
Original Article
Myelolytic Treatments Enhance Oncolytic Herpes
Virotherapy in Models of Ewing Sarcoma
by Modulating the Immune Microenvironment
Nicholas L. Denton,1 Chun-Yu Chen,1 Brian Hutzen,1 Mark A. Currier,1 Thomas Scott,1 Brooke Nartker,1

Jennifer L. Leddon,1 Pin-Yi Wang,1 Rachelle Srinivas,1 Kevin A. Cassady,1 William F. Goins,2 and Timothy P. Cripe1

1Center for Childhood Cancer and Blood Diseases, Nationwide Children’s Hospital, The Ohio State University, Columbus, OH 43205, USA; 2Department of Microbiology

and Molecular Genetics, University of Pittsburgh School of Medicine, Pittsburgh, PA 15219, USA
Ewing sarcoma is a highly aggressive cancer that promotes the
infiltration and activation of pro-tumor M2-like macrophages.
Oncolytic virotherapy that selectively infects and destroys can-
cer cells is a promising option for treating Ewing sarcoma. The
effect of tumor macrophages on oncolytic virus therapy, how-
ever, is variable among solid tumors and is unknown in Ewing
sarcoma. We tested the effects of macrophage reduction using
liposomal clodronate (Clodrosome) and trabectedin on the
antitumor efficacy of intratumoral oncolytic herpes simplex
virus, rRp450, in two Ewing sarcoma xenograft models. Both
agents enhanced antitumor efficacy without increasing virus
replication. The most profound effects were in A673 with
only a transient effect on response rates in TC71. Interestingly,
A673 was more dependent than TC71 on macrophages for its
tumorigenesis. We found Clodrosome and virus together
induced expression of antitumorigenic genes and reduced
expression of protumorigenic genes in both the tumor-associ-
ated macrophages and the overall tumor stroma. Trabectedin
reduced intratumoral natural killer (NK) cells, myeloid-derived
suppressor cells, and M2-like macrophages, and prevented
their increase following virotherapy. Our data suggest that a
combination of trabectedin and oncolytic herpes virotherapy
warrants testing in the clinical setting.
Received 5 July 2018; accepted 13 October 2018;
https://doi.org/10.1016/j.omto.2018.10.001.

Correspondence: Timothy P. Cripe, Nationwide Children’s Hospital, 700 Chil-
dren’s Drive, Columbus, OH 43205, USA.
E-mail: timothy.cripe@nationwidechildrens.org
INTRODUCTION
Ewing sarcoma is an aggressive bone or soft tissue tumor predomi-
nantly found in adolescents and young adults. Despite the aggressive
use of surgical resection, irradiation, and chemotherapy, outcomes
are unacceptable with 5-year survival rates for patients with localized
and metastatic disease less than 70% and 30%, respectively.1,2 The
characteristic translocation between chromosomes 11 and 22, result-
ing in the EWS/FLI fusion protein, or similar translocations between
EWS and other members of the ETS family of transcription factors,
are pathognomonic oncogenes that aberrantly regulate gene expres-
sion.3,4 Among their pleiotropic effects is enhanced macrophage
chemokine expression promoting pro-tumor M2-like macrophage
activation.5,6 In fact, in a small pilot study, the 5-year overall survival
rate dropped from 70% to 20% in patients with localized disease who
had greater than 30 CD68+ macrophages per 0.64 mm2 high-power
62 Molecular Therapy: Oncolytics Vol. 11 December 2018 ª 2018 The
This is an open access article under the CC BY-NC-ND license (http:
field in their tumor biopsies.1 Thus, tumor-associated macrophages
may be an attractive therapeutic target.

Another promising strategy to treat aggressive cancer is the emerging
field of oncolytic viruses that selectively replicate in and destroy
cancer cells. Oncolytic virotherapy is characterized by direct infection
of cancer cells and stimulation of a host antitumor immune
response.5,7,8 There is a growing number of clinical trials for oncolytic
virus therapy that demonstrate safety in adult and childhood cancer
patients, leading to the first Food and Drug Administration-approved
oncolytic virus, Talimogene laherparepvec (T-VEC), for the treat-
ment of metastatic melanoma.9–11 With these recent breakthroughs,
oncolytic virotherapy has the potential to become a new therapy
option for a wider variety of patients with solid tumors.

Interestingly, macrophages have variable effects on oncolytic viro-
therapy, although their interactions in Ewing sarcoma have not
been investigated. Although M2-like tumor macrophages are gener-
ally tumor promoting by suppressing the host antitumor immune
response, they also suppress the host antiviral immune response
that inhibits the direct oncolytic effect of virotherapy.5,12–14 M1-
like tumor macrophages are generally tumor suppressive by acti-
vating the host antitumor immune response; however, they can
also enhance the antiviral immune response and inhibit the oncolytic
effect of virotherapy.5,15,16 Within the categories of classically acti-
vated inflammatory M1 macrophage and alternatively activated im-
mune suppressive M2 macrophage there are non-canonical subtypes
of M1-like and M2-like macrophages that utilize different mecha-
nisms of immune stimulation and suppression, depending on how
the microenvironment stimulates the macrophages.17,18 These
non-canonical activation states include the M1-like M(lipopolysac-
charide [LPS]), M(interferon-gamma [IFNg]), and M(LPS+IFNg),
along with the M2-like M(IL-10), M(IL-4), M(transforming growth
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Figure 1. Clodrosome Depletion of Macrophages Enhances OV Efficacy

(A) Treatment regimen of A673 tumor xenograft-bearing mice given 400 mg of liposome or Clodrosome intravenously (i.v.) on day �3 and intraperitoneally (i.p.) on

days �2, �1, and 0 followed by weekly i.p. treatments. Oncolytic herpes simplex virus rRp450 was given at 107 pfu intratumorally (i.tu.) on days 0 and 2. (B) A673

flank tumors treated with the above regimen were measured until tumors reached an endpoint volume of 2,000 mm3. Both tumor growth curves with SEMs

and Kaplan-Meier plots of survival are shown. Error bars indicate SEM. (C) Virus replication in A673 xenografts treated with the above Clodrosome regimen and a

single 107 pfu dose of rRp450 given intratumorally (i.t.) at the time points indicated prior to tumor homogenization and plaque assay. Statistical analyses of survival

curves were performed using Mantel-Cox test, and bar graphs were done using unpaired multiple two-tailed t test; *p < 0.05, **p < 0.005, ***p < 0.0005. Error bars

indicate SD.
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factor-b [TGF-b]), andM(immune complex).19–21 Therefore, a thor-
ough analysis of the interactions between tumor cells, macrophages,
and oncolytic viruses is required to understand how tumor macro-
phages affect oncolytic virus efficacy.

We previously showed that direct injection of oncolytic herpes
virus into models of Ewing sarcoma is only partially effective at
slowing tumor growth, in part due to unknown effects of infil-
trating CD11b+ myeloid cells.22 To determine whether the effect
was due to macrophages, here we used two macrophage-reducing
strategies, including the well-known agent liposomal clodronate
(Clodrosome), which poisons mitochondrial electron transport
and, due to its liposomal formulation, is selectively taken up by
phagocytic cells, and trabectedin, which has also been shown to
reduce tumor-associated macrophages. In combination with viro-
therapy, these agents markedly increased antitumor efficacy and
were associated with a significantly altered tumor microenviron-
ment. The combination induced expression of antitumorigenic
genes and reduced expression of protumorigenic genes in both
the tumor-associated macrophages and the overall tumor stroma.
Trabectedin reduced intratumoral natural killer (NK) cells,
myeloid-derived suppressor cells (MDSCs), and M2-like macro-
phages, and prevented their increase following virotherapy. Our
data provide rationale for clinical trials of oncolytic virotherapy
with macrophage-targeted therapy.
RESULTS
Clodrosome Depletion of Macrophages Enhances Oncolytic

Virus Efficacy

In order to determine the effect of tumor macrophages on oncolytic
virus efficacy in a model of Ewing sarcoma, we used a regimen of
macrophage-depleting liposomal clodronate (Clodrosome) prior to
oncolytic herpes simplex virus infection. We treated athymic nude
mice previously implanted with A673 xenograft tumors with a com-
bination of intravenous and intraperitoneal Clodrosome or liposome
control prior to two intratumoral doses of rRp450, a herpes simplex
type 1 virus attenuated by deletion of the virus gene encoding the
large subunit of ribonucleotide reductase,23,24 or PBS control (Fig-
ure 1A). Clodrosome treatment alone did not impact established
A673 xenograft growth, while macrophage-intact liposome-treated
xenografts experienced a tumor growth delay with a few complete re-
sponses (CRs) (3/14 CR) following rRp450 injection (Figure 1B).
When we depleted macrophages with Clodrosome prior to rRp450
injection, however, we found that the majority of A673 xenografts
shrank to CR (8/14 CR). Although we hypothesized that the improved
antitumor efficacy of oncolytic virus with macrophage depletion was
likely due to increased virus production and/or spread, given that
macrophages are known to phagocytose virus-infected cells,14,25 we
did not observe a significant impact of macrophage depletion on
rRp450 replication kinetics in A673 xenografts except after 144 hr,
at which time the amount of virus recovered from tumors was even
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Figure 2. Clodrosome Reduces Systemic and Intratumoral Macrophages

(A and B) Flow cytometry quantification of total splenocytic (A) and tumor (B) macrophage infiltration and macrophage M1-like and M2-like phenotype infiltration in A673

xenografts on days 0, 5, and 25 in the single intratumorally (i.tu) rRp450 treatment regimen done in Figure 1C. Statistical analysis of bar graphs was done using unpaired

multiple two-tailed t test; *p < 0.05, **p < 0.005, ***p < 0.0005.
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less in the Clodrosome group (Figure 1C). These data suggest that
tumor macrophages diminish the effects of virotherapy through
mechanisms other than inhibiting oncolysis.

We sought to determine the effects of Clodrosome on systemic
(splenic) and tumor macrophages, specifically M1-like versus M2-
like macrophage populations. We used flow cytometry to analyze
leukocyte populations (see gating strategy in Figure S1) in mouse
spleens and rRp450-infected A673 tumors, and found that Clodro-
some induced significant depletion of both M1-like (CD11c+/
CD206�) and M2-like (CD11c+/CD206+) splenic macrophages (Fig-
ure 2A). Interestingly, the tumor macrophages were only partially
depleted (�50%; Figure 2B). Because M2-like tumor macrophages
were approximately 10-fold higher in abundance compared with
M1-like tumor macrophages, we postulated that the M2-like tumor
macrophages are responsible for limiting the efficacy of oncolytic
virus therapy in A673 tumors.

Clodrosome Depletion of Macrophages Prevents A673

Tumorigenesis

Given the importance of macrophages in restricting response to viro-
therapy in A673, we sought to determine their importance in tumor-
igenesis of this model. We pretreated athymic nude mice with a
similar regimen of intravenous and intraperitoneal Clodrosome prior
to subcutaneous implantation of Ewing sarcoma cells into the flank
(Figure 3A). The macrophage intact mice treated with liposome con-
trol quickly formed tumors that reached endpoint criteria within
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20 days (Figure 3B). However, the mice we pre-treated with Clodro-
some experienced a significant delay in tumor formation, with 50%
failing to establish a tumor until >60 days after A673 cell implanta-
tion. We again noted that Clodrosome reduced splenic macrophages
and had some impact on NK cell andMDSC populations as well (Fig-
ure 3C). Interestingly, the few tumors that formed 10 days after A673
implantation in the Clodrosome-treated mice acquired tumor macro-
phages comparable with the liposome control-treated tumors (Fig-
ure 3D); this finding may be due to variability in Clodrosome stability
or the ability of residual macrophages in the flank to assist in tumor
formation. These results suggest that tumor macrophages are
required for Ewing sarcoma tumorigenesis in this model.

M2-like Macrophages Interfere with Virus Cytotoxicity

The similar recovery of infectious virus from tumors suggested that
macrophages do not affect virus-mediated oncolysis in the A673
model. To confirm this finding, we assessed whether macrophages
in isolation could limit the effects of virus-mediated oncolysis by
evaluating oncolytic virus cytotoxicity in Ewing sarcoma cells
cultured with bone marrow-derived macrophages (BMDMs) stimu-
lated under various conditions. We isolated murine BMDMs and
stimulated them under conditions expected to polarize macrophages
toward an M2-like phenotype (IFNg, LPS, and IFN+LPS), toward
an M1-like phenotype (interleukin-10 [IL-10], IL-4, TGF-b), or
left them unstimulated to serve as a baseline control. To determine
the effects the different conditions had on gene expression patterns,
we created a 96-gene PCR array including known macrophage and



Figure 3. Clodrosome Depletion of Macrophages Impairs A673 Tumorigenesis

(A) Treatment regimen of athymic nude mice given 400 mg of liposome or Clodrosome intravenously (i.v.) on day�3 and intraperitoneally (i.p.) on days�2,�1, and 0 followed

by weekly i.p. treatments. A673 Ewing sarcoma cells were implanted subcutaneously into the flank on day 0. (B) A673 flank tumors treated with the above regimen were

measured until tumors reached an endpoint volume of 2,000mm3. Flow cytometry quantification of (C) splenocytic and (D) tumor leukocyte infiltrates in A673 tumors 10 days

after A673 cell implantation. Statistical analyses of survival curves were done using Mantel-Cox test, and bar graphs were performed using unpaired multiple two-tailed t test;

*p < 0.05, **p < 0.005, ***p < 0.0005. Error bars indicate SD.
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cancer-relevant murine genes. After normalizing gene expression to
the internal actin control, we performed an unsupervised clustering
of genes that showed significant changes across the different condi-
tions (Figure 4A). The results showed a cluster of genes that were
mostly activated following exposure to the LPS and/or IFNg stimuli
(top of Figure 4A), genes that were indiscriminately expressed
regardless of stimulation (middle of Figure 4A), and genes preferen-
tially activated following exposure to IL-4, IL-10, or TGF-b (bottom
of Figure 4A). We then directly cocultured these differently stimu-
lated macrophages with A673 cells prior to rRp450 virus infection
and semi-daily cytokine supplementation, and measured cell
viability relative to uninfected, unstimulated cocultures (Figure 4B).
Interestingly, we found that IFNg and TGF-b alone resulted in
some degree of cytotoxicity (compare uninfected black bars in Fig-
ure 4B). In addition, we found that unstimulated macrophages as
well as macrophages stimulated with IFNg (alone or, to a lesser de-
gree, with LPS) or with IL-4 caused further cytotoxicity, suggesting
that these cells are capable of recognizing and phagocytosing
stressed cancer cells. These data suggest that different macrophage
phenotypes may differ in their anti-cancer activity. Interestingly,
while virus infection reduced cell viability in all cases compared
with uninfected cells in the absence of macrophages (black bars in
oncolytic herpes simplex virus [oHSV] groups; Figure 4B), the addi-
tion of co-cultured cells did not affect virus-mediated cell killing in
any of the conditions. This finding is consistent with our in vivo
data suggesting that macrophage reduction via Clodrosome did
not change virus-mediated oncolysis.

Clodrosome and Virotherapy Independently Modulate Tumor

Macrophages and the Stromal Microenvironment

Because Clodrosome only partially reduced the numbers of intratu-
moral macrophages, we sought to determine any changes in the
phenotype of residual tumor-associated macrophages in the different
treatment groups. To do so, we isolated F4/80+ cells from harvested
tumors by magnetic bead selection and analyzed the same genes
from our in vitro study using the qPCR gene array and normalized
gene expression to the actin control. We were unable to match the
cell populations from any of the groups with any of the patterns
of expression we found in our prior in vitro study using cytokine-
stimulated bone marrow-derived macrophages, suggesting (not sur-
prisingly) that tumor-associated macrophages are comprised of a
mixed population of different phenotypes. Instead, we sought to
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Figure 4. Bone Marrow-Derived Macrophages Alter Phenotypes in Response to Exogenous Stimuli But Do Not Affect Viral Oncolysis

(A) F4/80+ bone marrow-derived macrophages were isolated and grown in 10F DMEM unstimulated or stimulated with LPS, IFNg, LPS+IFNg, IL-4, IL-10, or TGF-b

and analyzed for gene expression. (B) A673 Ewing sarcoma cells were cultured alone or cocultured with the different macrophage populations and infected with rRp450

for 6 days before performing MTS viability assays. Statistical analysis of viability curves was performed using ANOVA; *p < 0.05, **p < 0.005, ***p < 0.0005. Error bars

indicate SD.
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determine changes in gene expression in the combination group
(Clodrosome+oHSV), in which we saw significant antitumor activ-
ity, compared with the other groups. We normalized the expression
of each gene to the control group (liposome/PBS) and sorted their
expression from high to low in the combination group. As shown
in Figure 5, 15/26 genes associated with known anti-tumorigenic ac-
tivity increased, 5/26 remained unchanged, and 6/26 decreased in the
combination group. Conversely, in 10/23 pro-tumorigenic activity
increased, 3/23 remained unchanged, and 10/23 decreased in the
combination group. Interestingly, most of the changes in gene
expression were not shared in either of the single-agent treatment
groups, suggesting that both Clodrosome and virus acted in concert
to alter macrophage phenotypes. We also found expression of virus
genes in virus-treated tumors, suggesting that macrophages are
either directly infected or phagocytose virus-infected cells following
intratumoral virus injection.
66 Molecular Therapy: Oncolytics Vol. 11 December 2018
The use of human tumor xenograft models in mice enables us to
assess changes in gene expression specifically in the microenviron-
ment, distinct from cancer cells, by measuring changes in mouse
genes. In addition to analyzing isolated tumor-associated macro-
phages, we also analyzed the entire tumor microenvironment using
the qPCR microarray in a separate cohort of tumors. Similar to
our findings in macrophages, the tumor microenvironment in
the combination group was highly inflamed, with marked activa-
tion of anti-tumorigenic genes and suppression of pro-tumorigenic
genes (Figure 6). These changes mirrored but were even more
dramatic in numbers of genes and fold changed than those in
the F4/80+ macrophages. In the microenvironment as a whole,
17/26 genes associated with known anti-tumorigenic activity
increased, 7/26 remained unchanged, and 2/26 decreased in the
combination group. Conversely, 6/23 pro-tumorigenic activity
increased, 8/23 remained unchanged, and 9/23 decreased in the



Figure 5. Clodrosome Plus Virus Alter the Phenotypes of Tumor-Associated Macrophages

qPCR array of macrophage activity in F4/80+ tumor macrophages isolated from A673 xenografts treated under the regimen in Figure 1A at 5 days after the first rRp450

infection. Gene expression was normalized within each sample to actin; then the expression of each gene was normalized to that gene’s expression in the control liposome/

PBS group. Genes were sorted based on their expression in the combination Clodrosome/oHSV group.
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combination group. Again, many of the changes were not reflected
in either of the single-treatment groups. Our findings suggest that
reduction of macrophages by Clodrosome enabled cells in the
microenvironment to react to virus infection more profoundly,
either directly or indirectly.

We noted that one of the genes decreased by Clodrosome in the
microenvironment was TGF-b. We previously reported TGF-b
signaling inhibited oncolytic virus efficacy in immunocompetent
rhabdomyosarcoma models.26 Therefore, we also inhibited A673
TGF-b receptor family signaling using the small molecular inhibitor,
A8301, as we had in that study, in combination with oncolytic virus
infection. In contrast with our findings in the immunocompetent
sarcoma model, in this T cell-deficient setting we did not observe a
significant change in tumor response to oncolytic virus therapy
(Figure S2).
Trabectedin-Mediated Macrophage Modulation Enhances

rRp450 Efficacy

Although Clodrosome is a useful tool for depleting macrophages
in animal models, we sought a clinically relevant approach that
might be useful in combination with virotherapy. Trabectedin is
a chemotherapeutic that has been previously shown to deplete tu-
mor macrophages.27 While trabectedin is currently FDA approved
for liposarcoma, there is a growing body of preclinical research
demonstrating therapeutic efficacy in Ewing sarcoma,28–31 thought
to be due to the interruption of the transcriptional activation
by EWS-FLI1. For these reasons we sought to test the combina-
tion of trabectedin and oncolytic virus therapy against Ewing
sarcoma.

We administered A673 xenograft-bearing athymic nude mice with
two doses of intravenous trabectedin on days 0 and 7, along with
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Figure 6. Clodrosome Plus Virus Alter the Tumor Stromal Microenvironment

qPCR array with mouse-specific primers of whole A673 tumor powder treated under the regimen in Figure 1A at 5 days after first rRp450 infection. Gene expression was

analyzed as in the legend of Figure 5.

Molecular Therapy: Oncolytics
two doses of intratumoral rRp450 on days 0 and 2 (Figure 7A).
Similar to Clodrosome and consistent with prior reports, we found
trabectedin reduced tumor-associated macrophages (Figure 7B).
Interestingly, trabectedin primarily reduced M2-like macrophages,
but not M1-like macrophages, whereas Clodrosome reduced
both. We also noted that trabectedin reduced NK cells and MDSCs.
While trabectedin alone had no effect on established A673 tumor
growth, the combination of trabectedin with rRp450 significantly
improved mouse survival compared with oncolytic virus therapy
alone (Figure 7C). As with Clodrosome, the effect did not appear
to be due to differences in virus-mediated oncolysis because we
did not observe any differences in live virus recovered from tumors
(Figure 7D).

Finally, we sought to test our findings in a second model of Ewing
sarcoma to determine the generalizability of our findings. We found
the TC71 model to be less dependent on macrophages for growth, as
evidenced by the lack of a statistical difference in the delay of the
68 Molecular Therapy: Oncolytics Vol. 11 December 2018
appearance and growth rate of tumors in the pre-implantation Clo-
drosome treatment (Figure 8A), in contrast with A673. Similarly,
although there was a trend toward improved virotherapy efficacy
when combined with Clodrosome, the differences in tumor growth
rates and animal survival also did not reach statistical significance
(Figure 8B). Regarding therapeutic efficacy, virotherapy alone had
a more profound effect on slowing tumor growth in TC71 (Fig-
ure 8C) than in A673, and although the addition of trabectedin
resulted in more initial responses than virotherapy alone (5/12
[42%] CRs and 5/12 [42%] partial responses in the combination
for a total of 84% response rate, compared with 2/8 [25%] CRs and
1/8 [12.5%] partial responses for a total of 37.5% response rate), there
was no difference in overall animal survival. These data are all consis-
tent with the idea that tumor models dependent on macrophages
for progression may be less responsive to virotherapy but can be
rendered more susceptible by modulating the tumor-associated mac-
rophages and the immune microenvironment with Clodrosome or
trabectedin.



Figure 7. Trabectedin Enhances Oncolytic Herpes Virus Efficacy

(A) Treatment regimen of A673 tumor xenograft-bearing mice given 0.15 mg/kg trabectedin intravenously (i.v.) on days 0 and 7. Oncolytic herpes simplex virus rRp450 was

given at 107 pfu intratumorally (i.tu.) on days 0 and 2. (B) Flow cytometry quantification of tumor leukocyte infiltrates in A673 tumors on day 3. (C) A673 flank tumors treated

with the above regimen were measured until tumors reached an endpoint volume of 2,000 mm3. Statistical analyses of survival curves were performed using the Mantel-Cox

test, and bar graphs were done using unpairedmultiple two-tailed t test; *p < 0.05, **p < 0.005. (D) Virus replication in A673 xenografts treated with or without trabectedin and

a single 107 pfu dose of rRp450 given i.t. at the time points indicated prior to tumor homogenization and plaque assay. Error bars indicate SD.
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DISCUSSION
Here we report that xenograft models of Ewing sarcoma are varia-
bly dependent on macrophages for tumorigenesis, and systemic
strategies to diminish macrophages enhance the antitumor response
to oncolytic herpes virotherapy without changes in the kinetics of
virus replication. Instead, we found that the combination of Clo-
drosome or trabectedin with virotherapy markedly altered the
phenotype of tumor-associated macrophages and the tumor stroma
toward a more inflammatory state, as well as altered the cellular im-
mune microenvironment.

Our data suggest that a deeper understanding of the biology of tu-
mor-associated macrophages in the context of oncolytic virotherapy
is warranted. While the importance of non-canonical macrophage
activity has been recognized in the field of trauma and wound heal-
ing research, there have been few studies of the impact of non-
canonical macrophages on tumor progression and immuno-
therapy.19,21,32 Although IL-12 expressing oHSV has been shown
to induce phosphorylated signal transducer and activator of tran-
scription 1 (p-STAT1)+/inducible nitric oxide synthase (iNOS)+

M1-like macrophage polarization, the additional inhibition of
immune checkpoint signaling was required to improve oncolytic
virus (OV) antitumor efficacy in glioblastoma models.33 M1-like
p-STAT1/3+ tumor-associated macrophages (TAMs) have also
been shown to inhibit oHSV replication in infected macrophages,
suggesting that viral genes found in infected A673 macrophages
are not likely replicating virus.34 There is also evidence that individ-
ual macrophages can be simultaneously stimulated into M1-like and
M2-like activity during wound healing.19,20 Even though transcrip-
tional analysis of individual macrophages was outside the scope of
Molecular Therapy: Oncolytics Vol. 11 December 2018 69
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Figure 8. The Ewing Sarcoma Model TC71 Is Less Dependent on Macrophages and More Susceptible to Oncolytic Virotherapy

(A) Animals were pretreated with Clodrosome or its control liposome using the regimen in Figure 3A and monitored for tumor development and growth. NSp = 0.1359. (B)

TC71 tumor-bearing animals were treated as in Figure 1A and followed for tumor growth and animal survival. p = 0.2 for Lip/PBS compared with Clod/PBS; p = 0.07 for

Lip/PBS compared with Lip/oHSV. (C) TC71 tumor-bearing animals were treated as in Figure 7A and followed for tumor growth and animal survival. NS, not significant.

**p < 0.005, ***p < 0.0005. Error bars indicate SD.
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this project, it would be interesting to determine whether individual
tumor macrophages can act simultaneously as M1-like and M2-like
macrophages.

Our findings also strongly support the combination therapy of onco-
lytic herpes simplex virus and trabectedin to improve Ewing sarcoma
treatment. Trabectedin is a DNA intercalation chemotherapeutic
that is particularly attractive for Ewing sarcoma because it disrupts
EWS/FLI1 transcription; in some models, such activity results in
single-agent activity,28–31 although we did not observe any efficacy
of trabectedin alone in A673 or TC71 despite administering doses
previously shown to reduce EWS/FLI1 expression. In addition to
inhibiting EWS/FLI-mediated tumor progression, trabectedin also
depletes TRAILR2+ tumor leukocytes, such as macrophages and
MDSCs.27,35,36 Interestingly, in addition to effects on these cell pop-
ulations, we also observed trabectedin-mediated depletion of NK cells
that has not been previously reported. Although trabectedin as a
70 Molecular Therapy: Oncolytics Vol. 11 December 2018
monotherapy was insufficient in reducing A673 tumor xenograft
growth, it enhanced oncolytic herpes simplex virus antitumor efficacy
similar to the effects we observed with Clodrosome. The additional
depletion of MDSCs is also likely to play a role, considering that
MDSCs tend to differentiate into pro-tumorigenic M2-like macro-
phages.37–39

One of the limitations in Ewing sarcoma research is the lack of immu-
nocompetent animalmodels. Despite extensive study of the transloca-
tion resulting in the EWS/FLI protein, the cell of origin for Ewing
sarcoma remains elusive.40,41 Although this knowledge gap limits
study of in vivo T cell interaction in animal models of Ewing sarcoma,
it is known that M1-like andM2-like tumormacrophages strongly in-
fluence the activation of CD8+ and regulatory T cells, respectively.42–44

Therefore, we postulate that the phenotypic changes in gene expres-
sion wemeasured in tumormacrophages and the immunemicroenvi-
ronment will increase CD8+ T cell activation in immunocompetent
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Ewing sarcoma patients and further enhance the virus-induced anti-
tumor immune response we observed in the athymic nude mouse
model. However, it must also be noted that both trabectedin and
oncolytic virus therapy can increase immune checkpoint inhibition
signaling, which may inhibit T cell activation against tumor anti-
gens.35,45–49 It would be interesting to determine the efficacy of
immune checkpoint inhibition in combination with trabectedin and
oncolytic virus therapy in immunocompetent pediatric sarcoma
models.

Overall, our data suggest that the presence of immunosuppressive
tumor macrophages in Ewing sarcoma may be a potential biomarker
for patients who would benefit from a combination of trabectedin and
oncolytic virus therapy. Trabectedin and oncolytic herpes simplex
virus combination therapy greatly increased survival of mice im-
planted with Ewing sarcoma xenografts that exhibited a strong
macrophage dependence. Our data support examining a larger panel
of pediatric sarcomas to validate macrophage effects on oncolytic
virus antitumor efficacy and determine the probable success of a clin-
ical trial combining trabectedin and oncolytic virus therapy in pedi-
atric sarcoma patients.

MATERIALS AND METHODS
Experimental Design

The objectives of this study were to determine the effect of macro-
phages on oncolytic virus antitumor efficacy in Ewing sarcoma xeno-
grafts and design a combination therapy to enhance therapeutic
outcome in Ewing sarcomas that exhibit macrophage-dependent in-
hibition of oncolytic virus therapy. We pursued these objectives by
treating athymic nude mice bearing Ewing sarcoma xenografts with
oncolytic virus and macrophage-depleting drugs, and recording tu-
mor progression (n = 12–14, endpoint at tumor volume
>2,000 mm3 or day >60), leukocyte infiltration (n = 2–5), and virus
replication (n = 4–6). We determined the effect of macrophage activ-
ity on oncolytic virus antitumor efficacy by coculturing oncolytic
virus-treated Ewing sarcoma cells with bone marrow-derived macro-
phages (n = 6) and then performing qPCR array analysis of whole
tumor and F4/80+ macrophage activation, viral infection, and anti-
tumor gene expression (n = 3–6). Treatment group was assigned
through simple randomization of each mouse bearing a xenograft
ranging from 150 to 250 mm3. Flow cytometry analyses were blinded
to treatment group. Outliers were defined as having a value greater
than 3 SDs from the mean. Each graph is the accumulation of two
to three experimental replicates.

Cell Lines and Virus

The A673 human Ewing sarcoma cell line and Vero green monkey
kidney cell line were purchased from American Type Culture Collec-
tion (Manassas, VA, USA). The TC71 human Ewing sarcoma cell line
was obtained from the Children’s Oncology Group repository
(https://www.cccells.org). The identities of cell lines were confirmed
by short tandem repeat (STR) genotyping, and mycoplasma testing
was performed monthly via PCR. A673 and Vero cell lines were
cultured in DMEM (Invitrogen) supplemented with 10% FBS (Invi-
trogen), and TC71 was cultured in RPMI medium (Invitrogen) sup-
plemented with 10% FBS. New stocks of cell lines were thawed every
five to eight passages in vitro (approximately 1 month). The oncolytic
virus rRp450, attenuated by insertion of the rat cytochrome p450
CYP2B1 gene into the viral ribonucleotide reductase ICP6 gene,
was provided by E. Antonio Chiocca (Brigham and Women’s Hospi-
tal, Boston, MA, USA). All virus stocks were produced and purified by
the Virus Production Core at the University of Pittsburgh, School of
Medicine.

Compounds and Reagents

Liposomal clodronate (Clodrosome) and control liposome were pur-
chased from Encapsula NanoSciences (Brentwood, TN, USA). Cyto-
kines were purchased through PeproTech (Rocky Hill, NJ, USA).
Trabectedin was generously provided by Janssen Pharmaceutical
Companies of Johnson and Johnson (Titusville, NJ, USA). For in vivo
studies, trabectedin provided by Janssen Pharmaceutics was formu-
lated daily at 0.0375 mg/mL in sterile purified water.

Animal Studies

All animal studies were approved by the Institutional Animal Care
and Use Committee (IACUC protocol AR12-00074) for the Research
Institute at Nationwide Children’s Hospital. Female athymic nude
mice, aged 4–6 weeks and weighing 15–25 g, were purchased from
Envigo (Indianapolis, IN, USA). These mice were subcutaneously in-
jected with 5.0 � 106 A673 or TC71 cells in a 150-mL mix of PBS and
matrigel (2:1). Preformulated Clodrosome or control liposome was
injected intravenously and intraperitoneally prior to rRp450 intratu-
moral infection for efficacy studies or Ewing sarcoma cell subcutane-
ous flank implantation for tumorigenesis studies as described in
the figure legends. A8301 TGF-b receptor superfamily inhibitor
(Sigma-Aldrich) was formulated at 5.0 mg/mL in DMSO. A8301 or
equal volume of plain DMSO was diluted in PBS to 6 mg/kg A8301
and administered intraperitoneally thrice weekly as described in the
figure legends. Trabectedin was formulated at 0.0375 mg/mL in the
water as described above. Trabectedin or vehicle was administered
intravenously by tail vein injection in a final volume of 100 mL.
rRp450 was diluted in PBS to 1.0 � 108 plaque-forming units
(pfu)/mL and administered intratumorally in a final volume of
100 mL. PBS was administered intratumorally as the control for
rRp450 in a final volume of 100 mL.

In Vivo Efficacy Studies

When tumors reached a mean volume between 150 and 250 mm3,
mice were randomized into four study groups depending on the
experiment. The specific dosing schema for each experiment is
described in the figure legends. Animals were followed until the ani-
mal reached endpoint criteria (including tumor volume >2,000 mm3,
body weight loss >20%, unusual mouse behavior, lack of movement,
or poor posture) or 60 days. Tumor size was measured using calipers
thrice weekly, and tumor volume was calculated using the following
formula: a � b2 � (p/6), where a is the length and b is the width.
Mice were also weighed and observed three times per week for signs
of endpoint condition. Mice that demonstrated signs of toxicity or
Molecular Therapy: Oncolytics Vol. 11 December 2018 71
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reached endpoint criteria were humanely euthanized by CO2 asphyx-
iation and subjected to cervical dislocation as the secondary method
of euthanasia.

Viral Replication

Xenograft tumors from mice treated with liposome, Clodrosome, or
trabectedin regimens described in the figure legends were harvested
3, 72, and 144 hr after infection. Tumors were homogenized and sub-
jected to three cycles of freezing and thawing before 5–8 log serial
dilution in 10% FBS DMEM and inoculation of a �90% confluent
12-well plate of Vero cells. Virus was applied for 2 hr before adding
overlay media (1% carboxymethylcellulose [CMC], 1� MEM, 10%
FBS) and incubating in a 37�C incubator for 2 days. Plates were
stained in crystal violet for 20 min, washed in tap water, and dried
overnight. Viral plaques are counted and multiplied by serial dilution
to determine viral titer. Each graph is the accumulation of two to three
experimental replicates.

Flow Cytometry

Splenocytes or single tumor cell suspensions were prepared as
described previously.50 1 � 106 cells were blocked with 5% mouse
Fc blocking reagent (2.4G2; BD Biosciences) in fluorescence-activated
cell sorting (FACS) buffer (1% FBS and 1 mM EDTA in PBS) and
stained with antibodies against CD206-fluorescein isothiocyanate
(FITC) (C068C2), CD49b-PE (DX5), Ly6C-antigen-presenting cell
(APC) (AL-21), CD11c-PerCP/Cy5.5 (N418), CD11b-Violet 421
(M1/70), F4/80-PE-Cy7 (BM8), and Ly-6G-APC-Cy7 (1A8) on ice
for 30 min. Stained cells were washed with FACS buffer and fixed
in 0.5% paraformaldehyde. Samples were acquired on a BD FACS
LSR II (BD Biosciences), and cell infiltrate analysis was carried out us-
ing the FlowJo software, version 10.0.3 (Tree Star). All the staining an-
tibodies were obtained from BioLegend except for anti-Ly6C (BD
Biosciences).

Coculture Cytotoxicity

Bone marrow-derived macrophages (BMDMs) were positively
selected from athymic nude mouse bone marrow using F4/80+ an-
tibodies conjugated to magnetic beads, then incubated in 20% FBS
RPMI supplemented with 200 ng/mL macrophage-colony stimu-
lating factor (M-CSF) for >5 days. BMDMs were then left unstimu-
lated in 20% FBS RPMI or supplemented with 20 ng/mL IFNg,
20 ng/mL IFNg + 5 ng/mL LPS, 5 ng/mL LPS, 20 ng/mL IL-4,
20 ng/mL IL-10, or 20 ng/mL TGF-b for 48 hr. Two thousand
A673 or TC71 Ewing sarcoma cells were plated in 96-well plates
alone or directly cocultured with 200 cells/mL BMDM cultures
in 10% FBS DMEM stimulated with the respective cytokines of
the BMDMs for 2 hr. Cocultures were then infected with
oHSVrRp450 at MOI 0.1 or 0 and incubated at 37�C for 6 days
with additional cytokine stimulation to starting concentrations
every 48 hr. Cell viability was determined using the CellTiter
96 (Promega) MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay kit. Cell
viability was calculated by recording the 490 nm absorbance values
and omitting the values of the infected BMDM cultures alone from
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their respective Ewing sarcoma cell cocultures. The Ewing sarcoma
absorbance values where then normalized to the values of the un-
infected Ewing sarcoma alone-treated wells.

Biomark qPCR Array

Whole tumor lysates from Clodrosome/Liposome PBS/rRp450-
treated A673 xenografts described above were harvested at 3 hr,
5 days, and 25 days postinfection. F4/80+ tumor macrophages ly-
sates were harvested from Clodrosome/Liposome PBS/rRp450-
treated A673 xenografts described above using a 44%/66% percoll
RPMI gradient extraction of the buffy coat, followed by positive
selection of F4/80+ tumor macrophages using antibody-conjugated
magnetic beads. The stimulated BMDMs cultured alone and co-
cultured with Ewing sarcoma cells described above were har-
vested and lysed. With the assistance of the Ohio State University
Genomics Core, RNA was extracted from these samples using
an RNeasy Plus Mini Kit (Qiagen), diluted to a concentration
of 10 ng/mL, and run on a Biomark HD qPCR array chip (Fluid-
igm) with a custom panel of gene primers designed by Fluidigm
targeting genes we selected including housekeeping, HSV-1, and
genes known to be differentially expressed in variously polarized
macrophages. See the Delta Gene Assay Report in the Supple-
mental Information for a complete listing of genes tested and their
amplicon sizes. Relative RNA expression values for each gene were
normalized to actin expression for each treatment condition using
the 2�DDCt method. See Tables S1, S2, and S3 for raw threshold cy-
cle (Ct) data and normalization calculations for all of the genes
tested.

Statistical Analysis

Survival studies were analyzed using Mantel-Cox log rank test. Com-
parison of samples with normal distribution was analyzed using Stu-
dent’s t test. Difference among group means was determined with
ANOVA. Statistical tests were run on Microsoft Excel or GraphPad
Prism v7.0. Significant differences in samples groups were deter-
mined by p < 0.05, whereas significant trends were determined by
0.05 < p < 0.15.

SUPPLEMENTAL INFORMATION
Supplemental Information includes two figures, one Delta Gene
Assay Report, and three tables, and can be found with this article
online at https://doi.org/10.1016/j.omto.2018.10.001.
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