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Successful in situ therapeutic vaccination would allow locally
delivered oncolytic virus (OV) to exert systemic immunologic ef-
fects onmetastases and improve survival. We have utilized bilat-
eral flank tumor models to determine the most efficacious regi-
mens of in situ vaccination. Intratumoral injection with
membrane-tethered interleukin -2-armed OV (vvDD-mIL2)
plus a Toll-like receptor 9 ligand (CpG) yielded systemic immu-
nization and decreased tumor growth in a contralateral, nonin-
jected tumor. Our main aims were to study the tumor immune
microenvironment (TME) after vaccination and identify addi-
tional immune adjuvants that may improve the systemic tu-
mor-specific immunity. Immunological profiles in the spleen
showed an increased CD8+ T cell/regulatory T cell (Treg) ratio
and increased CD11c+ cells after dual injection in one flank tu-
mor. Concurrently, there was increased infiltration of tumor ne-
crosis factor alpha (TNF-a)+CD8+ T cells and interferon gamma
(IFN-g)+CD4+ T cells and reduced CTLA-4+PD-1+CD8+ T cells
in the contralateral, noninjected tumor. The anti-tumoral activ-
ity depended on CD8+ T cells and IFN-g, but not CD4+ T cells.
Based on the negative immune components still existing in the
untreated tumors, we investigated additional adjuvants: clodro-
nate liposome-mediated depletion of macrophages plus anti-
PD-1 therapy. This regimen dramatically reduced the tumor
burden in the noninjected tumor and increased median survival
by 87%, suggesting that inhibition/elimination of suppressive
components in the tumor microenvironment (TME) can
improve therapeutic outcomes. This study emphasizes the
importance of immune profiling to design rational, combined
immunotherapy regimens ultimately to impact patient survival.
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INTRODUCTION
Oncolytic virus (OV)-mediated cancer therapy has shownpromise. Im-
lygic, a herpes simplex virus expressing the granulocyte-macrophage
colony-stimulating factor, has been the only drug of its class approved
by the US Food and Drug Administration (FDA). It was approved as
a local intratumoral (i.t.) injection to treat patients with advanced mel-
anoma.1 This local injection, however, resulted in an improvement in
overall survival, suggesting that in situ cancer vaccination may have re-
sulted in a systemic immune response that impacted micro-metastatic
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disease.2–4 OVs can induce an immunogenic cell death5–7 and when
combined with T cell-activating cytokine expression, can change the
cancer-immune set point within the tumor, transforming a nonimmu-
nogenic microenvironment into an immunogenic one.8–10 The optimi-
zation of this effectwith additional immune adjuvantsmay lead to a suc-
cessful in situvaccination strategy for low-or nonimmunogenic tumors.

We11 and others12 have shown that oncolytic vaccinia viruses (VVs) are
highly promising OVs for cancer therapy. The vv double deletion
(vvDD) is an OV with deleted viral genes encoding thymidine kinase
(TK) and vaccinia growth factor. Its cancer selectivity was mediated
through multiple mechanisms, as its replication was activated by
epidermal growth factor receptor/Ras pathway signaling, cellular TK
levels, and resistance to type I interferons (IFNs) in cancer cells.13,14

Clinically, this virus vvDD has been shown to be safe, yet with limited
therapeutic efficacy in patients with advanced solid cancers.15,16 Many
recent studies of OVs have emphasized the importance of enhancing
tumor-specific immunity for improved results, including the use of
immunogenic transgenes and combination with immune adju-
vants.17–19 In fact, several studies have shown that OVs themselves
or in combination with immune-checkpoint blockade elicit systemic
anti-tumor immunity.20–28 The systemic anti-tumoral immunity thus
generated, however, is usually not able to eradicate distant tumors.
Therefore, other various combination strategies need to be explored
to improve results. Recently, we designed a VV expressing mem-
brane-bound interleukin -2 (vvDD-mIL2) by combining a glycosyl-
phosphatidylinositol anchor with a rigid peptide linker. This virus leads
to functional IL-2 expression on the tumor cell surface within the tu-
mor tissue. It displayed high therapeutic efficacy in a variety of murine
or(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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tumor models with no detectable toxic side effects.9 It is possible that
the combination of this potent and safe immunogenic virus with other
immune adjuvants may lead to optimal systemic anti-tumor immunity
and therapeutic efficacy.

In previous work, combined local injection of a Toll-like receptor 9
(TLR9) agonist and an agonistic anti-OX40 T cell-activating antibody
led to the cure of multiple types of metastatic cancers in murine
models.29 Synthetic phosphorothionate oligodeoxynucleotides
(ODNs) containing unmethylated CpG dinucleotides (CpG ODNs)
are TLR9 agonists and have been developed for cancer therapy.30,31

They function to activate both innate and adaptive immunity, and i.t.
delivery induces a broad antigen-specific T cell response against the tu-
mor.32 Indeed, in situ vaccinationwith a TLR9 agonist induces systemic
clinical responses in lymphoma patients.33 Previous work has demon-
strated that TLR3/9 ligands (polyinosinic:polycytidylic acid [poly
I:C]/CpG) injected into a tumor during the effector phase of immuniza-
tion effectively rescued the function of activated cluster of differentia-
tion CD8+ tumor-infiltrating lymphocytes and decreased the ratio
and absolute number of regulatory T cells (Tregs) within the tumor,
thus improving the anti-tumoral efficacy elicited by cancer vaccines.34

Importantly, TLR9 signaling and T cell receptor (TCR) stimulation
co-regulate CD8+ T cell-associated programmed cell death protein 1
(PD-1) expression. Thus, TLR9 agonists may enhance the functionality
of CD8+ T cells.35,36 In numerous studies, a TLR agonist by itself has
shown limited efficacy, yet in combinations with other immune adju-
vants, it provides a synergistic stimulus to elicit anti-tumor immunity.29

This synergistic effect may be extended to the immune activity of OVs.

In the current study, we hypothesized that in situ therapeutic vaccina-
tion, using the combination of local delivery of vvDD-mIL2 and
immune adjuvants, might lead to potent systemic anti-tumoral im-
munity and therapeutic efficacy in both treated and untreated tumor
nodules. To achieve this goal, we utilized two murine models with
bilateral syngeneic flank tumors, injected with the same number of tu-
mor cells at the same time in both flanks. This represents a stringent
model when compared to other studies, but it allows the study of the
abscopal effect mediated by systemic anti-tumor immunity on the
nontreated large tumor nodule from a distance. We then injected
the immune therapy into one of the tumors and assessed the response
in both the injected and noninjected ones, following the mice for
overall survival after treatment. As oncolytic VV spreads from cell
to cell without being released from the cell membrane, the contralat-
eral tumor is free from viral infection, and any response is immuno-
logically mediated. We explored the phenotype of immune cells
infiltrating the noninjected tumor to understand better the mediators
of the immune response and identify any suppressive factors that
need to be addressed using additional systemic immune adjuvants.

RESULTS
The OV Elicits Anti-tumoral ImmuneActivity in Both Injected and

Noninjected Tumor Nodules

We established separate nodules of subcutaneous (s.c.) MC38 colon
cancer on both flanks of each mouse and then treated one of the two
tumor nodules with an i.t. injection of VV expressing no transgene
(vvDD) or membrane-bound IL-2 (vvDD-mIL2) (Figure S1). To
confirm that the replicating virus did not spread to infect the untreated
tumor, we examined expression of A34R as a viral marker gene using
quantitative reverse transcription-polymerase chain reaction (qRT-
PCR) on days 8 and 11 after viral injection. Results confirmed high
levels of A34R mRNA expression in the injected nodules, but no
expression was detected in the untreated nodules after treatment
with either vvDD or vvDD-mIL2 (Figure 1A; Figure S2). Of note,
both vvDD and vvDD-mIL2 induced regression of the MC38-luc tu-
mor in the treated nodules (p < 0.0001 compared to phosphate-buff-
ered saline [PBS]), whereas only vvDD-mIL2 significantly slowed the
growth of the untreated nodule (p < 0.001) (Figure 1B).

Intratumoral OV Leads to Potent Systemic Anti-tumor Immunity

We examined the immunologic effects of vvDD and vvDD-mIL2 in
the injected tumor, untreated tumor, and spleen. vvDD-mIL2
induced a higher percentage of CD8+ T cells and higher numbers
of activated CD8+ T cells and PD-1+CD8+ T cells in both the treated
and untreated nodules (Figures 1C–1E). Additionally, a time-course
analysis of IFN-g+CD8+ T cells in the untreated tumor demonstrated
that vvDD-mIL2 treatment led to an increase relative to the PBS
control on days 5 and 8 after viral injection, with a peak at day 8 (Fig-
ure 1F). These findings demonstrate that vvDD-mIL2 causes an acti-
vated T cell response in the untreated tumor, leading to a reduction in
tumor growth. To identify the systemic tumor-specific immunity
induced by the i.t. injection of OV, we isolated splenocytes from tu-
mor-bearing mice receiving PBS, vvDD, or vvDD-mIL2 and restimu-
lated with irradiated MC38-luc or control B16 cancer cells in vitro for
24 h, and an IFN-g ELISpot (enzyme-linked immune absorbent spot)
assay was performed. The results indicated that significantly
increased numbers of activated and tumor-specific splenocytes were
observed after vvDD-mIL2 treatment compared to PBS or vvDD
treatment (Figures 2A and 2B). We separated the animals with high
reactivity, intermediate reactivity, and low reactivity, depending on
ELISpot assays (Figure 2B), and analyzed CD8+ T cell infiltration
and tumor response in the untreated tumors. Those with high ELI-
Spot reactivity had increased CD8 infiltration (mRNA for CD8)
and improved anti-tumor response compared to those with interme-
diate or low reactivity (Figures 2C and 2D).

In summary, these results suggest that vvDD-mIL2 elicited systemic
anti-tumor immunity, leading to infiltration of activated T cells
into the untreated tumor and resulting in a therapeutic effect. As
vvDD-mIL2 displays more potent systemic immune reactivity than
vvDD, we only studied vvDD-mIL2 in subsequent experiments.

Intratumoral Injection of vvDD-mIL2 Plus TLR9 Ligand Markedly

Improves In Situ Therapeutic Vaccination in MC38 Colon and

Lewis Lung Carcinoma Models

Numerous studies have shown that CpG (a TLR9 agonist), OX40 ag-
onists, and anti-PD-1/PD-1 ligand (PD-L1) antibodies can function
as an adjuvant to improve the activity of vaccines through different
mechanisms.37–39 Therefore, we examined different combinations
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Figure 1. vvDD-mIL2 Generates Anti-tumoral Immune Activity and Augments i.t. Infiltration of CD8+ T Cells in Both Local and Distant Tumors

(A) A qRT-PCR assay was performed to test the level of A34RmRNA on day 8 after i.t. injection of virus. (B) The growth curves of the s.c. MC38-luc tumor on both the treated

and untreated side are shown. The virus was injected i.t. on day 16 (arrows) using 1.0e8 PFU/50 mL per mouse. (C–E) B6 tumor-bearing mice were sacrificed on day 8 post-

virus treatment, and tumor tissues on both flanks were collected and analyzed for infiltrating CD8+ T cells using flow cytometry. The percentage of CD8+ cells in CD45+

leukocytes from both sides is displayed (C), the quantities of IFN-g+CD8+ (D), and PD-1+CD8+ T cells (E) per gram of tumor are shown. The fold changes of IFN-g+CD8+ T cells

from the untreated side compared to the PBS-treated group over time is shown (F). Values represent mean ± SD. Two-way ANOVA was used to analyze the statistical

significance in (A) and (E) (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; and ns, not significant). In other panels, we used one-way ANOVA (the standard symbols for p

values are the same). This experiment has been repeated at least twice.
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of local injections of vvDD-mIL2 with CpG, OX40 agonist antibody,
and anti-PD-1 in our bilateral flank tumor model (Figure S3). After
local injection of CpG and vvDD-mIL2, the injected tumor was
completely eradicated in most of the mice, and no additional thera-
peutic effect was demonstrated with the addition of i.t. injection of
OX86 (OX40 agonist antibody) (Figures S3A–S3D). Similarly, the
best response in the untreated tumors was obtained from the combi-
nation treatment of CpG and vvDD-mIL2 without extra benefit from
the addition of i.t. injection of anti-PD-1 (Figures S3E–S3H). These
results also correlated with survival, where CpG plus vvDD-mIL2
treatment increased median survival by 27% �33% compared to
PBS treatment (Figures S3D and S3H).

We repeated the experiment using vvDD-mIL2 and CpG i.t. injec-
tions, according to the schedules shown (Figure S4A), to confirm
the previous findings and to examine the weight of the tumor nodules.
With the consideration of both the treated and untreated sides, the
combination of vvDD-mIL2 and CpG treatment worked better
than monotherapy or PBS control (Figure 3A). Then, we examined
an additional cohort for survival and found that vvDD-mIL2 plus
CpG extended median survival by 32% compared to PBS treatment
(Figure 3B). Another cohort of treated mice was sacrificed 1 day after
the second injection of CpG, and tumor weight again verified the
same conclusion (Figure 3C). To confirm this in situ therapeutic
vaccination activity in another histology, we established bilateral
s.c. Lewis lung carcinomas in B6 mice and treated them with the
same regimens using the same dose and time schedule. We observed
similar patterns of anti-tumoral response and prolongation of sur-
vival (Figures S4B and S4C).
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In summary, these results demonstrate additive effects on the anti-tu-
mor response in the untreated tumor when vvDD-mIL2 is combined
with CpG injection into the contralateral tumor.

Immunologic Analysis of Combined vvDD-mIL2 Treatment and

CpG Treatment

Next, we examined the impact of vvDD-mIL2 and CpG on spleno-
cytes and the tumor microenvironment (TME) to understand the
immunologic mechanisms induced by this combination (Table S1).
1 day after receiving all of the injections, the combination therapy
led to a statistically significant increased ratio of cytotoxic T cells to
Tregs in splenocytes and an increased percentage of CD11c+ cells
(dendritic cells [DCs] and other myeloid cells) (Figures 4A and 4B;
Figure S5). However, the combination treatment increased T cell
expression of checkpoint receptors, with increased PD-1 expression
on CD4+ and CD8+ cells and cytotoxic T lymphocyte-associated
antigen 4 (CTLA-4) expression on CD8+ cells (Table S1). Again, an
increase in tumor-reactive splenocytes was demonstrated by the ELI-
Spot assay (Figure 4C).

Analysis of the injected TME by qRT-PCR demonstrated a significant
change toward an inflamed tumor. We observed significant increases
in perforin, granzyme B, and IFN-g (Figures 5A–5C) in the injected
tumors, 1 day after the first CpG injection. Meanwhile, we also
observed increased mRNA expression levels of tumor necrosis factor
alpha (TNF-a), IL-12, and IL-10 (Figures S6A–S6C; Table S2). Im-
mune checkpoint receptors and ligands, including PD-1, PD-L1,
and CTLA-4, were increased in the injected tumors (Figures S6D–
S6F; Table S2). The untreated TME demonstrated changes 1 day after



Figure 2. Intratumoral Injection of vvDD-mIL2 Leads to Potent Systemic Immunity That Correlates with CD8 Expression and Anti-tumoral Response in

Untreated Tumor

B6 mice were implanted in both flanks with the MC38-luc tumor and sacrificed 8 days after viral delivery into one flank tumor (1.0e8 PFU/50 mL per mouse, n = 6 in each

group). (A) ELISpot assay plates are shown using splenocytes stimulated with autologous tumor cells (MC38-luc), control tumor cells (B16), or medium. Arrows show three

mice in the vvDD-mIL2 group with exceptionally high levels of IFN-g secretion after stimulation with autologous tumor cells. (B) Quantities of IFN-g spots in the different

treatment groups, separated into high, intermediate, and low reactivity (HR, IR, and LR, respectively). (C) A qRT-PCR assay was performed to test the expression of CD8 from

both sides of HR, IR, and LRmice (regardless of treatment). (D) Virus was injected into one flank tumor on day 11with 1.0e8 PFU/50 mL per mouse. Tumor growth curve of the

untreated side is shown, separated by ELISpot reactivity level to the autologous tumor (HR, IR, and LR mice). Values are mean ± SD. Two-way ANOVA was used to analyze

the statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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the second CpG injection (2 days later), with increased CD8 mRNA
and decreased transforming growth factor beta (TGF-b) and CD105
expression (Figures 5D–5F; Table S2).

We also examined the TME of the injected and untreated tumors us-
ing fluorescence-activated cell sorting (FACS), 1 day after the whole
therapy was completed. Activated cytotoxic T cells were increased
at this point in both the injected and untreated tumors (Figure 5G;
Figure S6G) after the dual therapy. Activated helper T cells were
also increased in both tumors (Figure 5H). Exhausted cytotoxic
T cells were decreased in both tumors (Figure 5I), but Tregs,
myeloid-derived suppressor cells, and tumor-associated macrophages
(TAMs) were all increased. We also observed more infiltration of nat-
ural killer cells (NKs) and DCs in the untreated tumors (Figures 5G–
5N). Of note, PD-1+ cytotoxic T cells and T helper cells were highly
upregulated in response to dual treatment in both the injected and
untreated tumors (Figure S6H). TLR9+ DCs, TAMs, and NKs were
also increased in the untreated tumor in response to dual treatment
(Figures S6I–S6K). Collectively, these results indicate that the dual
therapy of i.t. injection of vvDD-mIL2 and CpG leads to enhanced
infiltration of CD4+ and CD8+ T cells, with elevated activation
markers, as well as reduced exhausted CD8+ T cells and suppressive
markers, which dynamically modifies the TME, thereby enhancing
its systemic effect.

In Situ VaccinationDepends on CD8+ T Cells and IFN-g, whereas

Systemic Depletion of Macrophages and PD-1 Blockade

Dramatically Enhances the Anti-tumor Response

We performed in vivo depletion assays to examine the role of CD4+

and CD8+ T cells and IFN-g in the anti-tumor effect. The MC38 co-
lon cancer-bearing mice receiving the dual therapy were injected with
depletion reagents, as per previous experiments (Figure S7A).25 The
mice receiving either anti-CD8 antibody (Ab) or anti-IFN-g Ab
demonstrated increased tumor growth and died faster than those
receiving the dual therapy without depletion. CD4 depletion, howev-
er, had no effect (Figures S8A and S8B).

We showed the absolute numbers of immune cell subsets in the un-
treated tumor with the purpose of demonstrating the relative number
of different cell types. PD-1+CD8+ and CD4+ T cells were the most
prevalent, followed by TAMs (Figure 6A). All were the highest after
combined treatment with vvDD-mIL2 plus CpG. As binding of
Molecular Therapy: Oncolytics Vol. 17 June 2020 353
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Figure 3. Intratumoral Injection of vvDD-mIL2 Plus the TLR9 Ligand Markedly Improves the Efficacy of In Situ Therapeutic Vaccination

B6 mice were inoculated subcutaneously into both flanks with 5.0e5 MC38-luc cancer cells and divided into equal groups according to tumor size. Mice were treated with

PBS (50 mL) (n = 10), vvDD-mIL2 (1.0e8 PFU per 50 mL) (n = 9), CpG (50 mg in 50 mL) (n = 6), or virus plus CpG (n = 8) as a local injection into one flank tumor. CpGwas injected

every other day for a total of three doses on day 3 after virus injection. (A) The graphs represent a comparison of tumor growth in both sides, separated by different treatment

groups. (B) The survival of tumor-bearing mice was monitored using Kaplan-Meier analysis, and statistical analyses were performed with log rank test. (C) B6 mice were

sacrificed 1 day after the second injection of CpG, and tumor nodules were collected, photographed, and weighed. Values are presented as mean ± SD. Two-way ANOVA

was used to analyze the data (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; and ns, not significant).
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PD-1 to PD-L1 and TAM activity can both inhibit the immune
response, we tested the systemic depletion of macrophages (especially
alternatively activated macrophage [M2] phenotype) using clodro-
nate liposomes40,41 and blocked PD-L1 binding using anti-PD-1
antibody (Figures S7B and S9). We found that clodronate lipo-
some-mediated depletion of macrophages plus anti-PD-1 intraperito-
neal injection combined with in situ vaccination dramatically reduced
the tumor burden on both sides and increased median survival by
87% compared to PBS treatment (three of six mice were tumor free
on both sides, 80 days after tumor inoculation), demonstrating that
systemic immune adjuvants addressing the suppressive components
of the tumor immune microenvironment improve the overall results
(Figures 6B and 6C).

DISCUSSION
For a local virus injection to work effectively in patients with metasta-
tic cancer, it must have systemic effects. This can be accomplished
through the generation of potent, systemic anti-tumoral immunity
using the local viral infection as an in situ vaccine.42 For treatment
of a widely metastatic disease, it would be ideal to treat one major tu-
mor mass and then rely on systemic anti-tumoral immunity, thus
generated to eliminate distant, untreated nodules. This in situ vacci-
nation is a promising approach to immunotherapy.2,3,43–45 Our cur-
rent study was aimed toward preclinical modeling and optimization
354 Molecular Therapy: Oncolytics Vol. 17 June 2020
of this systemic anti-tumoral immunity or so-called “abscopal effect”
for therapeutic action on untreated distant tumor nodules. We
showed in this study that i.t. injection of an IL-2-armed oncolytic
VV plus a TLR9 agonist CpG ODN generated potent and sustained
systemic anti-tumoral immunity, which led to inhibition of untreated
tumor nodules in models of colon and lung cancers in mice.

The OV itself is a multi-mechanistic agent, working first through the
lysis of infected cancer cells and associated endothelial cells in the
TME.10,11,44,46 This process of oncolysis releases danger signals and
provides tumor antigens (neoantigens included) to the innate immune
cells, especially DCs, which cross present tumor antigens to T cells,
leading to anti-tumoral immunity. IL-2 was expressed as a mem-
brane-bound active form, which has previously been shown to function
as soluble IL-2 but to stay predominately within the TME. The presen-
tation of IL-2 anchored on the cell membranes of the infected cancer
cells leads to expansion and activation of T cells within the TME and
draining lymph nodes.9 These T cells circulate systemically and can
impact the growth of metastatic tumors.2,5 This mechanism is sup-
ported by our data, where this armed OV induced many changes in
the treated tumor favorable for the generation and maintenance of
anti-tumoral immunity, including enhanced numbers of activated
CD4+ T cells and CD8+ T cells and reduced exhausted CD8+ T cells.
We also observed increased tumor-reactive T cells in the splenocytes.



Figure 4. In Situ Vaccination Significantly Increases the CD8+ T Cell/Treg Ratio and CD11c+ Cells in the Spleen

B6 mice were implanted in both flanks with the MC38-luc tumor and sacrificed 1 day after the whole therapy was completed. The spleens were harvested for flow cytometry

and an ELISpot assay. (A) Ratio of CD8+ T/Tregs in the spleen. (B) Percentage of CD11c+ in CD45+ splenocytes in four treatment groups. (C) ELISpot assay results using

splenocytes stimulated by autologous (MC38-luc) or control (B16) tumor cells. Values represent mean ± SD. One-way ANOVAwas used to analyze the statistical significance

(*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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Although it was beyond the scope of this study to examine every
possible immune adjuvant and every possible control, we briefly
explored local injections of combinations of CpG ODN, anti-PD-1,
and OX40 agonist antibody as additional local adjuvants to improve
the viral response in the untreated tumor. The addition of CpG ODN
appeared to improve the response, but anti-PD-1 or the OX40 agonist
provided no additional benefit when i.t. injected. The TLR9 agonist
CpG ODN has been well studied in cancer treatment, and its mech-
anisms of action in innate immunity, including B cell and DC activa-
tion, have been well documented.30,47 As forementioned, TLR9
signaling may reduce the expression of PD-1 on activated CD8+

T cells, thus reduce exhaustion of activated tumor-specific cytotoxic
T lymphocytes (CTLs).35,36 In the current study, CpG ODN hadmin-
imal therapeutic effect in these two tumor models by itself at the rec-
ommended dose and scheduling. At the cellular level, it increased the
ratio of cytotoxic T cells to Tregs and expanded the number of DCs
(CD11c+ cells) in the spleen. In the treated tumor, it enhanced acti-
vated T cells (IFN-g+CD4+ and IFN-g+CD8+ T cells) and reduced
exhausted T cells (CTLA-4+PD-1+CD8+). Similar patterns of modu-
lation were observed in the untreated nodules, even though the
magnitudes were reduced. Generally speaking, when compared to
vvDD-mIL2, CpG alone resulted in lower magnitudes of increase in
inflammatory factors or reduction in suppressive factors. In the
dual-therapy regimen, the positive effects of these two components
were usually additive and sometimes synergistic. Together, they
achieve the optimal enhancement of anti-tumoral immune cells and
reduction of immunosuppressive and exhausted immune cells in
the tumor nodules. In the end, the dual therapy reached the best ther-
apeutic outcomes.

This improved effect with combined injections of vvDD-mIL2 and
CpG may be related to the effect of CpG on DCs. VV is known to
infect DCs and inhibit DC function as a means to its own survival
in the host.48,49 Activation of DCs by CpG may compensate for this
inhibition and ultimately improve inflammatory cytokine release in
the TME.34We did not focus on the effect of NKs in this model, which
may contribute anti-tumor activity. Whereas NKs were increased by
the combination treatment, their overall numbers were negligible
compared to activated T cells. Previous work has demonstrated that
inhibition of NKs did not impact the activity of vvDD-mIL2.9 Finally,
we found synergistic increases in TLR9+ DCs, TLR9+ NKs, and TLR9+

TAMs with the combination of OV and CpG without any significant
increase with either agent alone. This increase in TLR9+ cells may
improve the inflammatory response to repeated CpG treatment and
explain why the two agents function well together.

Examination of the tumor immune microenvironment in the un-
treated tumor was informative and perhaps the most unique aspect
of this study. Of note, in our study, the contralateral tumor was im-
planted at the same time as the injected tumor, so they had the
same suppressive immune microenvironment at baseline. This repre-
sents a more stringent model compared to others in the literature.23,26

Despite the virus and CpG staying within the injected tumor, the un-
treated contralateral tumor changed its cancer-immune set point with
about a 2-day delay from changes in the injected tumor. The un-
treated tumor demonstrated an increase in activated cytotoxic and
helper T cells; increased activated DCs and NKs; and decreased
exhausted T cells, TGF-b, and CD105, consistent with an immuno-
logically inflamed tumor. The development of systemic anti-tumoral
immune reactivity correlates with these findings, suggesting that an
active immunization strategy can work to impact untreated metasta-
tic tumors.

We observed upregulation ofmacrophages in the untreated tumor after
injection of virus plus CpG in the contralateral tumor. Macrophages
represent the dominant portion of infiltrating leukocytes in all tumors,
where they are defined as TAMs and are mostly characterized by an
M2-like phenotype.50 These TAMs facilitate tumor progression by pro-
moting angiogenesis and creating an immunosuppressive environ-
ment.51,52 Clinical trials targeting recruitment, survival, and polariza-
tion of TAMs are in progress.51 The knowledge that these
suppressive cells were upregulated led us to test a systemic inhibitor
Molecular Therapy: Oncolytics Vol. 17 June 2020 355
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Figure 5. The TME Is Dynamically Modified Post-dual Therapy

(A–F) MC38-luc tumor-bearing mice were sacrificed 1 day after the first or second injection of CpG in different groups (n = 6 in each group), and tumor nodules on both sides

were collected and digested for qRT-PCR to explore the cancer-immune set point. The expression levels of all markers are relative to the housekeeping gene, HPRT1. (A–C)

Results show the levels of perforin (A), granzyme B (B), and IFN-g (C), 1 day after the first injection of CpG in the treated side. (D–F) 1 day after the second injection of CpG, the

levels of CD8 (D), TGF-b (E), and CD105 (F) from the untreated side are also presented. (G–N) MC38-luc tumor-bearing mice were euthanized 1 day after finishing the whole

treatment, and tumor nodules from both sides were collected and lysed for flow cytometry to analyze the TME. Data are quantified (n = 8 in each group). (G–L) Quantities of

activated TNF-a+CD8+ T cells (G) and IFN-g+CD4+ T cells (H); the ratio of more severely exhausted PD-1+CTLA-4+CD8+ T cells (I); and quantities of NKs (defined as

CD45+CD3�NK1.1+) (J), macrophages (defined as CD45+CD11b+ F4/80+) (K), and Tregs (defined as CD45+CD4+FOXP3+) (L) from both sides are shown. (M and N) On the

untreated side, the number of myeloid-derived suppressor cells (MDSCs) (defined as CD45+CD11b+Gr-1+) (M) and DCs (defined as CD45+CD11c+) (N) is also presented.

Values are presented as mean ± SD. Two-way ANOVA was used to analyze the data from (G) to (L). One-way ANOVA was used to analyze the statistical significance in other

panels (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; and ns, not significant).
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of macrophage function to improve the response to our local injection.
Our results showed that depletion of TAMs (especially the M2 pheno-
type) enhanced therapeutic efficacy in the untreated tumor. The mech-
anism of action is multifactorial, but the depletion of TAMs has been
shown to inhibit angiogenesis andmodulate inflammatory cytokines.53

Similarly, PD-1 expressing T cells were highly upregulated in the un-
treated TME in response to vvDD-mIL2 plus CpG injection into the
contralateral tumor. The addition of anti-PD-1 therapy further
enhanced the response. Rabkin and associates54 have provided another
innovative way to covert M2 TAMs into a classically activated macro-
phage (M1)-like phenotype in the context of oncolytic immuno-
therapy, by expressing the cytokine IL-12 from an OV. IL-12 has
been shown to possess the capacity to convert M2 TAMs into the
M1 phenotype.55–57 In that study, because it was inhibiting M1
TAMs, clodronate had the opposite effect on the anti-tumor response.

The complex tumor immune microenvironment requires a multifac-
eted approach to harness the host’s immune system successfully and
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accomplish successful immunotherapy, especially in noninflamed tu-
mors. Our study defines a dual-combination regimen that functions
as an in situ vaccine to recruit and activate both innate and adaptive im-
mune components, elicit systemic anti-tumor immunity, and stimulate
immune-mediated responses in untreated tumor nodules. With the
careful examination of the immunemicroenvironment in untreated tu-
mors, we identified increased TAMs and PD-1/PD-L1 as suppressive
factors that inhibited the systemic activity of the vaccine.With the com-
bination of in situ vaccinationwith systemic treatment inhibitingTAMs
and PD-1/PD-L1 binding, a successful systemic immunotherapy
approach was possible. This approach maximizes the adaptive immu-
nity targeting the tumor without the need to identify specific antigens44

and therefore, is practical on a large scale. It is agnostic to tumor histol-
ogy, as the in situ procedure utilizes natural antigen processing from tu-
mor cell lysis and requires access to only one tumormass in the body for
a systemic response. It may work as an injection into primary tumors
prior to surgical resection, inducing a T cell response to prevent recur-
rence from micro-metastatic disease. Recent studies with OVs have



Figure 6. Systemic Depletion of Macrophages and Anti-PD-1 Treatment Dramatically Enhance the Anti-tumoral Response after Local Therapy with vvDD-

mIL2 and CpG

(A) Absolute quantities of immune cells in the TME from the untreated side after different treatments (tumors are from the experiment depicted in Figures 5G–5N). (B) B6 mice

were inoculated in both flanks with 5.0e5 MC38-luc cancer cells and treated with different regimens, including local injection of vvDD-mIL2 plus CpG and systemic

macrophage depletion and anti-PD-1 therapy. The tumor growth curves on both sides are shown. (C) Overall survival was monitored by Kaplan-Meier analysis and analyzed

using the log rank test. Three of six mice are still alive 80 days after s.c. tumor cell inoculation. Data are quantified (n = 6 per group). Values are mean ± SD. Two-way ANOVA

was used to analyze the statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; and ns, not significant). The data represented two independent ex-

periments.
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revealed diverse therapeutic response patterns when combining an OV
with checkpoint blockade.23,25,58–61 Therefore, ultimately, these new
regimens must move to clinical trials with careful assessment of the
tumor immunemicroenvironment to establish the best approach in pa-
tients with poorly immunogenic and multiple-site tumors.

MATERIALS AND METHODS
Cell Lines

Murine colon cancer MC38-luc, melanoma B16, and Lewis lung can-
cer cells have all been used in our previous studies.9,62 All mammalian
cells listed here were grown in Dulbecco’s modified Eagle’s medium,
supplemented with 10% fetal bovine serum (FBS), 2 mML-glutamine,
and penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA) in a
37�C, 5% CO2 incubator.

Recombinant Vaccinia Viruses

All recombinant VVs were derived from the Western Reserve (WR)
strain. The two viruses vvDD-yellow fluorescent protein (YFP; short-
ened to vvDD) and vvDD-mIL2-RG (shortened to vvDD-mIL2) have
been described previously.9 vvDD-mIL2 expresses a genetically
engineered murine IL-2 that is anchored on the cell surface of the vi-
rus-infected cells instead of secretion so that its toxicity is greatly
diminished, and thus it is a safer OV.
Mice and Murine Tumor Models

Six-week-old female C57BL/6J strain mice (B6 in short) were pur-
chased from The Jackson Laboratory (Bar Harbor, ME, USA). These
mice were housed and fed in specific pathogen-free conditions in the
University of Pittsburgh Medical Center (UPMC) Hillman Cancer
Center Animal Facility. Animal studies were approved by the Univer-
sity of Pittsburgh Institutional Animal Care and Use Committee.

To establish a s.c. MC38 colon cancer model, B6 mice were inoculated
subcutaneously with 5.0e5 MC38-luc cells in 60 mL volume on bilat-
eral flanks and randomly divided into required groups. For pilot ex-
periments, PBS, vvDD, or vvDD-mIL2 was i.t. injected at one nodule
with 1.0e8 plaque-forming units (PFU)/50 mL when both s.c. tumor
nodules reached �5 � 5 mm2. Tumor nodules on both flanks and
spleens were collected and analyzed on days 2, 5, 8, and 11 post-initial
treatment. For combination therapy studies, 5.0e5 MC38-luc cells in
60 mL were s.c. injected in both flanks of B6 mice. PBS, unmethylated
CG-enriched oligodeoxynucleotide (CpG) (ODN 1826; AdipoGen
Life Sciences; 50 mg per injection), anti-mouse OX40 (CD134) (clone
OX86; Bio X Cell; 8.46 mg per injection) (showed as OX86), anti-PD-1
monoclonal antibody (mAb) (clone RMP1-14; Bio X Cell; 50 mg per
injection), vvDD-mIL2 (1.0e8 PFU/50 mL), CpG with vvDD-mIL2,
OX86 with vvDD-mIL2, anti-PD-1 with vvDD-mIL2, and
Molecular Therapy: Oncolytics Vol. 17 June 2020 357
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vvDD-mIL2 with CpG and anti-PD-1 mAb were injected i.t. into
mice at indicated time points. At some time points, mice were sacri-
ficed to harvest s.c. tumor nodules on both sides, as well as spleens for
analyses. In an additional experiment, rat anti-mouse mAbs were
intraperitoneally injected into mice to deplete CD8+ T cells or
CD4+ T cells or neutralize circulating IFN-g, according to the
following scheme: anti-CD8 Ab (clone 53-6.7; Bio X Cell; 250 mg
per injection), anti-CD4 Ab (clone GK1.5; Bio X Cell; 150 mg per in-
jection), anti-IFN-g Ab (clone XMG1.2; Bio X Cell; 200 mg per injec-
tion). Clodronate liposomes (C-010; Liposoma; 200 mL for the first
injection but 180 mL for the following three injections) were injected
via tail vein to deplete macrophages. For the Lewis lung cancer s.c. tu-
mor model, B6 mice were s.c. injected with 1.0e6 cells in both flanks
and i.t. treated with PBS, CpG, vvDD-mIL2, or CpG plus vvDD-mIL2
using the same conditions.

Tumor growth was monitored via digital caliper every other day, and
tumor volume was calculated as the following: V (mm3) = 0.5 �
(length � width2). Mice were sacrificed when one of the tumors
reached 2,000 mm3 in size, became ulcerated, and/or interfered
with murine activity.

IFN-g ELISpot Assay

Splenocytes were isolated fromMC38-luc tumor-bearing mice, 2, 5, 8,
and 11 days post-viral therapy. These splenocytes (1.0e6 cells per mL)
were restimulated with 200 Gy irradiated MC38-luc or B16 cells (tu-
mor-specific control) (2.0e5 cells per mL) in 200 mL RPMI-1640 me-
dium, supplemented with 10% FBS at 37�C, 5% CO2, for 24 h. After
incubation, microplates were thoroughly washed before incubating
with biotinylated a-mouse IFN-g Ab overnight (mAb R4-GA2-
biotin; Mabtech, Cincinnati, OH, USA). ELISpot plates were then
processed, according to vendor protocols for Vectastain Elite ABC
(avidin-biotin complex) and AEC (3-amino-9-ethylcarbazole) perox-
idase substrate (SK-4200) kits (Vector Laboratories, Burlingame, CA,
USA). ImmunoSpot analyzer (Cellular Technology, Shaker Heights,
OH, USA) was used to record the data and analyze the results.

Flow Cytometry

Spleens and collected tumor nodules were weighed and incubated in
RPMI-1640 medium containing 2% FBS, 1 mg per mL collagenase IV
(Sigma; #C5138), 0.1 mg hyaluronidase (Sigma; #H6254), and 200 U
DNase I (Sigma; #D5025) at 37�C for 1–2 h to make single cells. Then,
these single cells from tumor nodules or spleens were blocked with
a-CD16/32 Ab (clone 93; eBioscience; #14-0161-85; 1:1,000) and
stained with antibodies against mouse CD45 (PerCP-Cy5.5, clone:
30-F11; BioLegend; #103132; 1:300), CD4 (fluorescein isothiocyanate
[FITC], clone: GK1.5; BD Biosciences; #553729; 1:300), Foxp3
(phycoerythrin [PE], clone: FJK-16 s; eBioscience; #12-5773-82;
1:100), CD8 (FITC, clone: 53-6.7; BioLegend; #100706; 1:300), PD-
1 (PE, clone: J43; eBioscience; #12-9985-83; 1:300), CTLA-4 (allophy-
cocyanin [APC], clone: UC10-4B9; eBioscience; #17-1522-82; 1:300),
IFN-g (APC, clone: XMG1.2; eBioscience; #17-7311-82; 1:100), TNF-
a (PE, clone: MP6-XT22; BioLegend; #506306; 1:300), CD3 (FITC,
clone: 17A2; eBioscience; #11-0032-82; 1:300), NK1.1 (APC, clone:
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PK136; BioLegend; #108710; 1:300), CD11b (FITC, clone: M1/70;
BioLegend; #101206; 1:300), CD11c (APC, clone: N418; eBioscience;
#17-0114-82; 1:300), Gr-1 (APC, clone: RB6-8C5; eBioscience;
#17-5931-82; 1:300), F4/80 (APC, clone: BM8; Fisher Scientific;
#50-112-9524; 1:300), CD206 (PE, clone: 19.2; eBioscience;
#12-2069-42; 1:20), and TLR9 (PE, clone: J15A7; BD Pharmingen;
#565640; 1:300). The intracellular Foxp3, IFN-g, and TNF-a staining
kit was purchased from BioLegend. Samples were collected on a BD
Accuri C6 cytometer, and BD Accuri C6 cytometer software was
used to analyze data.

qRT-PCR

Total RNA was extracted from tumor nodules using the RNeasy Kit
(QIAGEN, Valencia, CA, USA). Normally, 1.0 mg of total RNA was
used for cDNA synthesis, and 25 to 50 ng of subsequent cDNA was
used for TaqMan gene expression analysis on the StepOnePlus system
(Thermo Fisher Scientific, Waltham, MA, USA). We purchased all of
the primers for the analysis from Thermo Fisher Scientific. Gene
expression was normalized to the housekeeping gene HPRT1 and ex-
pressed as fold increase (2�DCT), where DCT = CT(target gene) �
CT(HPRT1).

Statistics

GraphPad Prism software (GraphPad, San Diego, CA, USA) was used
to process raw data, and one-way and two-way ANOVAswere used to
analyze the data. Values are presented as mean ± SD. Animal survival
is presented using Kaplan-Meier survival curves and was statistically
analyzed using the log-rank test. We considered the value p <0.05 to
be significant. All p values were assessed two sided. These standard
symbols are applied to the figures as the following: *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001; and ns, not significant (pR 0.05).
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