacy (Figure 7A),
resulting in extended survival akin to single agent treatment groups (Figure 3), indicating
that infiltrating macrophages are key contributors to therapy. Both clodrosomes and BLZ945
reduced F4/80* TAM s to levels of mock treatment, while CD68* TAMs were not
significantly affected compared to triple therapy (Figure 7B). Interestingly, clodrosomes
increased CD8™* tumor infiltrating lymphocytes (TILs) well above triple therapy levels, while
BLZ945 decreased CD8" TILs, even below that seen upon mock treatment (Figure 7B).
Depletion of CD8" cells reduced efficacy to that of single agents (Figure 7A). Surprisingly,
anti-CD4 antibodies completely abrogated all efficacy (Figure 7A). In addition to target cell
depletion, anti-CD8 antibodies also reduced CD4* TILs and F4/80* TAMs to the mock
level, and increased CD68* TAMs (Figure 7B). Depletion of CD4 also reduced TAMs, with
CD68™ cells down to mock levels and F4/80™ cells significantly lower than mock (Figure
7B). This confirms the complexity of the response necessary to cure GBM and indicates that
CD4" cells play an essential role in the efficacy observed with all agents. The impact of
immune cell depletion on other cell types signifies the interconnectedness of the responding
cells and confounds interpretation of mechanism.

Discussion

GSCs contribute to local and systemic immunosuppression of GBM, including
downregulation of MHC I, expression of immunosuppressive factors, inhibition of T cell
proliferation, and recruitment and M2-like polarization of TAMs (Di Tomaso et al., 2010;
Wu et al., 2010; Zhou et al., 2015). This systemic and local immunosuppression has
contributed to limited improvements in GBM patient outcomes, especially after vaccine or
immunotherapy trials (Curry and Lim, 2015). In order to model GSC-mediated
immunosuppression and to evaluate therapeutic countermeasures, we used the
immunocompetent 005 GSC-derived GBM model, which recapitulates GBM hallmarks
(Cheema et al., 2013). In this model, multiple agents (G47A-mIL12, anti-CTLA-4 and anti-
PD-1 antibodies) were required to cure a majority of mice of established tumors.
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There are currently limited prognostic indicators for checkpoint inhibitor efficacy. High
mutational load with increased neoantigens or virus-associated cancers (Nghiem et al., 2016)
correlate strongly with checkpoint inhibitor efficacy in patients, while those with low
mutational loads, like GBM, exhibit little response (Topalian et al., 2016). The recent
failures of nivolumab in the CheckMate-143 trial in recurrent GBM and CheckMate 026 trial
as first-line therapy in non-small-cell lung cancer highlights checkpoint limitations, even in
potentially responsive tumors. Thus, GBM responsiveness may be facilitated by the
expression of virus antigens and release of cellular antigens from oHSV-infected cells. PD-
L1* tumors have also been associated with better responses to anti-PD-1 and -PD-L1
antibodies, although many patients with low PD-L1 expression also respond (Topalian et al.,
2016). PD-L1 is expressed in most GBMs; however, there are conflicting results about the
proportion of positive tumor cells (~3% vs 40%) (Preusser et al., 2015a). IL-12 is a strong
inducer of IFNvy expression and IFNy is a strong inducer of MHC | and PD-L1 expression
in tumor cells (Mandai et al., 2016). However, G47A-mIL12 did not induce PD-L1
expression in 005 GSCs, in vitro or in vivo. Decreases in Tregs, with associated increases in
the Teff to Treg ratio, have been associated with checkpoint blockade responses (Quezada et
al., 2011; Simpson et al., 2013). We previously showed that G47A treatment alone of 005
tumors reduced tumoral Tregs, which were further reduced by IL-12 expression (Cheema et
al., 2013). Here, a single intratumoral injection of G47A-mIL12, but not anti-CTLA-4
treatment, significantly reduced Tregs and increased the Teff to Treg ratio, but efficacy
remained limited, suggesting that other immune effects were necessary for curative activity.

Preclinical immunotherapy studies in GBM have been hampered by the lack of
representative murine models. Almost all successes reported to date with checkpoint
blockade have used the GL261 model (Agarwalla et al., 2012; Reardon et al., 2016; Vom
Berg et al., 2013; Wainwright et al., 2014; Zeng et al., 2013). However, the lack of similar
robust responses in the clinic suggests that the 005 model, which is more difficult to treat,
may be more representative. GL261, which expresses MHC | (Agarwalla et al., 2012), is
immunogenic, whereas 005 GSCs are not. GL261 was carcinogen-induced, leading to a high
mutation load, while 005 contains only 2 known somatic mutations. Also, the 005 model is
enriched in GSCs, which express immunosuppressive factors and generate morphologically
heterogeneous tumors. Differences between mouse and human tumors could also underlie
some of the disparities in response. Mouse tumors are less necrotic than human tumors, and
their small size makes delivery of virus or antibodies easier. The sequencing of virus and
antibody administration is also likely to affect therapy, as described for oncolytic vaccinia
virus (Liu et al., 2017; Rojas et al., 2015). Here, we mostly administered oHSV at the time
of initial antibody treatment. Because anti-CTLA-4 affects immune priming, this may be
appropriate. However, anti-PD-1 acts on activated immune cells (Curran et al., 2010;
Topalian et al., 2015) and thus might benefit from delayed treatment after virus.

Single checkpoint inhibitors have been tested in combination with oncolytic viruses other
than oHSV in mouse tumor models, although not in the brain, and have been shown to
improve antitumor activity (Liu et al., 2017; Rajani et al., 2016; Rojas et al., 2015; Shen et
al., 2016; Woller et al., 2015; Zamarin et al., 2014). A phase Ib clinical trial was recently
completed combining intratumoral FDA approved oHSV T-Vec with ipilimumab (anti-
CTLA-4) in unresectable melanoma (Puzanov et al., 2016). Importantly, the incidence of
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grade 3/4 adverse events was similar to that for ipilumumab alone, while efficacy was
greater than for historical controls for either monotherapy (objective and durable response
rates) (Puzanov et al., 2016). The unique immune characteristics and additional safety issues
associated with therapy in the brain complicate combination approaches with virus. The
safety of T-Vec in the brain is unclear, so safer oHSV such as G47A will likely be necessary
for GBM trials. Dual blockade of two immune checkpoints has been much more efficacious
than monotherapy in preclinical tumor models (Curran et al., 2010; Lussier et al., 2015),
including in a VSV vaccine study for glioma (Cockle et al., 2016), and in clinical trials,
although associated with more frequent and serious adverse events (Antonia et al., 2016;
Larkin et al., 2015). In the 005 GSC model, dual checkpoint blockade was more efficacious
as well, but the effects were not long lasting, while in CT-2A they did not produce any
survival advantage. This was not due to the inability of checkpoint antibodies to cross the
blood-brain/tumor-barrier to reach 005 or CT-2A tumors and suggests that checkpoint
blockade alone will be insufficient in patients.

The triple combination of G47A-mIL12 with anti-CTLA-4 and anti-PD-1 antibodies acted
synergistically and cured most of the mice. Importantly, none of the cured re-challenged
mice exhibited any pathological symptoms up to almost 9 months after treatment. This
synergy may permit decreased dosing of the checkpoint inhibitors to potentially reduce
toxicity in the clinic. Depletion of CD8* T cells or peripheral macrophages abrogated triple
combination synergy, while CD4* depletion blocked all treatment effects. Treatment-
mediated decreases in Tregs suggest a key role for CD4™* effector cells, while the lack of
MHC Il expression on 005 GSCs in vitro suggests indirect effects. A growing number of
studies describe CD4* T cell mediated tumor destruction (Haabeth et al., 2014), including
indirect killing of MHCII™ tumor cells after antigen presentation by MHCII* TAMs, CD4*
cytokine activity and TAM induction (Corthay et al., 2005; Perez-Diez et al., 2007), and
CD4* Th17 activation of CD8* T cells (Martin-Orozco et al., 2009). Interestingly, CD4* T
cell depletion also blocked the therapy-mediated increase in TAMs.

G47A-mIL12 induces M1-like polarization (iNOS* and pSTAT1*) in TAMs, possibly
because of IL-12 induced IFN+y expression, which is further increased with triple
combination therapy due to an influx of TAMs (CD68*). TAMs are typically activated to
undergo polarization into opposite phenotypes, classically activated or M1, associated with
inflammation and immunity (anti-tumoral), and alternatively activated or M2, associated
with repair and immune-suppression (pro-tumoral) (Mantovani and Allavena, 2015). This
nomenclature is an oversimplification because of macrophage plasticity in response to
signals in the microenvironment and the diversity of phenotypes falling between the 2
extremes but reflects the counteracting activities (Murray et al., 2014). Typically, TAMs
have been considered “bad players”, correlating with poor prognosis in cancer patients (Noy
and Pollard, 2014). In GBM, TAMs, including microglia, are the most prevalent immune
cells in the tumor and are predominantly M2-like (Kennedy et al., 2013). GSCs induce and
recruit M2-like TAMs (Wu et al., 2010; Zhou et al., 2015). Microenvironment signals, such
as IFNy, can skew TAM polarization from M2 to M1-like, with tumor suppressive and anti-
angiogenic properties (Rolny et al., 2011; Yuan et al., 2015). Attempts have been made to
pharmacologically reduce TAMs in glioma, for example with CSF-1R inhibitors that
decreased M2-like TAMSs and increased survival in mouse transgenic and human xenograft
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GBM models (Pyonteck et al., 2013). Unfortunately, CSF-1R inhibitor PLX3397 had no
effect in a phase Il clinical trial in recurrent GBM (Butowski et al., 2016). We found that
BLZ945, another CSF-1R inhibitor, nullified the effect of triple combination therapy. This
might be due to effects on TAMs, tumoral macrophage-DCs or MDSCs, or the large
reduction in CD8* TILs. However, it suggests that CSF-1R inhibition combined with
immunotherapy might not be beneficial in the clinic.

In conclusion, we demonstrate that a triple combination of o0HSV expressing I1L-12 and two
immune checkpoint inhibitors, anti-PD-1 and anti-CTLA-4 antibodies, was necessary to
safely overcome the immune suppressive microenvironment and eliminate tumors using a
representative immunocompetent model of GBM, derived from GSCs, that recapitulates
human disease. This suggests that multiple distinct immunotherapeutic strategies (i.e.,
oncolytic viruses, immunomodulatory cytokines, and multiple checkpoint inhibitors) will
likely be required to significantly impact GBM in the clinic, and possibly other less
immunogenic tumors. The major cellular hallmarks of this combination therapy were an
increase in M1-like polarized TAMs and total dependence on CD4* cells, in addition to an
increase in Teffs and decrease in Tregs. This indicates that strategies that increase the
number of M1-like TAMs and boost CD4* T cell activity will be important to effectively
treat GBM, and likely other checkpoint inhibitor non-responding tumors outside the brain.

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Samuel D. Rabkin (Rabkin@mgh.harvard.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines

Mouse Glioma Cells—Mouse 005 GSCs (no information about sex is available) are
GFP* (Marumoto et al., 2009). They were cultured as spheres in serum-free stem cell
medium composed of advanced DMEM/F12 medium (ThermoFisher Scientific),
supplemented with 2 mM L-glutamine (Corning), 1% N2 supplement (ThermoFisher
Scientific), 2 ug/mL heparin (Sigma-Aldrich), 0.5% penicillin G-streptomycin sulfate-
amphotericin B complex (Corning), recombinant human EGF (20 ng/mL; R&D systems),
and recombinant human FGF-basic (20 ng/ml; Peprotech) (Cheema et al., 2013). Spheres
were dissociated with Accutase (Innovative Cell Technologies) for passaging. Mouse CT-2A
glioma cells (no information about sex is available) were cultured on plastic in DMEM-10%
fetal calf serum. Cells were dissociated with 0.05% Trypsin/0.53 mM EDTA. Both 005
GSCs and CT-2A were cultured at 37°C in 5% CO». Only early passages since cells were
obtained were used and these were mycoplasma-free (LookOut mycoplasma kit; Sigma).

Human Primary and Recurrent GSCs

Human primary (MGG4, MGG8, MGG23, MGG64, and MGG72) and recurrent (MGG31,
MGG50, MGG85, MGG91, and MGG123) GSCs (ho information about sex is available)
were isolated from discarded GBM specimens according to a protocol approved by the
Institutional Review Board. Briefly, mechanically minced tissues were digested with 0.1%
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Trypsin (Invitrogen) and 10 U/mL of DNasel (Promega) at 37°C for 45 min. After washing,
tissues were triturated by pipetting and passed through a 100 um cell strainer. Both primary
and recurrent GSCs were cultured at 37°C in 5% CO2 as spheres in EF20 stem cell medium
composed of neurobasal medium (ThermoFisher Scientific), supplemented with 3 mM L-
glutamine, 1% B27 supplement (ThermoFisher Scientific), 0.5% N2 supplement, 2 pg/mL
heparin, 0.5% penicillin G-streptomycin sulfate-amphotericin B complex, recombinant
human EGF (20 ng/mL), and recombinant human basic-FGF (20 ng/ml), and dissociated
with Accutase or NeuroCult™ Chemical Dissociation Kit (Stemcell Technologies). Only
early passage cells were used and these were mycoplasma-free (LookOut mycoplasma Kit;
Sigma). The characteristics of some GSCs were described previously (Nigim et al., 2015;
Wakimoto et al., 2009; Wakimoto et al., 2012).

In Vivo Mouse Studies

Female C57BI/6 mice (aged 8-9 weeks) were obtained from the NCI (Frederick, MD) and
housed under BL2 conditions. All mouse procedures were approved by the subcommittee on
research animal care at Massachusetts General Hospital.

Intracranial Tumor Models

Dissociated 005 GSCs (2 x 10% cells) or CT-2A cells (1 x 104 cells) in 3 ul PBS were
implanted stereotactically into the striatum (2.2 mm lateral from Bregma and 2.5 mm deep)
to generate intracranial tumors. On indicated days after tumor implantation (8 or 12 for 005
or 10 for CT-2A), mice were randomly divided into groups and intratumorally (IT) injected
(same stereotactic coordinates) with G47A-mIL12 or PBS in 2 ul. Immune checkpoint
inhibitor antibodies anti-mPD-1 (rat clone RMP1-14; 10 mg/kg), anti-mPD-L1 (rat clone
10F.9G2; 10 mg/kg), or anti-mCTLA-4 (Syrian hamster clone 9H10; 5 mg/kg), and isotype
control antibodies rat IlgG2a (clone LTF-2) or Syrian hamster IgG, or combinations (same
amounts of each antibody) were from BioXcell and administered 3 times intraperitoneally
(IP). Mice surviving long-term were re-challenged with an increased dose of cells (1 x 10°
for 005 or 5 x 10% for CT-2A) in the contralateral hemisphere. For survival depletion/
inhibition studies, C57BI/6 mice were implanted with (2 x 10%) 005 GSCs on day 0 and
treated with G47A-mIL12 or PBS injected IT on day 8 and anti-CTLA-4 and anti-PD-1
antibodies or isotype control 1gG (5 mg/kg hamster 1gG and 10 mg/kg rat 1gG) injected IP
on days 8, 11 and 14. Depletion antibodies (aCD4, aCD8, or rat 1gG; 10 mg/kg), clodronate
liposomes or control liposomes (first injection 50 mg/kg, followed by 25 mg/kg) were
injected IP on days 4, 7, 10, 13, 20, and 27, or CSF-1R inhibitor BLZ945 dissolved in 20%
captisol (Captisol®) or only 20% captisol were gavaged orally for two cycles from days 6—
10 and 12-16. Mice were followed for neurological symptoms and euthanized before
becoming moribund. Animal caretakers were blinded to the treatment. Tumor growth or
absence was evaluated in sacrificed mice macroscopically or after histological staining of
sections.
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METHOD DETAILS

Viruses

G47A-mIL12 was constructed from G47A (deletions in y34.5 and a47 genes and
inactivating insertion of LacZ into ICP6 (Todo et al., 2001)) by insertion of CMV IE
promoter driven mouse 1L-12 cDNA (p35 and p40 separated by bovine elastin motifs) into
the ICP6 gene (Cheema et al., 2013). G47A-E was constructed as G47A-mIL12 except it is
lacking the IL12 transgene (Cheema et al., 2013). Viruses were grown in Vero cells after low
multiplicity infection and purified after freeze-thaw-sonication by benzonase treatment, low-
speed centrifugation, filtration, high-speed centrifugation and resuspension in PBS/10%
glycerol.

GSC Differentiation

To differentiate GSCs, cells were grown in advanced DMEM/F12 media containing 10%
heat-inactivated fetal calf serum (HyClone) on plastic for 3 passages.

Histochemistry

Sections were deparaffinized in xylene twice 10 min each, followed by gradual rehydration
using 100%, 90% and 70% ethanol treatment (5 min each). Sections were left in distilled
water for 5 min, followed by dipping sections in hematoxylin container for 1 min, washing
in tap water for 5 min, dipped into Eosin Y (1% alcoholic) for 30 s, followed by gradual
dehydration using 95% ethanol (twice 5 min each) and 100% ethanol (twice 5 min each),
treated with xylene twice for 10 min each, and mounted in xylene-based media (Cytoseal
XYL (Thermo Scientific)).

To examine virus (LacZ) distribution, mice were implanted with 005 (5 x 10°) on day O.
G47A-mlL12 (1 x 106 pfu/mouse) or PBS was injected IT and anti-CTLA-4 and anti-PD-1
or isotype control 1gGs (5 mg/kg hamster 1gG and 10 mg/kg rat IgG) were injected IP on
day 19 (n=2/group). 36 hr after virus/antibody injections, mice were perfused with ice-cold
PBS, followed by brain fixative (3% paraformaldehyde + 5 mM EGTA + 2 mM MgCI2 in
0.1M Pipes; pH 7.3). Brains were removed and placed in brain fixative for 1 hr, submerged
in X-gal substrate solution (X-gal 1 mg/ml + 5 mM potassium ferricyanide + 5 mM
potassium ferrocyanide + 2 mM MgCI2 + 0.01% sodium deoxycholate + 0.02% NP-40 in
PBS; pH 7.3) for 3 hr at 34°C, washed in PBS, and submerged in 30% sucrose/2 mM MgCl,
in PBS overnight. Frozen brains in OCT were sectioned (20-30 um) on a cryostat and
mounted on slides. Slides were dried at room temperature for 30 min, post-fixed with 0.2%
glutaraldehyde / 2% paraformaldehyde in PBS for 10 min, followed by 2 washes in PBS.
Sections were incubated with X-gal substrate solution at 37°C for 4 hr in a humidified
chamber, washed with tap water, counter-stained with hematoxylin, dehydrated, and
mounted in CYTOSEAL™ XYL.

Immunohistochemistry for Antibody Detection

To determine whether antibodies cross the blood brain/tumor barrier and enter the tumor,
mice were implanted with 005 GSCs (2 x 104) or CT-2A cells (1 x 10%) on day 0, injected IP
with PBS, rat anti-mPD-1 (200 pg/mouse), or rat anti-mPD-L1 (200 pg/mouse) on day 25, or
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rat anti-mPD-L1 (500 pug/mouse) on day 20 for CT-2A, and perfused 3 hr later with ice-cold
PBS (to clear blood) followed by 4% paraformaldehyde. Brains were collected, post-fixed in
10% formalin overnight, saturated with 30% sucrose at 4°C for 48 hr, embedded in Tissue-
Tek OCT, and frozen at —80°C. Ten pm sections were air-dried, followed by wash and
rehydration in PBS, incubation with 3% H,0,, washed in PBS, incubated with 5% bovine
serum albumin and 10% goat serum, and then with HRP-conjugated anti-rat Ig, control
HRP-conjugated anti-rabbit Ig, or PBS, followed by DAB staining (DAKO). Sections were
incubated with a drop of DAB (prepared by adding 1 drop of chromogen in 1 ml of DAB
substrate) until developed brown color, rinsed with distilled water, counter-stained with 1:3
diluted hematoxylin for 20 s, washed in running tap water for 5 min, dehydrated with series
of graded ethanol and cleaned with xylene, and mounted in CYTOSEAL™ XYL.

Immunohistochemistry for Infiltrating Immune Cells

To analyze tumor infiltrating immune cells, mice were implanted with 005 GSCs (2 x 10%)
on day 0, injected 1T with PBS or G47A-mIL12 (1 x 10° pfu) on days 18 and 24, and
sacrificed 24 hr later. For combination therapy, tumor-bearing mice were treated with PBS or
G47A-mIL12 (5 x 10° pfu) injected IT on day 17 and rat and hamster IgGs or anti-mPD-1
(10 mg/kg) and anti-mCTLA-4 (5 mg/kg) injected IP on days 17, 20, and 23, and sacrificed
24 hr later. For depletion/inhibition studies, mice were implanted with 005 GSCs (2 x 10%)
on day 0 and treated with G47A-mIL12 (5 x 10° pfu) or PBS injected IT on day 18 and anti-
CTLA-4 and anti-PD-1 antibodies or isotype control 1gGs (5 mg/kg hamster IgG and 10
mg/kg rat 1gG) injected IP on days 18, 21 and 24. Depletion antibodies (anti-CD4, anti-CD8,
or rat 1gG; 10 mg/kg), clodronate liposomes or control liposomes (Standard Macrophage
Depletion kit) (first injection 50 mg/kg, followed by 25 mg/kg) injected IP on days 14, 17,
20, and 23, or CSF-1R inhibitor BLZ945 (200 mg/kg) dissolved in 20% captisol (Captisol®)
or only 20% captisol were gavaged orally for two cycles from days 16-20 and 22-25, and
sacrificed 24 hr after the last immune checkpoint injection or 8 hr after the last BLZ945
gavage. Brains were removed and fixed in 10% formalin, embedded in paraffin, and 5 ym
sections subjected to immunohistochemistry with antibodies (Key Resources Table, IHC),
followed by incubation with appropriate secondary antibodies (Vector Laboratories). Cell
counts were from at least three random fields/tumor section. Counter was blinded to the
treatment.

For double IHC, the brain sections were incubated sequentially with primary antibodies
(pSTAT1 or CD3; rabbit antibody), then secondary antibodies (AP-conjugated anti-rabbit
Ig), followed by the development of red color using IMmPACT Vector Red Alkaline
Phosphatase Substrate Kit (Vector Laboratories). Next, the same brain sections were
incubated with primary antibodies (CD68 or Ki67; rabbit antibody), then secondary
antibodies (AP-conjugated anti-rabbit 1g), followed by the development of blue color using
Vector Blue Alkaline Phosphatase Substrate Kit (Vector Laboratories). Cell counts were
from at least three random fields/tumor section. Counter was blinded to the treatment.

Flow Cytometry

To examine PD-L1 expression in GSCs, 005 GSCs were cultured for 24 hr with or without
murine IFN-y (3 ng/ml; PeproTech), or with G47A-E (no transgene (Cheema et al., 2013)) or
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G47A-mlL12 at multiplicity of infection (MOI) 1. 005 and human GSCs were spun,
counted, re-suspended in FACS buffer (2% inactivated fetal calf serum in PBS), incubated
with 7-AAD (BD Biosciences) and APC-conjugated anti-mouse or anti-human PD-L1
antibodies for 30 min, washed, fixed in 4% paraformaldehyde, washed, re-suspended in
FACS buffer, and analyzed by LSRII flow cytometer (BD Biosciences).

For 10-color flow cytometric analysis, brain tumor quadrants were harvested, minced,
incubated with Accutase and DNase | (10 U/ml; Promega), triturated, passed through a 40
um screen, resuspended in FACS buffer, and stained with fluorochrome-conjugated anti-
mouse antibodies from BioLegend (Key Resources Table), as well as appropriate isotype
control antibodies. Zombie UV™ fixable viability Kit (BioLegend) was used to stain dead
cells. We followed a ‘no-wash’ sequential staining protocol (BioLegend) to stain dead cells
and for surface staining. Intracellular FoxP3 staining was performed following the FoxP3
intracellular staining protocol (BioLegend). Fluorescent minus one (FMO) controls were
included for each color, e.g. fluorescent minus CD3e by staining cells with all colors except
APC/Cy7 anti-mouse CD3e. For single-color compensation controls, UltraComp eBeads
(eBioscience) were used and stained with each of eight fluorescently conjugated antibodies
according to manufacturer instructions. For Zombie UV and GFP, cells from the non-tumor
and tumor quadrant, respectively were used as single color compensation controls. All
samples were run in a LSRII flow cytometer. Data was analyzed with FlowJo software (v.
10.1; Tree Star). Technician acquiring and gating the data was blinded to the treatments.

Mouse IFNy ELISPOT assay

Mouse IFNy ELISPOT assay was performed according to the manufacturer instructions
(R&D Systems) with minor modifications. Briefly, 005 GSCs (1 x 10°) in 10% RPMI were
irradiated (35 Gy) after overnight culture. Splenocytes (1-2 x 10%/well) harvested from
treated mice (as in (Cheema et al., 2013)) were co-cultured with 1 x 10° irradiated (35Gy)
005 GSCs or FCS-differentiated 005 cells in 12 well plate for 48 hr at 37°C. Stimulated
splenocytes (1-2 x 10 %) were plated onto 96-well PVDF-backed microplates coated with
monoclonal antibody specific for mouse IFNy (Mouse IFN-gamma ELISpot kit; R&D
Systems). After 24 hr of incubation at 37°C, plates were washed three times, incubated with
detection antibody concentrate overnight at 4°C, washed and incubated with streptavidin-AP
for 2 hr at room temperature. After washing, the signal was developed with BCIP/NBT
Chromogen (R&D Systems) for one hour at room temperature. Spots were identified and
counted on an AID Version 3.1.1 ELISPOT reader.

QUANTIFICATION AND STATISTICAL ANALYSIS

Survival data were analyzed by Kaplan Meier survival curves, and comparisons were
performed by Log Rank test. Flow cytometric data and immunohistochemistry counts were
compared using an unpaired Student’s t test (two-tailed). P values of less than 0.05 were
considered significant. All statistical analyses were performed using Prism 6 software
version 6.0d.
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Supplementary Material

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

Glioblastoma is one of the most immunosuppressive and lethal tumors. Immunotherapy
clinical trials, including with immune checkpoint blockade, have not been successful so
far. Here, we reveal the synergistic interaction between oncolytic herpes simplex virus
expressing I1L-12 and two checkpoint inhibitors (anti-CTLA-4 and anti-PD-1) in curing
most glioblastoma and inducing immunological memory. Any dual combination only
extended survival of mice with GSC-derived tumors, suggesting likely ineffectiveness in
the clinic. Therapy curing most mice targeted multiple pathways: glioblastoma stem-like
cell oncolysis, inhibition of immune-suppression, induction of anti-tumor immunity
requiring CD4* T cells, and, significantly, macrophage infiltration and M1-like
polarization. This highlights a combination strategy to treat tumors that are minimally
responsive to immunotherapy.
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Highlights

OHSV expressing IL-12 and 2 checkpoint inhibitors synergistically cure
glioblastoma

Immune checkpoint antibodies access GSC-derived brain tumors

Triple combination increases intratumoral M1-like macrophages and
Teff:Treg ratio

CD4* and CD8™ T cells and macrophages are required for triple combination
efficacy
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Figure 1. Characterization of mouse 005 and human GSCs
A. 005 GSCs cultured for 24 hr with or without murine IFNy (mIFN-y: 0 or 3 ng/ml),

stained for PD-L1, and analyzed by flow cytometry. B. 005 GSCs infected with G47A-E or
G47A-mIL12 at MOI=1 for 24 hr, stained for PD-L1, and analyzed by flow cytometry. C.
Human primary (left) and recurrent (right) GSCs cultured for 24 hr, stained for PD-L1
(cyan), and analyzed by flow cytometry. Percent of PD-L1" cells indicated in upper right.
See also Figure S1.
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Figure 2. Immunohistochemical staining of immune cell markers after G47
(A-B) A-mIL12 treatment. (A-B) 005 GSCs (2 x 10%) implanted on day 0, injected

intratumorally (IT) with G47A-mIL12 (1 x 10° pfu; n=3) or PBS (n=4) on days 18 and 24,
animals sacrificed on day 25, and brains collected. Brain tumor sections were stained as
indicated. For PD-L1 brain sections, 005 GSCs (2 x 10%) implanted on day 0, injected IT
with G47A-mIL12 (5 x 10° pfu; n=3) or PBS (n=3) on days 17, animals sacrificed on day
24, and brain tumor sections stained with anti-PD-L1 antibody. Representative images are
presented; scale bar=100 pm (A). The number of positive cells from 3-9 fields/tumor section
(1 section/mouse, except 3 for CD3) were counted (B). Average number of positive cells
from each individual mouse is identified by symbol and color. The mean = SEM of all mice
is presented. Data were assessed by Student’s t test; *p<0.05; **p<0.001. See also Figure
S1.
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Figure 3. Treatment of 005 GSC-derived tumors with systemic immune checkpoint inhibitors,
intratumoral G47 A-mIL12, or the combination prolongs survival

(A-B) Mice implanted with 2 x 104 005 GSCs on day 0, treated with G47A-mIL12 (5 x 10°
pfu) or PBS injected IT on day 12 (upward arrow) and isotype control 1gG (10 mg/kg), anti-
(a)PD-L1 antibody (A), or anti-(a)PD-1 antibody (B) injected IP on days 15, 18 and 21
(downward arrows). Values from a single experiment, with Mock (treated with PBS and
IgG) and G47A-mIL12 groups the same in A and B. Median survival of Mock (33.5 days;
n=6) was compared to anti-PD-1 (39 days; n=8, p=0.02), anti-PD-L1 (42 days; n=7,
p=0.003), or G47A-mIL12 (39 days; n=8, p=0.01) by Log-rank analysis. Similarly, G47A-
mlL12 was compared to the combination of G47A-mIL12 with anti-PD-1 (49 days; n=7,
p=0.02) or -PD-L1 (50 days; n=7, p=0.03), and antibodies were compared to the
combination of G47A-mIL12 with anti-PD-1 (p=0.053) or anti-PD-L1 (p=0.08). Experiment
was conducted once (A) or twice (B). C. Mice implanted with 2 x 10* 005 GSCs on day 0
and treated with G47A-mIL12 or PBS injected IT on day 8 and anti-(a)CTLA-4 antibody or
isotype control 1gG (5 mg/kg) injected IP on days 8, 11 and 14 (n=8/group, except for
G47A-mlL12 n=7). Median survival of Mock (37.5 days) was compared to anti-CTLA-4 (45
days; p=0.002) or G47A-mIL12 (40 days; p=0.03) alone by Log-rank analysis. Similarly,
combination of G47A-mIL12 with anti-CTLA-4 (58 days) was compared to anti-CTLA-4
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(p=0.05) or G47A-mIL12 (p=0.008). Experiment was conducted 2 times. D. Mice implanted
with 2 x 10% 005 GSCs on day 0, treated with PBS (right; n=2), rat anti-(a)PD-1 antibody
(middle; 200 pg/mouse; n=2), or rat anti-(a)PD-L1 antibody (left; 200 pg/mouse; n=2)
injected IP on day 25, and sacrificed 3 hr later. Antibodies were detected with HRP-
conjugated anti-(a)rat Ig (brown; right) or control HRP-conjugated anti-(a)rabbit Ig (left). *
normal brain adjacent to tumor. Scale bar=100 pm. E. 005 GSCs (1.5 x 10°) implanted on
day 0, treated with PBS or G47A-mIL12 (5 x 10° pfu) IT on day 11 and IgG or anti-CTLA-4
antibody (5 mg/kg) injected IP on days 11, 14, and 17 (n=4/group; Mock=PBS/1gG), and
mice sacrificed on day 18. Tumors were harvested, cells stained with fluorochrome-
conjugated anti-mouse antibodies, and multicolor FACS performed. Scatter plot (each
animal 1 point) of the percentages of live sorted positive cells. The ratio of Teff to Treg ratio
is presented in a bar graph. Mean + SEM. Data were assessed by Student’s t test between
indicated groups; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. See also Figure S2 and
S3.
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Figure 4. Triple combination therapy in 005 and CT-2A glioma models
A. Mice implanted with 2 x 10% 005 GSCs on day 0 and treated with G47A-mIL12 (5 x 10°

pfu) or PBS injected IT on day 8 (upward arrow) and anti-CTLA-4 (5 mg/kg) and anti-PD-1
(10 mg/kg) or isotype control 1gG (5 mg/kg hamster and 10 mg/kg rat 1gG) IP on days 8, 11
and 14 (n=9/group; downward arrows). Median survival of Mock (PBS and 19G; 40 days)
was compared to the combination of anti-PD-1 and anti-CTLA-4 (55 days; p=0.0002) by
Log-rank analysis. Similarly, triple combination treatment with virus (89% of mice
surviving long-term) was compared to the combination of anti-PD-1 and anti-CTLA-4
(p<0.0001) or Mock (p<0.0001). Experiment was conducted 3 times. B. Cured mice (n=8)
from the triple combination experiment in (A) were re-challenged on day 183 with 5-fold
increased number of 005 GSCs (1 x 10°) in the contralateral hemisphere (re-challenged).
Age matched (8 months) naive mice were implanted as controls (n=5). All re-challenged
mice were alive at day 96 post-challenge without tumor; controls had a median survival of
27 days post-challenge (p=0.0001; Log-rank analysis). C. CT-2A cells (1 x 104) implanted
in C57BI/6 mice on day 0, injected IT with G47A-mIL12 (1 x 10° pfu) or PBS on day 10
and anti-CTLA-4 antibody and anti-PD-1 antibody or isotype control 1gG (5 mg/kg hamster
IgG and 10 mg/kg rat 1gG) injected IP on days 10, 13 and 16. Median survival of Mock
(PBS/IgG) treated mice (20 days; n=9) was compared to G47A-mIL12 (21 days; n=8) by
Log-rank analysis (p=0.007). Median survival of mice treated with triple combination (66.5
days; 50% of mice surviving long-term) was compared to anti-PD-1 and -CTLA-4 (19 days;
n=8, p=0.005) or G47A-mIL12 (p=0.01). D. Cured mice (n=4) from the triple combination
experiment in (C) were re-challenged on day 109 with 5-fold increased number of CT-2A
cells (5 x 10%). Similar age naive mice (~6 months) were implanted as controls (n=5). All re-
challenged mice were alive at day 46 post-challenge without tumor, and compared to control
by Log-rank analysis (p=0.005). See also Figure S4.

Cancer Cell. Author manuscript; available in PMC 2018 August 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Saha et al.

A cbp3*t cb3* cba* cb3* cpbs* cD11b* GFP*
v 50 - 90 —— 60 = — 80 30 i
B 40 ' : = = ¥ ) ] =
s A vy * 4 40 & t ¥ 20 . .
Q30 70 f . 60 u
%20 .%i % . -!-_;_ ?-‘-%{_ ?_}i
] i_ A Y v
g i 'I‘ P 3 _;_ 2 10 +
< 10]e 504 o n 4 404 v e n _%
o A— — 0 e 0 ——
M V CPi CPi M V CPi CPi M V CPiCPi M V CPiCPi M V CPiCPi
+\/ +\ +V +V +V
B CD3*FoxP3™* CD4*FoxP3* CD8*FoxP3* CD8"(%)/CD4*FoxP3*(%)
@609 —*= 8 —— 5 = .ab -
3 e = 60 44 o mg o4 A
.340_'5¥ 403};!_.1! e " ®3
2 - ° 2 % = 2 dekk %
& &£ 20 5 4 R 51 = &
= A A 2 -
tr——->+--—" tor—r-—v--— —— 0 —r
M CPi CPi M CPi CPi M CPi CPi M CPi CPi
C +V +V +V +V
cD45*PD-L1* cb4*pD-L1* cos*PD-L1* GFP*PD-L1*
Ll -
» 60 - *
8 40
2
.‘5
g 204
=2
04
M V CPi CPi M V CPiCPi
+V +V
cD4s*CTLA4* CcD4*CTLA4"

o
o o

% positive cells
N oW b
o o

-
L= =}

(]
(=]

ha
(=]

s
[=]

% positive cells

M V CPi CPi
+V +V

Figure 5. FACS analysis of treatment effects of triple combination therapy
(A-C) Mice implanted with 005 GSCs (1.5 x 10°) on day 0, treated with G47A-mIL12 (5 x

10° pfu) or PBS injected IT on day 11, and anti-PD-1 and anti-CTLA-4 antibody or rat and
hamster 1gGs (Mock) (5 mg/kg hamster 1gG and 10 mg/kg rat IgG) injected IP on days 11,
14, and 17 (n=4), and sacrificed on day 18. Tumors harvested, dissociated cells stained with
fluorochrome-conjugated anti-mouse antibodies, and multicolor FACS was performed.
Percentages of live CD3™ cells, CD3* sorted CD4* and CD8™ subsets, live CD11b*
(monocytes, macrophages, NK, DC), and live CD45~ GFP* 005 cells from 2 independent
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experiments (red and black symbols) for M, CPi, V, and CPi+V groups (symbols are
individual mice) were analyzed (A). The tumors from the experiment with red symbols in
(A) were analyzed for CD3*FoxP3* subtypes and ratio of CD8* to CD4*FoxP3* (B). The
tumors from the experiment with black symbols in (A) were analyzed for immune
checkpoint expression (PD-L1, CTLA-4, PD-1) on CD45"CD3*CD4" and CD8* subsets,
CD45~GFP*, and CD11b*CD45M and o ce|is (C). M, Mock (PBS/IgG); V, virus (G47A-
mIL12); CPi, checkpoint inhibitors (anti-PD-1*anti-CTLA-4); CPi+V, virus + checkpoint
inhibitors (G47A-mIL12+anti-PD-1+anti-CTLA-4). Data are mean = SEM and assessed by
Student’s t test between indicated groups; *p<0.05, **p<0.01, ***p<0.001. See also Figure
S5.
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Figure 6. Immunohistochemical staining of tumor infiltrating cells
(A-D) Mice implanted with 005 GSCs (2 x 10%) on day 0, treated with G47A-mIL12 (5 x

105 pfu) or PBS injected IT on day 17, and checkpoint inhibitors anti-PD-1 antibody and
anti-CTLA-4 antibody or rat and hamster 1gGs (5 mg/kg hamster 1gG and 10 mg/kg rat IgG)
injected IP on days 17, 20, and 23 (n=4), sacrificed on day 24, and brain tumor sections
stained as indicated (Mock; PBS/IgG). Representative images with positive cells stained
brown are presented (A). PD-L1 staining was from a separate experiment, but same
treatment as above (n=3 or 4). Scale bars=100 or 200 pm as indicated. Number of positive
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cells per field in (A) were counted (3-5 fields/section/mouse for CD68 and Ki67; 8-10
fields/section/mouse for pStatl and iINOS; 4 fields/section and 2 sections/mouse for PD-L1),
and individual mice in each group are identified by color (B). Representative images with
positive cells stained red (pSTAT1 *, CD3™), blue (CD68", Ki67*), and red/blue colocalized
(examples indicated with arrows) are presented (C). Scale bar=100 um. Brain sections were
incubated sequentially with primary (pSTAT1 or CD3 rabbit antibody) and secondary
antibodies (AP-conjugated anti-rabbit 1g), followed by red color development. The same
sections were then incubated with primary (CD68 or Ki67; rabbit antibody) and secondary
antibodies (AP-conjugated anti-rabbit 1g), followed by blue color development. Number of
positive cells per field were counted (8-10 fields/section/mouse) and percent of double
positive cells plotted (D) with individual mice identified by color. M, Mock (PBS/IgG); CPi,
checkpoint inhibitors (anti-PD-1+anti-CTLA-4); CPi+V, checkpoint inhibitors + virus
(G47A-mlL12+anti-PD-1+anti-CTLA-4). Data are mean £ SEM, assessed by Student’s t test
between indicated groups; *p<0.05, ***p<0.001, ****p<0.0001. See also Figure S6.
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Figure 7. Depletion/inhibition of immune cell subtypes abrogates triple combination therapy
A. C57BI/6 mice implanted with (2 x 10%) 005 GSCs on day 0 and treated with G47A-

mlL12 or PBS injected IT on day 8 and anti-CTLA-4 and anti-PD-1 antibodies or isotype
control 1gG (5 mg/kg hamster 1gG and 10 mg/kg rat IgG) injected IP on days 8, 11 and 14
(n=6/group; upward arrows). Depletion antibodies against CD4 or CD8 (10 mg/kg) or
clodronate liposomes (Clod; first injection 50 mg/kg followed by 25 mg/kg) were injected IP
on days 4, 7, 10, 13, 20, and 27 (downward arrows), or BLZ945 (BLZ; 200 mg/kg) was
gavaged for two cycles from days 6-10 and days 12-16 in triple therapy mice. Median
survival of mice was determined: Mock (PBS/IgG/liposome/20% captisol), 35.5 days or
triple therapy +aCD4 antibody, 32.5 days; +BLZ, 41.5 days; +aCD8 antibody, 45 days;
+Clod, 43 days; +PBS (1gG/liposome/20% captisol). +PBS was compared to +BLZ
(p=0.004), +Clod (p=0.02), +a.CD4 (p=0.0007), +aCD8 (p=0.02), or Mock (p=0.0006) by
Log-rank analysis. Similarly, Mock was compared to +PBS (p=0.0006), +BLZ (p=0.06),
+Clod (p=0.01), +aCD4 (p=0.4), or +a.CD8 (p=0.0006). B. C57BI/6 mice implanted with
005 GSCs (2 x 10%) on day 0 and treated with G47A-mIL12 (5 x 10° pfu) or PBS injected IT
on day 18 and anti-CTLA-4 and anti-PD-1 antibodies or isotype control 1gGs (5 mg/kg
hamster IgG and 10 mg/kg rat 1gG) injected IP on days 18, 21 and 24 (n=2/group).
Depletion antibodies (aCD4, aCD8; 10 mg/kg) or Clod (first injection 50 mg/kg followed
by 25 mg/kg) were injected IP on days 14, 17, 20, and 23, or BLZ (200 mg/kg) gavaged
from days 16-20 and 22-25. Twenty-four hr after the last immune checkpoint injection or 8
hr after the last BLZ gavage, animals were sacrificed on day 25 and brains collected. Brain
tumor sections (2 sections/mouse, at least 200 um apart from each other) were stained for
CD4, CD8, CD68, and F4/80. Positive cells were counted (5 fields/section for CD4" and
CD8*, 8 fields/section for CD68*, and 6 fields/section for F4/80%) and presented as mean +
SEM. Data were assessed by Student’s t test between indicated groups *p<0.05, **p<0.01,
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***n<0.001, ****p<0.0001. Only significant differences between Mock or triple therapy
and other treatments indicated. See also Figure S7.
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