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ABSTRACT
Antitumor cytotoxic T lymphocytes (CTLs) are essential for immune surveillance, yet the blockade of
eliciting such CTLs during oncolytic virotherapy remains incompletely understood. Here, we show that
oncolysis of mesothelioma by modified vaccinia Tiantan (MVTT) induces damage-associated molecular
patterns exposure. Although MVTT leads to regression of established mesothelioma dose-dependently,
antitumor CTLs are rarely induced. Mechanistically, MVTT virotherapy generates C-X-C chemokines that
recruit CXCR2-expressing polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) into tumor
microenvironment, where they suppress dendritic cells (DCs) by producing IL-10 and halt CTL responses.
During the virotherapy, however, depletion of PMN-MDSCs but not of monocytic (M)-MDSCs results in
the induction of potent antitumor CTLs that not only eradicate established mesothelioma but also
prevent the second tumor challenge. Our findings suggest that vaccinia virotherapy may combine
strategies that prevent the chemotactic recruitment of PMN-MDSCs, block their suppression on DCs or
deplete PMN-MDSCs in order to induce potent CTLs for tumor eradication.
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Introduction

Mesothelioma is an asbestos-associated malignant form of can-
cer, which often has a poor prognosis in humans after disease
onset.1 The current standard of care for this life-threatening
malignancy only achieves suboptimal improvements in patient
survival.2,3 Harnessing the host immune system to eradicate
malignant cells has become a clinical strategy in cancer immu-
notherapy. However, although immune checkpoint inhibitors
have improved the therapeutic efficacy in certain cancers, their
effects are unsatisfactory in patients with mesothelioma.3 Novel
strategies, therefore, are needed for treating mesothelioma.
Recently, oncolytic virotherapy has emerged as a promising
cancer immunotherapeutic strategy for the treatment of solid
tumors including malignant mesothelioma, yet the mechanism
underlying the limited virotherapeutic efficacy remain elusive.3,4

Direct virus-mediated oncolysis of cancer cells is one of the
major mechanisms of oncolytic virotherapy. During oncolysis,
danger-associated molecular patterns (DAMPs) and pathogen-
associated molecular patterns (PAMPs) are released into the
microenvironment, which can modulate the immunogenicity of
released tumor antigens by creating an immune-activating envir-
onment and subsequently eliciting or reinforcing tumor-reactive
T cell responses.5 The crucial role of adaptive T cell immunity in

oncolytic virotherapy has been demonstrated in both preclinical
and clinical studies.6,7 However, the tumor microenvironment
(TME) is often an immunosuppressive environment that inhibits
the activation of tumor-reactive T cells by inducing tolerogenic
dendritic cells (DCs) andCD25+Foxp3+ regulatory T lymphocytes
(Tregs).5,8,9 A number of studies indicated that bone marrow
myeloid-derived suppressor cells (MDSCs) in the TME can dam-
pen the responsiveness of cytotoxic T lymphocytes (CTLs),10

leading to limited efficacy in patients, especially when the TME
is highly immunosuppressive.11-14 Because T cell immunity is
indispensable for the efficacy of oncolytic virotherapy, the better
understanding of restrictive mechanisms in the TME is particu-
larly important for improving the clinical outcomes of the vir-
otherapeutic strategy.

MDSCs represent one of the major immunosuppressive
populations in the TME and a major obstacle to the effectiveness
of cancer immunotherapy.10 In malignant mesothelioma mod-
els, we have previously reported that MDSCs expand quickly
with the development of tumor lesions and contribute to the
inhibition of tumor-reactive CTL responses.15,16 Consistently,
decreased numbers of MDSCs in the TME are likely associated
with the generation of antigen-specific CTL responses and ther-
apeutic efficacy during oncolytic virotherapy in patients.11
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MDSCs consist of monocytic (M) and polumophonuclear
(PMN)-MDSCs. A recent study further indicated that targeting
the COX-2-PGE2 pathway during vaccinia virotherapy is capable
of decreasing PMN-MDSC levels while increasing antitumor
CTL responses.17 Moreover, an earlier study using the COX-2
inhibitor celecoxib improved DC-based immunotherapy against
mesothelioma by reducing the PMN-MDSC frequency.18 While
these studies indicate the critical role of PMN-MDSCs in cancer
immunotherapy, curing established tumors has rarely been
observed. To date, the mechanism underlying MDSCs accumu-
lation in the TME, the functional difference between MDSC
subsets, and their impact on eliciting antitumor CTLs during
oncolytic virotherapy remain incompletely understood.

In this study, we aimed to investigate the virotherapeutic
effects of modified vaccinia Tiantan (MVTT) because MVTT
readily induced DAMPs including calreticulin (CRT) expo-
sure, HMGB1 and ATP release, as well as oncolysis of AB1
mesothelioma cells. We further determined the role of MVTT
virotherapy in eliciting tumor-reactive CTLs, which are essen-
tial for curing malignant mesothelioma.15,19 We found that
MVTT virotherapy alone had limited in vivo efficacy and was
unable to induce tumor-reactive CTLs. Mechanistically,
MVTT virotherapy induces chemotaxis that recruits IL-10-
producing PMN-MDSCs into the TME, where they suppress
DCs and therefore block the induction of antitumor CTLs.
Lastly, depletion of PMN-MDSCs but not of M-MDSCs dur-
ing MVTT virotherapy unleashes tumor-reactive CTLs, lead-
ing to the therapeutic cure of established mesothelioma.

Results

MVTT-mediated oncolysis of mesothelioma cells triggers
exposure of CRT as well as the release of HMGB1 and ATP

To determine the oncolytic effects of MVTT, we generated a
recombinant MVTT virus (rMVTT) to simultaneously express

two detection markers, HIV-1 p24 and far-red fluorescent
mutant HcRed (Supplementary Figure S1A), which facilitates
the measurement of rMVTT replication and infected cells. We
found that murine mesothelioma AB1 cells were susceptible to
rMVTT infection, displaying red fluorescent syncytia
(Supplementary Figure S1B) and expressing virus-encoded p24
protein (Supplementary Figure S1C). An increase in the HcRed
signal and released free virus over time indicated that the
rMVTT virus could infect and replicate in AB1 cells
(Supplementary Figure S1D and E). We then determined the
activity of rMVTT-mediated oncolysis. rMVTT infection signif-
icantly decreased AB1 cell viability (Figure 1A). Moreover, we
measured the expression of calreticulin (CRT), a DAMP that is
normally expressed in the lumen of the endoplasmic reticulum
but is translocated to the surface of dying cells,5 in AB1 cells after
rMVTT infection by flow cytometric analysis. When 0.2 MOI
rMVTTwas used for infection, less than 5% of AB1 cells showed
exposure of CRT on their surface during the first 24 hours. Due
to active viral replication, however, this percentage increased to
70% and 90% at 48 and 72 hours post infection, respectively
(Figure 1B, left panel). Importantly, all CRT-positive cells
showed expression of HcRed, suggesting that rMVTT infection
resulted in CRT exposure on the cell surface (Figure 1B, right
panel). Furthermore, western blot analysis demonstrated that
rMVTT infection caused upregulated expression of CRT in
AB1 cells (Figure 1C). In addition to CRT, the release of other
DAMPs, such as high mobility group box 1 (HMGB1) protein
and ATP, from dying cells may activate antigen-presenting cells
(APCs) to mount antitumor immunity.5 We therefore measured
the HMGB1 and ATP levels to address the possibility that
rMVTT-mediated oncolysis would lead to immunogenic cell
death.We found that HMGB1was readily detected in the culture
supernatants at 72 hours post rMVTT infection, but not in
uninfected AB1 cell controls (Figure 1D). Moreover, the released
ATP in the corresponding supernatants was also increased

Figure 1. MVTT-mediated oncolysis of AB1 cells triggers exposure of CRT as well as release of HMGB1 and ATP. (A) AB1 cell viability upon infection with 0.2 MOI
rMVTT. CRT expression on AB1 cells was detected with an anti-CRT antibody and analyzed either by flow cytometric analysis (B) or western blot analysis (C). β-actin
served as the internal control showing that similar amounts of proteins were used for analysis. (D) Western blot analysis of released HMGB1 in culture supernatants
after rMVTT infection. (E) Released ATP levels in the culture supernatant. Ctrl, culture medium alone. Data shown are representative of two independent experiments.
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significantly (Figure 1E). Taken together, these data indicated
that rMVTT infection not only resulted in effective oncolysis of
AB1 cells but also induced upregulated expression and cell sur-
face exposure of CRT as well as the release of ATP and HMGB1
from dying cells, which are commonly recognized as the three
major hallmarks of immunogenic cell death for provoking adap-
tive antitumor immune responses.20

MVTT treatment eliminated established AB1 tumors dose-
dependently yet failed to mount antitumor T cell
immunity

To investigate the ability of rMVTT to treat established AB1
mesothelioma in BALB/c mice, we used intratumoral (i.t) viral
injection as a means to determine its direct oncolytic efficacy.
For this purpose, mice were subcutaneously (s.c) inoculated with
wild-type AB1 cells, which express neither p24 nor HcRed,
7 days before they received different doses of rMVTT treatment,
classified as the high- (total 5 × 108 PFU), medium- (5 × 107

PFU), and low-dose (2 × 107 PFU) groups (Figure 2A). We
found that the growth of AB1 mesothelioma was significantly
inhibited in all mice that received rMVTT treatment (Figure 2B).

Furthermore, observations of tumor growth in individual mice
showed that high-dose viral treatment completely eliminated
tumor growth (Figure 2C), leading to 100% survival during
our observation period (Figure 2D), while low- and medium-
dose groups showed antitumor efficacies of only 37.5% and 50%
tumor-free animals, respectively (Figure 2B-D). These findings
suggested that rMVTT treatment was able to eliminate estab-
lished AB1 mesothelioma in a dose-dependent way.

Since the in vitro experiments described above showed that
rMVTT infection triggered immunogenic cell death in AB1 cells,
we speculated that the oncolytic effect of rMVTT would create
an immune-stimulatory environment to induce anti-mesothe-
lioma immune responses in vivo. To investigate anti-mesothe-
lioma T cell responses, two tumor antigens found in AB1
mesothelioma, immunodominant AH1 (gp70423–431) and
Twist-related protein 1 (TWIST1) peptides, were used in an
ELISpot assay. The peptide gp70-AH1 is a well-characterized
immunodominant CTL epitope derived from glycoprotein 70
(gp70) of endogenous murine leukemia virus.21,22 The TWIST1
is a transcription factor that is crucial to the tumor metastatic
process and tumor resistance to drug treatment.23 Since both
gp70-AH1 and TWIST1 are present in wild-type AB1 cells, we

Figure 2. MVTT treatment eliminated established AB1 tumors in a dose-dependent manner, yet failed to induce antitumor T cell immunity in BALB/c mice.
(A) Schematic representation of our therapeutic study of AB1 tumor-bearing mice using different doses of rMVTT. Solid AB1 mesothelioma tumors were established
with s.c inoculation of 5 × 105 AB1 cells 7 days prior to treatment. In the high-dose group (n = 8), 1 × 108 PFU rMVTT per dose was delivered i.t every 2 days for 5
injections, whereas in the medium-dose group (n = 8) 1 × 107 PFU per injection was given i.t 4 times, and 2 injections were given to the low-dose group (n = 8). (B)
Tumor volumes of each group were measured over time with a caliper. (C) Individual tumor growth curve. Every line represents one mouse. (D) Survival curve, taken
as time to tumor length > 15 mm, was determined by caliper measurement. (E) T cell responses in splenocytes. Secreted IFN-γ was quantified by ELISpot assay after
ex vivo stimulation of splenocytes with gp70-AH1 and TWIST1 peptides or the control peptide ovalbumin (OVA257-264). Only one tumor-free mouse from the medium-
dose group showed a strong response against the gp70-AH1 epitope, as indicated by the arrow. (F) CTL assay of CD3+ T cells isolated from tumor-free mice towards
AB1 cells at different effector:target (E:T) ratios. The grey line represents CTL activity of CD3+ T cells from the mouse with strong AH1 responses. P = 0.08, compared
to the PBS group. The experiment was repeated 2 times.
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sought to determine the relationship between antitumor T cell
responses and the tumor elimination efficacy. Surprisingly, we
found that splenocytes from only one treated and tumor-free
mouse displayed an AH1-specific ELISpot response (Figure 2E)
and cytotoxic effect against AB1 cells (Figure 2F). There was no
statistical significance between tumor-bearing and tumor-free
mice (Figure 2E and F). Furthermore, high-dose viral treatment
reduced AB1 tumor burden and eventually led to the rejection of
established tumors in SCID mice, suggesting that high-dose
rMVTT induced tumor regression independent of the adoptive
antitumor T cell immunity (Supplementary Figure S2A-C).
These data suggested that although rMVTT treatment elimi-
nated established AB1 mesothelioma in a dose-dependent man-
ner, oncolysis of tumors did not readily induce antitumor T cell
immunity.

MVTT treatment recruited PMN-MDSCs into tumor
microenvironment

Since the initiation of adaptive antitumor immunity after onco-
lysis primarily occurs inside the tumor, we sought to examine the
TME after rMVTT treatment. Analysis of rMVTT-injected AB1
mesothelioma revealed that expression of virus-encoded HcRed
was readily detected 2 days after i.t injection and rapidly
decreased thereafter (Supplementary Figure S3A). Consistently,
immunohistochemical staining of vaccinia viral proteins was
only found in tumor tissues at 2 days but not at 4 days after
rMVTT treatment, with visible necrotic areas within and adja-
cent to the zones of infection (Supplementary Figure S3B). These

results demonstrated rapid but limited rMVTT replication in the
TME.We thenmeasured different tumor resident immune cells,
including the proportions of CD3+ T cells, natural killer (NK)
cells, CD4+ Tregs (CD4+CD25+Foxp3+) and MDSC subsets
(PMN-MDSCs, CD11b+Ly6G+Ly6Clow/int; M-MDSCs,
CD11b+Ly6G−Ly6Chi) as well as the expression of the exhaus-
tion surface markers PD-1 and Tim-3 on CD3+ T cells by flow
cytometry (Supplementary Figure S3C). We observed that the
overall levels of MDSCs in the spleens appeared to decrease over
the course of rMVTT treatment, while the frequencies of tumor-
infiltrating MDSCs were maintained at similar levels
(Figure 3A). We further examined the two major subsets of
MDSCs, PMN-MDSCs and M-MDSCs, because they have
remarkable differences in their morphology and suppressive
activities.24 Consistent with findings by others,25 PMN-MDSCs
were largely expanded in peripheral lymphoid organs, whereas
M-MDSCs preferentially accumulated inside tumors of
untreated control mice (Figure 3B). Furthermore, rMVTT treat-
ment did not influence the frequencies of M-MDSCs either in
spleens or in tumors; however, PMN-MDSCs decreased signifi-
cantly in spleens and increased significantly in the TME
(Figure 3B and C). The absolute cell number of PMN-MDSCs
in tumors also increased significantly after rMVTT treatment
(Figure 3D). For comparison, although rMVTT treatment
decreased the frequencies of CD4+ Tregs in the spleen, no sig-
nificant difference was found in their frequency or cell number
in tumors (Figure 3E). Interestingly, in contrast to the remark-
able accumulation of PMN-MDSCs in tumors as early as day 2
post rMVTT treatment, the frequency and cell number of NK

Figure 3. MVTT treatment recruited PMN-MDSCs into the TME. (A) Percentage of total MDSCs in the spleen and tumor (left panel) and absolute cell number of MDSCs
in the tumor (right panel). Numbers of MDSCs per milligram of tumor at the indicated time points were calculated. (B) Representative dot plots showing populations
of PMN-MDSCs and M-MDSCs within CD11b+ cells in the spleen and tumor. Numbers indicate cell proportions. (C) Percentages of MDSC subsets were calculated for
M-MDSCs (left panel) and PMN-MDSCs (right panel). (D) Absolute cell numbers of M-MDSCs and PMN-MDSCs in the tumor. Numbers of PMN-MDSCs or M-MDSCs per
milligram of tumor at the indicated time points were calculated. (E) Percentage of NK cells in the spleen and tumor (left panel) and absolute cell number of NK cells
in the tumor (right panel). (F) Percentage of CD4+ Tregs in the spleen and tumor (left panel) and absolute cell number of CD4+ Tregs in the tumor (right panel).
Graphs show cumulative data from two separate experiments (n = 7).
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cells were significantly decreased (Figure 3F), implying a possible
counteraction between these two cell types.26,27 Infection-
induced inflammatory responses have been shown to increase
lymphocyte infiltration into the TME.6,28 Indeed, we observed
strikingly increased CD3+ T cells inside tumors at day 4 after
rMVTT treatment (Supplementary Figure S3D). The increased
T cell infiltration, however, was coupled with significantly ele-
vated expression of the exhaustion markers PD-1 and Tim-3
(Supplementary Figure S3E). Collectively, our results demon-
strated that rMVTT treatment changed the local and systemic
distributions of immune cells, particularly the accumulation of
PMN-MDSCs in the TME.

Trafficking of PMN-MDSCs into the TME by MVTT-induced
chemotaxis

To understand the mechanism underlying the increase in PMN-
MDSCs in the TME, we hypothesized that PMN-MDSCs are
preferentially recruited to the TME after rMVTT treatment. To
study this, the expression of chemokine receptors on both
MDSC subsets and the levels of chemokines in rMVTT-treated
tumors were examined.29,30 Flow cytometric analysis of chemo-
kine receptor expression revealed that CXCR2 was expressed
only on PMN-MDSCs but not on M-MDSCs. Conversely, high
levels of CCR2 expression were found on M-MDSCs but not on
PMN-MDSCs (Figure 4A). We then measured the levels of
various chemokines in tumor homogenates after rMVTT

treatment. We found that a panel of C-X-C chemokines, includ-
ing CXCL5, CXCL9 and CXCL13, were significantly upregulated
in AB1 mesothelioma as early as 2 days after treatment
(Figure 4B), whereas upregulated C-C chemokine production
was only observed 4 days after treatment (Figure 4C). These
results suggested that CXCR2-expressing PMN-MDSCs might
migrate into and adhere to the tumor bed primarily in response
to the rapidly increased C-X-C chemokines in the TME. To test
this hypothesis, CFSE-labelled MDSCs derived from mesothe-
lioma-bearing mice were adoptively transferred into recipient
mice that also bore mesothelioma tumors but were treated with
either rMVTT or PBS following the MDSC transfer. CFSE-
labelled MDSCs in both the spleen and mesothelioma were
then quantified by flow cytometry 24 hours after rMVTT treat-
ment (Supplementary Figure S4). Compared to PBS-treated
recipients, we observed a significant increase in both the percen-
tage and absolute number of CFSE+ MDSCs in tumors of
rMVTT-treated recipients (Figure 4D). Migrated PMN-
MDSCs in tumors were distinguished from M-MDSCs by the
expression of Ly6G (Figure 4E). Among the rMVTT-treated
recipients, we found that their spleens showed slightly decreased
PMN-/M-MDSCs ratios, while their tumors displayed strikingly
elevated PMN-/M-MDSCs ratios and absolute numbers of
PMN-MDSCs (Figure 4E and F). Overall, these results demon-
strated that PMN-MDSCs preferentially migrated from the per-
ipheral lymph system into the TME in response to chemotaxis
induced by rMVTT treatment.

Figure 4. Trafficking of PMN-MDSCs into the TME by MVTT-induced chemotaxis. (A) Flow cytometric analysis of chemokine receptor expression on splenic PMN-
MDSCs and M-MDSCs from AB1 tumor-bearing mice. Representative histogram plots are shown from 3 independent experiments; the shaded region represents an
isotype control. Expression of C-X-C chemokines (B) and C-C chemokines (C) in tumor homogenates after rMVTT treatment. (D) Frequencies (left panel) and absolute
numbers (right panel) of CFSE-labelled total MDSCs in both spleen and tumor 24 hours after treatment. Each mouse received 50 µl PBS or rMVTT (1 × 107 PFU). (E)
Migrated M-MDSCs and PMN-MDSCs in the tumor 24 hours after treatment. Representative dot plots are shown with numbers indicating gated cell proportions
relative to total singlets. (F) Changes in the ratio of the PMN-MDSC proportion to the M-MDSC proportion were analyzed (left panel). PMN-/M-MDSC ratio measured
before adoptive transfer was shown as baseline. Changes in the absolute numbers of M-MDSCs and PMN-MDSCs in the tumor are shown (right panel). Graphs show
the cumulative data from two separate experiments (n = 6).
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Preferential depletion of MDSC subsets by antibody and
peptibody

To investigate the role of MDSCs in the rMVTT treatment, two
MDSC-depleting agents, anti-Ly6G monoclonal antibody 1A8
and the specific depleting peptibody H6-pep, were explored in
our mesothelioma model. 1A8 is routinely used to deplete
Ly6G+ cells, primarily PMN-MDSCs, whereas H6-pep and
G3-pep are two peptibodies with binding specificity to both
PMN-MDSCs and M-MDSCs.31 Accordingly, we manufac-
tured these two peptibodies by a transient expression system
in 293F cells using expression plasmids (Supplementary
Figure S5A). We found that H6-pep showed a relatively higher
binding affinity than G3-pep to total MDSCs derived from
AB1-mesothelioma-bearing mice (Supplementary Figure S5B
and C); we therefore used H6-pep in our depletion experi-
ments. When AB1 tumor-bearing mice were treated with 1A8
or H6-pep by i.t injection, only 1A8-treated mice had a sig-
nificantly decreased frequency of splenic MDSCs, yet both 1A8
and H6-pep did not seem to reduce total MDSC accumulation
in tumors (Supplementary Figure S5D). As expected, however,
1A8 diminished Ly6G+ PMN-MDSCs selectively in both
spleens and tumors at day 2 after injection (Figure 5A and
B). While this effect was maintained in the tumor at day 4,
splenic but not TME PMN-MDSCs started to reappear. Unlike
PMN-MDSCs, tumor M-MDSCs were not affected by 1A8,
whereas a marked increase in splenic M-MDSCs was observed
compared with an isotype control, probably due to the contin-
uous generation of MDSCs from bone marrow.10,24 Conversely,
with its higher binding affinity to M-MDSCs, H6-pep treat-
ment significantly depleted M-MDSCs but not PMN-MDSCs,

especially in the TME; this effect was maintained through day 4
(Supplementary Figure S5E and F). Following depletion of
M-MDSCs, a significant compensatory increase in the fre-
quency of splenic PMN-MDSCs was observed.

We then investigated the efficacy of 1A8 and H6-pep during
rMVTT treatment. Consistent with the findings described above,
rMVTT treatment resulted in the increased recruitment of PMN-
MDSCs in tumors (Figure 5A and C). This increased population,
however, was nearly cleared by 1A8 antibody treatment at day 2
(Figure 5C and D). 1A8 also prevented tumor recruitment of
PMN-MDSCs at day 4, despite a significantly elevated frequency
of splenic PMN-MDSCs. By contrast, H6-pep treatment
decreased M-MDSCs while increasing PMN-MDSCs in both
the spleens and tumors (Supplementary Figure S5G and H).
These results demonstrated that administration of 1A8 and H6-
pep preferentially depleted PMN-MDSCs and M-MDSCs,
respectively, and their depletion effects were maintained even
after rMVTT administration, which allowed us to study the
impact of PMN-MDSCs and M-MDSCs on the induction of
antitumor immunity duringMVTT-based oncolytic virotherapy.

Depletion of PMN-MDSCs enhances MVTT treatment
efficacy by inducing antitumor T cell immunity

Considering that MDSCs are one of the major immunosuppres-
sive cells that inhibit antitumor T cell responses, we sought to
explore whether the depletion of PMN-MDSCs enhanced the
therapeutic efficacy of MVTT-based oncolytic virotherapy. In a
similar setting as described above, BALB/c mice bearing 7-day-
old wild-type AB1 mesothelioma were simultaneously injected

Figure 5. Preferential depletion of MDSC subsets by antibody and peptibody treatment. (A) Representative dot plots gated on CD11b+ cells showing populations of
PMN-MDSCs and M-MDSCs in the spleen and tumor 2 days and 4 days after receiving i.t injection of 100 µg of either 1A8 or anti-rat IgG2a (clone: 2A3) isotype control.
Numbers within dot plots represent cell proportions. (B) Changes in frequencies were calculated with PMN-MDSCs (left panel) and M-MDSCs (right panel). (C)
Representative dot plots showing population of PMN-MDSCs and M-MDSCs in the spleen and tumor 2 days and 4 days after combination treatment. 100 µg of either
1A8 or isotype 2A3 were combined with 1 × 107 PFU rMVTT and i.t injected into AB1 mesothelioma. (D) Analysis of frequencies of PMN-MDSCs (left panel) and
M-MDSCs (right panel) after combination treatment. Graphs show cumulative data from two separate experiments (n = 5).
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with low-dose rMVTT (1 × 107 PFU) in combination with either
100 µg of 1A8 or H6-pep for the specific depletion of PMN-
MDSCs and M-MDSCs, respectively (Supplementary
Figure S6A). Consistent with our findings described above, a
single delivery of low-dose rMVTT did not control tumor
growth. The incorporation of MDSC depletion in this setting,
however, did not slow tumor progression or prolong survival
(Supplementary Figure S6B and C). Given the known dose-
dependent effect of the rMVTT treatment, we attempted to
improve the antitumor effect via an additional low-dose 2 days
later (Figure 6A). We found that two rMVTT treatments alone
slowed tumor growth and resulted in tumor regression in 1/7
mice, whereas 1A8 alone did not impact tumor growth at all
(Figure 6B and C). Strikingly, however, the second combined
low-dose rMVTT and 1A8 treatment effectively controlled
tumor growth and eventually led to complete elimination of
established AB1 mesothelioma (Figure 6B and C). By contrast,
the combined rMVTT and H6-pep treatment did not show
significant antitumor activity or synergistic effects in mesothe-
lioma elimination (Supplementary Figure S6D and E). To deter-
mine whether prolonged antitumor T cell immunity was
generated in these controller mice, we re-challenged them with
a much higher dose (2 × 106 cells) of AB1-Luc cells on their
opposite flank 40 days after complete tumor rejection
(Figure 6A). Complete rejection of AB1-Luc mesothelioma was
observed 11 days later in these controllermice, leading to tumor-
free survival > 30 weeks, while all mice from the control group
developed tumors (Figure 6D and E). These results demon-
strated that depletion of PMN-MDSCs but not of M-MDSCs
could improve rMVTT treatment efficacy significantly, probably
by inducing prolonged antitumor immunity.

To further test this hypothesis, wemeasured tumor-reactive T
cell responses in our experimental animals. Murine splenocytes
were harvested and tested against gp70-AH1 or TWIST1 pep-
tides (Figure 6A).We found that the T cell responses against both
gp70-AH1 and TWIST1 were significantly increased among
mice treated twice with the low-dose rMVTT and 1A8 combina-
tion (Figure 6F). This enhancement was not found with the
double rMVTT and H6-pep combination that depleted
M-MDSCs (Supplementary Figure S6F). In addition, in vitro
cytotoxic assays demonstrated enhanced CD8+ CTLs in control-
ler mice in comparison to other groups (Figure 6G).
Furthermore, CD4+ or CD8+ T cells were depleted using the
monoclonal antibodies YTS191.1 and YTS169.4, respectively,
before AB1 tumor-bearing mice received the rMVTT and 1A8
combination therapy (Figure 6H). Remarkably, the depletion of
CD8+ T cells by YTS169.4 completely diminished the antitumor
activity of the combination therapy, resulting in uncontrolled
tumor outgrowth, and all mice died within 21 days. By contrast,
depletion of CD4+ T cells by YTS191.1 preserved partial ther-
apeutic effects and caused tumor regression in 3/5 mice
(Figure 6I-K). To determine whether our discovery could be
applied to other malignant tumors, the efficacy of the combined
rMVTT and 1A8 therapy was tested in a distinct syngeneic
C57BL/6 melanoma model. Similarly, we found that this combi-
nation therapy resulted in enhanced B16F10 tumor regression,
prolonged survival and augmented antitumor T cell responses
(Supplementary Figure S6G-I). Furthermore, it was reported that
CXCR2 blockade impaired the migration of myeloid lineage

cells.32,33 Given the high level of CXCR2 expression on PMN-
MDSCs in our model, we assessed antitumor T cell responses
after CXCR2 blockade duringMVTT virotherapy. In established
AB1 tumors, blocking of CXCR2 by pepducin reduced PMN-
MDSCs in the tumor microenvironment (Supplementary
Figure S6J and K) and also counteracted MVTT-mediated
PMN-MDSCs recruitment (Figure 6L), while it had no effect
on recruitment of M-MDSCs, CD4+ Treg and NK cells
(Supplementary Figure 6L and M). Importantly, combined
CXCR2-pepducin and low-dose rMVTT therapy promoted
tumor regression and enhanced tumor-free survival (Figure 6M
and N). These results provide additional evidence that PMN-
MDSCs play a key role in suppressing antitumor T cell immunity
during MVTT virotherapy, and suggested targeting CXCR2 sig-
naling may serve as an alternative approach to counteract PMN-
MDSCs-mediated immunosuppression. Collectively, our results
demonstrated that depletion of PMN-MDSCs during localized
MVTT-based oncolytic virotherapy elicited potent systemic and
long lasting antitumor T cell immunity.

PMN-MDSCs prevent the induction of antitumor T cell
immunity by restricting dendritic cell activation

Although rMVTT-induced oncolysis created an immune-acti-
vating environment with the production of CRT, HMGB1 and
ATP, anti-mesothelioma specific T cell responses were not read-
ily induced (Figure 2E and F). This situation, however, was
completely changed when PMN-MDSCs were depleted during
the rMVTT treatment (Figure 6F and G). We therefore specu-
lated that PMN-MDSCs might have suppressive effects on DCs
through direct cross-talk in the TME of our model.34 To test this
hypothesis, we sought to determine the direct impact of PMN-
MDSCs on DCs. We first tested the ability of bone marrow-
derived DCs (BMDCs)35 to process and present antigens for
activating CD3+ T cells derived from controller mice that
received combined rMVTT and 1A8 treatment. In this experi-
ment, rMVTT-treated AB1 cell supernatants were used as a
supply of tumor antigens to pulse BMDCs. We observed
remarkably increased production of the proinflammatory cyto-
kine IL-6 in co-cultures when BMDCs were pulsed with antigens
(Supplementary Figure S7A). Meanwhile, antigen-loaded
BMDCs greatly enhanced the production of TNF-α and IFN-γ
(Figure 7A), as well as the Th17 cytokines IL-17A and IL-22
(Supplementary Figure S7A), in co-cultures with CD3+ T cells of
controller mice but not of naïvemice, suggesting T cell activation
in response to tumor antigens. Previously, surface-exposed CRT
protein has been shown to chaperone tumor antigens to facilitate
their uptake by DCs.36 Indeed, an anti-CRT antibody signifi-
cantly reduced the production of both TNF-α and IFN-γ
(Figure 7A). To confirm these findings, we further measured T
cell proliferation. Antigen-pulsed BMDCs effectively induced
controller CD4+ and CD8+ T cell proliferation (Figure 7B),
demonstrating activation of tumor antigen-specific T cells.
Once again, the presence of an anti-CRT antibody inhibited T
cell proliferation (Figure 7B), suggesting a role for CRT in the
activation of the DC-T cell axis. Therefore, in the absence of
PMN-MDSCs, rMVTT-induced CRT exposure enhances the
activation of BMDCs to elicit potent antitumor T cell immunity.
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Subsequently, we also measured the direct interaction
between AB1-induced MDSCs and BMDCs. BMDCs were co-

cultured with AB1-induced MDSCs in the presence or absence
of LPS. We found that CD80 and CD86 expression on BMDCs

Figure 6. Depletion of PMN-MDSCs enhances MVTT treatment efficacy by inducing antitumor T cell immunity. (A) Schematic representation of treatment schedule.
5 × 105 AB1 cells were s.c inoculated into BALB/c mice and grown for 7 days, following i.t administration of rMVTT (n = 7), 1A8 antibody (n = 7), combined rMVTT
and 1A8 (n = 6) or PBS control (n = 7). An additional treatment was scheduled at day 9 in each group. Tumor growth (**P = 0.0069 compared to PBS-treated group)
(B) and survival curves (C) of mice were calculated. 40 days after tumor ablation, protected mice (n = 6) in the combined rMVTT and 1A8 group were re-challenged
and measured for tumor growth (D) with representative bioluminescence images of AB1-Luc tumors (E). Ctrl, naïve BALB/c mice. (F) T cell responses in splenocytes
measured by ELISpot assay. (G) In vitro cytotoxic activity of CD3+ T cells in each group, or CD4+ and CD8+ T cells from the combined rMVTT and 1A8 group, towards
AB1 cells at different effector:target (E:T) ratios. (H) Schematic representation for T cell depletion experiments with 2 administrations of combined rMVTT and 1A8
therapy (n = 5). 5 × 105 AB1-Luc cells were s.c inoculated. AB1-Luc tumor growth (I) and survival curve (J) of combined rMVTT and 1A8-treated mice with CD8+ T cell
depletion (YTS169.4) or CD4+ T cell depletion (YTS191.1), or AB1-Luc tumor-bearing mice receiving only LTF-2 control antibody (isotype). (K) Representative
bioluminescence images of AB1-Luc tumors in T cell depletion groups. BALB/c mice bearing 6-day AB1 tumors were treated with 2.5 mg/kg control-pepducin or
CXCR2-pepducin, followed by 1 mg/kg pepducin daily for the duration of the study. rMVTT were given i.t at day 7 and percentages of PMN-MDSCs in the spleen and
tumor were analyzed at day 9 (L). An additional rMVTT were administrated at day 9. Tumor growth (**P = 0.0063 compared to CXCR2-pepducin-treated group) (M)
and survival curves (N) of mice (n = 5 for each group) were calculated.
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was significantly upregulated by LPS stimulation (P < 0.001 for
CD80, P < 0.05 for CD86, Unstimulated versus LPS), suggesting
BMDC maturation (Figure 7C). Notably, when MDSCs were
present in the co-culture, PMN-MDSCs but not M-MDSCs
significantly suppressed expression of CD80 and CD86 on
both unstimulated and LPS-stimulated BMDCs (Figure 7C).
LPS-induced changes in cytokine production were also analyzed.
Supernatants collected from BMDCs without LPS showed very
low levels of cytokines consistently. In contrast, culture super-
natants with LPS resulted in marked increases of the proinflam-
matory cytokines IL-6 and TNF-α, as well as type 1 cytokine IL-
12p70 (Supplementary Figure S7B). In consistency with PMN-
MDSC’s ability of down-regulating BMDC activation, the pre-
sence of PMN-MDSCs in the co-culture significantly inhibited
the induction of IL-6, TNF-α and IL-12p70, further supporting
the role of PMN-MDSCs in suppressing BMDCs activation
(Supplementary Figure S7B). We then asked whether PMN-
MDSCs have similar suppressive effects when BMDCs were

pulsed with rMVTT-treated AB1 cell supernatants rather than
LPS. By measuring cytokines related to BMDC activation, we
found that PMN-MDSCs but not M-MDSCs significantly inhib-
ited IL-6 and TNF-α production in co-cultures, and the inhibi-
tory effect of PMN-MDSCs on TNF-α production was dose-
dependent (Supplementary Figure S7C).

In order to understand the underlying mechanism of PMN-
MDSC-mediated immunosuppression, productions of IL-10
and TGF-β were examined in our model.34,37 We found that
the production of IL-10 was enhanced in tumor following intra-
tumoral rMVTT treatment in vivo (Supplementary Figure S7D).
Further intracellular staining analyses showed that PMN-
MDSCs but not M-MDSCs exhibited an IL-10-producing subset
(Figure 7D), and the secreted IL-10 in culture supernatant of
PMN-MDSCs was further increased when being co-cultured
with BMDCs in vitro (Figure 7E), without contribution from
BMDCs (Supplementary Figure S7E). The immunosuppressive
cytokine IL-10 is well-known to inhibit DC maturation and

Figure 7. PMN-MDSCs prevent the induction of antitumor T cell immunity by restricting DC activation. (A) Cytokine production following incubation of CD3+ T cells
with antigen-pulsed BMDCs. BMDCs were pulsed with rMVTT-treated AB1 cell supernatants overnight, following washing with culture medium. Then, purified CD3+ T
cells were added and culture supernatants were collected for analysis of cytokine production. Anti-CRT antibody or isotype control were present in several of the
cultures during antigen-pulsing. Naïve, purified CD3+ T cells from naïve BALB/c mice. (B) Proliferation of CFSE-labelled CD3+ T cells after co-culture with antigen-
pulsed BMDCs. Representative histogram plots are shown with numbers in each plot indicating proliferating populations. (C) Expression of CD80 and CD86 on BMDCs
pulsed with culture medium (Unstimulated) or LPS. Purified PMN-MDSCs or M-MDSCs were labelled with CFSE and were present in the culture at a ratio of 2:1 with
BMDCs. Graphs from (A) to (C) show cumulative data from two separate experiments. (D) Frequencies of IL-10+ and TGF-β1+ PMN-MDSCs and M-MDSCs.
Representative dot plots from 3 independent experiments are shown with numbers indicating positive cell populations in each gate. (E) Production of IL-10 was
enhanced by crosstalk between PMN-MDSCs and BMDCs. 5 × 104 purified PMN-MDSCs or M-MDSCs were present in the culture with or without 1 × 105 BMDCs
(BMDC:MDSC = 1:2). Supernatant were collected at 4 days post incubation and measured for cytokine production. (F) Expression of CD80 and CD86 on LPS-activated
BMDCs in the presence of IL-10 receptor blocking antibody or isotype control. Purified PMN-MDSCs or M-MDSCs were labelled with CFSE and were present in the
culture at a ratio of 2:1 with BMDCs. IL-10 receptor was blocked by anti-IL-10R antibody (5 µg/ml) before BMDCs were stimulated with 100 ng/ml LPS. Graphs from
(E) to (F) show representative data from two separate experiments.
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prevent DCs from initiating Th1 responses.38 Crosstalk between
MDSC and macrophage has been reported to reduce macro-
phage production of IL-12 and increase MDSC production of
IL-10 to promote tumor progression.39,40 Therefore, we specu-
lated that the suppressive capacity of PMN-MDSCs might be
dependent on their IL-10 production in our experiments. To
determine this, purified PMN-MDSCs or M-MDSCs derived
from AB1-bearing mice were co-cultured with LPS-activated
BMDCs in the presence of IL-10 receptor blocking antibody or
isotype control. When compared the expression of activation
markers on BMDCs, we found that the presence of PMN-
MDSCs consistently down-regulated CD80 and CD86 expres-
sion on BMDCs (Figure 7F). However, PMN-MDSC-mediated
suppression can be partially alleviated by the blockade of IL-10
receptor (Figure 7F). In addition, we examined secreted cyto-
kines in the supernatant and found that blocking IL-10 receptor
also significantly elevated production of TNF-α and IL-12p70
(Supplementary Figure S7F), suggesting IL-10 production by
PMN-MDSCs appeared to be a direct means of suppression in
our in vitro suppression assay. Collectively, our results demon-
strated that while rMVTT treatments facilitate CRT-dependent
antigen uptake, as well as activation and antigen-presentation of
BMDCs, PMN-MDSCs likely directly inhibit DC activation and
lead to the reduced efficacy or failure of oncolytic viral
treatment.

Discussion

Cancer virotherapy using oncolytic viruses is a promising ther-
apeutic strategy with demonstrated clinical benefits.14,41

Following the approval of T-vec (also known as Imlygic), a
recombinant herpes simplex virus expressing the immune-acti-
vating cytokine GM-CSF for treating skin and lymph node
melanoma in the USA and Europe, a variety of oncolytic viruses
have progressed to clinical development.42-44 Among these, the
use of ONCOS-102 adenovirus for treating malignant mesothe-
lioma was able to induce tumor-infiltration by CD8+ T cells,
systemic antitumor CD8+ T cells and Th1-type polarization in a
clinical setting.12 Although the therapeutic effects of T-vec and
ONCOS-102 are promising, only a small fraction of treated
patients experienced clinical responses in these studies.
Therefore, investigating how to induce potent antitumor
immune responses is essential for enhancing the therapeutic
efficacy of virotherapy in patients.3,45 Most of the viruses that
are currently being tested in clinical trials were designed to
acquire the capability to trigger immune responses.4,5,41,42 To
this end, understanding the mechanism underlying the blockade
and regulation of systemic antitumor immunity is critical for the
further improvement of oncolytic virotherapy. Here, we demon-
strated that the combined use of oncolytic vaccinia MVTT with
PMN-MDSC depletion resulted in complete remission of
mesothelioma in mice. Specifically, our findings demonstrated
that intratumoral PMN-MDSCs are key DC suppressors in the
mesothelioma TME that restrict the induction of antitumor
CTLs, compromising the efficacy of MVTT-based virotherapy.

MVTT virotherapy alone is insufficient for efficient tumor
clearance. Replication of the oncolytic virus in the tumor
releases the danger signals CRT, HMGB1 and ATP, as well as
tumor antigens for DCs, to trigger antitumor immune

responses.5 However, we found that complete mesothelioma
eradication was only achieved by i.t administration of extre-
mely high doses of rMVTT at multiple sites of the solid tumors,
yet even in protected mice, antitumor T cell responses were
rarely elicited. It is possible that persistent viral infection and
recruitment of innate immune cells can lead to the observed
tumor regression,46,47 but this was not tested here. In attempts
to clarify the mechanism underlying the failed CTL induction,
we found that MVTT virotherapy significantly expanded
MDSCs in the mesothelioma TME. Expansion of MDSCs has
been regarded as a key immune evasion mechanism in various
human cancers, such as renal cell carcinoma, squamous cell
carcinoma, breast cancer, and non-small cell lung carcinoma.48-
50 In mice with mesothelioma, we previously reported that the
tumor induced a rapid increase of MDSCs as early as 7 days
after AB1 cell inoculation, and the elimination of MDSCs
during immunotherapy was closely related to tumor rejection.-
15,16 Here, we clarified that the expanded PMN-MDSCs in the
mesothelioma TME during MVTT virotherapy were due to the
production of C-X-C chemokines associated with the viral
infection of tumor cells. C-X-C chemokines then preferentially
recruit CXCR2+ PMN-MDSCs from peripheral lymphoid
organs to tumor sites by chemotaxis. These results are in
agreement with previous reports that emphasized the critical
role of the C-C and C-X-C axes in the trafficking of M-MDSCs
and PMN-MDSCs, respectively.30,51 Previously, viral infection-
recruited PMN-MDSCs were found to be responsible for either
suppression of NK cells by reactive oxygen species (ROS)
production or augmentation of local immune suppression by
PD-L1 expression.26,52 In the present study, our data suggested
that PMN-MDSCs exhibited potent immunosuppressive func-
tion against DC activation. Because similar immunosuppressive
effects on DCs were not found with M-MDSCs, our results
likely indicate a functional difference between these two MDSC
subsets in the mesothelioma TME.

Depletion of PMN-MDSCs alone is also insufficient for
efficient tumor clearance. Previous studies have demonstrated
that targeted depletion of PMN-MDSCs allowed modest CTL
responses in pancreatic ductal adenocarcinoma and lung cancer
models.53,54 AB1 mesothelioma in mice, however, has been
recognized as a poorly immunogenic model.55 This notion
was in agreement with our previous results. For example,
AB1 mesothelioma displayed similar growth kinetics in immu-
nodeficient SCID mice compared to immunocompetent BALB/
c mice.15 Moreover, purified T cells from mesothelioma-bear-
ing mice did not contain antigen-specific T cells with potent
cytotoxic activity. In this study, to better define the function of
PMN-MDSCs and M-MDSCs in modulating antitumor immu-
nity, we conducted depletion experiments using anti-Ly6G or
H6-pep monotherapy, respectively. Interestingly, depletion of
either PMN-MDSCs or M-MDSCs did not induce any inhibi-
tory effects on mesothelioma growth. Additionally, no measur-
able antitumor CTLs were detected. We therefore
demonstrated that depletion of MDSC subsets alone did not
promote the exposure of mesothelioma antigens to trigger DC
activation during these experiments. These results indirectly
implied that MVTT virotherapy is necessary to promote
tumor antigen exposure and subsequent induction of systemic
antitumor T cell responses.
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Curing established mesothelioma requires a combination of
MVTT virotherapy and PMN-MDSC depletion to potentiate DC
function for the induction of potent antitumor CTLs, which can
overcome immunosuppression despite of compensatorily increas-
ing intratumoral M-MDSCs. Previous studies have indicated that
PMN-MDSCs play a critical role in modulating antitumor CTL
responses.17,18,56 Using the PMN-MDSC-depleting antibody 1A8
and M-MDSC-depleting peptibody H6-pep, we showed that
PMN-MDSCs but not M-MDSCs are essential for the TME to
restrict the induction of tumor-reactive CTL responses during
MVTT virotherapy. Moreover, only the combination of MVTT
virotherapy and depletion of PMN-MDSCs was able to activate
endogenous T cells to elicit antitumor CTLs with broad-reactive
spectrum, cytolytic activity and protective long-term memory
responses. During this process, the compensatorily increased
intratumoral M-MDSCs were unable to block T cell activation
and antitumorCTLs.Mechanistically, intratumoral PMN-MDSCs
but notM-MDSCs suppressed DC activation by preventing CD80
and CD86 upregulation and IL-6, TNF-α and IL-12p70 secretion.
Therefore, in addition to the suppressive effects of MDSCs on T
cells that we have previously described,15,16 our current study
highlighted the mechanism by which mesothelioma-derived
PMN-MDSCs exhibit immune suppressive activity on DCs.
Cross-talk betweenPMN-MDSCs andDCsdemolished antitumor
immunity by increasing IL-10 production and decreasing DC
activation. Previous reports suggested that tumor-derived
MDSCs upregulated IL-10 production and neutralization of IL-
10 abrogated the suppressive effect of MDSCs in mouse
models.57-59 Given the plasticity of the immune suppressive mye-
loid compartment under various tumors and infectious agents,
one pioneer study demonstrated that acute phase response protein
induced the expansion and polarization of IL-10-secreting tumor
associated neutrophils to suppress antigen specific T cell responses
in melanoma patients.60 Thus, our study together with others
strongly suggested that IL-10-sereting PMN-MDSCs act as a bar-
ricade to protect tumors from immune surveillance. We further
provided new evidence that chemotactically recruited IL-10-seret-
ing PMN-MDSCs are critical DC suppressors to halt T cell activa-
tion during the MVTT virotherapy.

Combination therapy has become a useful strategy to
improve the efficacy of oncolytic virotherapy in fighting various
types of tumors, including malignant mesothelioma.61 This type
of therapy includes augmenting host antitumor responses
through the incorporation of immune activating molecules
(e.g., GM-CSF), immune-regulatory drugs (e.g., cyclophospha-
mide) or immune checkpoint inhibitors.62 In addition to the
rapidly increased use of immune checkpoint inhibitors, a GM-
CSF-incorporated herpes simplex virus (T-vec) has also received
regulatory approval for treating patients with late-stage
melanoma.41 Decreasing immune suppression of MDSCs and
Tregs by sunitinib has been shown in clinical trials to augment
anti-renal cell carcinoma immune responses during oncolytic
reovirus treatment.63 In terms of malignant mesothelioma, the
use of first-line chemotherapeutic agents (cisplatin or peme-
trexed) during oncolytic adenovirus treatment has been shown
to enhance virus-mediated cytotoxicity in mice.64 Here, we
provide evidence that depletion of tumor-induced PMN-
MDSCs during oncolytic virotherapy is potentially a new
approach to treat malignant mesothelioma and melanoma.

Since recruitment of PMN-MDSCs is a common phenomenon
caused by local tumor inflammation following tumor cell lysis in
both oncolytic virus and poly(I:C) treatment (data not shown),
targeting PMN-MDSCs could be a novel approach to provoke
antitumor immunity in these settings.65 To this end, however,
the biomarker(s) of human PMN-MDSCs remain to be identi-
fied. Here, we showed that CXCR2 inhibition reduced PMN-
MDSCs recruitment during MVTT virotherapy and promoted
tumor regression. Since human CXCR2+ PMN-MDSCs were
reported to be associated with multiple immunosuppressive
mechanisms,66 our study suggested that CXCR2 inhibition
may serve as an alternative way for PMN-MDSCs blockade in
clinical setting. In addition, we recently discovered that inhibit-
ing cell cycle-related kinase (CCRK) signaling diminished PMN-
MDSC-mediated immunosuppression and inhibited tumori-
genicity of hepatocellular carcinoma.67 Therefore, an epigenetic
modulatory approach targeting this druggable CCRK to specifi-
cally disrupt PMN-MDSC accumulation would be also impor-
tant in the development of combination therapy with MVTT for
treating a variety of human tumors, including mesothelioma.

Methods

Mice

All mice were maintained according to standard operational
procedures at HKU Laboratory Animal Unit (LAU) and all
procedures were approved by the Committee on the Use of
Live Animals in Teaching and Research (CULATR) of HKU
(license #3654–15). 6–8 week-old female BALB/c, C57BL/6N
and SCID mice were used.

Cell culture

Vero cells, purchased from ATCC, and B16F10 cells, a kind gift
from Dr. Kevin Ng (Department of Surgery, HKU), were main-
tained in complete Dulbecco’s modified Eagle’s medium
(DMEM, Gibco; supplemented with 10% FBS and antibiotics).
AB1 cell line, purchased from European Collection of Cell
Cultures, was maintained in complete Roswell Park Memorial
Institute-1640 medium (RPMI, Gibco; supplemented with 10%
FBS, 2 mM L-glutamine and antibiotics). Luciferase-expressing
cells were maintained in complete RPMI supplemented with
1 µg/ml puromycin (Invitrogen).15 T cells and splenocytes were
cultured in complete RPMI supplemented with 50 µM 2-mer-
captoethanol (Sigma).

Virus and in vitro infection

rMVTT viral stocks were prepared as previously described
and virus titers were determined by plaque forming assay in
Vero cells.68 In vitro infection was performed in 24-well plate
with 2 × 105 AB1 mesothelioma cells each well. 0.2 MOI
recombinant rMVTT was added into the culture to allow 1
hour attachment before cells were washed and incubated with
1ml fresh medium. Culture supernatant were harvested 24, 48
and 72 hours after infection, and virus titers were measured
by plaque forming assay in Vero cells. Released HMGB1 were
examined by western blotting using anti-HMGB1 antibody
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(Abcam, ab79823). Released ATP and cell viability were deter-
mined by CellTiter-Glo luminescent cell viability assay
(Promega) per the manufacturer’s instructions. Anti-CRT
antibody (Abcam, ab92516) was used to detect CRT expres-
sion by flow cytometric analysis and western blotting.
rMVTT-treated AB1 cell supernatants used for antigen-pre-
sentation assay was collected at 48 hours after infection. Cell
debris was removed by centrifuge, passed through a 0.2 µm
low-protein binding membrane (Millipore) and heat-inacti-
vated at 60°C for 1 hour. Successful elimination of live virus
was confirmed by plaque forming assay.

Tumor models and treatment

AB1 or B16F10 cells were harvested and single cell suspensions
of 5 × 105 cells in 100 µl PBS were injected s.c into right hind
flank of BALB/c or C57BL/6N mice, respectively. Tumor
volumes were measured by caliper (Tumor volume = 1/2
(length × width2)). Luciferase-expressing tumors were mea-
sured with IVIS spectrum (PerkinElmer) and presented as
photons/s/cm2/sr within regions of interest (ROI) using
Living Image software (version 4.0, PerkinElmer), as previously
described.15,16 Established tumors were treated i.t with rMVTT,
antibodies or pepducin as indicated in figure legends. CXCR2-
pepducin (RTLFKAHMGQKHR, palmitoyl N-terminal, amida-
tion C-terminal) and control-pepducin (TRFLAKMHQGHKR,
palmitoyl N-terminal, amidation C-terminal) were synthesized
by GL Biochem (Shanghai) with > 95% purity. For pepducin
treatment, mice were injected s.c by the side of solid tumors
with 2.5 mg/kg pepducin in PBS, followed by 1 mg/kg pepdu-
cin daily for the duration of the study.69

Ex vivo cell preparation and MDSC adoptive transfer

Splenocytes were isolated as previously described.15,16 Tumors
were cut into pieces and digested with 1mg/ml collagenase IV
(Sigma) and 0.5 U/ml DNase I (Roche) for 1.5 hours at 37°C.
Cells were passed through a 70 µm strainer and then subjected
to 40%/80% Percoll gradient (Sigma). Leukocytes at the inter-
phase were recovered after centrifuge at × 800g 20min. Bone-
marrow leukocytes were flushed out from tibia and femur,
passed through a 70 µm strainer and following removing red
blood cells using Lysing Buffer (BD Biosciences). Single-cell
suspensions of splenocytes were used for cell isolation. CD3+

T cells were isolated using Dynabeads Untouched T Cell Kits
(Thermo Scientific). CD4+ and CD8+ T cells were isolated
using T Cell Isolation Kit (Miltenyi). MDSCs were isolated
using MDSCs Isolation Kit (Miltenyi), according to manufac-
turer’s instructions. Purified MDSCs were labelled with CFSE
(Thermo Scientific). 4 × 106 MDSCs were intravenously trans-
ferred through tail vein and were detected 24 hours later.

In vivo cell depletion

CD4+ and CD8+ T cells were depleted by intraperitoneal injec-
tion of 250 µg anti-CD4 (YTS191.1, BioXcell) or anti-CD8
(YTS169.4, BioXcell), respectively, every 5 days, starting 1 day
before therapy. Successful depletion was confirmed by flow
cytometric analysis of peripheral blood mononuclear cell

(PBMC). i.t treatment of established tumors was started at
7 days after tumor inoculation, with 100 µl of rMVTT, anti-
Ly6G antibody (clone 1A8, BioXCell) or combination of the two.
1A8 was administered at 100 μg per dose and rat IgG2a (clone
2A3, BioXcell) was injected alone or in combination with
rMVTT as an isotype control. Re-challenge was done with
2 × 106 AB1-Luc cells s.c on their opposite flank. Animals were
euthanized when tumor length > 15mm, according to LAU
guidelines.

Measurement of cytokine and chemokine production

IL-21p70 was measured by Mouse IL-12p70 DuoSet ELISA kit
(R&D). All the other cytokine concentrations were measured by
LEGENDplex T Helper Cytokine Panel (BioLegend). Tumors
were cut into pieces and homogenized in T-PER Tissue Protein
Extraction Reagent (Thermo Scientific) supplemented with
Protease Inhibitor Cocktail (Roche). Chemokine concentrations
were determined by LEGENDplex Proinflammatory Chemokine
Panel (BioLegend) and normalized against total proteins deter-
mined by BCA protein assay (Thermo Scientific).

BMDCs culture, in vitro antigen-presentation and
suppression assays

Following a standard protocol,35 isolated bone-marrow cells were
plated in 6-well plate at 3 × 106 cell per well in the presence of
40 ng/ml GM-CSF and IL-4. Half of the differentiation medium
was replaced every 2 days. On day 9, loosely adherent cells were
resuspended by repeated pipetting and collected together with
non-adherent cells for flow cytometric analysis with anti-CD3,
anti-CD11c and anti-MHC II, resulting in > 90% CD11c+MHC
II+ BMDCs. For BMDCs-T cells co-culture, BMDCs were seeded
into 96-well V-bottom plate at 2 × 104 cells per well in the
presence of 100 µl rMVTT-treated AB1 cell supernatants or
culture medium. In some cultures, anti-CRT antibody (Abcam,
ab92516) or rabbit IgG were added at 100 ng/ml. After incubation
overnight, BMDCs were thoroughly washed with culture medium
and CFSE labelled CD3+ T cells were added at a ratio of 1:1, for an
additional culture of 10 days, with replacement of half of the
culture medium every 4 days. Culture supernatant collected on
day 7 and cells collected on day 10 were subjected to analysis of
cytokine secretion and T cell proliferation, respectively. For
BMDCs-MDSCs co-culture, BMDCs were seeded in 96-well
U-bottom plate at 5 × 104 cells per well, stimulated by 100 ng/
ml LPS (Sigma) or 100 µl rMVTT-treated AB1 cell supernatants,
in the presence of 1 × 105 purified MDSCs (BMDC:MDSC = 1:2).
To distinguish BMDCs from MDSCs by flow cytometry, purified
MDSCs subsets were labelled with CFSE prior to incubation.
48 hours after LPS-stimulation, BMDCs maturation was assessed
via flow cytometry. Culture supernatant were collected for mea-
surement of cytokine production.

IL-10 receptor blocking assay

BMDCs were seeded in 96-well U-bottom plate at 5 × 104 cells
per well and were subjected to incubate with 5 µg/ml anti-mouse
CD210 (IL-10R, clone 1B1.3a, BioLegend) antibody for 30 min
at 37°C. Then 1 × 105 CFSE labelled PMN-MDSCs orM-MDSCs
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were added into the culture at a ratio of 2:1 with BMDCs,
following stimulation with 100 ng/ml LPS for 48 hours in the
incubator. Culture volume was maintained at 100 µl each well
and rat IgG1 (eBioscience) was used as isotype control.

Flow cytometry

Cell surface and intracellular immunostaining were performed
as previously described.15 The following antibody were pur-
chased from eBioscience: anti-CD11b (clone M1/70), anti-Ly6C
(clone HK1.4), anti-Ly6G (clone 1A8-Ly6g), anti-CD3 (clone
17A2), anti-CD4 (clone GK1.5), anti-CD8 (clone 53–6.7), anti-
PD1 (clone J43), anti-Tim3 (clone RMT3-23), anti-CD11c
(clone N418), anti-MHC II (clone M5/114.15.2), anti-CD80
(clone 16-10A1), and anti-CD49b (clone DX5). The following
antibody were purchased from BioLegend: anti-CD25 (clone
3C7), anti-Foxp3 (clone 150D), anti-CXCR2 (clone SA045E1),
anti-CXCR3 (clone CXCR3-173), anti-LAP (TGF-β1, clone
TW7-16B4) and anti-IL-10 (clone JES5-16E3). Anti-CCR2
(clone REA538) was purchased from Miltenyi. Samples were
run on a BD FACSAria II cell sorter (BD Biosciences) and
analyzed using FlowJo (Tree Star, v10).

ELISpot and T cell cytotoxicity assay

IFN-γ-producing T cells in isolated splenocytes was assessed by
ELISpot assay.15,16 gp70-AH1 (SPSYVYHQF), OVA257-264

(SIINFEKL), GP100 (EGPRNQDWL), TRP2 (SVYDFFVWL),
and TWIST1 peptides (15-mers spanning the entire amino acid
sequence with 11 amino acids overlapping) were synthesized by
GL Biochem (Shanghai). Cytotoxic effect of purified T cells
against AB1 cells was determined using LIVE/DEAD Viability/
Cytotoxicity Kit (Thermo Scientific), as previously described.15

Statistical analyses

All data are presented as mean ± s.e.m. Significance was deter-
mined by the two-tailed Student t-test and P-value < 0.05 was
considered statistically significant. Survival of all animals was
plotted on Kaplan-Meier survival curve and the log-rank test was
performed to analyze differences in GraphPad Prism 5 software.
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