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Objective: Oncolytic virotherapy is a promising alternative to conventional treatment, yet
limited viral replication and immune-negative feedback are the major hurdles to effective
viro-immunotherapy.

Methods: In this study, we found that use of an adjuvant of embelin, a small molecular
inhibitor of XIAP, increased the replication of oncolytic vaccinia virus (OVV) by mitigating
antiviral innate immunity. Moreover, embelin suppresses constitutive STAT3 phosphoryla-
tion and mitigates OV V-induced activation of STAT3 in lymphoma. In the subcutaneous
lymphoma model, embelin significantly enhanced the therapeutic efficacy of OVV and
prolonged the survival. In addition, embelin significantly increased the OV V-induced infil-
tration of T cells and NK cells and decreased the number of OV V-induced myeloid-derived
suppressor cells (MDSCs) in the tumor microenvironment.

Results: Our results explored the ability of OVV and embelin in combination to enhance
lymphoma cell lysis, revealing a beneficial combinatorial effect wherein both lymphoma cell
lysis and OVV replication were enhanced both in vitro and in an in vivo murine model system.
Conclusion: Our findings indicate the utility of embelin as an adjuvant for oncolytic viro-
immunotherapy.
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Introduction

A substantial volume of recent research has focused on a novel strategy of
combating cancer through the use of oncolytic viruses, leading to ongoing clinical
efforts to generate a range of viruses suited to specific therapeutic applications.'
Such oncolytic virotherapy functions via usage of viruses which are able to
replicate within and destroy cancer cells.”* At present, OncoVEX“™“SF which
is a genetically modified form of herpes simplex virus-1 (HSV-1) that has been
engineered to express granulocyte-macrophage colony-stimulating factor (GM-
CSF), has shown great promise as a therapeutic strategy.”® These oncolytic viral
particles are capable of engaging a robust immune response in the tumor micro-
environment (TME) that aids in cancer elimination through the activation of both
type I interferon (IFN) signaling, which can drive lymphocyte infiltration of the
tumor, and cell death, allowing for immune recognition of tumor antigens in the
process.”® A number of different viruses have been tested in oncolytic applications,
with many including vaccinia virus (VV) having shown promise as potentially

viable therapeutic tools.” '
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VV is a poxvirus that offers several attractive features
for cancer gene therapy applications, owing to its expres-
sion of a phosphotransferase gene (TK) that is essential for
the replication of the virus. Disruption of this gene prevents
VV from replicating in non-dividing cells. Cancer cells, in
contrast, have high levels of the functional nucleotides
needed for VV replication, thereby allowing for selective
VYV replication within the tumor and not in healthy tissues.
In addition, with a relatively large 200 kb genome VYV is
amenable to the insertion of up to 25 kb of additional
genomic material.'? It has been found to be highly safe,'
while readily being able to facilitate the expression of
transgenes and to function in a hypoxic environment.'*
Gene therapy efforts dependent upon VV have been suc-
cessful in achieving effective disruption of tumor cell
growth within causing significant death of healthy cells in
models of myeloma,'” pancreatic carcinoma,'®'” hepatocel-
lular carcinoma,'® and gastric carcinoma.'® However, the
efficacy of oncolytic cancer treatment strategies can be
severely constrained by both impaired viral replication and
negative feedback responses within the TME.

Embelin (2,5-dihydroxy-3-undecyl-1,4-benzoquinone)
is a compound often used in a traditional medicinal capa-
city which is isolated from the fruit of the Embelia ribes
Burm plant. Previous work has suggested that embelin
may possess anti-cancer activity,”® and may further be
capable of reducing inflammation.?!’ Embelin can further
serve to inhibit the X chromosome-linked inhibitor-of-
apoptosis protein,”® promoting the apoptotic death of
tumor cells via interfering with nuclear factor-kappa
B (NF-kB) signaling,”> in addition to driving TRAIL-
mediated apoptosis,>* inhibiting STAT3 activation,”® and
blocking Akt/mTOR/S6K 1 signaling.*®

In the previous work, we have determined that embelin
is capable of rendering acute myeloid leukemia (AML)
cells more sensitive to trail via repressing NF-kB both
in vitro and in vivo,”’ which raises the possibility that
embelin might be combined with oncolytic viruses in
order to enhance their therapeutic utility as a means of
treating this cancer. However, at present how embelin
directly affects OVV replication and functionality remains
uncertain. Owing to the previous work demonstrating its
robust ability to modulate cellular signaling, thereby
potentially helping to overcome detrimental immunosup-
pression, we sought to determine whether embelin and
OVV could be combined to enhance viral replication
while simultaneously favoring immune activation rather
than suppression in the context of lymphoma.

Materials and Methods

Cell Cultures and Viruses

Human lymphoma cell lines (Raji and SU-DHL-4) and
murine lymphoma cell line (EL4 and A20) were pur-
chased from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China), retained in our laboratory,
and cultured in RPMI-1640 supplemented with 10%
fetal bovine serum and 1% penicillin—streptomycin solu-
tion in a humidifying environment with 5% CO,. The
oncolytic vaccinia virus (OVV) have been reported in
our previous work.*!”

MTT Cell Viability Assay

Cells were seeded in 96-well plates and treated with
embelin, OVV, or both at the indicated doses. Cell
viability was determined after 48 hrs of incubation by
adding 100 pL MTT solution (1 mg/mL). Following 4
hrs incubation at 37°C, the MTT solution was aspirated
and 150 pL isopropanol were added to solubilize for-
mazan, followed by shaking for 15 min. The absorbance
from the plates was read at 595 nm with Cytation 3
Multi-Mode Reader (BioTek, Vermont, United States).

Trypan Blue Exclusion

Cells were harvested using trypsin-EDTA (0.25%) solu-
tion and stained with trypan blue solution; viability was
determined by trypan blue
Countstar Automated Cell Counter (Inno-Alliance
Biotech, Wilmington, DE, USA). The cell death (%)
was calculated as number of dead cells/total number of
cells x 100%. The cell activity (%) was calculated as
number of live cells/total number of cells x 100%.

exclusion using the

Western Blot Analysis

For detection of proteins, embelin or OV V-treated whole
cell extracts were lysed in a lysis buffer (20 mM Tris (pH
7.4), 250 mM NaCl, 2 mM EDTA (pH 8.0), 0.1% Triton
X-100, 0.01 mg/mL aprotinin, 0.005 mg/mL leupeptin,
0.4 mM phenyl methane sulfonyl fluoride (PMSF), and
4 mM NaVOQy,). The lysates were then spun at 14,000 rpm
for 10 min to remove insoluble material and resolved on
a 10% SDS-PAGE. After electrophoresis, the proteins
were electrotransferred to a nitrocellulose membrane,
blocked with 5% nonfat milk, and probed with
anti-STAT3 (dilution 1:100; cat. no. ab119352; Abcam,
China), anti-pSTAT3 (dilution 1:100; cat. no. ab76315;
Abcam, China) or anti-GAPDH antibodies (1:1000; cat.
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no. ab128915; Abcam, China) overnight at 4°C. The blots
were washed, exposed to HRP-conjugated secondary anti-
2 hrs,
chemiluminescence.

bodies  for and finally examined by

Quantitative RT-PCR

Total cellular RNA was extracted with Trizol (#15596-026;
Thermo Fisher Scientific, Invitrogen) and was reverse-
transcribed using PrimeScriptTM RT Master Mix
(#DRRO36A, TaKaRa, Shiga, Japan). Quantitative PCR
was performed using FastStart Universal SYBR Green
Master Mix (#04913914001; Roche) on a ViiA 7 Real-
Time PCR System (Applied Biosystems, Foster, CA,
USA). Gene expression was calculated by the comparative
Ct method and normalized to that of GAPDH.

ELISA

Cells were seeded into 6-well plates and were starved
overnight, then the cells were treated with the indicated
concentrations of embelin or OVV in DMEM medium for
48 hrs, the cell culture supernatant was collected, and the
concentration of IL-6 was assessed using the IL-6 ELISA
Kit according to the manufacturer’s protocol.

Animal Experiments and Tumor Models
Six- to eight-week-old male C57/BL6 mice were pur-
chased from the Laboratory Animal Center of Zhejiang
Chinese Medical University (Hangzhou, China), and were
acclimated for 7 days in the laboratory before experimen-
tation. This study was carried out in Laboratory Animal
Center of Zhejiang Chinese Medical University, and the
project was approved by the ethics committee of Zhejiang
Provincial People’s Hospital and all procedures were in
according to the Guide for the Care and Use of Laboratory
Animals (National Academies Press, Washington, DC).
A20 (5 x 10° cells in 100 pL of PBS) was subcuta-
neously injected into the right flanks of mice. On days 7, the
mice received intratumoral (it.) injection of 5 x 107 pfu
OVV per mouse and/or intraperitoneal (IP.) injection of
1 mg/mouse embelin. The mice received equal volume of
PBS were used as untreated control. Tumor volume was
monitored every 3 days by caliper measurement and calcu-
lated by length x width x width/2. Mice were sacrificed at
10 days post-injection according to ethical instructions by
carbon dioxide. Tumors were separated and tumor cells
were harvested for monocyte analysis, qPCR and determi-
nation of virus titer. For immunohistochemical analysis,
tumors were separated, fixed using 4% paraformaldehyde,

embedded in paraffin, finally cut into 4-um sections for
immunohistochemical analysis assay according to the man-
ufacturers’ instructions. Slides were incubated with primary
antibody anti-STAT3 (dilution 1:100; cat. no. ab119352;
Abcam, China) and anti-pSTAT3 (dilution 1:100; cat. no.
ab76315; Abcam, China) overnight at 4°C, and then incu-
bated with biotinylated secondary antibody (dilution
1:1000; cat. no. B2763; Thermo Fisher Scientific, Inc.)
and further visualized using a diaminobenzidine (DAB) kit
(Thermo Scientific, Inc.).

Flow Cytometry

Apoptosis staining Kit containing AnnexinV-FITC/PI
(MultiSciences, Hangzhou, China) was used to detect
cell apoptosis according to the manufacture’s protocol.
Cells were stained with 5 pL. Annexin V-FITC and 5 pL
PI after treatment of embelin, OVV or embelin plus OVV
and then keep in dark at room temperature for 15 min.
After that, these cells were analyzed by flow cytometer
(Novocyte 3130, ACEA Biosciences, Santiago, CA).

For immune activation experiments in vivo, tumor cells
were harvested and washed twice with PBS and incubated
with antibodies. Samples were subjected to flow cytometry
using a flow cytometer (Novo cyte 3130, ACEA
Biosciences, Santiago, CA), and data were analyzed using
FlowJo software (v. 7.6.5, Tree Star, Ashland, OR, USA).

Statistical Analysis

Statistical analysis was carried out using SPSS 17.0 (IBM
Corp., Armonk, NY). All continuous data were presented
as the mean + standard deviation (SD). Comparisons of
data in flow cytometry were performed using a two-tailed
Student’s #-test (unpaired) or two-way analysis of variance
(ANOVA) with Tukey multiple comparisons. Survival was
analyzed by Kaplan—Meier curves, and statistical analysis
was conducted using Prism (GraphPad Software, Inc., San
Diego, CA). P-values <0.05 were considered statistically
significant.

Results
Embelin Facilitates Enhanced
OVV-Mediated Lymphoma Cell Lysis

We observed dose-dependent cytotoxicity when using
embelin and OVV together to kill both mouse and human
lymphoma cells (Figure 1A and B). The ability of OVV to
kill these tumor cells was clearly enhanced by embelin
(Figure 1C and D). The combination of embelin and OVV

OncoTargets and Therapy 2020:13

submit your manuscript

1423

Dove


http://www.dovepress.com
http://www.dovepress.com

Wang et al

Dove

also led to an increase in the frequency of apoptotic
(annexin-V positive) tumor cells (Figure S1), consistent
with an embelin-mediated enhancement of tumor cell apop-
tosis. These results thus confirm an ability of embelin to
enhance the oncolytic activity of OVV in the context of
lymphoma.

We next explore OVV replication in this same experi-
mental context, revealing a 3- to 9-fold increase in OVV
replication in lymphoma cells after 24 hrs if cells were
also treated with embelin (20 puM) (Figure 2A). With
respect to the levels of the innate antiviral cytokines Ifnb
(IFN-B) and Cxcl10 (C-X-C motif chemokine 10), embelin
did not affect viral infection (Figure S2), whereas it did
significantly reduce the levels of both Ifnb and Cxcl10
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12 hrs post-infection (Figure 2B and C), indicating that
embelin may have the ability to mitigate antiviral immu-
nity, thus enhancing viral replication. These results there-
fore indicate that embelin can enhance OVV-mediated
oncolysis, enhancing the ability of OVV to replicate in

mouse and human lymphoma cell lines.

Embelin Suppresses Both Baseline and
OVV-Induced STAT3 Phosphorylation

We next assessed the ability of embelin to alter the
baseline phosphorylation status of STAT3 in lymphoma
cells, given that this transcription factor is often consti-
tutively active within these tumor cells. We observed

a dose-dependent reduction in constitutive STAT3
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Figure | Embelin enhances OVV-mediated oncolysis in lymphoma cells. (A, B) Raji, SU-DHL-4, EL4 and A20 cells were seeded in 96-well plates and treated with (A)
embelinat 0, 2.5, 5, 10, 20, 40 or 80 uM or (B) infected with OVV at MOl of 1.25, 2.5, 5, 10, 20 or 40 for 48 hrs. Cell viability was assessed by the MTT assay. The results are
presented as the mean * SD of three separate experiments. (C, D) Cells were infected with OVV (MOI = 5) in the presence or absence of embelin (10 M) for 48 hrs and
oncolytic effects were determined by (C) the MTT assay and (D) trypan-blue exclusion assay. The results are presented as the mean * SD of three separate experiments.
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Figure 2 Embelin promotes OVV replication by mitigating antiviral innate immunity. Raji, SU-DHL-4, EL4 and A20 cells were infected with OVV (MOI = 0.5) in the presence
or absence of embelin (I uM) for 24 hrs, virus titers (A) were measured by plaque assay. The Ifnb (B) and Cxcll0 (C) expression in mRNA level was determined by
gRTPCR. The results are presented as the mean + SD of three separate experiments. **p < 0.01.

phosphorylation in lymphoma cells treated with embe-
lin, without any effect on overall STAT3 protein levels
(Figure 3A).

STAT3 is a key regulator of inflammation in the con-
text of cancer, driving immunosuppression in certain con-
texts. We found that OVV was able to induce STAT3
activation, whereas embelin markedly repressed this OVV-
mediated STAT3 activation (Figure 3B). Furthermore, the
pro-inflammatory cytokine IL-6, which is induced down-
stream of STAT3 and can enhance tumor growth, was
induced by OVV, whereas embelin reduced its induction
by 40—65% (Figure 3C). This thus indicates that embelin is
capable of inhibiting inflammation induced by OVV at
least in part via inhibiting STAT3 signaling within lym-
phoma cells.

Embelin Enhances OVV-Mediated
Antitumor Immunity in a Xenograft
Model of Lymphoma

We next assessed the ability of embelin to enhance the
ability of OVV to interfere with lymphoma in vivo using
a xenograft model of subcutaneous lymphoma (Figure S3).
In this model system, the combination of OVV and embe-
lin was linked to significantly improved OVYV efficacy and
murine survival. We found that the combination of embe-
lin and OVV treatment had the most prominent inhibitory
effect on the tumor growth followed by embelin alone, and
OVV (Figure 4A). Combined treatment has significantly
prolonged survival (Figure 4B). We also explore OVV
replication in the subcutaneous lymphoma tumor, reveal-
ing an obvious increase in OVV replication in lymphoma
with combination therapy (Figure 4C). Consistently, Ifnb,
Cxcl10, and Ifnb expression were significantly upregulated

by OVV and further increased by embelin (Figure 4D).
The tumor histopathological changes were further evalu-
ated by immunohistochemistry (IHC). The combined treat-
ment with OVV and embelin resulted
expression of pSTAT3 in the tumor tissues was associated

in reduced

with the combined treatment as evidenced by THC with
anti-pSTAT3, while there was no significant change in
STAT3 expression (Figure 4E). Treatment of tumor-
bearing mice with OVV led to increased TME infiltration
by CD8" T and NKI1.1" cells, and embelin further
enhanced this effect (Figure 4F and G). This thus sug-
gested that OVV efficacy is enhanced by embelin at least
in part owing to improvements in tumor T and NK cell
infiltration, in addition to modulations in innate antiviral
cytokine expression.

LY6C'CD11b'LY6G  cells are a form of MDSC cap-
able of significantly impairing immune responses in the
context of antitumor immunity. We observed significant
monocytic LY6C 'CD11b"'LY6G~ MDSC polarization fol-
lowing OVV treatment, potentially interfering with anti-
tumor immune responses (Figure 4H). When mice were
also treated with embelin, the numbers of MDSCs
decreased significantly. As MDSC differentiation is clo-
sely linked to the activity of STAT3, the increase STAT3
dephosphorylation induced by embelin may explain this
difference in MDSC cell numbers.

Discussion

Herein we explored the ability of OVV and embelin in
combination to enhance lymphoma cell lysis, revealing
a beneficial combinatorial effect wherein both lymphoma
cell lysis and OVV replication were enhanced both in vitro
and in an in vivo murine model system. Together these
findings provided evidence suggesting that embelin may
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Figure 3 Embelin suppresses constitutive STAT3 phosphorylation and mitigates OVV-induced activation of STAT3. (A) Embelin suppresses phospho-STAT3 levels in
a concentration-dependent manner. Raji and EL4 cells were treated with the indicated concentrations of embelin for 12 h, after which Western blotting was performed. The
same blots were stripped and reprobed with the B-actin antibody to verify equal protein loading. Raji and EL4 cells were infected with OVV (MOI = 5) for 24 hrs in the
presence or absence of embelin (10 pM), (B) the STAT3 and p-STAT3 levels were determined by Western blotting, (C) IL-6 expression was determined by ELISA. Means +
SDs of triplicates are shown. *p < 0.01.
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Figure 4 Embelin enhances OVV-induced antitumor immunity in vivo. (A) Tumor volumes were measured at different times after treatment. Data are presented as mean +
standard error (n=8). *P<0.05, one-way analysis of variance (ANOVA) and multiple comparisons. (B) Survival was analyzed by log-rank (Mantel-Cox) test. (C) Subcutaneous
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flow cytometry analyses of (F) CD3+CD8+ cells, (G) NKI.I+ cells, and (H) LY6C+CD| Ib+LY6G- cells. *p < 0.05; **p < 0.01; ns means not significant.

be a valuable compound to use in combination with OVV
therapy owing to its ability to synergistically enhance
lymphoma clearance.

At present, efforts to clinically deploy oncolytic
anti-tumor strategies have often been constrained by
either negative regulation of the immune response
and/or limited viral replication. In the present study,
we determined that embelin was capable of both
improving viral replication and oncolysis. Importantly,
this compound was able to promote more rapid reduc-
tions in p-STAT3 levels, thereby helping to induce the
infiltration of CD8" and NKI1.1" cells into the TME,
thus making this compound of particular promise in

oncolytic therapeutic applications.

Oncolytic viruses must be able to efficiently replicate
in cancer cells in order to achieve therapeutic success, and
this replication is primarily governed by a combination of
the tumor cell viability and innate antiviral immune
responses. We determined embelin to be capable of enhan-
cing OVV replication in lymphoma cells through an uncer-
tain mechanism, without significantly impacting overall
cell viability.

STAT3 activation can help mediate immunosuppression
in the context of oncolytic therapy,”*’ with IFNs and viral
infections being capable of inducing increased STAT3 acti-
vation in tumor cells and other cells in the TME,* thus
impairing oncolytic virotherapy outcomes. We found embe-
lin to interfere IL-6/STAT3 signaling. Interestingly, the
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replication efficiency of oncolytic virus is closely related to
the intensity of antiviral innate immune response in host
cells. Our in vitro results showed that embelin can mitigate
antiviral immunity to enhance the viral replication. On the
other hand, IFNs and CXCL10 not only mediate antiviral
immune response, but also play an important role in antitu-
mor immune response. Our in vivo results showed that
embelin enhanced OVV-mediated antitumor immunity. In
short, embelin can promote OVV replication by inhibiting
anti-virus immune factors IFN-beta and CXCL10 in vitro,
while in vivo, embelin can enhance the anti-tumor immune
effect of OVV by promoting virus replication, which is
manifested by overexpression of IFNs and CXCL10. OVV
is known to be capable of inducing local IFN production as
well as immune cell infiltration and activation.*’ When we
locally injected OVV particles into lymphoma tissues, this
mediated-local inflammation as well as CD8" T and NK cell
infiltration, and embelin enhanced these responses in
a xenograft model system. NK cell activation can further
enhance oncolytic virotherapy outcomes, and we observed
superior NK cell activation following embelin treatment,
which may have been a result of the higher levels of OVV
replication observed.

In summary, OVV is capable of simultaneously indu-
cing both anti-tumor immunity and negative feedback
mechanisms within the TME through activation of
STAT3. Embelin offers a means of increasing both OVV
replication and STAT3 dephosphorylation while reducing
MDSC infiltration, thus improving the survival of lym-
phoma model mice. Together these findings suggest embe-
lin may be a viable adjuvant in the context of oncolytic
virotherapy, although further validation of these findings is
needed.
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