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Abstract

Oncolytic virotherapy has been tested in numerous early phase clinical studies. However, the
antitumor activity of oncolytic viruses thus far has been limited. Numerous strategies are being
explored to enhance their antitumor activity by activating the adaptive arm of the immune system.
We reasoned that it might also be possible to engineer oncolytic viruses to redirect tumor-
associated macrophages to tumor cells for therapeutic benefit. We engineered an oncolytic
vaccinia virus (VV) to disrupt the CD47/SIRPa interaction by expressing a chimeric molecule that
consists of the ectodomain of SIRPa and the Fc domain of IgG4 (SIRPa-Fc-VV). SIRPa-Fc-VV
readily replicated in tumor cells and redirected M1 as well as M2 macrophages to tumor cells /n
vitro. In contrast, control VVs that either encoded YFP (YFP-VV) or SIRPa (SIRPa-VV) did not.
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In vivo, SIRPa-Fc-VV had greater antitumor activity than YFP-VV and SIRPa-VV in an immune
competent osteosarcoma model resulting in a significant survival advantage. Pretreatment with
cytoxan further augmented the antitumor activity of SIRPa-Fc-VV. Thus, arming oncolytic viruses
with SIRPa-Fc may present a promising strategy to enhance their antitumor activity for the
virotherapy of solid tumors.

Vaccinia virus; CD47; SIRPa.; osteosarcoma; pediatric cancer; immunotherapy

INTRODUCTION

Oncolytic viruses are actively being explored for a broad range of refractory and/or recurrent
solid tumors.! For example, adenoviruses (Adv), herpes simplex viruses (HSV) and vaccinia
viruses (VV) have been genetically engineered to preferentially replicate in tumor cells,
causing tumor cell lysis and immunogenic cell death.23 Numerous early phase clinical
studies with oncolytic viruses have been conducted, and while their administration has been
safe, antitumor activity was limited.# Lack of antitumor activity is most likely due to
limited viral spread through the tumor and the immunosuppressive tumor microenvironment.
To overcome the latter, several strategies are actively being explored including genetically
engineering oncolytic viruses to secrete cytokines, chemokines, and/or bispecific antibodies,
or combining oncolytic viruses with checkpoint blockade.1%-12 For example, arming VVs or
HSVs with granulocyte macrophage colony stimulating factor (GM-CSF) has shown
promising results in early Phase clinical studies, leading to FDA approval of the GM-CSF
encoding HSV (talimogene laherparepvec) for melanoma.>’

While the majority of approaches to enhance the antitumor activity have focused on
activating the adaptive arm of the immune system, many solid tumors are infiltrated with
tumor associated macrophages (TAMSs).23-15 To protect themselves from macrophage-
mediated killing, solid tumors express the ‘don’t eat me’ signal CD47.16 Blocking the
interaction between CD47 on cancer cells and signal regulatory protein alpha (SIRPa),
which is expressed on myeloid cells and TAMs, is actively being explored as a cancer
therapeutic.17-19 For example, monoclonal antibodies (MAbs) targeting CD47 and chimeric
molecules, consisting of the high affinity ectodomain of SIRPa fused to the Fc region of
IgG (SIRPa-Fc), have shown potent antitumor activity in preclinical models.2%-22 Early
phase clinical testing of CD47 blockade as monotherapy has demonstrated limited efficacy,
19 however combining it with the CD20 MADb rituximab resulted in high complete response
rates in patients with Non Hodgkin Lymphoma.23

Here we report the generation of an oncolytic VV that is genetically engineered to secrete
SIRPa-Fc (SIRPa-Fc-VV) for the virotherapy of osteosarcoma, a solid tumor for which
outcomes remain poor for recurrent/refractory cases, with five-year survival rates of only
20%.24 SIRPa-Fc-VV replicated similarly to control V'V in tumor cells, redirected
macrophages to tumor cells, and had greater antitumor activity than control VV in an
immune competent osteosarcoma model.
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MATERIALS AND METHODS

Cell Lines and Culture Conditions

The African green monkey kidney fibroblast cell line CV-1, human cervical adenocarcinoma
cell line HeLa, and human osteosarcoma cell lines SAOS2, G292, HOS, and U20S were
purchased from ATCC (American Type Culture Collection, Manassas, VA). The murine
adenocarcinoma cell line MC38 was provided by Dr. Serge Y. Fuchs (University of
Pennsylvania, Philadelphia, PA) in 2014.25 The metastatic osteosarcoma cell line LM7 was
provided by Dr. Eugenie Kleinerman (MD Anderson Cancer Center, Houston, TX) in
2011.26 The generation of LM7.eGFP.ffluc was previously described.2” Briefly, LM7 were
genetically modified with a retroviral vector encoding a fusion protein consisting of
enhanced green fluorescent protein and firefly luciferase (eGFP.ffluc). Human ovarian
cancer cell lines OV10 (CD47-) and OV10-315 (CD47+) were provided by Dr. William
Fraizer (Washington University, St Louis, MO) in 2014.28 The murine osteosarcoma cell
lines F420 and CTC were derived fromsingly floxed p53+/F-Col2.3 transgenic mice.2? Cells
were grown in Dulbecco’s Modified Essential Medium (GE Healthcare Life Sciences
Hyclone Labatories, Logan, UT) supplemented with 10% fetal bovine serum (FBS,
Hyclone) and 2 mmol/L GlutaMAX-1 (Thermo Fisher Scientific, Waltham, MA) and
cultured at 37°C in 5% CO». Cell lines were verified mycoplasma free with MycoAlert
Mycoplasma Detection kit (Lonza, Switzerland). Human cell lines were validated at the
Characterized Cell Line Core Facility (MD Anderson, Houston TX).

Generation of Macrophages

Healthy donor leukapheresis products (Gulf Coast Regional Blood Center, Houston, TX)
were processed by Lymphoprep (Abbott Laboratories, Chicago, IL) gradient centrifugation.
Monocytes were isolated from the resulting peripheral blood mononuclear cells (PBMCs) by
CD14 MACS bead selection using LS Column and MidiMACS Separator (Miltenyi Biotec,
Germany). Monocytes were cultured in Roswell Park Memorial Institute medium (RPMI,
Hyclone) supplemented with 10% FBS, 2 mmol/L GlutaMAX-1, and 100ng/ml M-CSF
(Peprotech, Rocky Hill, NJ) for five days and polarized to M1 macrophages with 100ng/ml
LPS (MilliporeSigma, St Louis, MO) and 20ng/ml IFN-y (Peprotech) or to M2
macrophages with 20ng/ml 1L-4 (R&D Systems Inc, Minneapolis, MN) for 48 hrs.30

Construction of Recombinant VV

The minigenes containing SIRPa or SIRPa.-Fc were synthesized by Thermo Fisher
Scientific (Grand Island, NY) and subcloned into the pCMS1 shuttle plasmid downstream of
the F17R late promoter (provided by Dr. David Bartlett, University of Pittsburgh, PA).31
Double-deleted VVs (vwwDD, Western Reserve strain) expressing YFP, SIRPa, or SIRPa-Fc
were generated by recombination of pCMS1 shuttle plasmids encoding YFP alone, SIRPa
and YFP, or SIRPa-Fc and YFP into the TK locus of the VSC20 strain of Western Reserve
VV.32:33 Viral stocks were prepared by infecting HeLa cells with 200 pfu (~0.0005 MOI) of
YFP-VV, SIRPa-VV, or SIRPa-Fc-VV in DMEM-2.5% FBS for 2 hours at 37°C. DMEM,
supplemented with 10%FBS and 2 mmol/L GlutaMAX-1, was added and cells were
incubated until harvesting at 48—72 hours post-infection. Virus was quantified by plaque
titering on CV-1 cells as previously reported.32
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Flow Cytometric Analysis

10,000 cells per sample were collected on a FACSCalibur instrument (BD Biosciences, San
Jose, CA) using Cell Quest Software (BD Bioscience) or a BD Canto Il Instrument (BD
Biosciences) using FACSDIVA software (BD Biosciences) and analyzed using FlowJo v10
(FlowJo LLC, Ashland, OR). For phenotyping macrophages, the following monoclonal
antibodies (MADbs) were used: CD14-PerCP (BD), CD33-PE (BD), CD80-FITC (BD
Biosciences), and CD163-AlexaFluor647 (Biolegend, San Diego, CA). For detection of VV
transgenes, the following MAbs were used: AffiniPure F(ab”)2 Fragment Goat Anti-Human
1gG: AlexaFluor 647 (Jackson ImmunoResearch Laboratories, West Grove, PA), human
CDAT7-APC (eBioscience), murine CD47-APC (eBioscience). For murine immune infiltrate
studies, the following MAbs were used: CD3-APC (BD Biosciences), CD11b-AlexaFluor
488 (BD Biosciences), CD11c-PerCP-Cy5 (BD Biosciences), CD206-PECy7 (eBioscience),
F4/80-PE (Biolegend), Ly6G-AlexaFluor 700 (BD). Isotype-matched controls (BD) were
used for each fluorophore.

Co-culture Assay

Conditioned media was generated by infecting OV10 cells (CD47-) with YPP-VV, SIRPa-
VV, or SIRPa-Fc-VV at a MOI of 0.1. After 48 hours media was collected and filtered
through a 0.45 micron filter (Pall Corporation, Port Washington, NY). M1 or M2
macrophage were co-cultured with OV10-315 cells with either media alone or supernatant
from infected cells at a 5:1 effector to target ratio. Cells were harvested for FACS analysis
48 hours later. Cells were stained with anti-CD33 PE (BD Biosciences) to distinguish
macrophages from tumor cells, and 7AAD (BD Biosciences) to exclude dead cells. The
absolute number of macrophage and tumor cells were quantified by CountBright Absolute
Counting Beads (Thermo Fisher Scientific) using flow cytometry as previously described,
except 20,000 beads was added to each sample and 2,000 beads per sample were collected.34

In Vivo Experiments

All animal experiments were performed on a protocol approved by the Baylor College of
Medicine Institutional Animal Care and Use Committee in accordance with the American
Association for Laboratory Animal Science.

LM7 xenograft model: 8-10 week-old female SCID Beige (CB17.Cg-PrkdcscidLysthg-J/
Crl, Charles River, Wilmington, MA) were injected i.p. with 4x10% LM7.eGFP-ffluc cells.
Mice were treated with 1x10% PFU of YFP-VV, SIRPa-Fc-VV on day 7. PBS (vehicle
control) injected mice served as controls. Tumors were monitored weekly by bioluminescent
imaging on an VIS System (Xenogen, Alameda, CA) as previously described.3®

F420 immune-competent model: 7-9 week-old male C57BL/6 mice (C57BL/6J, The
Jackson Laboratory, Bar Harbor, ME) were injected s.c. into the right flank with 5x10° F420
cells. After 11-12 days, when tumors were approximately 50-100 mm3 in volume, 1x107
PFU of YFP-VV or SIRPa-Fc-VV was injected i.t. PBS injected mice served as controls.
Tumors were monitored by caliper measurements biweekly. For the experiment with
cytoxan, the same experimental outline was used; only mice received 250 mg/kg cytoxan
(Patterson Veterinary Supply, Greeley CO) i.p. 48 hours before the VV or PBS injection. For
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analysis of tumor-infiltrating immune cells, 1x108 F420 cells were injected s.c. into the right
flank. After 15 days, when tumors were ~300 mms3, 1x108 PFU of YFP-VV or SIRPa-Fc-
VV were injected i.t. PBS injected mice served as controls. After 48 hours, mice were
sacrificed, and tumor and spleen were removed. A gentleMACS Dissociator (Miltenyi) was
used to obtain a single cell suspension for FACS analysis.

Euthanasia criteria: Mice were euthanized when tumor radiance was greater than 5x10°
RLU, or when tumor was greater than 1.5 cm in diameter, or when they met other defined
euthanasia criteria (weight loss, signs of distress) in accordance with the Center for
Comparative Medicine at Baylor College of Medicine.

Statistical Analysis

RESULTS

Continuous data were summarized as mean * standard deviation. Two-sample t-test was
used for comparing the means between two groups. One-way analysis of variance followed
by t-test with Holm method for multiple comparison adjustment was used for comparing the
means among three or more groups. A tumor volume greater or equal to 600 mm3 was
defined as tumor progression. Time to tumor progression was used to compare the
differences in tumor growth. Time to tumor progression and survival were analyzed by the
Kaplan-Meier method and comparisons were made using the Wilcoxon test with Holm
method for multiple comparison adjustment. Graphpad Prism 6 (Graphpad Software Inc,
San Diego, CA) and SAS 9.4 were used for statistical analysis. P values <0.05 were
considered statistically significant

Generation of SIRPa-Fc-VV, SIRPa-VV and YFP-VV

We generated double-deleted VVs (vwDD) expressing SIRPa-Fc (SIRPa-Fc-VV), SIRPa
(SIRPa-VV) or YFP (YFP-VV) by homologous recombination of the parental VSC20 virus
(Western Reserve strain) with a shuttle plasmid encoding our transgene(s) (Figure 1A). To
determine if the VVs expressed the desired transgene, we first screened a panel of human
and murine osteosarcoma cells for CD47 expression using OV10 as negative and OV10-315
and MC38 as positive controls.28:38 All murine and human osteosarcoma cells expressed
CDA47 (Figure S1). OV10, OV10-315, MC38, LM7, or F420 cells were infected with YFP-
VV, SIRPa-VV, or SIRPa-Fc-VV at a multiplicity of infection (MOI) of 0.1. Non-infected
cells served as controls. After 24-48 hours, cells were harvested and FACS analysis was
performed to detect CD47 and Fc expression. While the majority of control and YFP-VV-
infected cells were CD47 positive (Figure 1B), CD47 expression could not be detected on
SIRPa-Fc-VV-infected tumor cells. SIRPa-Fc-VV-infected cells however stained positive
for Fc (Figure 1C), indicating that SIRPa.-Fc bound to CD47 on the surface of cells, and
interfered with CD47 detection. The ability of SIRPa to interfere with CD47 detection was
inconsistent, and SIRPa-VV infected tumor cells were negative for Fc. To provide direct
evidence that SIRPa-Fc is secreted and binds to neighboring cells, we infected LM7 and
F420 cells with decreasing MOIs of SIRPa-Fc-VV, and after 48 hours performed FACS
analysis for VVV-infected cells (YFP-positive) and Fc-positive cells. Even when only 2—-6%
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of cells were YFP positive, all cells stained positive for Fc, indicating secretion and binding
of SIRPa-Fc to neighboring non-infected cells (Figure S2).

SIRPa-Fc expression does not impair the oncolytic activity of VV and redirects
macrophages to non-infected tumor cells

Since transgene expression can potentially interfere with the oncolytic activity of VV, we
first compared the ability of YFP-VV, SIRPa-VV, or SIRPa.-Fc-VV to induce tumor cell
lysis in the absence of macrophages. OV10, OV10-315, MC38, LM7, or F420 cells were
infected with VV at MOI 0.1 or 0.01 and the percentage of dead cells (7AAD-positive cells)
was determined by FACS analysis at 24, 48, and 72 hours post infection (Figure 2A). There
was no significant difference in the oncolytic activity of YFP-VV, SIRPa-VV, and SIRPa-
Fc-VV at both MOls for all five evaluated cell lines (50-60% 7AAD-positive cells 48-72
hours post infection). These results demonstrate that the oncolytic activity of the VVs are
not affected by expression of SIRPa or SIRPa-Fc.

Next, we investigated whether SIRPa-VV or SIRPa-Fc-VVs could induce macrophages to
kill tumor cells. Macrophages were generated and polarized to M1 or M2 phenotype (Figure
S3). Since the oncolytic activity of VVs would confound the analysis of macrophages-
mediated Killing if VV-infected tumor cells were used as targets, we performed coculture
assays with filtered, conditioned media that was obtained from YFP-VV-, SIRPa-VV-, or
SIRPa-Fc-VV-infected cells. OV10-315 cells were cocultured with M1 or M2 polarized
macrophages at a 5:1 effector to target ratio in the presence of control or conditioned media,
and after 48 hours viable tumor cells were enumerated by FACS analysis. Only supernatant
from SIRPa-Fc-VV infected cells redirected M1 and M2 macrophages to Kill tumor cells,
resulting in a significant (p<0.01) decrease in the number of viable tumor cells (Figure 2B).
While the mean tumor cell killing of M2 macrophages was greater than of M1 macrophages
(81.0 vs 61.2%), this difference did not reach significance.

SIRPa-Fc-VV has antitumor activity in immune competent osteosarcoma model

To investigate if SIRPa-Fc-VV has antitumor activity /n vivo, we utilized the F420 immune
competent murine osteosarcoma model. 5x10° F420 cells were injected subcutaneously
(s.c.) into the right flank of C57BL/6 mice. On day 11-12, when the tumors were
approximately 50-100 mm3 in volume, 1x107 plaque-forming units (PFU) of SIRPa.-Fc-
VV, SIRPa-VV, or YFP-VV were injected intra-tumorally (i.t.). PBS injected tumors served
as controls. Tumor volume was monitored by caliper measurements (Figure 3A). The time to
reach tumor progression, defined as a tumor volume of 600 mm3, was significantly delayed
in mice receiving SIRPa-Fc-VV injections as compared with control (p<0.008; Table 1).
This resulted in a significant survival advantage (p=0.005; Figure 3B). YFP-VV or SIRPa-
VV injection did not significantly slow progression of the tumors in this aggressive
osteosarcoma model. Based on the lack of efficacy of SIRPa-VV, we omitted it from further
in vivo studies.

SIRPa-Fc-VV and YFP-VV recruit macrophages and monocytes into tumors

Having observed either only modest (SIRPa.-Fc-VVV) or no (SIRPa-VV and YFP-VV)
antitumor activity in the immune competent osteosarcoma model, we first wanted to confirm
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that SIRPa-Fc-VV and YFP-VV can replicate, and cause tumor cell destruction in vivo
when not impeded by an intact immune system. 4x10% LM7 GFP.ffluc osteosarcoma cells
were injected intraperitoneally (i.p.) into SCID-Bg mice and 7 days later, 1x108 PFU
SIRPa-Fc-VV or YFP-VV or PBS were injected i.p. Tumor growth was monitored by
bioluminescent imaging. Both YFP-VV and SIRPa-Fc-VV had significant antitumor
activity as judged by a reduction in bioluminescent signal (Figure 4A, B). However, VV
treated mice started to lose weight (Figure 4C), with YFP-VV treated mice having to be
euthanized significantly earlier (p=0.0039) than SIRPa-Fc-VV treated mice. The weight
loss was due to disseminated V'V as determined by PCR for VV (data not shown).

Since the above results indicate that the immune system is critical for restricting VV
replication /in vivo, we next set out to determine the immune cell infiltrate in the immune
competent F420 osteosarcoma model, and if V'V injection changes its composition. 1x108
F420 cells were injected s.c. into the right flank of C57BL/6 mice. Fifteen days later, when
the tumors were ~300 mm3 in volume, 1x108 PFU of SIRPa-Fc-VV or YFP-VV were
injected i.t. PBS injected mice served as controls. Mice were sacrificed after 48 hours later,
and the presence of T cells (CD3+), granulocytes (Ly6G+), M2 macrophages (F4/80+,
CD206+), monocytes (CD11b+), and dendritic cells (CD11c+) in tumors and spleens was
determined by FACS analysis.

Within control tumors, 6.6% (£9.9%) of cells were T cells, 0.5% (+0.4%) granulocytes,
8.2% M2 macrophages (£3.3%), 4.6% (+2.1%) monocytes, and 0.2% (+0.2%) dendritic
cells (Figure 5A). SIRPa-Fc-VV or YFP-VV injection resulted in a significant (p<0.05)
increase in the percentage of intratumoral immune cells. While the percentage of M2
macrophages and monocytes significantly (p<0.05) increased after YFP-VV or SIRPa-Fc-
VV injection, the percentage of granulocytes only significantly (p<0.05) increased after
YFP-VV injection (Figure 5A). No change in the percentage of T cells or dendritic cells was
observed. Within spleens, SIRPa-Fc-VV or YFP-VV injection only resulted in a significant
decrease in the mean percentage of T cells [Co: 27.9% (£2.6%); YFP-VV: 23.0% (+2.3%);
SIRPa-Fc-VV: 22.2% (£1.9%)] (Figure 5B). Thus, our results indicate that VV injection
increases the percentage of myeloid-derived cells within tumors.

Combining SIRPa-Fc-VV with cytoxan enhances antitumor activity

Since F420 tumors at base line have an immune cell infiltrate that could potentially inhibit
VV replication, we determined in the final set of experiments if depleting immune cells with
cytoxan enhances antitumor effects. 5x10° F420 cells were injected s.c. into the right flank
of C57BL/6 mice. On day 9, 250mg/kg cytoxan was injected i.p., followed by an i.t.
injection of 1x107 PFU of SIRPa-Fc-VV or YFP-VV after 48 hours. PBS injected mice
served as controls. Tumor volume was monitored by caliper measurements. Only SIRPa.-Fc-
VV injections significantly slowed tumor progression (p=0.026) (Table 2) and prolonged
survival (p=0.002) (Figure 6B) as compared. In contrast, YFP-VV had no therapeutic
benefit.
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DISCUSSION

Here we describe the generation of an oncolytic VV genetically modified to express SIRPa.-
Fc, a chimeric molecule that blocks CD47 and opsonizes tumor cells. We demonstrate that
expression of SIRPa-Fc does not interfere with the oncolytic activity of VV, and that
SIRPa-Fc-VV redirects M1 and M2 macrophages to tumor cells. /n vivo, SIRPa-Fc-VV
had improved antitumor activity in comparison to YFP-VV and SIRPa-VV, which was
further enhanced by administering cytoxan prior to VV injection.

Oncolytic viruses, including VV, HSV, and Adv are actively being explored as cancer
therapeutics for solid tumors and brain tumors.13 Studies have highlighted that besides viral
replication, activation of the immune system is critical for their antitumor activity.37-38
Oncolytic viruses have been genetically modified to express an array of immune stimulatory
molecules including costimulatory molecules, cytokines, bispecific antibodies to activate T
cells, and/or antibodies that block T-cell inhibitory molecules such as PD-1 or PD-
11.10-12,39.40 The benefit of arming oncolytic viruses with GM-CSF has been extensively
evaluated in clinical studies, leading to the first in class FDA approval of a GM-CSF
encoding HSV for melanoma.>’ Here, we explored for the first time if genetically
engineering oncolytic viruses to block CD47, an immune check point for macrophages,
enhances their antitumor activity.

SIRPa and SIRPa-Fc encoded by VVs bound to CD47 as judged by interfering with CD47
detection by FACS analysis. However, SIRPa-Fc was more effective in blocking CD47
detection than SIRPa.. This difference is most likely explained by the fact that SIRPa-Fc is
larger than SIRPa (365 vs 147 amino acids); moreover, the Fc domain allows for dimer
formation. Only SIRPa-Fc induced phagocytosis of tumor cells by macrophages, which
confirms findings by others that not only blocking of CD47 but also opsonization is critical
for macrophages to phagocytose tumor cells.22

M1 and M2 macrophages were both effective in killing SIRPa-Fc-positive tumor cells. In
our /n vitro studies we focused on OV10-315; clearly, additional studies are needed to
expand our findings to other tumor cells. Other investigators have reported that M1
macrophages phagocytose glioblastoma cells, which had been incubated with a CD47-
blocking MAb, more efficiently than M2 macrophages.#142 Consistent with our findings, we
found both M1 and M2 macrophages expressed Fc receptors (CD16, CD32, CD64; Figure
S4). Differences between both studies is most likely due to the used macrophage generation/
polarization protocol and/or target cells, and further studies are needed to reconcile these
contradictory findings.

We evaluated the antitumor activity of YFP-VV, SIRPa-VV, and/or SIRPa-Fc-VV in
xenograft and immune competent models similar to one previous report in which an
oncolytic F35/F5 adenovirus was evaluated that was armed with a SIRPa-Fc fusion protein.
43 |n the SCID-Bg xenograft model, YFP-VV and SIRPa-Fc-VV had similar antitumor
activity. However, mice died of disseminated V'V infection. The same strain of VV (vwDD)
has been evaluated by others in athymic nude mice xenograft models without the
development of disseminated V'V infection.324445 The absence of functional NK cells in
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SCID-Bg mice in comparison to athymic nude mice is most likely responsible for our
finding, since NK cells are critical for the control of poxvirus infections.*® YFP-V/V-injected
mice succumbed significantly earlier to disseminated VVV infection than mice treated with
SIRPa-Fc-VV. This difference might be due to the presence of functional macrophages in
SCID-Bg mice.4” Foremost, our results suggests that preclinical studies with oncolytic
viruses should, whenever possible, be conducted in immune competent animal models to
model the interactions between tumor cells, virus, and the resident immune system.

In our immune competent model, intratumoral injection of YFP-VV or SIRPa.-VV had no
significant antitumor activity in contrast to SIRPa-Fc-VV. However, the antitumor activity
of SIRPa-Fc-VV was transient. We therefore analyzed the immune cell infiltrate in control
tumors, and post YFP-VV or SIRPa-Fc-VV injection. For these experiments we injected
larger tumors (~300 mm?3) versus 50-100 mm3 for the conducted efficacy experiments and
therefore increased the VV dose (1x108 vs 1x107 PFU). T cells, M2 macrophages,
granulocytes, and monocytes were present in control tumors. The percentage of M2
macrophages and monocytes increased significantly after VV injection with no difference
between YFP-VV and SIRPa-Fc-VV. These results mirror the findings of others, indicating
that VV increases myeloid cell infiltration.12 However, the increase in antitumor activity we
observed was limited. To investigator potential mechanisms of therapeutic failure, we
performed one additional experiment in which unmodified F420 cells or F420 cells
genetically modified to express SIRPa or SIRPa-Fc were injected into C57BL/6 mice.
While 10/10 mice injected with unmodified F420 cells developed tumors, only 2/10 with
F420/SIRPa., and 0/10 with SIRPa-Fc (Figure S5). These results argue that V'V spread
through tumors or expression of the inserted transgene is most likely limiting its efficacy.
Since we performed the analysis 2 days post VV injection, we did not observe an increase in
the percentage of intratumoral T cells. We are planning to perform a more comprehensive
time course to evaluate changes in the immune cell infiltrate post V'V injection in the future.

The injection of cytoxan is a commonly used strategy to deplete inhibitory immune cells
prior to the administration of biological-based therapies in patients and preclinical models.
49-53 Cytoxan belongs to class of chemotherapeutic agents called alkylating agents, and has
activity not only against immune cells but also cancer cells. Indeed, it is used in the clinic to
treat patients with osteosarcoma.>#:5° Thus, it was not unexpected that administration of
cytoxan decreased tumor growth in our model. Combining SIRPa-Fc-VV with cytoxan also
enhanced the antitumor activity in our model. However, cytoxan as a single agent also had
antitumor activity. Thus, future studies are needed to determine if cytoxan also had an effect
on immune cells, potentially increasing VVV replication and production of SIRPa-Fc-VV.
While our study demonstrated that arming VV with SIRPa.-Fc enhances their antitumor
activity, tumors eventually progressed. This is similar to results by other investigators that
have armed VVs with single chain variable fragment (scFv) to block PD-1, the chemokine
CXCL11, or 41BBL.11.3956 |_imited efficacy is most likely multifactorial and include
limited intratumoral spread of oncolytic viruses including V'V, and the immunosuppressive
tumor microenvironment that inhibits immune cells that are activated by armed VVs.48
These barriers can most likely be addressed by engineering VVs to express high levels of
transgenes and inserting multiple transgenes into the VV genome to activate the immune
systems. Since VVs can hold large DNA fragments (up to 25kb), it should be feasible to
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generate VVs that are armed with several molecules to activate the immune system. In this
regard, combining PD-1 blockade with SIRPa-Fc seems particular promising based on the
recent finding that TAMs express high levels of PD-1.57 In addition, inserting cytokine genes
such as IL-12 or IL-15 could change the immunosuppressive tumor microenvironment into a
pro-inflammatory environment bolstering the effect of SIRPa.-Fc.58:59

In conclusion, our results demonstrate that CD47 blockade with a VV encoding SIRPa-Fc is
feasible, and redirects macrophages to tumor cells for therapeutic benefit. While we focused
here on VV and osteosarcoma, our approach is applicable not only to other oncolytic
viruses, but also to a broad range of tumors that express CD47.
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Refer to Web version on PubMed Central for supplementary material.
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CLINICAL IMPLICATIONS

The outcome for patients with recurrent/refractory sarcoma remains poor. Here we
demonstrate that arming oncolytic vaccinia virus with SIRPa-Fc enhances their
antitumor activity warranting further active preclinical exploration of our modified
approach to oncolytic virotherapy and future early phase clinical testing.
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Figure 1: Generation of SIRPa-Fc-VV.
(A) Scheme of shuttle plasmids for generation of recombinant VV. SIRPaor SIRPa-Fc

expression is controlled by the late F17R promoter, and yellow fluorescent protein (YFP)
expression by the early/late Pse/l promoter. (B-C) OV10, OV10-315, MC38, LM7, or F420
were infected at a MOI of 0.1 with YFP-VV, SIRPa-VV, or SIRPa-Fc-VV. 24-48 hours
post-infection expression of (B) CD47 or (C) Fc was determined by FACS analysis (n=3;
mean percent expression +/-SD; ANOVA, *p<0.05, **p<0.01; ****p<0.0001).
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Figure 2: SIRPa-Fc-VV killstumor cellsthrough direct killing and redirecting macrophages.
(A) OV10, OV10-315, MC38, LM7, or F420 cells were infected at a MOI of 0.01 or 0.1

with YFP-VV, SIRPa-VV, or SIRPa-Fc-VV. The percentage of dead (7AAD-positive) cells
was determined 24, 48, and 72 post infection by FACS analysis. Non-infected cells served as
controls (Co), (n=6; mean percent 7AAD+ expression +/-SD; ANOVA, Co versus YFP-VV,
SIRPa-VV, or SIRPa-Fc-VV: **p<0.01; ***p<0.001; ****p<0.0001). (B) M1 or M2
macrophages were co-cultured with OV10-315 cells with either media alone or conditioned
media from YFP-VV, SIRPa-VV, or SIRPa-Fc-VV-infected cells at an effector to target
ratio of 5:1. After 48 hours, the absolute number of viable (7AAD-), CD33-negative OV10-
315 cells was enumerated by FACS analysis (n=4-5; Tukey box and whiskers plot of relative
tumor cell number (VV media tumor cell number/media alone tumor cell number; ANOVA;
**p<0.01; ***p<0.001).
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Figure 3: SIRPa-Fc-VV hassuperior antitumor activity in immune-competent osteosarcoma

model.

C57BL/6 mice were injected with 5x10° F420 cells s.c. into the right flank. Once tumors
reached ~50-100mm3, mice (n=10 per group) were injected i.t with 1 X107 PFU of SIRPa.-
Fc-VV, SIRPa-VV, YFP-VV or PBS (control; Co). Tumor size was monitored by caliper
measurements (n=10 per group). (A) Tumor volume (dotted lines: individual mice; solid

line: median). (B) Kaplan-

Meier survival curves. The Wilcoxon test with Holm method for

adjustment of multiple comparisons was used to determine significance.
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Figure 4: SIRPa-Fc-VV hasantitumor activity in immunodeficient osteosarcoma model.
SCID Beige mice were injected with 4x108 LM7.GFP.ffluc cells i.p. After 7 days, mice (n=5

per group) were injected with 1x10% PFU of SIRPa-Fc-VV, YFP-VV or PBS (control; Co)
i.p. Tumor growth was monitored by bioluminescent imaging. (A) Representative images of
animals. (B) Left panel: Quantitative bioluminescent imaging results (dotted lines:
individual mice; solid line: median; radiance = photons/s/cm?/sr). Right panel:
Bioluminescence imaging results were divided into 3 regions to enable quantitative analysis
(box and whiskers plot of median tumor luminescence +/- range; ANOVA,; *p<0.05;
**p<0.01; ***p<0.001; reg: region). (C) Weights of mice (dotted lines: individual mice;
solid line: median).
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Figure5: Changesin myeloid cell immune infiltrate in F420 tumors after VV administration.
C57BL/6 mice were injected with 1x106 F420 cells s.c. into the right flank. Once the tumor

was ~300mms3, 1x108 PFU of SIRPa-Fc-VV (n=10) or YFP-VV (n=5) were injected i.t.
PBS injected mice (n=10) served as controls (Co). After 48 hours mice were euthanized, and
single cell suspensions of (A) tumors and (B) spleens were prepared. The presence of T cells
(CD3+), granulocytes (Ly6G+), M2 macrophages (F4/80+, CD206+), monocytes (CD11b+),
and dendritic cells (CD11c+) was determined by FACS analysis (dot: individual mice; mean
percent positive +/-SD; ANOVA; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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Figure 6: Cytoxan improves the antitumor activity of SIRPa-Fc-VV in immune-competent
osteosar coma model.

C57BL/6 mice were injected with 5x10° F420 cells s.c. into the right flank. After 9 days
mice (n=10 per group) were injected i.p. with 250mg/kg cytoxan. 48 hours later, tumors
were injected i.t. with 1x107 PFU of SIRPa-Fc-VV or YFP-VV. PBS-injected tumors served
as controls (Co). Tumor size was monitored with caliper measurements. (A) Tumor volume
(dotted lines: individual mice; solid line: median). (B) Kaplan-Meier survival curves. The
Wilcoxon test with Holm method for adjustment of multiple comparisons was used to
determine significance.
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Table 1:
Timeto tumor progression - SIRPa-Fc-VV
Comparisons p+
Control vs. YFP-VV 0.2759

Control vs. SIRPa-VV 0.3463
Control vs. SIRPa-Fc-VV  0.0080

—/_'The Wilcoxon test with Holm method for adjustment of multiple comparisons
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Table 2:
Timeto tumor progression - SIRPa-Fc-VV plus cytoxan
Comparisons p‘/‘
Cy vs. YFP-VV +Cy 0.912
Cy vs. SIRPa-Fc-VV +Cy 0.026
YFP-VV +Cy vs. SIRPa-Fc-VV +Cy  0.026
—/_"The Wilcoxon test with Holm method for adjustment of multiple comparisons
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