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OPEN ACCESS Immune checkpoint inhibitor (ICIl) immunotherapies have vastly improved therapeutic out-
comes for patients with certain cancer types, but these responses only manifest in a small
percentage of all cancer patients. The goal of the present study was to improve check-
point therapy efficacy by utilizing an engineered vaccinia virus to improve the trafficking of
lymphocytes to the tumor, given that such lymphocyte trafficking is positively correlated
with patient checkpoint inhibitor response rates. We developed an oncolytic vaccinia virus
(OVWV) platform expressing manganese superoxide dismutase (MnSOD) for use as both a
monotherapy and together with anti-PD-L1. Intratumoral OVV-MnSQOD injection in immuno-
competent mice resulted in inflammation within poorly immunogenic tumors, thereby fa-
cilitating marked tumor regression. OVV-MnSOD administration together with anti-PD-L1
further improved antitumor therapy outcomes in models in which these monotherapy ap-
proaches were ineffective. Overall, our results emphasize the value of further studying these
therapeutic approaches in patients with minimally or non-inflammatory tumors.

Introduction

The development of immune checkpoint inhibitor (ICI) immunotherapies including anti-programmed
cell death-1 (PD-1)/PD-L1 and anti-cytotoxic T lymphocyte antigen 4 (CTLA4) have significantly im-
proved survival and clinical outcomes in a subset of patients with certain tumor types [1-3]. In a study
of lymphoma patients, ICI treatment exhibited synergistic activity with other antitumor therapies relative
to monotherapeutic interventions, but these treatments were associated with systemic toxicities associ-
ated with the robust activation of the immune system [4]. Further research is thus required to optimize
the clinical efficacy of these therapeutic approaches while minimizing toxicity via utilizing different ICIs,
agonistic drugs, cytokines, and combinations thereof [5,6].

The local administration of immunotherapeutic agents represents an ideal approach to minimizing
off-target systemic toxicity. The use of tumor-specific oncolytic viruses (OVs) capable of replicating
in the tumor microenvironment (TME) and killing tumor cells to release tumor-specific antigens has
the potential to improve cancer treatment outcomes [7,8]. Such virus-induced tumor cell lysis can also
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melanoma. Phase III trials have also been conducted to assess the efficacy of the GM-CSF-encoding Pexastimogene
devacirepvec (Pexa-Vec, JX-594) in advanced hepatocellular carcinoma patients [12,13]. Whether the encoding of
these immunomodulatory genes improves overall patient clinical outcomes, however, remains uncertain, as these
genes can promote local inflammation that suppresses the oncolytic activity of the viral vectors and further sup-
presses the expression of these transgenes [14]. In addition to directly lysing tumor cells, OV's have been shown to ef-
fectively activate immune cells and promote their infiltration into tumors, circumventing immunosuppression in the
microenvironment. Considering the immunomodulatory properties of OVs, strategies combining virotherapy with
other immunotherapies, such as ICIs, have been proposed [15-18]. OV-based immunotherapy combined strategy
can elicit tumor killing effect via multiple targets and mechanisms, which may be expected to improve the situation
[19].

We have previously demonstrated the ability of oncolytic vaccinia virus (OVV), which is a promising
immune-oncolytic therapy strategy [20], to induce T cell and NK cell infiltration and to reduce myeloid-derived sup-
pressor cell (MDSC) numbers in a model of subcutaneous lymphoma [21]. We also generated the novel tumor-homing
E1B55K gene-deleted ZD55-MnSOD oncolytic adenovirus encoding the manganese superoxide dismutase (MnSOD)
gene, and we found that this virus was able to promote robust tumor cell death in vitro and in vivo in models of ovar-
ian and colorectal cancer [22]. Several studies have shown that MnSOD~/* mice are prone to spontaneous lymphoma
development and MnSOD is crucial for proper thymocyte differentiation, homeostatic survival of peripheral T cells
as well as for T cell-mediated immune responses [23-25]. So we presumed that overexpression of MnSOD not only
suppresses tumor cell growth, but also promotes stronger antitumor immune response. Herein, we sought to explore
the intratumoral changes in immune status when utilizing an MnSOD-expressing OVV platform either alone or in
combination with anti-PD-L1. Through these experiments, we found that OVV-MnSOD markedly enhanced intratu-
moral inflammation, improved systemic antitumor efficacy, and increased lymphoma sensitivity to PD-L1 blockade.
Together, our results highlight novel approaches to overcoming ICI resistance in tumors, providing a foundation for
efforts to expand these results to human clinical trials.

Materials and methods

OVV-MnSOD synthesis

OVV and OVV-MnSOD vectors were prepared via gene recombination [26,27]. Briefly, the full MnSOD gene
sequence was then inserted into the pCB plasmid. The resultant sequenced pCB-MnSOD or control pCB vec-
tors were then transfected into HEK293A cells that had already undergone WT vaccinia virus infection. In brief,
HEK?293 cells were infected with WT vaccinia virus at a multiplicity of infection (MOI) of 1 for 2 h and then
transfected with the corresponding shuttle plasmid. The cell extraction solution was used to infect the HEK293
cells in the presence of 25 mg/ml mycophenolic acid (MPA; Cat# A600640, Sangon Biotech, Shanghai, China),
250 mg/ml xanthine (Cat# A601197, Sangon Biotech), and 15 mg/ml hypoxanthine (Cat# A500336, Sangon
Biotech). After three cycles of screening, EGFP-positive plaques were isolated, resuspended, and further HEK293
cells were infected for two cycles of plaque purification. After completing the first and second rounds of plaque
purification, the following primers were used to amplify the target gene and the viral thymidine kinase (TK)
gene to identify whether the recombinant virus was adulterated with the parental vaccinia virus. Primer of tar-
get gene: 5-CTCCCCGACCTGCCCTACGACT-3, 5'-TGCAAGCCATGTATCTTTCAGTTAC-3'; primer of TK:
5'-tgtgaagacgataaattaatgatc-3', 5'-gtttgccatacgctcacag-3'. Recombinant vaccinia virus successfully screened by plaque
purification was further expanded by Hela-S3 cells in six-well plates, cell culture dishes, and cell culture spinner flasks.

Quantitative RT-PCR
TRIzol (#15596-026; Invitrogen) was utilized to extract total RNA from infected cells, after which PrimeScript RT
Master Mix (#DRR036A, TaKaRa, Shiga, Japan) was used to prepare cDNA. Next, FastStart Universal SYBR Green
Master Mix (#04913914001; Roche) was employed to conduct quantitative RT-PCR (qPCR) with a Real-Time PCR
System (Applied Biosystems, CA, U.S.A.). The comparative C; method was used to evaluate relative gene expression,
with GAPDH for normalization.

Western blot

Cells were lysed using RIPA buffer and BCA assay was then conducted to measure protein levels in these samples
based on the provided directions. Equal protein amounts were separated via 10-15% SDS/PAGE and transferred
on to PDF membranes that were probed with anti-MnSOD (Abcam, ab68155), anti-Caspase-3 (Abcam, ab3251),
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or anti-GAPDH (Abcam, ab9485). Blots were then probed with HRP-linked secondary antibodies for 1 h (1:4000;
HuaAn Biotechnology Co. Ltd). The Image] software was then employed to measure protein band density.

CCKS8 assay

Murine lymphoma A20 and EL4 cells were added to 960-well-plates (10000 cells/well) and were infected with OVV
or OVV-MnSOD for 48 h, after which 10 pl of CCK8 reagent was added per well for 4 h at 37°C. Absorbance at 450
nm was then assessed with a microplate reader to assess the cytolytic activity of these viral preparations. PBS was used
as a negative control.

Animal experiments

The Animal Ethics Committee of Zhejiang Provincial People’s Hospital approved all animal studies (A20190029).
C57BL/6 mice were purchased from Zhejiang Chinese Medical University, Hangzhou, China) and housed in a specific
pathogen-free facility with free food and water access in Animal Laboratory of Zhejiang Provincial People’s Hospital.
Digital calipers were used to measure subcutaneous tumor diameter, with tumor volume being defined as: volume =
length x width? x 0.5. The body weight and tumor sizes of all mice were regularly monitored, and mice were killed
by carbon dioxide suffocation if they exhibited acute weight loss or tumors > 3000 mm® in size. When tumors were
no longer palpable, mice were considered to have achieved a complete response (CR).

A20 and EL4 cells (5 x 10° or 2 x 10° cells, respectively) were subcutaneously injected into the right flank of model
mice. After tumors were ~50 mm? in size, 50 ul of PBS, OVV, or OVV-MnSOD were injected into the tumor every
other day (three doses in total). Combination therapy efticacy was assessed by also intraperitoneally injecting these
mice with 100 ug of anti-PD-L1 (clone RMP1-14, Bio X Cell) beginning on the second day of initial viral treatment
every 3 days for three times.

Flow cytometry

A mouse Tumor Dissociation Kit (Miltenyi Biotec) was used to prepare cells, which were then stained with the fol-
lowing antibodies: mouse CD3 V450, mouse CD8a V500, mouse CD11b APC-Cy7, mouse CD25 PE-Cy7, mouse
CD80 PE, mouse I-A/I-E PerCP-Cy5.5, and mouse Ly-6G FITC (BD Biosciences); mouse B220 FITC, mouse CD3
APC-Cy7, mouse CD4 FITC, mouse CD11c PE, mouse CD44 PE-Cy7, mouse CD45 Alexa Fluor 647, mouse CD45
APC. Then cells were analyzed with an FACS Caliber cytometer (BD). Data analyses were performed with FlowJo
software (Treestar, U.S.A.).

Statistical analysis

SPSS 17.0 (IBM Corp., NY, U.S.A.) and GraphPad Prism (GraphPad Software, Inc.) were used for statistical testing.
Continuous data are given as means + standard deviation (SD), and were compared through unpaired two-tailed
Student’s ¢ tests or two-way analyses of variance (ANOVAs) with Tukey’s multiple comparisons test. Kaplan-Meier
curves were used to assess survival outcomes. P<0.05 was the significance threshold.

Results

OVV-MnSOD characterization

We employed a homologous recombination approach to prepare OVV-MnSOD as detailed previously [28], and as
shown in Figure 1A. Successful exogenous expression of MnSOD in these viral particles was confirmed via qPCR.
OVV and OVV-MnSOD were then used to infect A20 and EL4 lymphoma cells (MOI = 2) for 24 h, after which
significant MnSOD expression was detectable in cells infected with OVV-MnSOD but not in cells infected with OVV
or treated with PBS (Figure 1B). Western blotting yielded comparable results regarding MnSOD protein levels in these
cells, confirming that we had successfully prepared an OVV strain capable of overexpressing MnSOD in target cells.
Subsequent Western blotting also revealed that OVV-MnSOD infection significantly induced caspase-3 cleavage in
both the cell lines at 48 h post-infection, consistent with the apoptotic death of these target cells (Figure 1C).

As an additional control, we evaluated the impact of MnSOD expression on OVV viral replication in these two
lymphoma cell lines. This analysis revealed no significant difference in viral yield when comparing the OVV and
OVV-MnSOD viruses, suggesting that this transgene had no adverse impact on such replication (Figure 1D). As
such, the ability of these OVV preparations to selectively replicate within tumor cells is unaffected by the deletion of
TK or the insertion of the MnSOD transgene.
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Figure 1. Construction and characterization of OVV-MnSOD

(A) Linear schematic of OVV-MnSOD structure. All viruses were constructed through homologous recombination between pCB-
transgene and wildtype vaccinia virus (VV) in HEK293A cells. The MnSOD expression cassette was introduced into the TK region
of vaccinia virus. Pse/L, synthetic early/late promoter. P7.5, vaccinia virus early-late promoter. gpt, mycophenolic acid resistance
gene. 5TK and 3'TK, viral flanking sequences of the TK gene. ITR, inverted terminal repeat. ****, sites of anticipated homologous
recombination. (B,C) The expression of MnSOD. Cells on six-well plates were infected with different viruses at an MOI of 2. After 48
h post-infection, total cellular RNA and protein lysates were extracted to elevate the MnSOD expression using real-time PCR and
Western blot. (B) GAPDH served as an internal control. The data are presented as the mean + SD of three separate experiments
(*** represents P<0.001, one-way ANOVA and multiple comparisons). (C) Western blot analysis of the apoptosis-related protein
caspase in A20 and EL4 cells. 3-actin served as a loading control. (D) A20 and EL4 cells were infected with MOI: 1 of OVV-MnSOD
or OVV, respectively. After an additional 48 h, medium and cells were harvested. The collected supernatant was tested for virus
production by standard TCIDsg assay on 293A cells. Progeny viruses from MOI: 1 of virus were calculated. Data are presented as
mean + SD and the representative of three separate experiments.

In vitro antitumor activity of OVV-MnSOD

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was next conducted using A20 and
EL4 cells following a 48-h infection with OVV-MnSOD in order to gauge the cytotoxic activity of this virus.
OVV-MnSOD exhibited superior inhibition of lymphoma cell proliferation relative to OVV in a dose-dependent
manner in this assay (Figure 2A,B), whereas neither virus was able to suppress peripheral blood mononuclear cell
(PBMC) replication (Figure 2C). Overall, these findings indicated that OVV-MnSOD can selectively and specifically
suppress the in vitro growth of tumor cells.

OVV-MnSOD promotes lymphocyte infiltration into tumors

In order to establish the ability of our virotherapy approach to promote remodeling within the TME, we next intra-
tumorally administered OVV or OVV-MnSOD into immunocompetent mice bearing A20 or EL4 tumors (Supple-
mentary Figure S1). In the former model, OVV-MnSOD resulted in an 84.9% inhibition of tumor growth relative
to 53.8% for OV'V, while in the latter tumor model these percentages were 77.8 and 52.5%, respectively (Figure 3A).
Animals were killed when tumors were over 2000 mm? in size or mice appeared moribund. All mice administered
an intratumoral PBS injection were killed within 20 days of treatment, while 75% of A20 model mice and 62.5% of
EL4 model mice treated with OVV-MnSOD survived (Figure 3B).
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Figure 2. In vitro antitumor activity of OVV-MnSOD

Cells were seeded on 96-well plates and infected with OVV or OVV-MnSOD at the indicated MOls. (A) Cytotoxicity and (B) ICsq
of oVV and oVV-Smac in two lymphoma cell lines was determined by CCK8 cell proliferation assay at 48 h post-infection and
expressed as the percentage of absorbance of treated cells with respect to that of mock-treated samples. (C) PBMCs are used to
verify the security of the OVV-MnSOD according to (A). The results are presented as mean + SD of three separate experiments.

To establish the impact of OVV-MnSOD on tumor-infiltrating lymphocyte (TIL) populations, we conducted flow
cytometry on tumor samples collected on day 7 following the third treatment of these mice. Tumor-derived single-cell
suspensions were stained with antibodies specific for CD45, CD3, CD4, CD8, FoxP3,NK1.1, and CD103. This analysis
revealed that OVV-MnSOD administration was associated with a significant increase in the frequency of CD8* T cells,
CD4"* T cells, Treg, NK cells, and dendritic cells (DCs) within EL4 and A20 tumors relative to those treated with PBS,
and to increase the frequency of CD8"* T cells, CD4" T cells, and DCs in both of these tumor types relative to OVV
treatment (Figure 3C,D).

OVV-MnSOD enhances tumor sensitivity to anti-PD-L1 treatment

We next speculated that the increases in TIL levels within tumors following OVV-MnSOD injection would enhance
the susceptibility of these tumors to ICI treatment. To test this, we treated mice bearing these lymphoma model tu-
mors with anti-PD-L1 with or without prior intratumoral OVV-MnSOD treatment (Supplementary Figure S2). While
anti-PD-L1 monotherapeutic treatment exhibited limited efficacy and did not facilitate CR in any of the treated mice,
combination OVV-MnSOD + anti-PD-L1 treatment was associated with CR in the majority of treated mice (7/10
CR in the A20 model, 8/10 in the EL4 model) (Figure 4A). Importantly, 100% of mice in both of these combina-
tion treatment groups survived the study period (Figure 4B). Intratumoral injection of OVV-MnSOD prior to PD-L1
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Figure 3. OVV-MnSOD shows antitumor responses and increases in tumor-infiltrating lymphocytes

(A) Mice were subcutaneously inoculated with A20 or EL4 cells. When tumors reached approx. 50 mm?3, tumors were directly
injected with PBS, OVV or OVV-MnSOD (2 x 107 pfu) every other day, for a total of three injections. Tumor growth in mice treated
with PBS, OVV, or OVV-MnSOD is shown (n=12 for A20, n=13 for EL4 per group). *P<0.05, *P<0.05, and ***P<0.001 by unpaired
t test. (B) Kaplan—-Meier survival curves. (C,D) Seven days after the last treatment, tumors were collected and analyzed by flow
cytometry to calculate the percentages of TlLs in tumor cells. Intratumoral CD8* T cells, CD4* T cells, Treg, NK cells, and dendritic
cells in A20 (C) and EL4 (D) tumor models (D). n=6 for A20 and n=7 for EL4. **P<0.01 and ***P<0.001 by Mann-Whitney U test.
ns, not significant. Mean + SD is shown. Abbreviation: TIL, tumor-infiltrating lymphocyte.

blockade increased CD8" T cells, activated CD8" T cells, and Tregs in A20 (Figure 4C) and EL4 (Figure 4D) tumors.
This suggests that locally injecting OVV-MnSOD can increase tumor sensitivity to ICI treatment. No murine weight
loss was detected over the course of the study period (data not shown).

Discussion

A range of immunotherapies has been tested to treat lymphoma patients. ICI-based treatments including
anti-PD-1/PD-L1, anti-CTLA4, and combinations thereof are increasingly common standards of care for certain
forms of cancer [29]. However, these immune checkpoint blockage approaches are only efficacious in a limited num-
ber of patients owing to the potential for systemic toxicity and the role of multiple different immune signaling path-
ways within the TME [30]. It is thus essential that novel approaches to safely and effectively improving tumor patient
clinical response rates be developed. In the present study, we found that intratumoral OVV-MnSOD administra-
tion both altered the local and the systemic immune status in mice bearing lymphoma model tumors refractory to
anti-PD-LI treatment. Importantly, this virotherapy approach was sufficient to sensitize mice to ICI treatment with-
out inducing significant toxicity.

Increased mitochondrial reactive oxygen species (ROS) production is a common hallmark of tumor cells. After
being produced, ROS can suppress T-cell activation and proliferation within the TME such that high levels of ROS
can impair the development of antitumor immune responses in cancer patients, whereas low levels of ROS can en-
hance T cell receptor-induced signal transduction [31,32]. MnSOD is a mitochondrial antioxidant protein found in
Escherichia coli and encoded by nuclear genes on chromosome 6q21. Reductions in MnSOD activity are frequently
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Figure 4. Intratumoral administration of OVV-MnSOD sensitizes tumors to anti-PD-L1 antibodies

(A) Mouse lymphoma cells A20 or EL4 were subcutaneously implanted into C57/BL6 mouse before treatments. Tumors were treated,
beginning when tumors reached 50 mm3, with vehicle solution or 2 x 107 pfu of OVV-MnSOD or OVV, for a total of three times.
From the day of the first injection of virus, 100 ng of anti-PD-L1 antibody was intraperitoneally administered every 3 days during the
experiment. (B) Over the course of treatment with either OVV-MnSOD, OVV or PBS, tumor volumes were measured. (=10 for A20
and EL4 per group). (B) Kaplan—-Meier survival curves. (C,D) In a separate study, 10 days after the last viral treatment, infiltrating
CD8* T cells, activated CD8* T cells, and Treg in injected tumors were analyzed by flow cytometry (n=5-6). *P<0.05, **P<0.01,
and **P<0.001 by Mann-Whitney U test. Mean + SD is shown.

observed in tumor tissues and cell lines from humans, and it has been shown to function as a tumor suppressor protein
such that MnSOD overexpression can suppress the growth of a range of tumor types [33,34].

There are multiple limitations to the present study that should be considered when evaluating this therapeutic
approach. For one, while we were able to demonstrate OVV-MnSOD-induced changed in the local tumor microen-
vironmental immune status based on analyses of particular cell subsets; further work is necessary to fully understand
the functional roles of cells such as antigen-presenting cells, stromal cells, and Tregs within tumors in the context
of this virotherapy approach. In particular, more work is needed to understand the link between OVV therapy and
adaptive antitumor immunity through gene expression and T cell repertoire analyses [14]. In addition, more research
is required to establish the tumor types that are most likely to be amenable to virotherapy treatment by identifying key
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therapeutic biomarkers. While we initiated anti-PD-L1 treatment on the first day of OVV-MnSOD administration
in light of prior reports suggesting that ICIs can suppress vaccinia virus replication, additional dosing optimization
is required to improve the clinical outcomes associated with this therapeutic strategy. Clinical trials evaluating the
combination of ICIs with OVs, such as T-VEC followed by pembrolizumab, will provide key insights regarding the
promise of such combination virotherapy.

Together, our results suggest that the intratumoral administration of OVV-MnSOD can enhance antitumor im-
munity and increase tumor immunogenicity and amenability to checkpoint blockade therapy. This OVV-MnSOD
preparation may offer value as both a monotherapy and together with different immunotherapies when used to treat
diverse tumor types.
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