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Background. Systemic delivery of a complementary cDNA library expressed from the vesicular stomatitis virus (VSV) treats tumors
by vaccinating against a wide range of tumor associated antigens (TAAs). For subcutaneous B16 melanomas, therapy was
achieved using a specific combination of self-TAAs (neuroblastoma-Ras, cytochrome ¢, and tyrosinase-related protein 1) ex-
pressed from VSV. However, for intracranial B16 tumors, a different combination was therapeutic (consisting of VSV-expressed
hypoxia-inducible factor [HIF]-2a, Sox-10, c-Myc, and tyrosinase-related protein 1). Therefore, we tested the hypothesis that
tumors of different histological types growing in the brain share a common immunogenic signature which can be exploited for
immunotherapy.

Methods. Syngeneic tumors, including GL261 gliomas, in the brains of immune competent mice were analyzed for their antigenic
profiles or were treated with systemic viroimmunotherapy.

Results. Several different histological types of tumors growing intracranially, as well as freshly resected human brain tumor ex-
plants, expressed a HIF-2a"" phenotype imposed by brain-derived CD11b+ cells. This location-specific antigen expression was ex-
ploited therapeutically against intracranial GL261 gliomas using systemically delivered VSV expressing HIF-2a, Sox-10, and c-Myc.
Viroimmunotherapy was enhanced by immune checkpoint inhibitors, associated with the de-repression of antitumor T-helper cell
type 1 (Th1) interferon-y and Th17 T cell responses.

Conclusions. Since different tumor types growing in the same location in the brain share a location-specific phenotype, we suggest
that antigen-specific immunotherapies should be based upon expression of both histological type-specific tumor antigens and
location-specific antigens. Our findings support clinical application of VSV-TAA therapy with checkpoint inhibition for aggressive
brain tumors and highlight the importance of the intracranial microenvironment in sculpting a location-specific profile of tumor
antigen expression.
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There have recently been highly encouraging advances in the
development of effective immunotherapies for the treatment

how they are influenced by the unique immune microenviron-
ment maintained within the CNS.”

of advanced cancers.™? However, despite significant progress
in the fields of prostate cancer® and melanoma,” clinical appli-
cation of immunotherapy for poor prognosis primary brain tu-
mors, such as glioblastoma has been less extensively studied.
Therefore, significant advances are required to improve our un-
derstanding of the immunological profiles of brain tumors and

Our previous studies have highlighted the therapeutic po-
tential of immunotherapy using a systemically delivered onco-
lytic vesicular stomatitis virus (VSV) as a platform for expressing
a complementary cDNA library of normal/tumor tissue.® % In
particular, we have shown that VSV-cDNA libraries are capable
of vaccinating against a wide range of tumor-associated
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antigens (TAAs) expressed on tumors of the same histological
type as the source of the cDNA library.®~® Significantly, efficacy
was associated with truly systemic delivery of the VSV-cDNA vi-
ruses and was effective at treating murine prostate tumors® or
subcutaneous (s.c.) B16 tumors,” depending upon the source of
the cDNA used. In the case of s.c. B16 melanomas, we identi-
fied the key TAAs involved in tumor rejection as VSV-expressed
neuroblastoma-Ras (N-Ras), cytochrome c¢ (Cyt-c), and
tyrosinase-related protein 1 (TYRP-1). These VSV-expressed
TAAs were therapeutically effective only in combination, not
alone, and induced tumor rejection by induction of a T helper
cell Th17 antitumor T cell response.” We also showed that ex-
actly the same VSV-cDNA library that was effective against s.c.
B16 tumors significantly prolonged survival of the same B16 tu-
mors growing intracranially (i.c.).2 However, while therapy with
VSV-N-Ras, VSV-Cyt-C, and VSV-TYRP-1 effectively treated s.c.
B16 murine tumors, this combination was completely ineffec-
tive against the i.c. B16 tumors.® In contrast, immunologic
screening of the VSV-cDNA identified a combination of
VSV-expressed hypoxia-inducible factor (HIF)-2a«, Sox-10,
c-Myc, and TYRP-1 as the immunogens against which a Th17
anti i.c. B16 tumor response was therapeutic.® These data
showed that the immunological profile of tumor antigens
expressed by cells of the same histological type is determined
by the anatomical location of the tumor.® Consistent with
this, we demonstrated that the i.c. phenotype of tumor anti-
gen expression was imposed by the unique immune microen-
vironment within the brain, mediated by the presence of i.c.
CD11b+ cells.®

These studies raised a critical question related to our ability
to develop effective immunotherapies for different types of
brain cancers. Thus, if the local brain microenvironment impos-
es a highly distinct antigenic profile on melanoma tumors
growing i.c., would tumors of different histological types also
share this profile? If so, this would have profound implications
for the treatment of brain tumors of different histological types
and may lead to the generation of immunotherapeutic strate-
gies effective against both gliomas, as well as other types of
metastatic disease in the brain. Therefore, the aims of the cur-
rent study were to characterize the immunogenic profile of a
variety of cancer types growing in the same i.c. location and
to test the hypothesis that immunological targeting of this
i.c.-specific phenotype, as opposed to the histological pheno-
type of a tumor, could lead to an effective treatment for
glioma.

We show here that the combination of systemically deliv-
ered VSV-expressed HIF-2a, Sox-10, and c-Myc significantly ex-
tended survival of mice bearing i.c. GL261 gliomas, just as it
was effective against i.c. melanomas (without the need for
VSV-TYRP-1). In addition, VSV-HIF-2«, VSV-Sox-10, and
VSV -c-Myc therapy against i.c. GL261 tumors was significantly
enhanced in vivo by the addition of anti-programmed cell
death protein 1 (PD1) antibody alone, or anti-PD1 antibody in
combination with anti-cytotoxic T lymphocyte antigen 4
(CTLA4) antibody. Interestingly, the addition of checkpoint in-
hibitor therapy relieved the suppression of a Th1 antitumor re-
sponse, which was suppressed in vivo in the absence of
anti-PD1 therapy. Taken together, our data support a potential
clinical application for VSV-TAA therapy in combination with

checkpoint inhibition for aggressive brain tumors such as glio-
blastoma; they highlight the importance of the i.c. cellular im-
mune environment in maintaining the antigenic/immunogenic
identity of brain tumors of different histological types; and they
support the concept that effective immunotherapies need to
target location-specific tumor phenotypes, as well as the histo-
logical tumor phenotypes more traditionally used to character-
ize immunotherapeutic targets.

Materials and Methods

Cell Lines

Murine B16 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Life Technologies) supplemented with 10%
fetal calf serum (FCS) and L-glutamine (Life Technologies).
Murine GL261 cells were grown in DMEM supplemented with
10% FCS. Transgenic adenocarcinoma of the mouse prostate
(TRAMP-C2 [TC2]) cells, from a prostate tumor in a TRAMP
mouse,'* were routinely grown as tumors in C57BL/6 mice in
an androgen-independent manner. K1735 melanoma cells'?
were derived from H-2% C3H/He mice. The C57BL/6 and C3H
mice were purchased from The Jackson Laboratory at 6-8
weeks of age.

Virus

The ASMEL (Altered Self Melanoma Epitope Library) VSV-cDNA
library was generated as previously reported.®~® Individual
viral clones were isolated by limiting dilution as previously
described,”® expanded in baby hamster kidney cells, and puri-
fied by sucrose gradient centrifugation. VSV-green fluorescent
protein (GFP) was manufactured as described.’®

Tumor Dissociation

Tumors were excised from euthanized mice by local dissection
from the brain. Tumors were then dissociated into single-cell
suspensions with enzymatic digestion of the extracellular ma-
trix combined with mechanical dissociation using the mouse
Tumor Dissociation kit (Miltenyi Biotech) according to the
manufacturer’s instructions.

HIF-2« Protein in Intracranial Explants and In vitro
Cultures

To establish i.c. tumors, 1 x 10“ cells in 2 wL phosphate buffered
saline (PBS) were stereotactically injected into the brain (1 mm
anterior and 2 mm lateral to the bregma) of C57BL/6 (B16,
GL261, or TC2 cells) or C3H (K1735 cells) mice. Mice were sac-
rificed upon sign of distress, and single-cell suspensions of brain
tumor explants or in vitro cultured cells (B16, GL261, TC2, or
K1735) were plated at 1 x 10° per well. HIF-2« protein expres-
sion was measured in cell lysates by enzyme-linked immuno-
sorbent assay (ELISA) (USCN Life Sciences). From in vitro
cultures, 1x10° cells of each cell line (B16, GL261, TC2,
K1735) were also plated and measured for HIF-2a protein.
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HIF-2a Protein in Co-cultures of GL261 and Splenic/
Brain-Derived CD11b+ Cells

CD11b+ cells were purified from brain-cell suspensions of mul-
tiple brains or from the spleens of C57BL/6 mice using CD11b
microbeads (Miltenyi Biotech); 1 x 10° CD11b+ cells were co-
cultured with (1 x 10°) GL261 cells for 24 h, cell-free superna-
tants were harvested, and HIF-2a protein was measured by
ELISA. HIF-2a protein was also evaluated following co-culture
of GL261 cells with brain- or spleen-derived CD11b+ cells, in
the presence of 10 ng/mL recombinant transforming growth
factor (TGF)-B RII Fc Chimera 341-BR (R&D Systems).

Human Tumor Explants

Human primary glioblastoma brain tumor tissue was obtained
following surgery. Written informed consent was obtained from
all patients in accordance with local institutional ethics review
and approval. Within 3 h of resection, explants were dissociated
into single-cell suspensions using the human Tumor Dissocia-
tion Kit (Miltenyi Biotech) and were depleted of CD11b+ cells
using CD11b microbeads. Tumor cells were seeded at 1 x 10*
cells+isolated autologous CD11b+ cells (5 x 103 per well).
HIF-2a protein levels were evaluated at 24 h and following 2
weeks of culture. HIF-2a protein was also evaluated from 1 x
10° isolated CD11b+ cells 24 h after explant.

In vivo Studies

All procedures were approved by the Mayo Foundation Institu-
tional Animal Care and Use Committee. To establish i.c. tumors,
1x 10" GL261 cells in 2 pL PBS were stereotactically injected
into the brains of C57BL/6 mice (n = 7-9 per group unless oth-
erwise stated, 1 mm anterior and 2 mm lateral to the bregma,
using a syringe bearing a 26G needle). Virus, drug, or PBS con-
trol (100 plL) was administered intravenously 5 days later and
as described.

Over many separate experiments, we have observed that
survival of mice with GL261 tumors growing intracranially
and treated with nothing at all, PBS, or i.v. injections of VSV-GFP
are not significantly different. Therefore, we routinely used ei-
ther PBS treatment or VSV-GFP as our negative control for
these experiments.

For checkpoint inhibition studies, control ChromPure rat im-
munoglobulin IgG antibody (Jackson Immunochemicals) or
anti-PD1 antibody was i.v. injected at 225 pg/mouse/injection
(clone RMP 1-14, Bio X Cell) and anti-CTLA4 at 0.1 mg/mouse/
injection (Bio X Cell).

In vitro Splenic/Lymph Node T-cell Reactivation
and ELISA for Interferon-vy/Interleukin-17

Spleens and lymph nodes were harvested from euthanized mice
and dissociated into single-cell suspensions. Red blood cells were
lysed with ammonium-chloride-potassium lysis buffer (sterile
H,0 containing 0.15 M NH,Cl, 1.0 mM KHCO3, and 0.1 mM EDTA
adjusted to pH 7.2-7.4). Cells were resuspended at 1 x 10° cells/
mL in Iscove’s modified Dulbecco’s medium + 5% FCS + 1%
penicillin-streptomycin + 40 pmol/L 2 -mercapto-ethanol.

Pooled cells (1 x10° per well) were stimulated with freeze/
thaw lysates (equivalent to 1 x 10° cells) of either GL261 tu-
mors recovered from mice bearing i.c. GL261 tumors or in
vitro cultured GL261 cells every 24 h for 3 days. Following
48 h culture, cell-free supernatants were assayed by ELISA
for interferon (IFN)-y (BD Biosciences) or interleukin (IL)-17
(R&D Systems). Restimulation was also carried out with sple-
nocytes and lymph node cells depleted of regulatory T cells
(Tregs) using CD4+/CD25+ beads (Miltenyi Biotech). Spleno-
cyte and lymph node single-cell isolates were also stimulated
as described above with the VSV-N protein derived epitope
peptide (VSV-Ns,_59:RGYVYQG at 5 pwg/mL), and supernatants
were evaluated for IFN-y and IL-17.

Statistics

Survival data were analyzed using the log-rank test with
GraphPad Prism 6. A 2-sample, unequal variance Student’s
t-test was used to evaluate in vitro data. Statistical significance
was determined at P <.05.

Results

Intracranial Tumors of Different Histologies Express a
Similar HIF-2a"" Phenotype

Based on our previous studies,® we hypothesized that the i.c.
microenvironment imposes a HIF-2a"" phenotype upon differ-
ent types of tumors, which is distinct from that expressed by
the same tumor cells growing in culture. Consistent with this
hypothesis, freshly resected i.c. tumors of different histological
types, including K1735 melanoma (in C3H mice), as well as B16
melanoma, GL261 glioma, and TC2 prostate cancer (C57BL/6
mice), all expressed a HIF-2a"" phenotype. In contrast, the
same cell lines grown in culture, from which the tumors were
initially derived by i.c. implantation, expressed low or undetect-
able levels of HIF-2a (Fig. 1A). In addition, the HIF-2a"" pheno-
type was specific to i.c., as opposed to s.c., tumors (Fig. 1B).
Finally, consistent with our identification of a combination of
VSV-expressed HIF-2a, Sox-10, c-Myc, and TYRP-1 as the immu-
nogens against which a Th17 anti i.c. B16 tumor response was
therapeutic,® GL261 tumors growing i.c. expressed a HIF-2a™,
Sox-10"" c-Myc™ phenotype, which was not expressed by cul-
tured GL261 cells or by GL261 tumors growing in a different,
subcutaneous location (Fig. 1C).

CD11b+ Cells in Intact Brain Homogenate Impose a
HIF-2o"" Phenotype on GL261 Cells In vitro in Part
Through TGF-B8

Previously, we demonstrated that the HIF-2a"" phenotype of
i.c. B16-ova tumors was imposed by brain-associated, but
not spleen-derived, CD11b+ cells. In vitro co-culture of
GL267cells with CD11b+ cells purified from intact brain ho-
mogenate mediated a similar HIF-2a° to HIF-2a" phenotypic
transition (Fig. 2). As for the B16 model, splenic CD11b+ cells
were unable to impose a HIF-2a" phenotype on in vitro cul-
tured glioma cells (Fig. 2). While neutralization of neither
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Fig. 1. Intracranial tumors of different histology express a HIF-2a™ phenotype. (A) Tumors established in the brains of C57BL/6 (B16, GL261, or TC2
cells) or C3H (K1735) mice were dissected upon sacrifice (tumor explants), and tumor cells were seeded at 1 x 10° per well. Of each cell line, 1 x 10°
cells cultured in vitro (cultured) were also plated. HIF-2a was measured by ELISA after 24 h. Error bars are expressed as SD. (B) HIF-2« protein
expression from GL261 cells either grown in culture (3 plates) or freshly resected from i.c. tumors (n=3) or from s.c. GL261 tumors was

measured by ELISA with samples standardized for equal protein loading.

(C) cDNA from GL261 cells either grown in culture (3 plates) or freshly

resected fromi.c. tumors (n = 3) or from s.c. GL261 tumors was screened by quantitative real-time PCR for expression of HIF-2a, Sox-10, and c-Myc.
The difference in cycle threshold (Ct) for expression of the target gene to that of the control glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
gene (Ct(Target) -Ct(GAPDH)) is shown. Results are representative of 2 separate experiments.
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Fig. 2. Brain-derived CD11b+ cells impose a HIF-2a™ phenotype on in
vitro cultured GL261, in part through TGF-B. HIF-2a expression was
measured by ELISA from: 1 x 10° GL261 cells cultured in vitro for 24 h;
GL261 i.c. tumors, dissected from the brain upon sacrifice and plated
at 1x10° cells per well for 24 h; 1x10° GL261 cells co-cultured for
24 h with 1 x 10° CD11b+ cells purified from normal splenocytes of
C57BL/6 mice; 1 x10° GL261 cells co-cultured for 24 h with 1 x 108
CD11b+ cells purified from normal brains of C57BL/6 mice. Cultures
with added CD11b+ cells (spleen- or brain-derived) were repeated in
the presence of recombinant TGF-B RII Fc Chimera at 10 ng/mL.
Results are representative of 3 separate measurements. Error bars are
expressed as SD. *P=.000173, between the groups as indicated.

tumor necrosis factor-a, vascular endothelial growth factor,
nor IFN-y prevented induction of the HIF-2a™ phenotype in
GL261 and brain-associated CD11b+ cell co-cultures (data
not shown), blocking TGF-B significantly reduced HIF-2a ex-
pression (P=.000173) (Fig. 2).

Human Tumor Explants Express a HIF-2a!" Phenotype
That Is Reduced Over Time

To investigate how the murine model might reflect the patient
situation, we studied the HIF-2« phenotype of primary human
brain tumor samples. Freshly resected tumors cultured with
their own autologous CD11b+ cells exhibited a HIF-2a"" pheno-
type, although levels of HIF-2a were consistently lower than in
resected murine tumors (Fig. 3). Brain tumor explants depleted
of CD11b+ cells expressed lower levels of HIF-2a after 24 h of
culture, although this did not reach statistical significance (P=
.101) (Fig. 3). The CD11b+ cells themselves did not express sig-
nificant levels of HIF-2a (Fig. 3). After 2 weeks, CD11b+ cells
within these co-cultures were lost, and the level of tumor
cell-associated HIF-2a was significantly reduced compared
with levels seen at 24 h post explant (P=.017) (Fig. 3). There-
fore, human brain tumors also express a HIF-2a"" phenotype
which is maintained, at least in part, by immune cells within
the brain microenvironment.
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Fig. 3. Human brain tumor explants express a HIF-2a™ phenotype which diminishes with time. Human brain tumor explants were recovered from
surgery and depleted of CD11b+ cells. Tumor cells were plated at 1 x 10 per well either alone (24 h CD11b—) or with 5x 10* CD11b+ cells (24 h
CD11b+). HIF-2a expression was measured at 24 h. In cultures from which tumor cells survived more than a week, HIF-2a was measured from
1 x10* tumor cells after 2 weeks, by which time CD11b+ cells had been washed away/died (2 wk CD11b-). HIF-2a was also measured from
1x 10° separated CD11b+ cells 24 h after explant. Results are representative of 3 separate measurements. Error bars are expressed as SD.

Intracranial GL261 Can Be Treated With
VSV-Tumor- Associated Antigen Therapy and
Enhanced by Addition of Checkpoint Inhibitors

We showed previously that although mice bearing s.c. B16 tu-
mors were treated successfully with a combination of
VSV-expressed N-Ras, Cyt-c, and TYRP-1, i.c. B16 tumors were
successfully treated only with a combination of VSV-expressed
HIF-2q, Sox-10, c-Myc, and TYRP-1.”® Therefore, we tested the
hypothesis that effective immunotherapy of an i.c. tumor of a
different histological type could be targeted against this com-
mon i.c. tumor phenotype imposed by the brain microenviron-
ment. Consistent with this, systemic delivery of VSV-expressed
HIF-2a, Sox-10, and c-Myc generated significant therapy over
control treatment (P =.0001) (Fig. 4A). Although a combination
of just 2 of the VSV-TAAs gave significant therapy compared
with control treatment (P=.0001), optimal therapy required
the combination of all 3 antigens (HIF-2«, Sox-10, c-Myc) ([VSV-
HIF-2a/Sox-10/c-Myc] vs [VSV-HIF-2a/Sox-10 + VSV-GFP], P=
.0414). Unlike in the B16 i.c. model, addition of the VSV-TYRP-1
virus gave no added therapeutic benefit to treatment with
VSV-expressed HIF-2a, Sox-10, and c-Myc (data not shown). Con-
sistent with our previous data with B16 i.c., as opposed to s.c. tu-
mors, the combination of VSV-expressed N-Ras, Cyt-c, and TYRP-1
was ineffective against i.c. GL261 tumors and offered no significant
therapeutic advantage over control therapy (P=.1432) (Fig. 4A).
Next, we investigated whether the viroimmunotherapy as-
sociated with VSV-TAA therapy of i.c. GL261 could be enhanced
through combination with immune checkpoint inhibition.>'* To
do this, mice bearing i.c. GL261 tumors were treated with fewer
i.v. systemic injections of VSV-expressed HIF-2«, Sox-10, and
c-Myc (9 instead of the 12 of Fig. 4A) so that any additional
therapeutic value of combination with the checkpoint inhibitor

antibody anti-PD1 could be detected. Addition of anti-PD1 an-
tibody significantly extended survival compared with the virus
combination alone (P=.0006) (Fig. 4B). In these experiments,
anti-PD1 antibody treatment was initiated on day 13, only
shortly before mice not treated with VSV combinations started
to die (day 15) (Fig. 4B). Therefore, it is likely that the lack of ef-
ficacy of anti-PD1 therapy alone that is seen in the current pro-
tocol is due to late initiation of checkpoint inhibition and that
earlier monotherapy regimens may be more effective.

Anti-PD1 Antibody Uncovers a Th1l Response Against
Intracranial GL261

We showed previously that the therapeutic antitumor response to
self-TAA induced by VSV-cDNA library treatment is mediated by
Th17 CD4+ Tcells, and no Th1 IFN-y T cell responses could be de-
tected.®~® As expected, therefore, mixed splenocytes and lymph
node cultures from mice bearing i.c. GL261 tumors following
treatment with VSV-TAA (HIF-2a, Sox-10, c-Myc) did not secrete
IFN-y in response to challenge with freeze/thaw lysates of ex-
planted i.c. GL261 tumors (Fig. 5A). In contrast, similar mixed cul-
tures from mice treated with the same VSV-TAA + anti-PD1
antibody secreted significant levels of IFN-y (P=.0104), suggest-
ing that checkpoint inhibition through the PD1 axis uncovered a
Th1 response to poorly immunogenic self-antigens (Fig. 5A). Con-
sistent with the distinct antigenic nature of GL261 cells growing in
situ in the brain compared with the same cells growing in culture
(Figs 1 and 2), splenocyte and lymph node cultures from mice
treated with VSV-HIF-2a/Sox-10/c-Myc + anti-PD1 did not
secrete IFN-vy in response to challenge with freeze/thaw lysates
derived from GL261 cells cultured in vitro (Fig. 5B). These data
suggest that a Th1l response to a unique antigenic profile
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Fig. 4. VSV-TAA therapy of intracranial GL261 tumors with checkpoint inhibition. (A) C57BL/6 mice bearing 5-day established i.c. GL261 tumors
were treated intravenously (n = 7-8 mice per group) with a total of 5 x 10° plaque-forming units (pfu) of VSV-HIF-2a, VSV-Sox-10, and VSV-c-Myc;
VSV-HIF-2a, VSV-Sox-10, and VSV-GFP; VSV-N-Ras, VSV-Cyt-c, and VSV-TYRP-1; or VSV-GFP on days 6, 8, and 10; 13, 15, and 17; 20, 22, and 24; and
27, 29, and 31, respectively. Survival with time is shown. Representative of 3 separate experiments. *P=.0001 between VSV-HIF-2a, VSV-Sox-10,
and VSV-c-Myc and VSV-GFP, and **P = .0414 between VSV-HIF-2a, VSV-Sox-10, VSV-c-Myc and VSV-HIF-2q, VSV-Sox-10+, VSV-GFP. (B) C57BL/6
mice bearing 5-day established i.c. GL261 tumors were treated intravenously (n = 7-8 mice per group) with a total of 5x 108 pfu of VSV-GFP;
VSV-HIF-2a, VSV-Sox-10, and VSV-c-Myc, or PBS on days 6, 8, and 10; 13, 15, and 17; and 20, 22, and 24, respectively. On days 13, 15, and 17
and 20, 22, and 24 these groups were treated intravenously with either PBS, control IgG antibody, or anti-PD1 antibody at 10 mg/kg/mouse as
shown. Survival with time is shown. Representative of 2 separate experiments. *P=.0006 between VSV +anti-PD1 combination and VSV
combination alone.

associated with i.c. GL261 tumors is generated following VSV-TAA  mice treated with checkpoint inhibition compared with

viroimmunotherapy but that it is suppressed in vivo and can be
de-repressed upon checkpoint inhibition.

Anti-PD1 Antibody Therapy Does Not Enhance the Th17
Response Against Intracranial GL261

Interestingly, despite enhancing therapeutic efficacy in vivo
(Fig. 4B), checkpoint inhibition with anti-PD1 did not signifi-
cantly enhance the Th17 response generated by VSV-HIF-2a/
Sox-10/c-Myc treatment (P=.674) (against either i.c. explant-
ed or cultured GL261 freeze/thaw lysates) (Fig. 5C and D). Both
Th1 IFN-y and Th17 anti-i.c. GL261 responses were induced by
only VSV-TAA, as opposed to VSV-GFP (Fig. 5A and C, respective-
ly), indicating that virally mediated expression of tumor anti-
gens was required for an effective immune response.

Anti-PD1 Antibody Enhances the Th1l Response
Against VSV
As we reported previously,® VSV-TAA treatment reproducibly

induced a Th1 response against VSV antigens (Fig. 5E). This
anti-VSV Th1 response was also significantly enhanced in

VSV-TAA treatment alone (P=.00375) (Fig. 5E).

Anti-PD1 Checkpoint Inhibition Mimics Depletion
of Tregs

As before (Fig. 5A), the addition of anti-PD1 to VSV-TAA therapy
uncovered an antitumor Th1l response (Supplementary Fig. SA,
lanes 1/2 compared with 3/4). In vitro depletion of Tregs from
the mixed splenocyte/lymph node cultures prior to restimulation
with freeze/thaw lysates also de-repressed the Th1 IFN-y T cell
response against i.c. GL261, compared with Treg-intact cultures
(Supplementary Fig. SA, lanes 1/2 compared with 5/6 ). However,
Treg depletion from splenocyte/lymph node cultures of mice
treated with VSV-TAA + anti-PD1 did not further enhance the
Th1 IFN-y T cell response already uncovered by anti-PD1 therapy
(Supplementary Fig. SA, lanes 3/4 compared with 7/8 ). Neither
anti-PD1 nor in vitro Treg depletion enhanced IL-17 responses
generated by VSV-TAA therapy (Supplementary Fig. SB).

These data suggest that anti-PD1 immune checkpoint inhi-
bition may operate in vivo, to de-repress an antitumor Th1
IFN-v T cell response and that this may be effected, at least
in part, by affecting Treg function. Experiments are currently
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Fig. 5. Checkpoint inhibition uncovers a Th1 immune response against tumor. (A-D) Splenocytes and lymph nodes were pooled from 3 C57BL/6
mice per group bearing 5-day established i.c. GL261 tumors treated with either PBS/PBS; VSV-GFP + anti-PD1 antibody; VSV-HIF-2a, VSV-Sox-10,
and VSV-c-Myc + IgG; or VSV-HIF-2a, VSV-Sox-10, and VSV-c-Myc + anti-PD1 antibody. Cells were plated at 1 x 10° cells per well and restimulated
in vitro 3 times at 24-h intervals with 1 x 10° cells of freeze/thaw lysates of GL261 tumors recovered from mice bearing i.c. GL261 tumors (A and C)
or with freeze/thaw lysates of in vitro cultured GL261 (B and D). Forty-eight hours later, supernatants were assayed for IFN-y (A and B) or IL-17
(C and D) by ELISA. (E) Splenocytes and lymph nodes were also restimulated with the VSV-N protein derived epitope at 5 wg/mL, 3 times for 24 h.
Forty-eight hours later, supernatants were assayed for IFN-y. Each result is representative of 3 separate measurements. Error bars are expressed as SD.

under way to investigate the effects of anti-PD1 therapy on Treg
numbers and function in the context of VSV-TAA therapy.

Combination Checkpoint Inhibition Further Improves
VSV-TAA Therapy

Given our success with enhancing VSV-TAA therapy with single
checkpoint inhibitor therapy, we tested a combination of

anti-PD1 and anti-CTLA4 checkpoint inhibition to target sepa-
rate stages of the T cell activation/repression pathway,'® in
combination with VSV-TAA therapy. Importantly, this combina-
tion checkpoint inhibitor approach reflects current clinical trial
activity (https://clinicaltrials.gov/ct2/show/NCT02017717). As
before, anti-PD1 treatment once again gave a significant im-
provement in survival in combination with VSV-TAA therapy
(Fig. 6A) in mice treated with a suboptimal dose of 6 injections
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Fig. 6. Double checkpoint inhibition therapy enhances treatment with VSV-TAA. (A) C57BL/6 mice bearing 5-day established i.c. GL261 tumors
were treated intravenously (n=7-8 mice per group) with a total dose of 5 x 10° pfu of VSV-GFP; VSV-HIF-2q, VSV-Sox-10, and VSV-c-Myc, or
PBS on days 6, 8, and 10 and 13, 15, and 17, respectively. On days 13, 15, and 17 these groups were also treated with either anti-PD1
antibody, anti-CTLA4 antibody, anti-PD1 antibody + anti-CTLA4 antibody, or PBS as shown. Survival with time is shown. Representative of 2
separate experiments. *P=.0015 between VSV-HIF-2a, VSV-Sox-10, and VSV-c-Myc and VSV -HIF-2a, VSV-Sox-10, and VSV-c-Myc + anti-PD1
and anti-CTLA4. (B-E) Splenocytes and lymph nodes were pooled from 3 C57BL/6 mice per group bearing 5-day established i.c. GL261 tumors
treated with either VSV-GFP + anti-PD1 + anti-CTLA4; VSV-HIF-2a, VSV-Sox-10, and VSV-c-Myc + anti-PD1 antibody + anti-CTLA4 antibody;
VSV-HIF-2a, VSV-Sox-10, and VSV-c-Myc + PBS; PBS + PBS; VSV-HIF-2a, VSV-Sox-10, and VSV-c-Myc + anti-PD1 antibody; or VSV-HIF-2a,
VSV-Sox-10, and VSV -c-Myc + anti-CTLA% antibody. Cells were plated at 1 x 10 cells per well and restimulated in vitro 3 times at 24-h
intervals with 1 x 10° cells of freeze/thaw lysates of GL261 tumors recovered from mice bearing i.c. GL261 tumors (B and D) or with freeze/
thaw lysates of in vitro cultured GL261 (C and E). Forty-eight hours later, supernatants were assayed for IFN-y (B and C) or IL-17 (D and E) by
ELISA. (B) *P=.0282 comparing lanes 3-6 and 16-19.

of VSV-TAA (as opposed to the 12 of Fig. 4A and the 9 of Fig. 4B).
In contrast, anti-CTLA4 as a monosupportive therapy for
VSV-TAA gave no added therapeutic benefit to VSV-TAA alone
(Fig. 6A). However, when used together, anti-PD1 and anti-
CTLA4 significantly improved VSV-TAA therapy alone (P=
.0015), and the combination was also more effective than
VSV-TAA + anti-PD1 (P=.0184) or VSV-TAA + anti-CTLA4 (P=
.0016) alone.

As before (Fig. 4), addition of anti-PD1 therapy to VSV-TAA
uncovered a Th1 IFN-y T cell response to i.c. GL261 explants

that was not detected from mice treated with VSV-TAA alone
(Fig. 6B). This was also true of anti-CTLA4 therapy in combina-
tion with VSV-TAA, although to a lesser extent than with
anti-PD1 (Fig. 6B). However, splenocyte/lymph node cultures
from mice treated with VSV-TAA and both anti-PD1 and anti-
CTLA4 checkpoint inhibition displayed enhanced Th1 IFN-y T
cell response againsti.c. GL261 compared with VSV-TAA therapy
in combination with either checkpoint inhibitor alone, although
this only reached statistical significance when compared with
the anti-CTLA4 treatment group (P=.0282) (Fig. 6B).
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With respect to the Th17 recall response, VSV-TAA therapy in
combination with anti-CTLA4 showed a strong trend to en-
hancing the Th17 response to i.c. GL261 responses (Fig. 6D)
compared with VSV-TAA therapy alone or in combination with
anti-PD1. Interestingly, splenocyte/lymph node cultures from
mice treated with VSV-TAA combined with both anti-CTLA4
and anti-PD1 therapy generated the strongest Th17 recall re-
sponses against i.c GL261 (Fig. 6D). In contrast, no significant
secretion of IFN-y or IL-17 was detected in response to chal-
lenge with lysates of cultured GL261 cells (Fig. 6C and E).

Taken together, these data show that addition of checkpoint
inhibitors, either singly or in combination, can enhance thera-
peutic responses to VSV-TAA treatment and that these increases
in therapy are associated with the de-repression of an antitumor
Th1 IFN-y T cell response (anti-PD1, anti-CTLA4, or both) and of
the antitumor Th17 response (anti-PD1 + anti-CTLA4).

Discussion

We show here that different histological types of tumor grow-
ing intracranially all expressed a similar location-specific
HIF-2a"" phenotype, distinct from the phenotype of the same
tumor cells in culture, or, at least in the case of B16, tumors
at different locations in vivo.® Critically, this was also true of
freshly resected human brain tumor explants. This allowed us
to use viroimmunotherapy, initially identified as effective
against melanoma growing intracranially, against a histologi-
cally separate glioma. This therapy was significantly enhanced
by further combination with checkpoint inhibition, which ap-
peared to mimic Treg depletion by de-repressing a Th1 IFN-y
antitumor T cell response.

Malignant primary brain tumors are associated with devas-
tating survival outcomes.'® In this respect, we show here that
i.c. derived tumors of different histologies (prostate cancer,
melanoma, and glioma) all express high levels of HIF-2a com-
pared with their in vitro cultured counterparts (Fig. 1). Brain-
derived, but not splenic-derived, CD11b+ cells imposed the
HIF-2a"" phenotype on GL261 cells cultured in vitro, mediated
in part by TGF-B (Fig. 2). Significantly, we also verified that fresh-
ly resected human brain tumor explants expressed a HIF-2a""
phenotype, which diminished with time, and that this pheno-
type appeared to be maintained in part by human brain tis-
sue-derived CD11b+ cells (Fig. 3). Experiments are currently
under way to determine more precisely the phenotype of
these CD11b+ cells as microglia, macrophages, or other cell
types.

Based on these results, we tested the hypothesis that the
i.c.-specific HIF-2a" phenotype, which we initially characterized
to be imposed upon B16 melanomas growing i.c.,® could also
be targeted to treat the GL261 glioma. Therefore, we evaluated
the efficacy of treatment with VSV expressing the antigens
HIF-2q, Sox-10, and c-Myc, which we previously showed to con-
fer treatment against i.c. B16-ova tumors.® Systemic delivery of
VSV -HIF-2a, VSV-Sox-10, and VSV-c-Myc significantly im-
proved therapy compared with treatment with VSV-GFP or
VSV expressing only 2 antigens from the signature (Fig. 4).
Mice treated with the antigenic signature (VSV-N-Ras, VSV -
Cyt-c, and VSV-TYRP-1) shown to be effective against s.c. locat-
ed B16 tumors® demonstrated no therapeutic advantage over

controls (VSV-GFP). These data clearly demonstrate the impor-
tance of the anatomical location of the tumor when consider-
ing the profile of TAA to be targeted by immunotherapy (Fig. 4).

Given the success of antibodies used to target the T cell
inhibitory factors CTLA4, PD1, and its ligand PDL1 in cancer im-
munotherapies, 1718 we evaluated the therapeutic response
of VSV-TAA in combination with checkpoint inhibition. Addition
of anti-PD1 antibody to the VSV-HIF-2a, VSV-Sox-10, and
VSV -c-Myc combination enhanced therapy (Figs 4B and 6A),
while addition of anti-CTLA4 antibody did not provide any ther-
apeutic benefit (Fig. 6A). Nonetheless, triple therapy of VSV-
HIF-2a, VSV-Sox-10, and VSV-c-Myc with anti-PD1 and anti-
CTLA4 antibodies generated the most effective therapy com-
pared with the VSV signature alone or in combination with ei-
ther single checkpoint inhibitor (Fig. 6A).

Memory recall responses were observed only following re-
stimulation in vitro with freeze/thaw lysates from i.c. derived
GL261 explants, but not from in vitro cultured GL261 cells
(Figs 4 and 6). These results confirm that the immune respons-
es induced by VSV-TAA treatment were to the unique antigenic
signature imposed intracranially (Fig. 5), which is clearly distinct
from the immunogenic profile of the cells growing under other
conditions. Cotreatment with anti-PD1 antibody uncovered a
Th1 response to the i.c. tumor, which was previously not
detectable following treatment with the VSV-cDNA library
alone® (Fig. 5A). However, anti-PD1 therapy did not enhance
the Th17 response against i.c. GL261 (Fig. 5C). Anti-PD1 treat-
ment also significantly enhanced the antivirus IFN-y depen-
dent Th1 response (Fig. 5E), which might be expected to lead
to more rapid clearance of virus following any of the later i.v.
treatments. Indeed, this may help to explain why we observe
that multiple, repeated injections of virus are required for full
therapeutic benefit.6 =8

De-repression of an antitumor IFN-y dependent Th1 re-
sponse was also observed by depleting Tregs from in vitro sple-
nocyte/lymph node cultures (Supplementary Fig. S). Since both
Treg depletion and anti-PD1 immune checkpoint inhibition had
similar effects in uncovering this antitumor Th1 IFN-y T cell re-
sponse, it may be that anti-PD1 therapy in combination with
VSV-TAA directly, or indirectly, affects Treg function. Experi-
ments are currently under way to investigate the effects of
anti-PD1 therapy on Treg numbers and function in the context
of VSV-TAA therapy.

Our data here are significant in several different and important
respects. In the first, we show that different tumor types growing
in the same location in the brain share a location-specific pheno-
type between histological types of tumor. This phenotype is also
significantly different from the phenotype of the tumor cells that
would be predicted from analysis of those cells growing in vitro, or
at other anatomical locations. Thus, common immunogens may
be targeted to treat brain tumors of different histological types,
even though those different histologies may not necessarily
share antigen expression when analyzed in vitro or from other pri-
mary tumor sites.

Second, we demonstrate that this location-specifici.c. pheno-
type is mediated by CD11b+ cells of the brain microenvironment
in our murine model. Our data from freshly resected human
tumor explants also suggest that CD11b+ cells are important
in imposing this location-specific i.c. phenotype, although further
experiments are required to confirm the concordance of the
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murine and human data. Importantly, the phenotype becomes
transient when tumor cells are studied outside of the context of
their i.c. growth and the presence of brain-derived CD11b+ cells.
Therefore, anti-glioma immunotherapies need to be developed
based upon expression of both histological type-specific
tumor antigens and location-specific antigens. These results
argue strongly for the analysis of human tumor antigen expres-
sion profiles from samples recovered as quickly, or maintained
long term as orthotopically, as possible.™

Third, we show here, for the first time to our knowledge, that
glioma can be treated systemically with a combination of VSV
expressing 3 different TAAs. This VSV-TAA immunotherapy was
significantly enhanced by combination with 2 checkpoint inhib-
itors, associated with de-repression of an antitumor Th1 IFN-y
T cell response (anti-PD1, anti-CTLA4, or both) and of the anti-
tumor Th17 response (anti-PD1 + anti-CTLA%).

In summary, VSV-TAA therapy of i.c. GL261 glioma was im-
proved by addition of checkpoint inhibition, supporting clinical
application of oncolytic virotherapy with immunomodulatory
agents?'82921 gs g novel therapeutic approach for poor prog-
nosis brain tumors. Furthermore, we emphasize the importance
of the anatomical location of the tumor when considering the
profile of tumor antigens to be targeted by immunotherapy and
show that the distinct local cellular immune microenvironment
of the brain plays a key role in imposing, and maintaining,
tumor antigen expression. These data will lead to design of
novel, location-specific immunotherapies against clinically
challenging intracranial tumors.

Supplementary Material

Supplementary material is available at Neuro-Oncology Journal
online (http://neuro-oncology.oxfordjournals.org/).
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