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Abstract

Purpose: Extracellular matrix (ECM) component hyaluronan (HA) facilitates malignant
phenotypes of glioblastoma (GBM), however, whether HA impacts response to GBM
immunotherapies is not known. Herein, we investigated whether degradation of HA enhances
oncolytic virus immunotherapy for GBM.

Methods: Presence of HA was examined in patient and murine GBM. Hyaluronidase-expressing
oncolytic adenovirus ICOVIR17, and its parental virus ICOVIR15 without transgene, were tested
to determine if they increased animal survival and modulated the immune tumor
microenvironment (TME) in orthotopic GBM. HA regulation of NF-kB signaling was examined in
virus-infected murine macrophages. We combined ICOVIR17 with PD-1 checkpoint blockade and
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assessed efficacy and determined mechanistic contributions of tumor-infiltrating myeloid and T
cells.

Results: Treatment of murine orthotopic GBM with ICOVIR17 increased tumor-infiltrating
CD8+ T cells and macrophages, and upregulated PD-L1 on GBM cells and macrophages, leading
to prolonged animal survival, compared to control virus ICOVIR15. High-molecular weight HA
inhibits adenovirus-induced NF-kB signaling in macrophages /n vitro, linking HA degradation to
macrophage activation. Combining ICOVIR17 with anti-PD-1 antibody further extended the
survival of GBM-bearing mice, achieving long-term remission in some animals. Mechanistically,
CD4+, CD8+ T cells and macrophages all contributed to the combination therapy that induced
tumor-associated pro-inflammatory macrophages and tumor-specific T cell cytotoxicity locally
and systemically.

Conclusions: Our studies are the first to show that immune-modulatory ICOVIR17 has a dual
role of mediating degradation of HA within GBM-ECM and subsequently modifying the immune
landscape of the TME, and offers a mechanistic combination immunotherapy with PD-L1/PD-1
blockade that remodels innate and adaptive immune cells.

Introduction

Cancer is increasingly being viewed as an ecosystem, in which neoplastic cells, a variety of
non-neoplastic cells, and extracellular matrix (ECM) interact with each other to sustain and
promote tumor growth (1,2). Glioblastoma (GBM), the most malignant primary brain tumor
in adults, represents one of the cancers in which complex crosstalk between both cellular
and non-cellular components in the tumor microenvironment (TME) plays a major role in
shaping the treatment-refractory nature of the tumors. Tumor-associated macrophages
(TAMs) dominate the immune cells that infiltrate GBM, and contribute to the characteristic
tumor-supportive, immuno-suppressive TME of GBM that is largely depleted of functional
effector T cells (3-5). Lack of durable efficacy of the current multimodal standard-of-care
for GBM, i.e., surgical resection followed by irradiation and chemotherapy (6), could be due
in part to its inability to interfere with key interactions that occur in the GBM TME to resist
therapy and sustain tumor progression.

ECM is now known to actively contribute to tumor maintenance by interacting with tumor
cells as well as cellular components in the TME (7-10). Tumor ECM comprises proteins
(e.g., collagen, fibronectin, and laminin) and non-proteins such as hyaluronan (HA), also
known as hyaluronic acid or hyaluronate (11). The glycosaminoglycan HA is a major
constituent of ECM that normally exists as a high molecular weight (HMW) form (> 1000
kDa). HA regulates proliferation and invasion of tumor cells by binding its cognate cell
surface receptors, CD44 and RHAMM, and affects the activity of chemotherapy (7,12).
Accumulation of HA is closely related to tumor aggressiveness and poor outcome in various
malignancies such as breast (13), colorectal (14), gastric (15), prostate (16), pancreatic (17)
and ovarian cancer (18). In GBM, HA is reported to be associated with tumor growth,
invasion, and resistance to treatment (7). The relationship between HA and the immune
system has been extensively studied in inflammatory conditions such as autoimmune
diseases and chronic arthritis (19-24). HA regulates the function of macrophages via
binding CD44, RHAMM and TLR2/4 (25,26). In cancer, HMW-HA has been shown to

Clin Cancer Res. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kiyokawa et al.

Page 3

inhibit M1-polarization or induce M2-polarization in macrophages (25,27-30). However, the
role of HA in GBM immune surveillance and immunotherapy has not been explored.

Oncolytic virus (OV) is an attractive modality for not only killing cancer cells but also
modifying TME. The field of OV gained momentum with FDA approval of talimogene
laherparepvec for advanced melanoma (31), and a variety of genetically modified viruses is
under active clinical development. The fundamental mechanism-of-action of OV cancer
therapy is that OV replication-mediated cell death of neoplastic cells releases tumor antigens
and triggers immune and inflammatory responses, leading to the induction of anti-tumor
cellular immune responses (32-37). In addition, OV can be armed with therapeutic genes of
interest to increase anti-cancer potency (32). Genetically engineered oncolytic adenovirus is
one of the most studied and promising OVs (38,39), and multiple clinical trials are currently
ongoing for patients with GBM to investigate the safety and efficacy of oncolytic adenovirus
Delta-24-RGD (DNX-2401) (NCT03714334, NCT03178032, NCT01956734,
NCT02798406)(40). A phase 1 study of Delta-24-RGD in recurrent malignant glioma
reported an encouraging sign of benefit, as 20% of patients survived >3 years from treatment
(41). ICOVIRL17 is an oncolytic adenovirus with the same modifications as Delta-24-RGD,
i.e., a 24-base pair deletion in the Rb-binding domain of E1A for tumor-selective replication
and an RGD-modification in the fiber for widening tropism, but with two additional
modifications: insertion of E2F binding sites in the E1A promoter and the SPAM1 gene
encoding PH20 hyaluronidase after the fiber, controlled by the major late promoter (42).
Preclinically, we previously demonstrated that treatment of orthotopic GBM xenografts with
ICOVIR17 mediated the degradation of HA in GBM ECM, resulting in increased virus
spread within GBM and superior anti-tumor efficacy compared with its parental virus
ICOVIR15 without the transgene (42,43). While this work revealed the function of GBM
HA as a physical barrier to effective virus dispersal and tumor killing, whether HA impacts
immune responses elicited by oncolytic adenovirus therapy of brain tumors remains
unknown because the mice used in the studies were immunodeficient.

The major goal of the current study was to address our hypothesis that degradation of HA
would enhance oncolytic adenovirus immunotherapy of GBM by overcoming the
immunosuppressive functions of GBM ECM. We selected the murine GBM 005 as a
suitable in vivo model since this GBM model recapitulates the critical hallmarks of human
disease including GBM stem cell (GSC) properties and immuno-suppressive TME in an
immunocompetent setting (44-46). Characterization of immunological changes in GBM
revealed that HA degradation by ICOVIR 17 induced distinct immune activation in situ,
which contributed to its therapeutic effect. This TME modification provided a mechanistic
rationale to combine ICOVIR17 with immune checkpoint blockade to yield durable
responses in aggressive GBM.

Materials and Methods

Viruses

Oncolytic adenoviruses ICOVIR15 and 17 were generated by Dr. Ramon Alemany’s group
and described previously (42,47). Viruses were amplified in A549 cells and purified using
CsCl ultracentrifuge. Virus preparation and titration was performed following (48).
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Mouse glioma cell lines—Mouse 005 GSCs (GFP+), a gift from Dr. Inder Verma, were
established from glioblastoma generated with lentiviral transduction of H-Ras and activated
Akt in Cre-GFAP / p53*/~ mice of a somewhat mixed (C57BL/6 and some FVB/N)
background (45). They were cultured as spheres in Neurobasal medium (Invitrogen)
supplemented with L-Glutamine (3 mM; Mediatech), B27 supplement (Invitrogen), N2
supplement (Invitrogen), heparin (5 ug/mL; Sigma), EGF (20 ng/mL; R and D systems), and
FGF2 (20 ng/mL; Peprotec). Spheres were passaged using Accutase (Innovative Cell
Technologies). Mouse CT-2A, obtained from Dr. Thomas Seyfried (49) and GL261 glioma
cells, obtained from National Cancer Institute, were cultured in DMEM supplemented with
10% heat-inactivated fetal calf serum, and passaged using 0.05% Trypsin/0.53mM EDTA
(Gibco).

Human glioma cell lines—Human primary GBM neurosphere lines (MGG4, MGG8)
were established as described previously (50) and cultured in EF media composed of
Neurobasal medium supplemented with 3 mmol/L L-Glutamine, 1% B27 supplement, 0.5%
N2 supplement, 2 ug/mL heparin, 20 ng/mL recombinant human EGF, 20 ng/mL
recombinant human FGF2, and 0.5% penicillin G/streptomycin sulfate/amphotericin B
complex (Mediatech). Neurospheres were passaged using TrypLE (Gibco).

Cancer cell lines—Human lung carcinoma cell line A549 was obtained from American
Type Culture Collection and grown in DMEM with 10% calf serum. Mouse melanoma
B16.F10 cell line was provided by Dr. David Fisher at Massachusetts General Hospital
(MGH). L929 cells were provided by Dr. Junying Yuan lab at Harvard Medical School,
Boston, MA. 005-GFP-Fluc was generated by transduction of 005 cells with a lentivirus
expressing GFP and firefly luciferase (Fluc). To generate B16.F10-mCherry-Fluc, B16.F10
cells were infected with a mCherry-Fluc lentivirus and mCherry-positive cells were sorted
by a FACSArriall flow cytometer. B16.F10-GFP was generated using a GFP-puromycin
lentivirus and transduced cells were selected with puromycin. All cells were regularly
confirmed to be mycoplasma-free (LookOut mycoplasma kit; Sigma).

In vivo mouse studies

Female C57BL/6 mice (aged 7-9 weeks) were obtained from Charles River Laboratories
(Wilmington, MA). 005 GSCs (1.0x10° cells/mouse) were implanted stereotactically into
the right striatum of the brain as described in (44,50). For survival study, mice were
monitored for health status and sacrificed when neurological deficits and weight loss became
significant.

Tissue processing

Brains were harvested at indicated time points and fixed in 10% formalin, embedded in
paraffin and sectioned at 7 um thickness. For frozen sections, mice were perfused with cold
4% paraformaldehyde directly into the heart, and brains were fixed in 4% paraformaldehyde
overnight, replaced with 30% glucose and 7 pm thick cryo-sections prepared.
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Hematoxylin and eosin staining

Sections were deparaffinized in xylene (twice, 10 minutes each), followed by gradual
rehydration using 100%, 90% and 70% ethanol and PBS (5 minutes each). Slides were
dipped in hematoxylin (Gill3, Millipore Sigma, 105174) for 20 sec, then 0.1% HCI for 2 sec,
washed in tap water for 5 minutes, dipped into Eosin Y (1% alcoholic, Fisher Scientific,
7231) for 20 seconds, and followed by dehydration using 95% ethanol (twice, 5 minutes
each) and 100% ethanol (twice, 5 minutes each). After treatment with xylene twice for 10
minutes each, they were mounted in xylene-based media (Cytoseal XYL, ThermoFisher
Scientific, 8312-16E).

Immunohistochemistry (IHC)

Sections were deparaffinized in xylenes (twice, 10 minutes each), followed by gradual
rehydration using 100%, 90% and 70% ethanol (5 minutes each). After 5 min PBS wash,
sections were heated in 10mM Na citrate buffer (pH6.0) for 15 min with microwave for
antigen retrieval, washed with PBS twice, and incubated with 3% H,0O, for 5 min to block
the endogenous peroxidase or incubated with BLOXALL (Vector, SP-6000) for 10 min to
block the endogenous alkaline phosphatase. After PBS washes three times, sections were
incubated with blocking buffer (2.5% normal horse serum, Vector, S-2012) for 60 min at
room temperature and with properly diluted primary antibodies over night at 4C. Next day,
they were washed with PBS three times, and incubated with HRP or AP conjugated Ig for 30
min at room temperature. After a PBS wash, sections were incubated with DAB substrate
(DAKO, K3468), followed by hematoxylin counter-staining and mounting. CD34
immunofluorescence was done on paraformaldehyde-fixed frozen sections of 005 tumors.

Histochemical staining of hyaluronan (HA staining)

Sections were deparaffinized in xylenes and dehydrated in the serial dilutions of ethanol, and
the endogenous peroxidase activity was blocked by 3% H,0O,. Sections were incubated with
2.5% Normal horse serum (Vector, S2012) for 60 min at room temperature for blocking, and
with 5 pg/ml of a biotinylated HA-binding protein (Calbiochem, 385911, HABP-b)
overnight at 4C. The specificity of HA staining was tested by pretreating an adjacent section
with 20 U/ml of bovine testes hyaluronidase (Sigma, H3506) at 37 °C for 1 hour, prior to the
addition of the HABP-b. The next day, sections were washed in PBS and treated with
avidin—biotin—peroxidase kit (VECTASTAIN Elite ABC HRP kit, Vector, PK-6100) for 30
minutes at room temperature. After washes, sections were developed with DAB (Dako,
K3468) and counterstained with hematoxylin. Quantification of HA staining was performed
using Photoshop (Adobe) and Image J (NIH).

Double staining of HA and immune cells

For double IHC and HA staining, IHC for immune cell markers (CD3, CD4, CD8 or CD68)
were performed first with DAB as described above, followed by three PBS washes and
incubation with blocking buffer (2.5% normal horse serum) for 60 min at room temperature.
The slides were then incubated with HABP-b. The subsequent HA staining procedures
followed using VECTASTAIN ABC-AP kit (Vector, AK-5000) and ImmPACT red AP
substrate (Vector, SK-5105).
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Cell viability assay

RT-PCR

Dissociated cells were seeded into 96-well plates, serially diluted viruses were added and
cells were cultured for 3 or 7 days. To measure cell viability, 20 pl of Cell Titer Glo
Luminescent cell viability reagent (Promega, G7570) was added into each well, and plates
were shaken in the dark for 5 min. Luminescent values were measured by a microplate
reader with the Gen5 software (BioTek). Experiments were performed in triplicate.

Total RNA was isolated from cells using Trizol reagent (Invitrogen) and cDNA was
synthesized by reverse transcriptase reaction with High Capacity cDNA RT kit (Applied
Biosystems, 4368814). Real time PCR was conducted using SYBR select master mix
(Applied Biosystems, 4472908) in a StepOnePlus Real-time PCR System (Applied
Biosystems). PCR primer sequences are: PH20 (HSPAM) forward:
AAACTGTTGCTCTGGGTGCT, reverse: TTTTGGCTGCTAGTGTGACG, GAPDH
forward: CAATGACCCCTTCATTGACC, reverse: GACAAGCTTCCCGTTCTCAG), and
mouse beta actin forward: GATCTGGCACCACACCTTCT, reverse:
GGGGTGTTGAAGGTCTCAAA.

Bone marrow-derived macrophages (BMDM)

Femurs and tibias were collected from 7-8 weeks old C57BL/6 mice. Bone marrows were
harvested by flashing R10 media (RPMI11640 containing 10% heat-inactivated FCS) using a
24G needle and a 5-ml syringe. Bone marrow cells were run through a 70 um strainer,
centrifuged, resuspended in BMDM media (DMEM containing 20% heat-inactivated FCS,
30% L929 cells supernatant and 1% Penicillin/Streptomycin) and seeded at 5 million cells in
a 10-cm dish. Media was changed fresh on day 1, 3 and 6, and cells were split or frozen
when they became 80-90% confluent (at around day7). BMDMs were used from day 6 to 14
cultures for experiments.

NF-kB signaling activation in BMDM

BMDMs were seeded on coverslips at 50,000 cells/well (24-well plate) and incubated with
2000 pg/ml of LMW-HA or HMW-HA (R and D systems, GLR-001 and 002) for 24h at 37
°C. LPS (100 pg/ml, Sigma-Aldrich, L4391) or ICOVIR15 (MOI 50) was added and
incubated for 1 hour or 6 hours at 37C, respectively. Control samples were incubated
without HA or stimulators. BMDMs were washed with PBS and fixed with 4% PFA,
permeabilized with 0.1% Triton X and blocked with 10% normal goat serum, then incubated
with anti-p65 antibody, followed by incubation with Alexa Fluor 488-conjugated secondary
antibody. Nuclei were stained with DAPI. Five to eight pictures (20x magnification) were
randomly captured under a fluorescence microscope and used for counting cells with and
without nuclear-translocation of p65 (> 100 cells per group).

Gene expression analysis (NanoString)

C57BL/6 mice were implanted with 005 GSC (1.0x10° cells/mouse), and treated with
intratumoral injection of ICOVIR17 (1.6 x 107 PFU/mouse) or PBS on days 13 and 18.
Anti-mouse PD-1 antibody (BioXCell, BE0146, clone RMP1-14, 12.5 mg/kg) or isotype rat
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1gG control (Sigma, 14131, 12.5 mg/kg) was injected intraperitoneally (ip) on days 14, 17
and 19 (4 groups, n=3/group). On day 20, mice were euthanized and tumors were collected.
Total RNA was extracted from tumor tissues using RNeasy mini kit (Qiagen, 74104)
following the manufacturer’s protocol, and kept at —80 °C until analysis. Gene expression
analysis was performed by the NanoString Mouse PanCancer Immune Panel (115000142)
and Mouse Myeloid Innate Immunity Panel (115000181). 110 ng/mouse of total RNA was
hybridized with reporter codeset and capture probeset following the protocol provided by
NanoString. Hybridized samples were prepared using the automated nCounter prep station
and analyzed by Set up Digital Analyzer (nCounter Max Analysis System). Data were
processed using nSolver analysis software and the nCounter digital analysis module. The
housekeeping genes expressions were used for the normalization of the gene expression
analysis.

Immune cell depletion studies

C57BL/6 mice (N = 6/group) were implanted with 005 cells in the right hemisphere on day
0 and treated with 1.6x107 PFU of ICOVIR17 or PBS on days 9, 15 and anti-mouse PD-1
antibody (12.5 mg/kg) or isotype rat 1gG (12.5 mg/kg) on days 10, 13, 16, 19. For depletion
of immune cell populations, mice were administered ip injections of anti-mouse CD8a
(BioXcell, BE0061, clone 2.43; 10 mg/kg), anti-mouse CD4 (BioXcell, BE0003-1, clone
GK1.5; 10 mg/kg) on days 5, 8, 11, 14, 21 and 27. Clodronate liposomes (Clodrosome from
Encapsula Nano Sciences, CLD8901) were given on days 8, 11, 14 and 17 at 50 mg/kg for
the first injection, followed by 25 mg/kg. Mock group received isotype control rat 1IgG and
empty liposomes (Encapsome from Encapsula Nano Sciences, CLD8910).

Multicolor flow cytometry (FCM)

Mice were implanted with 005 GSCs (1.0 x 10° cells/mouse) and treated with intratumoral
injection of ICOVIR17 (day 9: 1.6 x 107 PFU/mouse, day 14: 1.0 x 10’ PFU/mouse) or PBS
on days 9 and 14. Anti-mouse PD-1 antibody or isotype rat IgG (as control)(12.5 mg/kg)
was injected ip on days 10, 13, 16, 19. Mice were euthanized on day 21. Tumor tissues or
spleens were harvested from mice and mashed through a 100 um strainer. For splenocytes,
red blood cells were lysed using Mouse RBC lysis buffer (Boston BioProducts, IBB-198).
Live/dead cell discrimination was performed using Zombie UV™ Fixable viability kit
(BioLegend, 423108). Cells were incubated with FcR blocking reagent (Milteneyi Biotec,
130-092-575) followed by cell surface staining with fluorochrome-conjugated anti-mouse
antibodies. Staining of intracellular FOXP3 was done after fixation and permeabilization by
FOXP3 Fix/Perm buffer set (BioLegend, 421403), while other intracellular staining was
done using BD Cytofix/Cytoperm™ Fixation/Permeabilization kit (BD, 554714). Samples
were run in an LSR Il flow cytometer (BD) and data was analyzed using FlowJo software
(v.10.1, Tree Star).

Antibodies are listed in Supplementary Table S1.

T cell isolation and cytotoxicity assay

Tumor infiltrated lymphocytes.—C57BL/6 mice were implanted with 005 GSC (1.0 x
10° cells/mouse), and treated with intratumoral injection of ICOVIR17 (1.6 x 107 PFU/
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mouse) or PBS on days 13 and 18. Anti-mouse PD-1 antibody or isotype rat 1gG (both 12.5
mg/kg) were injected ip on days 14, 17, 20 and 23 (control group: n=4; combination group:
n=3). On day 25, mice were euthanized and right hemisphere quadrants containing tumor
were collected, and tumors in the same group were pooled. Samples were dissociated with
p1000 pipetting and passed through a 100 um strainer. After washes with PBS, cells were
resuspended in cold PBS, and debris removed using Debris removal solution (Myltenyi
Biotec, 130-109-398). To isolate CD4/8 positive cells, cells were resuspended in microbeads
isolation buffer (PBS containing 0.5% FCS and 2 mM EDTA) and incubated with mouse
CDA4/CD8(TIL) MicroBeads (Miltenyi Biotec, 130-116-480) at 4°C for 15 min. After a wash
with isolation buffer, magnetic isolation was performed with MiniMACS separator (Miltenyi
Biotec, 130-042-102) and MS columns (Miltenyi Biotec, 130-042-201). Serial dilutions of
CD4 / CD8 cells were seeded to a 96-well plate pre-seeded with 005-Fluc and B16.F10-Fluc
cells at effector to target (E:T) ratios of 2:1, 10:1 and 50:1, and incubated at 37C and 5%
COy, for 24 h. Cell viability of Fluc-expressing tumor cells were measured with a microplate
reader after adding 10 pl of D-luciferin (20 mM) to each well.

Splenocytes.—Mice were implanted with 005 GSCs (1.0 x 10° cells/mouse), and treated
with intratumoral injection of ICOVIR17 (1.6 x 10’ PFU/mouse) or PBS on days 9 and 14.
Anti-mouse PD-1 antibody or isotype rat 1gG (both 12.5 mg/kg) were injected ip on days 10,
13, 16, and 19. On day 21, spleens were collected, passed through a 70 um strainer, and
incubated with mouse RBC lysis buffer (Boston BioProducts, IBB-198) to remove
erythrocytes. Splenocytes were cultured in RPMI with 10% FCS and IL-2 (100 U/ml) for 48
h at 37°C and 5% CO,, and seeded in 96-well plates pre-seeded with 005-Fluc or B16.F10-
Fluc cells for different E: T ratios. After 24 h-co-culture, cell viability of tumor cells was
measured by luciferase assay.

Intracellular FCM of splenocytes.—Mice were treated as for TILs above. Spleens were
collected on day 25. Splenocytes were incubated with 100 U/ml of IL-2 for 48 hours and
seeded in 6-well plates with 005 or B16.F10-GFP at the ET ratio of 16: 1. After 24 h co-
culture, cells were stained with fluorophore-conjugated antibodies (surface: CD4 and CDS8,
intracellular: Granzyme B and interferon gamma), and subjected to FCM. Brefeldin A
(GolgiPlug from BD Biosciences) was added to cultures 5 h before harvest of cells to block
protein secretion.

Statistical analysis

All statistical analyses were performed using Prism 8 software (GraphPad, v8.0.2) Survival
data were analyzed by Kaplan-Meier survival curves, and comparisons were performed by
log-rank test followed by correction for multiple comparisons with the Bonferroni method.
Cell viability data, 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.

Study approval

All mouse procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at MGH. Excess glioma tissue at neurosurgery at MGH that would have been
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otherwise discarded was collected in a coded manner in accordance with Declaration of
Helsinki, and approved by the Institutional Review Board at MGH.

Results

Hyaluronan is abundant in the extracellular matrix of glioblastoma with low immune cell
infiltration.

We first used clinical specimens to examine the presence of HA in human brain and GBM.
Immunohistochemistry (IHC) showed that HA was present in human brain tissue (Fig. 1A),
as previously reported (51,52). In patient GBM specimens, HA was abundantly present with
heterogeneous distribution (Fig. 1B and C). Using double staining of HA and T cell marker
CD3, we observed that T lymphocytes infiltrating GBM are often present in areas where HA
content is negative to low, as opposed to high HA areas typically lacking CD3+ cells (Fig.
1D), suggesting the ability of HA to modify their distribution.

We therefore set out to study the potential impact of HA and its degradation on OV
immunotherapy for GBM. We previously showed that 005 cells have the properties of GBM
stem cells and generate a GBM model in C57BL/6 mice that is suitable for the development
of OV immunotherapy (44,46). 005 cells stably expressing GFP form hypercellular GBM in
the brain that contains rich HA heterogeneously present within the tumor (Fig. 1E). Further
phenotypic characterization of the tumor revealed a high Ki-67 proliferation index (45 %),
and high levels of stem/progenitor cell markers, Sox2, olig2 and nestin, characterizing
neoplastic cells (Fig. 1F). A substantive fraction of scattered PD-L1+ positive cells and
CD34+ vascularity were noted within the tumor (Fig. 1F). Dual staining of HA and immune
cell markers demonstrated preferential presence of CD4+, CD8+ T cells and CD68+
macrophages in areas containing no to low HA (Fig. 1G and H), as was observed in clinical
GBM. We next used NanoString transcriptomic analysis to define the immunological
landscape of intracerebral 005 GBM /n vivo. When a murine immunocompetent melanoma
model was used as a reference (53), 005 as well as the commonly used GL261 GBM model
(54) were noted for higher expression of T cell immune checkpoints (e.g., Lag3and Pdcdl),
adenosine signaling (Entpd1 encoding CD39) and the M2 polarized macrophage marker
Argl, indicative of the immunosuppressive status of the TME in these GBM models (Fig.
11). Since CD44 is one of the major cell surface receptors for HA, we examined the
expression of CD44 on tumor-infiltrating immune cells. Immune cells infiltrating 005 GBM,
including T cells, macrophages and microglia, as well as 005 GBM cells, were all highly
positive for CD44 (Supplementary Fig. S1). Thus, HA is abundantly present in the
extracellular matrix of human GBM and mouse 005 GBM, and may influence the
distribution of intratumoral immune cells.

Hyaluronidase-expressing oncolytic adenovirus, ICOVIR17, has anti-GBM activity.

We tested the oncolytic properties of genetically engineered oncolytic adenoviruses
ICOVIR15 and ICOVIR17 in human and murine GBM cells (42,43,47). Both ICOVIR15
and ICOVIR17 drive expression of ELA-delta24 from a promoter consisting of four
palindromic E2F-binding sites and a Sp-1 binding site, conferring potency and cancer
selectivity, and have a RGD modification in the fiber; ICOVIR17 additionally expresses
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human hyaluronidase PH20. /n vitro, both viruses were comparable in killing human and
murine GBM cells in a dose dependent manner, with a greater potency for human cells
versus mouse cells (Supplementary Fig. S2A and B), in line with prior reports showing
murine cells are less permissive to human adenovirus type 5 than human cells (55).
ICOVIR17 replicated and spread much better in human cancer cells, compared with murine
005 cells, in vitro (Supplementary Fig. S2C and D). However, expression of the transgene
hyualuronidase (SPAMI) was found be robust after ICOVIR17 infection of 005 cells
(Supplementary Fig. S2E).

We next evaluated the anti-tumor effects of ICOVIR15 and ICOVIR17 in the orthotopic 005
GBM model in C57BL/6 mice. Because of the low susceptibility of 005 cells to the viruses,
we used two injections of high titer viruses directly into the tumor (Fig. 2A). Treatment was
initiated on day 11, when rapidly growing tumor was established. ICOVIR15 did not
improve animal survival (median survival time (MST) 23.5 days versus 22.5 days for PBS as
control, p=0.408)(Fig. 2B). Treatment with ICOVIR17 significantly increased survival to
MST 28 days compared with control (p=0.037), while that did not reach statistical
significance when compared with ICOVIR15 (p=0.072)(Fig. 2B). IHC analysis showed that
injections of ICOVIR15 and ICOVIR17 mediated strong expression of the virus gene E1A
within the tumors and that ICOVIR17, but not ICOVIR15, significantly decreased the levels
of HA at the site where E1A was present, consistent with hyaluronidase-mediated
degradation of HA (Fig. 2C-E). Next, we asked whether the observed anti-tumor activity of
ICOVIR17 was due to its preferential spread within tumor tissue driven by HA degradation,
as was seen with human GBM xenografts (43). However, we found no difference in
intratumoral spread of the viruses as injections of ICOVIR15 and ICOVIR17 resulted in
similarly wide-spread distribution of ELA within the tumors (Supplementary Fig. S3).

ICOVIR17 increases tumor-infiltrating immune cells and upregulates PD-L1.

We hypothesized that ICOVIR17-mediated alteration of immune TME might underlie the
efficacy of its monotherapy. IHC analysis of immune markers revealed a significant increase
in the numbers of tumor-infiltrating CD3 and CD8 cells, but not CD4 cells, in ICOVIR17-
treated 005 GBM tumors compared to PBS control and ICOVIR15 treated tumors (Fig. 2F—
H). Tumor-infiltrating macrophages marked by CD68 and iNOS-positive cells representing
M1-polarized TAMs were increased by ICOVIR15, which was further increased by
ICOVIR17 (Fig. 21 and J). Similarly, ICOVIR15 mediated an increase in cells immuno-
positive for the immune checkpoint protein PD-L1, which was furthered by ICOVIR17 (Fig.
2K). There was no change in the index of proliferation marker Ki-67 between the groups
(Fig. 2L). After treatment with ICOVIR17, CD68+ TAMSs accumulated in areas lacking HA
as opposed to areas that retained HA, while CD4+ and CD8+ cells were distributed similarly
(Supplementary Fig. S4). Thus, ICOVIR17-mediated degradation of HA drastically altered
the immune TME in this GBM model.

High-molecular weight HA inhibits virus-induced NF-kB signaling in macrophages.

Transcriptomic analysis using the Nanostring cancer immunology panel revealed that most
of known LMW-HA-induced genes (56) were upregulated in ICOVIR17-treated tumors (Fig.
3A). Many of these LMW-HA-induced genes were driven by the NF-kB signaling pathway,
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and transcript levels of NF-kB target genes, listed at https://www.bu.edu/nf-kb/gene-
resources/target-genes/ (Supplementary Table S2), were, in general, also increased in tumors
after ICOVIR17 injections (Fig. 3B). Low molecular weight (LMW) HA (50-250 kDa), but
not high molecular weight (HMW) HA (> 900 kDa), has been shown to act as an TLR2/4
agonist, activating NF-kB signaling pathway and triggering activation of inflammatory genes
(57). These findings led us to hypothesize that virus-induced degradation of tumor HA might
impact molecular signaling pathways in immune cells.

Since ICOVIR17 treatment of 005 GBM elicited a robust accumulation of TAMs, we tested
whether the size of HA affected virus-induced activation of macrophages (Fig. 3C). /n1 vitro,
both lipopolysaccharide and ICOVIR15 potently activated NF-kB signaling pathway in bone
marrow-derived macrophages (BMDM) as marked by nuclear translocation of p65 (Fig. 3D-
F). The presence of HMW-HA, but not LMW-HA, in BMDM culture inhibited this response
(Fig. 3C-E). Intracellular flow cytometry analysis showed virus-induced upregulation of
BMDM producing TNF, a canonical cytokine induced by NF-kB signaling activation (Fig.
3G and H). Again, HMW-HA, but not LMW-HA, suppressed this response significantly
(Fig. 3G and H). ICOVIR15 induced iNOS in BMDM, which was not significantly inhibited
by either LMW-HA or HMW-HA (Fig. 3G and H). These data reveal that adenovirus-
induced activation of NF-kB signaling in macrophages is impacted by the size of
extracellular HA interacting with the cells.

Combining ICOVIR17 and anti-PD1 immune checkpoint inhibitor increases survival of GBM
bearing mice.

Since ICOVIR17-mediated HA degradation and OV therapy triggered cellular immune
responses and increased PD-L1 levels in treated GBM, combining ICOVIR17 with blockade
of the PD-L1-PD-1 immune checkpoint axis was a rational therapeutic strategy (Fig. 4A).
We thus administered anti-PD-1 antibody systemically subsequent to intratumoral delivery
of ICOVIR17. Combination therapy doubled the median survival time of control animals
(43.5 days versus 22 days), which was significantly better than ICOVIR17 alone (32.5 days)
and anti-PD-1 alone (31. 5 days), and induced a durable response and long-term cures in a
fraction of the treated animals (Fig. 4B). On the other hand, combination treatment with
ICOVIR15 and anti-PD-1 did not significantly increase the survival of GBM-bearing mice
as compared with control or ICOVIR15 alone, despite extension of survival in a small
fraction of responding animals (Supplementary Fig. S5).

NanoString transcriptome profiling of 1200 immune related genes in 005 GBM after
different treatments revealed robust responses in innate and adaptive immunity in both the
ICOVIR17 and combination groups (Supplementary Fig. S6). Overall, similar immune
signatures were noted in the two groups receiving ICOVIR17 and ICOVIR17+anti-PD-1.
However, there was a set of genes that were differentially expressed in the ICOVIR17 group
versus the combination group (Fig. 4C, Supplementary Fig. S7). Interestingly, many
chemokines were among those; for example, Ccl2, and Cxcl12were higher in the
ICOVIR17, while Ccl6and Cc/9were higher in the combination group, highlighting an
ability of anti-PD-1 to modulate OV-induced chemokine expression (Fig. 4C).
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CD4+ and CD8+ T cells and macrophages are essential for combination therapy to be

effective.

We used antibody or drug-induced depletion of immune cell subsets /n7 vivoto identify cells
that mediate the effects of our combination therapy. We confirmed that administration of
anti-CD4 and anti-CD8 antibodies and clodronate liposome effectively depleted CD4+,
CD8+ and F4/80+ cells, respectively (Fig. 4D and E). When the combination therapy was
tested in animals receiving anti-CD4, anti-CD8 or clodronate (Fig. 4F), the therapeutic
efficacy was abrogated with any of these interventions, as survival was all statistically
significantly different from that of combination therapy without depletion (Fig. 4G). This
result indicated that CD4+ and CD8+ T cells and macrophages are all necessary for
combination therapy to be functional.

Combination therapy upregulates iNOS and TNF in TAMs.

Flow cytometric analysis showed that treatments with ICOVIR17 alone and
ICOVIR17+anti-PD-1 similarly increased the fraction of CD11b+, F4/80+ macrophages
infiltrating 005 GBM (Fig. 5A) and decreased the fraction of 005 cells (Supplementary Fig.
S8A). The proportion of PD-L1+ cells was greatly and similarly increased in the two groups
receiving ICOVIR17 (Fig. 5B). 005 GBM cells and macrophages were found to be the two
major cell types constituting the PD-L1+ population (Figure 5B), and the fraction of PD-
L1+ cells was elevated within 005 cells as well as macrophages after treatment with
ICOVIR17 and ICOVIR17+anti-PD-1 (Fig. 5B, (Supplementary Fig. S8B). Further
characterization of phenotypic alterations in CD45M9" CD11b+, F4/80+ TAMs revealed a
significant increase in INOS+ and TNF+ TAMs after combination therapy (Fig. 5C and D),
suggesting the acquirement of an M1-like proinflammatory phenotype. However, TAMs
positive for an M2-marker Argl and double-positive for M1 marker iNOS and M2 marker
Argl also increased after combination therapy (Fig. 5C and D). NanoString analysis showed
that both ICOVIR17 alone and combination treatment increased Nos2and Argl, while anti-
PD-1 alone did not change either (Supplementary Fig. S8C).

Combination therapy increased the CD8/Treg ratio in tumor-infiltrating T cells and induced
tumor specific effector T cell responses locally and systemically.

We elucidated T cell responses that were induced by combination therapy. Flow cytometric
analysis showed similar increases in tumor-infiltrating CD4+ cells in anti-PD-1, ICOVIR17
and combination groups, compared with control (Fig. 6A, Supplementary Fig. S9A).
ICOVIR17 treatment increased tumor-infiltrating CD8+ cells, which was further boosted
after treatment with ICOVIR17+anti-PD-1 (Fig. 6A, Supplementary Fig. S9A). Both
ICOVIR17 and combination significantly decreased Foxp3+CD4+ regulatory T cell (Treg)
population in the tumor (Fig. 6A, Supplementary Fig. S9A). As a result, the CD8/Treg ratio
was the highest in tumors treated with combination therapy (Fig. 6A). We next examined
treatment-induced changes in cell surface molecules that have been reported to mark
dysfunctional or terminally exhausted T cells (58). In CD8+ T cells, the regimens involving
ICOVIR17 greatly reduced the fraction positive for the immune checkpoint TIM3 (Fig. 6B).
Anti-PD-1, ICOVIR17 and combination all decreased CTLA4+ CD8+ cells (Fig. 6B).
Furthermore, combination therapy decreased PD-1 in CD4+ T cells (Fig. 6B).
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Lastly, we sought to measure the cytotoxic function of T cells after combination therapy.
Two effector cell types were prepared: 1) splenocytes that were cultured 48h in the presence
of IL2, and 2) TILs: T cells isolated from 005 GBM using anti-CD4 and CD8 magnetic
beads (Fig. 6C, Supplementary Fig. S9B). Twenty-four-hour co-culture of splenocytes and
TILs isolated from animals that received combination therapy with 005-fluc (firefly
luciferase) or B16.F10-fluc cells as targets demonstrated significantly enhanced killing of
005-fluc cells, compared with those from mice that received PBS (intratumoral) and isotype-
19G (ip) (Fig. 6D and E). Killing of irrelevant B16.F10-fluc melanoma cells were
comparable between T cells derived from control and combination therapy mice (Fig. 6D
and E). To support this tumor specific killing, IL2-stimulated splenocytes harvested from
combination therapy group reacted to 005 cells, not B16 cells, by increasing the fraction of
CD8+ cells double positive for GranzymeB and IFN+y (Fig. 6F and G, Supplementary Fig.
S9C). Thus, combination therapy of ICOVIR17 and PD-1 blockade induced tumor specific
effector T cell responses both locally and systemically.

Discussion

In this work, we show that GBM treatment with HA-degrading ICOVIR17 has a therapeutic
effect in murine GBM that was accompanied by increases in tumor infiltrating CD8+ T cells
and TAM as well as PD-L1 levels. These changes in the TME immune profile enabled
ICOVIR17 to be effectively combined with anti-PD-1 antibody to induce durable response
in animals bearing aggressive GBM.

The vast majority of current oncolytic adenovirus clinical trials for GBM are investigating
human adenovirus serotype 5-based Delta-24-RGD (DNX-2401) (40). ICOVIR15 and
ICOVIR17 drive delta24-E1A expression under the control of a promoter consisting of four
palindromic E2F-binding sites and a Sp-1 binding site, making these viruses potentially
more tumor selective and potent than Delta-24-RGD (42,47). Still, we found that murine
GBM cells were significantly less permissive to these OVs compared to human GBM cells.
The 005 GBM model we selected to study these OVs in an immunocompetent setting is
highly tumorigenic in C57BL/6 mice displaying stem-like features (44,46), and recapitulated
the phenotypic and immunosuppressive hallmarks of human GBM, a finding being
reinforced by our time of flight cytometry (CyTOF) immune-profiling (59). Injections of
HA-degrading ICOVIR17, but not its parental ICOVIR15, into 005 GBM were able to
increase animal survival. Unlike what we observed previously in human GBM xenografts in
immune-incompetent mice, where ICOVIR17 also had a better effect compared to
ICOVIR15 (43), both viruses showed comparably, efficient distribution of infection within
GBM in this immune-competent model. However, ICOVIR17-treated GBM contained
elevated levels of CD8+ T cells and TAMs, and PD-L1+ 005 cells and TAMs, compared
with ICOVIR15-treated tumors. Because the only difference between ICOVIR15 and
ICOVIR17 is PH20 expression by ICOVIR17, the immunological changes observed in
treated tumors are attributable to hyaluronidase-mediated HA degradation in the GBM TME.
A similar hyaluronidase-expressing oncolytic adenovirus was shown to reduce tumor growth
and induce infiltration of CD8+ T cells in a subcutaneous lung cancer model (60). In a
murine model of pancreatic ductal adenocarcinoma, stromal remodeling via HA degradation
increased intratumoral infiltration of effector T cells when combined with cancer vaccines
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(61). We showed robust accumulation of TAMs in tumor areas that were virus-positive and
depleted of HA. Molecularly, our transcriptomic analysis of ICOVIR17-treated tumors /n
vivo revealed activation of many NF-kB target genes. Furthermore, we demonstrated /n vitro
that virus-induced NF-kB activation in BMDM was inhibited by HMW-HA, not by LMW-
HA, a finding consistent with reports characterizing differential abilities of HMW-HA and
LMW-HA to induce M2-polarized macrophages and trigger activation of the TLR2/4-NFkB
signaling pathway, respectively (56,57). Thus, HA degradation in the context of oncolytic
adenovirus GBM therapy activates an inflammatory M1-like phenotype in TAMs, which
might have contributed to the functional activation of effector CD8+ T cells and their
recruitment to the tumor site. Our current work and others’ suggest that HA depletion in the
TME may improve cancer immunotherapy by removing a physical barrier for immune cell
trafficking and activating their functions (61). However, further research is necessary to
determine whether HA restricts immune cell penetration to and distribution within GBM.

ICOVIR17 treatment induced distinct changes in immune checkpoint levels in GBM. The
most prominent was the upregulation of PD-L1 in 005 tumor cells and TAMs. In contrast,
TIM3 and CTLA-4 were downregulated in CD8+ T cells. Adenovirus-induced decreases in
TIM3+ cells were also reported clinically in recurrent malignant gliomas after injections of
Delta-24-RGD (41). The increases in CD8+ cells and M1 TAMs, as well as selective
upregulation of PD-L1 set the stage for rationally combining ICOVIR17 with blockade of
the PD-L1-PD-1 axis to improve immunotherapeutic activity. Indeed, this combination
therapy doubled animal survival from control, with significant prolongation over
monotherapies and long-term cures in a fraction (21%) of animals. Interestingly, /n vivo
depletion of immune subsets revealed a pivotal role that CD4+ and CD8+ T cells and
macrophages all play in mediating the activity of combination therapy. This result was
analogous to what was required for an IL-12 expressing oncolytic herpes simplex virus in
conjunction with dual checkpoint inhibition to exert curative activity in the same GBM
model (46). Increases in INOS+/TNF+ M1-like TAMs and in the CD8+/Treg ratio of TIL
support treatment-induced activation of innate and adaptive immune cells, both likely
contributing to therapeutic benefit. Finally, ex vivo functional assays confirmed systemic and
local induction of tumor specific cytotoxicity in mice treated with the combination therapy.
Collectively, HA-degrading oncolytic adenovirus followed by PD-1 blockade acted co-
operatively to overcome the suppressive TME and boost the concerted action of innate and
adaptive cellular immunity to eliminate GBM. However, durable responses were not
achieved in all animals, underscoring the need to understand the mechanisms underlying
heterogeneous responses and to improve efficacy. Human GBM TAMSs have been reported to
co-express M1 and M2 markers (62), and functional significance underlying the emergence
of such TAMs after combination therapy warrants elucidation.

In summary, we identify HA abundantly present in the GBM TME as a therapeutic target in
oncolytic adenovirus immunotherapy, providing an insight that could be applicable to other
cancer types. ICOVIR17-mediated degradation of HA within GBM dramatically alters the
immune landscape of the TME, and offers a mechanistically rational combination
immunotherapy with PD-L1/PD-1 blockade. Currently, a multicenter phase Il clinical trial is
investigating the combinatory use of Delta-24-RGD and anti-PD-1 antibody
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(pembrolizumab) for recurrent GBM (Keynote-192). Our current study provides a strong

ba

sis for this combinatorial clinical translation of ICOVIR17.
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Translational relevance

Cancer immunotherapy has been a success in certain cancer types, such as melanoma and
non-small cell lung cancer, but has so far proven ineffective against the malignant brain
tumor glioblastoma (GBM). Glycosaminoglycan hyaluronan present in tumor
extracellular matrix promotes malignant phenotypes of GBM, but how hyaluronan
impacts GBM immunotherapy is unknown. Our studies are the first to show that immune-
modulatory ICOVIR17 has a dual role of mediating degradation of hyaluronan within
GBM and subsequently modifying the immune landscape of the TME, and propose a
mechanistic combination immunotherapy with immune-checkpoint blockade that
remodels both innate and adaptive immune cells. We anticipate that our findings will
have a major contribution towards developing novel immune-based therapies for GBM
patients and could define a new treatment paradigm for other solid tumors.
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Figure 1. Hyaluronan (HA) isabundant in the extracellular matrix of glioblastoma.
A and B, HA staining in human normal brain (A) and glioblastoma samples (B). Bovine

hyaluronidase was applied before HA staining for negative control samples. Scale bar=500
um. C, Image J quantification of HA area (%) using 4 microscopic fields per tumor shown in
A and B. Data are mean + SD. *** p<0.005, **** p<0.0001 with unpaired t-test (two-tailed)
compared with human brain. D, Double staining of HA (red) and CD3 (brown) in human
glioblastoma. Left, Lower magnification microscopic field containing both HA-high and
HA-low areas. Scale bar=200 um. Right, Higher magnification images showing HA-low and
HA-high areas. Scale bar=100 pum. E-I, Characterization of murine 005 glioblastoma in

C57BL/6 mice. E, A brain coronal section with a magnified view at the tumor border
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showing Hematoxylin and Eosin staining (H&E), GFP-labeled 005 cells, and HA staining.
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T, tumor; B, brain. Scale bar=100 pm. F, Immunohistochemistry and immunofluorescence
for marker gene expression. Scale bar=100 um. G, Double staining of immune cell markers
(CD4, CD8 and CD68 in brown) and HA (in red) in murine glioblastoma 005. Nuclear
counterstaining with hematoxylin. H, Quantification of immune cells based on the images
shown in G. Data are mean * SD. * p<0.05, ** p<0.01 with unpaired t-test (two-tailed). I,
NanoString gene expression analysis of orthotopic murine glioblastoma models (005,
GL261). Gene expression relative to that of murine melanoma (D4M3A\) is presented. Scale
on the right is log2 fold change.
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Figure 2. Intratumoral injections of ICOVIR17 degraded HA, prolonged survival, increased
tumor-infiltrating immune cells and upregulated PD-L 1 in mice bearing orthotopic 005
glioblastoma.

A, Treatment schema of the survival experiment. C57BL/6 mice were implanted with 005
cells into the brain (1.2 x 10° cells/mouse) on day 0. On days 11 and 17, PBS or virus
(ICOVIR15 or ICOVIR17) were injected intratumorally (1.6 x 107 PFU/mouse). B, Kaplan-
Meier survival analysis of 005-bearing mice treated with PBS (control), ICOVIR15, or
ICOVIR17. Arrows indicate treatments. * p<0.05 (log-rank analysis) comparing control and
ICOVIR17. C, Double staining of hyaluronic acid (HA, red) and E1A (adenovirus early
gene, brown) at 5 days after single virus injection. Scale bar=200 um. D, HA staining (HA,
brown) Scale bar=200 um. E, Quantification of HA area. * p<0.05, *** p<0.005 with
unpaired t-test (two-tailed). F-L, Immunohistochemistry of immune markers, CD3 (F), CD4
(G), CD8 (H), CD68 (1), iNOS (J), PD-L1 (K), and Ki-67 (L), in 005 glioblastoma treated
with PBS (Control), ICOVIR15, or ICOVIR17. Scale bar, 100 pm. Insets: higher
magnification images to show details of staining. Quantification is shown below for each
marker. Number of positive cells from randomly chosen 6 fields/tumor section/mouse were
counted, and the mean + SD of all fields across the mice (N=4/group) are presented. C:
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Control group, 15: ICOVIR15-treated group, 17: ICOVIR17-treated group. Data were
analyzed by unpaired t test (two-tailed); * p<0.05, ** p<0.01, **** p<0.0001.
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Figure3. HMW-HA and LMW-HA differentially impact adenovirus-induced NFkB activation in
bone marrow derived macrophages.

A and B, NanoString transcriptome analysis of 005 glioblastoma in the brain after treatment
with PBS (Cont) or ICOVIR17. A, LMW-HA-induced genes. B, NFkB target genes. N=3
individual mice / group. C, Experimental design. BMDM, Murine bone marrow-derived
macrophage. LPS, lipopolysaccharide. D-F, p65 immunofluorescence in BMDMs after
stimulation with ICOVIR15 (D and F) or lipopolysaccharide (LPS, E) in the presence or
absence of LMW-HA and HMW-HA. Insets in D show representative cells without and with
nuclear p65 immunopositivity. Arrows and arrowheads indicate examples of cells without
and with nuclear p65 translocation, respectively. E and F showing the fraction of cells
having p65 in the nuclei. Student t-test (two-tailed); ** p<0.001, *** p<0.0005. G,
Intracellular flow cytometry for TNF and iNOS in BMDMs. BMDMs were cultured with
LMW-HA or HMW-HA for 24 hours, followed by ICOVIR15 infection. Staining was done 6
hours post infection. H, Quantification of G. TNF (left) and iNOS (right) in BMDMs after
stimulation with ICOVIR15 in the presence or absence of LMW-HA and HMW-HA. *, P <
0.05; **, P < 0.01; ***, P < 0.001. Data are mean + SD in E, F, and H.
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Figure 4. Efficacy of combination therapy of |COVIR17 and anti-PD-1 requires CD4+ and CD8+
T cellsand macrophages.

A, Treatment schema for the survival study of combination therapy of ICOVIR17 and anti-
PD-1 antibody. B, Kaplan-Meier survival curves. Statistical significance was assessed
between indicated groups. C, NanoString RNA analysis reveals differential expression of
chemokines between ICOVIR17 alone group versus combination group (Comb). N=3 /
group. D and E, In vivo depletion of immune subsets. D, Experimental schema. E, Flow
cytometric analysis of splenocytes confirming successful depletion of respective target cells
in the spleen. F and G, In vivo depletion of immune subsets. F, Treatment schema for the
survival study of combination therapy of ICOVIR17 and anti-PD-1 antibody with and
without depletion of specific immune cell subsets. G, Kaplan-Meier survival curves. Combo,
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combination therapy of ICOVIR17 and anti-PD-1 antibody. In B and G, P values are from
log-rank test. Statistically significant differences in comparisons after the correction for
multiple comparisons (Bonferroni method) are underlined.
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Figure 5. Combination therapy increased TAMs.
Flow cytometric analysis of 005 tumors after treatments. Representative plots and

quantification of CD11b+ F4/80+ TAMs (A), PD-L1+ cells (B), and Argl+, iNOS+, TNF+
TAMs (C). N=4 mice / group. C: control group, P: anti-PD-1 antibody monotherapy group,
V: ICOVIR17 monotherapy group, V+P: ICOVIR17 and anti-PD-1 combination group. D,

Quantification of C, showing % of macrophages positive for the indicated marker(s). Data

are mean + SD. *p<0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001 assessed by Student’s t

test (two-tailed) between indicated groups.
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Figure 6. Combination therapy induced tumor specific cytotoxicity in local and peripheral T
cells.

A and B, Flow cytometric analysis of tumor-infiltrating T cells (TILs) collected from
orthotopic 005 glioblastoma tumors after treatment with control (C), anti-PD-1 (P),
ICOVIR17 (V) or ICOVIR17+anti-PD-1 (V+P). A, analysis of total CD4+ and CD4+
FOXP3+ T regulatory cells (Treg) (upper panels) and CD8+ and CD8+/Treg ratio (lower
panels). B, Analysis of T cell exhaustion/checkpoint markers (PD-1, TIM3, and CTLA4) in
CDA4+ cells (upper panels) and CD8+ cells (lower panels). * p< 0.05, ** p< 0.01 (two-tailed
t-test) between indicated groups. C, Experimental schematic. D and E, in vitro cytotoxic
assays of T cells harvested from spleens (D) and 005 glioblastomas (E) in control mice
(black circles and lines) and combination therapy mice (red squares and lines). ** p< 0.01,
*** p< 0.001 (two-tailed t-test). See Supplementary Figure S8B for T cell enrichment from
tumors. F, Intracellular flow cytometric analysis of granzyme B (GZMB) and interferon g
(IFNy) in spleen-derived T cells after their 24h-exposure to 005 glioblastoma or B16
melanoma cells. G, Quantification of CD8+ cells double positive for GZMB and IFN-y in
total CD8+ cells. C, control mice; 17+P, combination therapy mice. Sp only, splenocytes
alone without tumor cells. * p< 0.05, ** p<0.01 (two-tailed t-test) between indicated groups.
See Supplementary Fig. S9C for gating using FMO (fluorescence minus one controls). Data
are mean + SD.
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