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ABSTRACT
Background Oncolytic virotherapy (OV) is an 
immunotherapy that incorporates viral cancer cell lysis 
with engagement of the recruited immune response 
against cancer cells. Pediatric solid tumors are challenging 
targets because they contain both an inert immune 
environment and a quiet antigenic landscape, making 
them more resistant to conventional OV approaches. 
Further complicating this, herpes simplex virus suppresses 
host gene expression during virotherapy infection.
Methods We therefore developed a multimodal oncolytic 
herpes simplex virus (oHSV) that expresses ephrin 
A2 (EphA2), a shared tumor- associated antigen (TAA) 
expressed by many tumors to improve immune- mediated 
antitumor activity. We verified the virus genotypically and 
phenotypically and then tested it in an oHSV- resistant 
orthotopic model (including immunophenotypic analysis), 
in flank and in T cell- deficient mouse models. We then 
assessed the antigen- expressing virus in an unrelated 
peripheral tumor model that also expresses the shared 
tumor antigen and evaluated functional T- cell response 
from the treated mice.
Results Virus- based EphA2 expression induces a robust 
acquired antitumor immune responses in both an oHSV- 
resistant murine brain and peripheral tumor model. Our 
new multimodal oncolytic virus (1) improves survival 
in viroimmunotherapy resistant tumors, (2) alters both 
the infiltrating and peripheral T- cell populations capable 
of suppressing tumor growth on rechallenge, and (3) 
produces EphA2- specific CD8 effector- like populations.
Conclusions Our results suggest that this flexible viral- 
based platform enables immune recognition of the shared 
TAA and improves the immune- therapeutic response, thus 
making it well suited for low- mutational load tumors.

INTRODUCTION
Therapeutic advancements have improved 
the outcome for many cancers; however, 
some tumors remain resistant to conventional 
strategies and require different therapeutic 

approaches. Cancer immunotherapy is a 
novel treatment option that involves priming 
the immune system for tumor cell eradication. 
Immunotherapies have been used to over-
come the limited efficacy of the classic ther-
apeutic options like surgery, radiotherapy, 
chemotherapy, and therapy for patients 
with advanced stage solid tumor.1 However, 
not all cancers are responsive to immuno-
therapy. A paucity of lymphocytic immune 
cell infiltrates and a metabolically restrictive 
immunosuppressive microenvironment can 
limit the efficacy of this approach.2 In other 
cases, limited neoantigen targets due to low 
mutational loads have also been proposed to 
limit durable antitumor immunotherapeutic 
responses.1

Malignant gliomas (MGs) and malignant 
peripheral nerve sheath tumors (MPNSTs) 
are two highly treatment- resistant cancers 
that affect adults and children and involve 
the nervous system.3–5 Gliomas are highly 
vascular and complex tumors containing both 
paradoxically inflamed and immune- resistant 
environments.6 Surgical resection followed 
by temozolomide and radiation therapy has 
improved median survival; however, most 
patients suffer local regrowth of tumor and 
median survival remains <2 years for most 
patients. MPNSTs are solid tumors of the 
peripheral nervous system with a complex 
tumor biology and equally poor prognosis.3 7 
MPNSTs are resistant to conventional thera-
pies (chemotherapy and radiation therapy), 
and surgery remains the mainstay of treat-
ment.7 Unfortunately, these tumors have 
high local recurrence rates and, at the time of 
tumor discovery, metastatic disease is present 
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in the majority of patients, leading to a 5- year survival rate 
between 23% and 69%.7 8

Cancer cells often express tumor- associated antigens 
(TAAs) that not only contribute to malignant transforma-
tion, tumor cell survival, and metastases but also can serve 
as immunotherapeutic targets.9–11 These ‘shared’ proteins 
(eg, ephrin A2 (EphA2), interleukin 13 receptor alpha 2, 
survivin (BIRC5), and epidermal growth factor receptor 
variant 3) are often expressed in non- malignant tissue 
during periods of high mitotic activity (eg, embryogen-
esis) or in immune- privileged sites but can also be aber-
rantly expressed in tumors (overexpression and different 
subcellular localization), where they provide a survival or 
growth advantage for malignant cells.12–15 They are diffi-
cult to generate immune activity because the immune 
system recognizes these antigens as self- proteins, and 
high- affinity T cells are eliminated by clonal deletion as 
part of central tolerance.16

EphA2 is one such shared antigen that belongs to the 
Eph subfamily of receptor tyrosine kinases. The protein 
contributes to cellular proliferation, migration, repulsion, 
and adhesion during neuronal, vascular, and epithelial 
development, and is expressed by immune cells and osteo-
clasts where it participates in bone remodeling.17 EphA2 
is also often upregulated in some mesenchymal tumors 
(melanoma and MGs) and in epithelial cancers (ovarian, 
cervical, prostate, breast, gastric, lung, colon, esophageal, 
and bladder cancers).18–20 As a tumor antigen, EphA2 is 
associated with tumor initiation, angiogenesis, metastasis, 
and overall poor prognosis.21 Ephrin family members 
use a complex bidirectional signaling mechanism where 
it can act both as a ligand and receptor.22 Because of 
its expression in a broad and large number of cancers, 
Epha2 has also been targeted therapeutically.9 20 Because 
of its high functional complexity, EphA2 can produce 
‘ligand- independent’ stimulatory activity in some tumors 
and, in others, generate a ligand- dependent tumor- 
suppressive effect.23 24 Therefore, investigators have used 
both direct EphA2 inhibition (small molecule inhibi-
tors, ephrin receptor blocking peptides, or antibodies) 
to block stimulatory kinase signaling as well as transient 
EphA2 pathway stimulation to induce inhibitory pathways 
and feedback responses to reduce tumor growth through 
this pathway.20 For our studies, we sought to target this 
ubiquitous TAA and improve the immunotherapeutic 
response against the tumor using virotherapy.

Viroimmunotherapy uses viruses (both naturally occur-
ring or genetically modified agents) to preferentially 
target tumor cells, inducing both a direct cytolytic as 
well as an immune- mediated lytic response against the 
cancer.4 25 Oncolytic herpes simplex virus (oHSV) is one 
of many virus- based platforms and has been safely used in 
clinical trials for a wide range of cancer types, including 
brain tumors.4 Although traditional oncolytic virotherapy 
(OV) approaches can promote neoantigen recognition by 
adaptive immune cells, this process is less likely to be effec-
tive in low- mutational load tumors.25 Therefore, we postu-
lated that OV- based immunostimulation and expression 

of shared tumor antigens would be an effective approach 
to prime immune response in a low- mutational load 
tumor.25 Viral infections are well described at breaking 
immune tolerance and inducing autoimmunity to self- 
antigens.26 27 Herpes simplex virus (HSV) is no excep-
tion and, in some patients, has been shown to induce a 
systemic autoimmune reaction (erythema multiforme), 
a T cell- mediated keratitis, or an autoimmune- mediated 
encephalitis.28–30 Like other viruses, HSV has evolved 
mechanisms to survive the antiviral response and confines 
the peak of the immune response during its lytic phase, 
but over time, immunity and local inflammation suppress 
lytic viral infection.31 Nevertheless, HSV produces a life-
long infection in humans, periodically reactivating from 
its latent form. During HSV reactivation, the virus can 
replicate despite prior immunity, although the duration 
of lytic infection is shortened by a memory population 
that responds to the virus- infected cells.32

While oHSV infection recruits immune effectors, it 
also suppresses host gene expression in the infected 
cell.33–35 This enables selective viral gene expression but 
also likely suppresses immune recognition of host genes, 
including tumor antigens, during oHSV infection.36 We 
hypothesized that OV- based expression of a shared TAA 
would enhance TAA immune recognition and improve 
OV antitumor activity. To test this hypothesis, we used 
a next- generation oHSV (C134) to create recombi-
nants that encode the full length and secreted murine 
(C57BL/6) EphA2. Using two different C57BL/6- based 
immune- competent tumor models, our results show that 
oHSV- based tumor antigen expression improves survival 
and antitumor activity in two oHSV- resistant tumor 
models. Virus- based tumor antigen expression not only 
induces tumor- infiltrating leukocyte (TIL) and periph-
eral immune cell phenotypical changes but also produces 
functional populations with an improved Epha2 antigen 
response capable of suppressing tumor growth on rechal-
lenge of survivors. Our exciting findings confirm that 
OVs can be modified to enhance immune recognition of 
‘self’ TAAs and that this strategy of in situ antitumor vacci-
nation can be harnessed as a virotherapeutic approach 
in the low- mutational load environment. Taken together, 
our results suggest that this therapeutic approach is not 
limited to one unique animal model and may be appli-
cable to other EphA2(+) tumors beyond nervous system 
tumors (eg, triple negative breast cancer, pancreatic, 
ovarian, colon, prostate, sarcoma, and MGs).

MATERIALS AND METHODS
Cell lines and viruses
CT2A cells were kindly provided by Dr Thomas Seyfried 
(Boston College, Chestnut Hill, Massachusetts, USA) 
and were propagated in Dulbecco’s modified eagle 
medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS). 67 C- 4 was kindly provided by Dr Nancy 
Ratner (University of Cincinnati, Cincinnati, Ohio, 
USA) and maintained in DMEM supplemented with 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-002939 on 1 O

ctober 2021. D
ow

nloaded from
 

http://jitc.bmj.com/


3Ghonime MG, et al. J Immunother Cancer 2021;9:e002939. doi:10.1136/jitc-2021-002939

Open access

10% FBS. Vero cells (ATCC, Manassas, Virginia, USA) 
were used for growing virus selection, stock prepara-
tions, and limiting plaque dilution titration studies. 
Tumor lines were tested negative for mycoplasma 
contamination by PCR and in vivo detect (Invivogen, 
San Diego, California, USA). Tumor cells with relatively 
low passage numbers (<12 passages) were used in the 
study before returning for a ‘low’ passage form of the 
cell line to minimize genetic drift in our studies. The 
HSV- 1 (F) strain was kindly provided by Dr Bernard 
Roizman (University of Chicago, Chicago, Illinois, USA); 
C134 has been described previously.37 38 Briefly, C134 
is a Δγ134.5 virus that contains the HCMV IRS1 gene 
under control of the CMV IE promoter in the UL3/UL4 
intergenic region.38 C154 is an Enhanced Green Fluo-
rescent Protein (EGFP)- expressing version of C134 with 
EGFP encoded in the γ134.5 locus. C170 and C172 were 
created from C154 and encode the MND promoter- 
driven full length (C170) and extracellularly secreted 
(C172) C57BL/6 EphA2. Viruses were confirmed genet-
ically by DNA hybridization studies for EphA2 protein 
expression and cell localization by immunostaining 
studies from cell lysate and media supernatant samples 
(western blot), immunocytochemistry of paraformalde-
hyde fixed and permeabilized cells, and by flow cytom-
etry of non- permeable cell staining.

Viral spread and recovery assays (in vitro)
CT2A and 67 C- 4 cells were plated into clear, 48- well 
flat- bottom polystyrene tissue culture- treated micro-
plates (Corning, New York, USA) and allowed to adhere 
overnight at 37°C. Cells were infected the following day 
with equivalent multiplicity of infection (MOI) of wild- 
type, C134, and C134- based antigen expressing viruses 
(C170 and C172), and the plates were monitored using 
the IncuCyte ZOOM platform, which was housed inside 
a cell incubator at 37°C with 5% CO2 until the end of 
the assay. Nine images per well from three replicates were 
taken every 3 hours for 3 days using a ×10 objective lens 
and then analyzed by phase contrast using the IncuCyte 
Basic Software. In addition, infected cell samples were 
harvested at 24- hour intervals postinfection, and viral 
recovery was measured by limiting plaque dilution similar 
to that previously described.

IncuCyte ZOOM viral spread assay
Cells were plated into 96- well flat clear bottom polysty-
rene tissue culture- treated microplates (Corning) and 
allowed to adhere overnight. C134 or C170 was added at 
the indicated MOI, and the plates were transferred into 
the IncuCyte ZOOM platform, which was housed inside a 
cell incubator at 37°C with 5% CO2, until the end of the 
assay. Four images per well from three technical replicates 
were taken every 3 hours for 3 days using a ×10 objective 
lens and then analyzed using the IncuCyte Basic Software. 
Green channel acquisition time was 400 ms in addition to 
phase contrast.

Western blotting
Cellular lysates from tumor samples were collected on 
ice in a disruption buffer (10 mM Tris–Cl pH 8.0, 1 mM 
EDTA, 1% Triton X100, 0.1% sodium deoxycholate, 
0.1% Sodium Dodecyl Sulfate (SDS), 140 mM NaCl, 20% 
β-mercaptoethanol, and 0.04% bromophenol blue) with 
complete, mini protease inhibitor cocktail (Indianap-
olis, Indiana, USA). The protein concentrations were 
determined using Pierce BCA Protein Assay Kit (Thermo 
Fisher Scientific, Rockford, Illinois, USA). Samples were 
denatured at 98°C for 5 min, chilled on ice, separated by 
Polyacrylamide Gel Electrophoresis (PAGE), transferred 
to a nitrocellulose membrane (Thermo Fisher Scientific) 
and blocked for 1 hour at room temperature with 5% dry 
milk (S.T. Jerrell Co.) or bovine serum albumin (Thermo 
Fisher Scientific). Membranes were incubated overnight 
at 4°C with primary antibody diluted in Tris- buffered 
saline with 0.1% Tween- 20 (TBST). Primary antibodies 
against Myc (9B11: 1:1000) were purchased from Cell 
Signaling Technology. Membranes were repeatedly 
washed with TBST, incubated for 1 hour with Horseradish 
Peroxidase (HRP)- conjugated goat antimouse (Pierce) 
diluted in TBST (1:20,000 dilution) at room temperature 
and subsequently washed with TBST. Membranes were 
developed using SuperSignal West Pico Chemilumines-
cent Substrate (Thermo Fisher Scientific) and exposed to 
X- ray film (Research Products International).

Animal tumor studies
Animal studies were approved by the Nationwide Chil-
dren’s Hospital Institutional Animal Care and Use 
Committee (IACUC, protocol number AR16- 00088 and 
AR16- 00069) and performed in accordance with guide-
lines established by the National Institutes of Health 
(NIH) Guide for the Care and Use of Laboratory Animals. 
Two syngeneic C57BL/6 tumor models were used in 
these studies: an intracerebral CT2A glioma tumor model 
and a flank 67 C- 4 MPNST model. For the intracerebral 
studies, C57BL/6 mice 6–8 weeks old were obtained from 
Envigo (Frederick, Maryland, USA) and were implanted 
with 1×105 CT2A in 5% methylcellulose using a stereo-
tactic frame, similar to our earlier studies.37 39 Five days 
later, mice were randomized and treated with vehicle or 
virus (1×107 Plaque Forming Units [PFU]/10 µL) using 
the same stereotactic coordinates. Mice were assessed 
daily and moribund mice were sacrificed, and dates were 
recorded. Mice which survived their CT2A brain tumors 
also underwent CT2A flank tumor rechallenge to test 
for circulating functional antitumor response effectors 
similar to our earlier studies.39 Mice were considered 
long- term responders after no additional tumor- related 
deaths occurred within a cohort greater than a 1month 
period. These oHSV- treated ‘survivor mice’ were main-
tained and, together with a naïve C57BL/6 cohort, were 
rechallenged with five times the number of tumor cells 
in their flanks (5×105) and followed up for tumor growth 
similar to that described previously.
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To assess tumor growth characteristics and response 
to virotherapy, CT2A tumors were also independently 
implanted in C57BL/6 mice 6–8 weeks old (Envigo) and 
athymic nude mice (Charles River Laboratory, Wilm-
ington, Massachusetts, USA) by injecting 2×106 CT2A 
cells in 50 µL of Phosphate Buffered Saline (PBS) /
flank. Once tumors were 25–200 mm3 in size, mice were 
randomized and treated with vehicle (10% glycerol in 
PBS) or 3×107 PFU of C134 or C170 in 50 µL of vehicle. 
Tumor measurements (length, width, and depth) were 
performed at least twice per week using digital calipers, 
and tumor size was calculated.

For MPNST tumor studies, a similar flank tumor 
approach was used. Murine 67 C- 4 MPNST tumor cells 
(2×106) were injected subcutaneously into the flanks of 
C57BL/6 mice 6–8 weeks old (Envigo) similar to our 
earlier studies.40 Tumor sizes were measured biweekly by 
caliper after implantation, and tumor volume was calcu-
lated by length ×width×depth. When tumors reached 
25–150 mm3 in size, animals were pooled and random-
ized into the specified groups, discussed further, with 
comparable average tumor size. Mice were treated with 
vehicle, C134 or C170 (3.5×107 PFU in 50 µL 10% glycerol 
in PBS) intratumorally. Studies were repeated to ensure 
biological validity. For flank- based studies, animals were 
monitored for tumor volumes at least two times per week 
after treatment until an individual tumor was >1500 mm3 
or in some cases total tumor volume/mouse exceeded 
2000 mm3. Once tumor size exceeded these criteria, mice 
were sacrificed based on IACUC requirements.

Tissue preparation and flow cytometry
For the CT2A brain tumor- based studies, tumor- bearing 
mice were sacrificed 6 days post- treatment and their 
brains isolated following saline perfusion as described 
previously.14 In brief, mice following CO2 asphyxia-
tion underwent thoracotomy and were perfused with 
10–15 cc of sterile normal saline after cannulation of 
their left ventricle. Mice undergoing saline perfusion 
exhibited liver blanching, and if this did not occur, the 
samples were discarded. The isolated brains were placed 
in Roswell Park Memorial Institute (RPMI) medium and 
were homogenized by mechanical dissociation using a 
Qiashredder. The mononuclear cell infiltrate was then 
isolated from the homogenate by centrifugation over a 
Percoll 70%/30% step gradient and then underwent 
immunophenotypical analysis after fluorescent antibody 
incubation and multiparameter flow cytometry.

Single- cell suspensions from tumors were lysed with 
Red Blood Cell (RBC) lysis buffer (Sigma, St. Louis, 
Missouri, USA) and blocked with 5% mouse Fc blocking 
reagent (2.4G2; BD Biosciences, San Jose, California, 
USA) in Flow Assisted Cell Sorting (FACS) buffer (1% 
FBS and 1 mM EDTA in PBS). Cells were labeled with 
the following antibody staining panels for analysis of 
the adaptive immune cells: CD11b- Violet 421 (M1/70), 
CD4- BV785 (GK1.5), CD25- PE (7D4/CD25), CD8a- 
BV510 (53–6.7), CD3ε-BV 711 (145–2 C11), CD44- APC 

(IM7), CD45- BV605 (30- F11), NKp46–PE- Cy7 (29A1.4) 
and B220- AF488 (RA3- 6B2), and H2Kb/H2Db (28- 
8- 6) from Bio- Legend (San Diego, California, USA) 
and mouse EphA2 (REA579) from Miltenyi Biotec 
(Auburn, California, USA). Dead cells were excluded 
by staining with live/dead near/Infra Red (IR) staining 
(APC- Cy7) (Thermo Fisher Scientific, Charlotte, North 
Carolina, USA). Single samples were stained with the 
aforementioned staining panels for 30 min on ice and 
washed one time with FACS buffer. After labeling, cells 
were fixed in 1% paraformaldehyde and analyzed on a 
BD FACS LSR II (BD Biosciences). Surface EphA2 and 
Major Histocompatibility Complex (MHC) I staining 
were performed using either a BD FACS LSR II (BD 
Biosciences) or an Attune NxT Acoustic Focusing 
Cytometer (Thermo Fisher Scientific). Analysis was 
carried out using FlowJo software V.10.0.3 (Tree Star, 
Ashland, Oregon, USA) or using Attune NxT Soft-
ware V.4.2.1627.1 (Thermo Fisher–Life Technologies, 
Carlsbad, California, USA).

Peptide pulsing of splenocytes with class I (H2-Kb)-
restricted peptide epitope of EphA2, glycoprotein B, or 
control peptide
Splenocytes (5×105) from the treated 67C- 4 tumor- 
bearing mice were plated in round- bottom 96- well plates 
and incubated with and without 10 µM of either EphA2 
peptide (671- FSHHNIIRL- 679), glycoprotein B peptide 
(498- SSIEFARL- 505), or negative control OVA peptide 
(SINFFEKL) for 6 hours (similar to our previous studies 
using identified peptide domains).40–42 Samples were 
incubated with protein transport inhibitor containing 
1 µL/mL Brefeldin A (Golgi- plug, BD Biosciences) for 
6 hours prior to flow cytometry staining (as described 
earlier), and CD8 T lymphocytes were analyzed by flow 
cytometry for surface CD25 (3C7) and intracellular gran-
zyme B (QA16/A02), Interferon (IFN)-γ (XMG1.2), and 
Tumor Necrosis Factor (TNF)-α (MP6- XT22) staining 
from Bio- Legend.

Statistical analysis
Data are summarized by mean±SE. The immune cell 
population data were analyzed by using one- way analysis 
of variance (ANOVA) or Kruskal- Wallis test in Prism V.8 
(GraphPad Software, San Diego, California, USA) or in 
SAS9.4. Tumor volumes were first cubic root transformed 
to ensure normality distribution and then analyzed using 
mixed effect model by using SAS9.4 software. Survival 
curves were determined by Kaplan–Meier method and 
log- rank test was conducted to compare survival between 
groups using SAS9.4. Studies were repeated at least twice 
to ensure biological validity. Multiplicity was adjusted by 
Holm’s procedure to control the type I error rate at 0.05.43 
For all analyses, the cut- off for statistical significance was 
set at p<0.05 and the following notation was used: Non 
Significant (NS)=p>0.05, *p≤0.05, **p≤0.01, ***p≤0.001, 
****p≤0.0001.
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RESULTS
Construction and validation of EphA2 expression viruses
To test our hypothesis that virus- based TAA expression 
would produce a tumor antigen- specific antitumor 
immune response that suppressed tumor growth and 
improve survival, we created and validated a series of 
oncolytic HSVs that express regions of the C57BL/6 
EphA2 gene. As summarized in figure 1A, the new 
recombinants encoded the coding domain of the full 
length (C170) or secreted extracellular domain of the 
C57BL/6 EphA2 sequence in the HSV g134.5 gene locus 
(C172). The new recombinants were validated by DNA 
hybridization studies (figure 1B), confocal immuno-
fluorescence (figure 1C) and for cell- associated and 
secreted protein by western blot (figure 1D). Immuno-
reactive EphA2 (predicted MW~111.69 kDa) remains 
cell associated in C170- infected cells (none present in 

CT2A sups), and the C172 virus produces the smaller 
but immunoreactive extracellular EphA2 domain 
(predicted MW 61.17 kDa) that is both cell associated 
(CT2A cell) and secreted into the CT2A media (CT2A 
Sups).

Evaluate direct oncolytic activity in MG tumor model
Next, we examined the recombinants’ replication or 
cytopathic changes in our target tumor cells to deter-
mine if they had a growth advantage or increased cyto-
lytic activity. The results show that C170 and C172 had 
a similar replication profile as the parent C134 virus 
(figure 2A). We also compared tumor cell proliferation 
and cytopathic effect using IncuCyte cell confluence 
monitoring. As shown in figure 2B, Epha2 expression by 
the virus did not increase CT2A cell proliferation. The 
results show that C170 and C134 virus produce similar 

Figure 1 Vector construction, validation and assessment of EphA2 expression. (A) Schematic of the C170 and C172 EphA2 
expression viruses. (B) Southern blot confirming the anticipated NcoI fragments in our new recombinants (1.2 and 3.0 kb, 
C170; 2.3 and 3.0 kb, C172), (C) Immunofluorescent imaging shows different cellular distributions of the full length and secreted 
forms of the EphA2. (D) Western blots of CT2A infected cells and supernatants show that C170- expressed EphA2 remains cell 
associated, whereas C172 expressing the extracellular form of EphA2 secretes the protein into the supernatant. TAA: tumor- 
associated antigen. UTR: untranslated region. TGN: Trans Golgi Network. DAPI: 4′,6- diamidino- 2- phenylindole

Figure 2 Viral replication and cytopathic effect in C57BL/6 murine CT2A MG panels show viral replication kinetics, cytopathic 
effect and EphA2 surface expression in infected CT2A C57BL/6- based MG cells. MG, malignant glioma.
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cytopathic activity. To investigate basal and C170 related 
EphA2 surface expression in CT2A cells, flow cytom-
etry was also performed. The results show that CT2A 
cells have high basal Epha2 expression and that C170 
infection further shifted the EphA2 surface expression 
based on fluorescent intensity (figure 2C). Additional 
histograms and calculations of % cells overexpressing 
EphA2 are provided in online supplemental figure 1.

Immunocompetent syngeneic anti -tumor activity
To test whether virus- based TAA expression improved 
antitumor activity and survival, we introduced CT2A brain 
tumors into B6 mice (1×105 cells) and then treated them 
5 days later with saline or equivalent doses of C134, C170, 
and C172 (1×107 PFU) using the same stereotactic coordi-
nates (summarized in figure 3A). The result show that the 
CT2A model is oHSV resistant, and neither C134 nor C172 
produced significantly improved survival (figure 3B). In 
contrast, C170 (expressing the cell- associated full- length 
EphA2 gene) treatment improved median and overall 
survival (n=8–9 mice/cohort, *p<0.026 compared with 
saline or C172- treated mice, log- rank test; p values were 
adjusted by Holm’s method).

TIL immunophenotypic characterization
To identify differences in the antitumor immune activity 
in our different treatment cohorts, we examined the 
immune infiltrates from CT2A brain tumor- bearing 
mice. Mice were sacrificed 6 days post- treatment, and the 
mononuclear cell infiltrates were isolated and quanti-
fied from the saline perfused and homogenized brains 
as described in the Materials and methods section. 
The results show that OV treatment increased overall 

T cell and myeloid infiltrates in the brain (figure 4A). 
There were qualitative differences in the immune 
infiltrates following C134 and C170 treatment. Both 
viruses increased T- cell infiltration; however, C170 more 
often demonstrated statistically significant increases 
over the saline cohort (figure 4B–D). Both C134 and 
C170 significantly increased the CD4 T- cell infiltrates 
(C134 3.14×104 vs saline 1.18×103 (**p=0.0081), C170 
4.56×104 vs saline 1.18×103 (**p=0.0012); figure 4C). 
The results also show that the majority of the T cells infil-
trating after virotherapy are CD8 T cells and that C170 
significantly increased the CD8 T- cell population when 
compared with saline- treated cohorts (C170 1.07×105 vs 
saline 2.93×103, *p=0.04; figure 4D). Further subset anal-
ysis of the CD8 infiltrates was performed and revealed 
additional differences between the saline and OV- treated 
mice (representative CD62L and CD44 subset gating is 
shown in figure 4E). Both oHSV- treated cohorts recruited 
activated T cells ([CD8+, CD25+] C134 9.05×103 vs saline 
5.20×102, *p=0.049 and C170 2.32×104 vs saline 5.20×102, 
*p=0.022; figure 4F) and CD8 effector memory- like popu-
lations([CD8+, CD44+, CD62L−], C134 7.34×104 vs saline 
2.55×103, **p=0.0074; C170 7.24×104 vs saline 2.55×103, 
*p=0.0284; figure 4E,G); however, only C170 significantly 
increased the CD8 central memory- like (CD8+, CD62L+, 
CD44+) population (C170 1.24×104 vs saline 2.54×102, 
**p=0.0071; figure 4E,H). Statistical analysis performed 
using one- way ANOVA with p values adjusted by Holm’s 
procedure. A summary of the gating strategy, represen-
tative flow plots, and additional comparisons (myeloid 
and TREG- like changes) between the treatment cohorts are 
included in online supplemental figures 2–4.

C170 antitumor activity and T-cell dependence
To assess the role of T cells in C170- mediated anti- CT2A 
activity, we next assessed tumor growth in immunecom-
petent and athymic nude mice. CT2A tumors were 
implanted both in immunocompetent C57BL/6 mice 
and athymic nude mice, and once tumors were estab-
lished and achieved a size between 25 and 200 mm3, the 
athymic and immunocompetent mice were random-
ized into three cohorts and intratumorally injected 
with either vehicle or C170 or C134 at 3×107 PFU in 
parallel studies. The results show that similar to the 
orthotopic studies, there was no statistically significant 
difference in antitumor activity between saline and 
C134 in the flank studies (figure 5A). In contrast, C170- 
treated tumors stablized and then began to decrease in 
size ~10 to 14 days post- treatment, and eventually the 
mice cleared the tumors (figure 5A). Endpoint analysis 
showed that C170 reduced tumor size compared with 
either the C134 or saline controls (saline-d16 vs C170 
d35: difference=1069.2, ****p value<0.0001; C134- d29 
vs C170- d35: difference=945.49, **p value=0.0011). 
In mice lacking T cells, C170 had no antitumor effect 
and behaved similarly to saline or C134- treatment 
(figure 5B).

Figure 3 C170 antitumor activity in immunocompetent 
syngeneic mouse brain tumor model. (A) Schematic 
representation of study design. (B) Representative survival 
plot. oHSV, oncolytic herpes simplex virus; OV, oncolytic 
virotherapy.
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TUMOR RECHALLENGE
In the orthotopic CT2A model, almost half of the C170 
treated and a minority of C134 treated mice (10%–12.5%) 
survived in repeated experiments. Our orthotopic studies 
(figure 4) indicated that this was a T cell- dependent anti-
tumor activity, and immunophenotypic analysis suggested 
that C170 uniquely induced a central memory- like popu-
lation. To determine if there were functional differ-
ences between the C170- treated and C134- treated mice 
with regard to their antitumor memory, the long- term 

survivor population was rechallenged with CT2A tumor 
cells. None of these tumor- rechallenged mice under-
went any virotherapy treatment. In initial studies, C170 
survivor mice (n=3) from the brain tumor studies were 
compared with naïve mice (n=3). The results showed 
that C170 survivors when compared with CT2A- naïve 
mice signficantly restricted CT2A tumor growth rates 
after CT2A rechallenge (**p=0.00102 C170 vs naive: 
adjusted for multiple comparisons using the Holm- Sidak 
method) (figure 6A). These studies were again repeated 

Figure 4 CT2A tumor infiltrate immunophenotypic analysis. (A). Representative summary of TILs and population changes 6 
days post saline, C134, and C170 (C134 +Epha2) treatment. Numbers below pie chart represent TILs/ml brain. (B–D). T- cell 
tumor infiltrate and subset analysis from saline (green), C134 (salmon), and C170 (blue)- treated mice. (E) Representative gating 
summary of CD8 subsets and CD62L/CD44 staining in treated mice. CD8 subset analysis of (F) CD8, CD25+, (G) CD8+, CD44+, 
CD62L effector- like population changes, and (H) CD8+, CD44+, CD62L+central memory- like population changes in C170- 
treated mice. Data were analyzed by one- way analysis of variance; p values were adjusted by Holm’s procedure. TIL: tumor- 
infiltrating leukocyte, MDSC: myeloid derived suppressor cells.
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using C170 orthotopic tumor survivors (n=5) and were 
compared with C134 survivor mice (n=5) pooled from all 
of the orthotopic tumor studies. Again the C170 survivors 
displayed signficantly reduced tumor growth on rechal-
lenge when compared with either naïve or C134- treated 
CT2A survivors (figure 6B). The experiment ended at 
animal resources personnel request when a C134 long- 
term survivor reached endpoint. Tumor size was similar 
in the CT2A naïve mice and the rechallenged C134 survi-
vors. In contrast, the C170 long- term survivors resisted 
tumor on rechallenge when compared with C134- treated 
survivors or tumor- naïve mice based on tumor growth 
and tumor size distributions at experimental endpoint 
(C170 survivors vs naïve (*p=0.0225) and C170 survivors 
vs C134 survivors (*p=0.0450), Kruskal Wallis test with p 
values adjusted using Dunn’s test for multiple compari-
sons) (figure 6B,C).

Evaluation in an alternative EphA2 (+) tumor model
Taken together, the brain tumor results indicated that 
the antigen- expressing virus induced a T cell- dependent 
antitumor population that persisted and reduced tumor 
growth on rechallenge. To determine if this was unique 

to this one tumor model, we next examined C170 activity 
in an EphA2 (+) syngeneic MPNST model. Our previous 
studies showed that the immunocompetent 67 C- 4 
tumors resisted oHSV replication and oHSV antitumor 
activity.40 Similar to the CT2A studies, we first examined 
oHSV replication and EphA2 expression’s effect on cell 
proliferation in 67 C- 4 cell culture. Consistent with the 
CT2A studies, C170 had no replication or cytopathic 
advantage over the parent C134 virus (figure 7A,B). 
Similar to the earlier CT2A studies, infected and unin-
fected 67 C- 4 tumor cells express abundant EphA2 on 
their surface (figure 7C). Next, to determine how oHSV 
EphA2 expression improved antitumor response, tumor 
growth studies were performed. Similar to our previous 
studies, we implanted 2×106 67 C- 4 cells in the flanks of 
C57BL/6 mice.13 Once the tumors were of sufficient size 
(25–200 mm3), mice were randomized into three treat-
ment cohorts and treated with saline or a single dose 
(3×107 PFU) of C134 or C170 as summarized in figure 7D. 
These studies were repeated for biological reproducibility 
and are summarized in figure 7E,F. In brief, C134 had no 
antitumor effect in this resistant tumor model, consistent 

Figure 5 C170 treatment effect on CT2A tumor growth in immunocompetent and T cell- deficient mice. CT2A tumors were 
implanted in (A) immunocompetent and (B) T cell- immunodeficient mice and treated with either oHSV (C170 or C134 at 3×107 
PFU/50 µL) or vehicle (50 µL) and followed for tumor growth. In the immunocompetent mice, tumors initially grew in the C170 
treated cohort but then regressed ~2 weeks later, whereas tumors continued to grow in the C134 and saline- treated groups. 
Endpoint tumor sizes show that C170 significantly reduced tumor growth compared with C134 therapy and saline controls 
(C170 vs saline: (****p<0.0001), C170 vs C134 (**p=0.0011: n=4). In athymic nude mice, C170 treatment had no impact on CT2A 
tumor growth (NS, n=6–8). NS, not significant; oHSV, oncolytic herpes simplex virus.

Figure 6 CT2A rechallenge. C134 and C170 survivors and naïve C57BL/6 mice were rechallenged with CT2A tumor cells 
in their flanks and tumor growth evaluated in the survivors. Results from independent experiments (A & B) show that C170 
survivors suppress tumor growth better than C134 survivor mice or naïve mice. C) Analysis of the D20 timepoint from graph B. 
Data were first cubic root transformed to meet the normality assumption for the residuals of the model. Data were analyzed by 
using analysis of variance with repeated measures. P values were adjusted by Holm’s procedure.
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with our previous studies.40 In contrast, treatment with 
the C134- based EphA2 expressing virus (C170) signfi-
canctly reduced tumor growth in comparison to C134 
treatment (C170 (n=7) vs C134 (n=8), p=0.0021; C170 
(n=7) vs saline (n=6), p<0.0001; figure 7E; C170 (n=7) 
vs C134 (n=10), p=0.0011; adjusted p value by pairwise 
analysis (Tukey- Kramer); figure 7F).

EphA2-specific response
The rechallenge studies from CT2A mice (figure 6) 
suggested that C170 and C134 therapy differ in their 
functional response and that C170 induced a long- lasting 
T- cell population that was tumor antigen- specific. To 
further investigate the T- cell functional response and to 
determine if this immune activity was directed against 
the virus- expressed antigen, we took splenocytes from 
the mock and oHSV- treated 67 C- 4 mice at the conclu-
sion of the tumor growth studies and analyzed their 
peripheral T- cell response by peptide pulsing. The mock, 
C134- treated and C170- treated survivor splenocytes were 
exposed to no protein and to 10 µm EphA2 peptide or 
ovalbumin (OVA) peptide negative control for 6 hours 
and analyzed by flow cytometry for intracellular granzyme 
B (GZMB) staining and CD25 upregulation. The results 
show that at the start of pulsing, there was no difference 
in T- cell activity in the two pulsed populations (figure 8A); 
however, after pulsing with 10 µm EphA2 or 10 µM OVA 
peptide (negative control), splenocytes from the C170- 
treated mice significantly increased their activated CD25 

(+), GZMB (+), and CD25, GZMB dual staining CD8 + 
populations (figure 8B–D) indicative of an EphA2- specific 
population response. Representative flow cytometry plots 
showing the CD8 (+), GZMB (+) (figure 8E), and GZMB 
CD25 dual- positive CD8 populations (figure 8F) were 
provided. In contrast, neither saline nor C134- treatment 
induced this EphA2 reactive T- cell population. There was 
no difference in the treatment cohorts when exposed to 
OVA control peptide, further suggesting that this T- cell 
response was specific to the viral expressed EphA2 and 
not the result of generalized T- cell activity after C170 
treatment (online supplemental figure 5). A summary of 
the gating strategy, representative flow plots, and addi-
tional comparisons following peptide pulsing studies 
(eg, GZMB/CD25, GZMB/IFN-γ, and TNF-α/IFN-γ dual- 
positive staining) of the antitumor and antiviral responses 
is included in online supplemental figures 6–9.

DISCUSSION
These studies were initiated to identify if further viral 
modifications could improve OV antitumor activity 
specifically for OV- resistant low- mutational load tumors. 
We postulated that by engineering the virus to encoding 
a tumor- associated shared antigen, we could bypass viral 
host EphA2 transcriptional downregulation and improve 
immune recognition of that shared antigen during tumor 
infection. For these studies, we chose a next- generation 

Figure 7 Summary of 67C- 4- oHSV antitumor response studies. C170 was evaluated in vitro and showed equivalent (A) 
replication and (B) cytopathic activity as the parent virus C134. (C) 67 C- 4 expresses EphA2 on the cell surface in mock and 
C170 infected cells. (D) Schematic summary of experimental approach. (E&F) Independent studies show C170 virotherapy 
treatment of established 67 C- 4 flank tumors shows that C170 significantly suppresses tumor growth when compared with 
saline or C134- treated cohorts. Data were analyzed by using analysis of variance with repeated measures. P values were 
adjusted by Holm’s procedure.
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OV as our platform because it had improved protein 
translation and stimulated an IFN, chemokine, and cyto-
kine response.38 44 We anticipated that this would provide 
an ideal multimodal therapeutic platform. Our results 
show that in two different C57BL/6 immune- competent 
tumor models that possess high basal EphA2 expression, 
OV treatment alone did not elicit an immune- mediated 
antitumor response. However, an oHSV engineered to 
express the C57BL/6 EphA2 antigen improved survival 
and memory response suppressing tumor growth on 
rechallenge in survivors or induced CD8 cells with 
improved antigen response. Our results also show that 
oHSV- based Epha2 expression recruits immune cells to 
the tumor similar to the parent virus but that the antigen- 
expressing virus induces antigen- specific immune cells 
(CD8 T cells) that target the expressed tumor antigens. 
We tested whether this was unique to this brain tumor 
model (CT2A brain tumors) or whether a similar activity 
occurred in an EphA2 (+) syngeneic peripheral sarcoma 
tumor model. Our results showed a similar improvement 
suggesting that this was not limited to a single Central 
Nervous System (CNS) tumor model. Like the brain 
tumor model, antitumor- specific T cells were examined 

in the periphery and again showed a functional response 
against tumor antigens that the original parent oHSV was 
unable to elicit in these two oHSV- resistant tumor models. 
Based on these findings, we propose that oHSVs modified 
to express shared tumor antigens can elicit an antitumor 
antigen- specific immune response and improve durability 
of antitumor activity.

Not all cancers provide good immune targets.25 Multiple 
mechanisms can contribute to making these tumors ‘cold’ 
or resistant to immunotherapy. These include lower 
mutational rates, reduced lymphocyte cell infiltrates, low 
MHC expression and elevated numbers of immunosup-
pressive cellular infiltrates.45–47 Virotherapy enhances 
immune cell infiltration into the tumor and MHC upreg-
ulation and can change myeloid polarization, all of which 
can turn a ’cold’ tumor to ‘hot’.25 48 However, if these 
tumors have low mutational rates and no neoantigens, 
the immune cells may not generate ongoing antitumor 
activity after viral replication ceases. The immune cells 
produce memory populations against the viral antigens 
and are unlikely to recognize tumor antigens. Our new 
approach can improve immune activity against specific 
TAA self- antigens and provides a new strategy for tumors 

Figure 8 T- cell function studies from saline and oHSV treated mice shows that C170 treatment induces an antigen- specific T- 
cell response in the periphery of long- term survivors. Splenocytes from saline (blue column) or oHSV- treated mice (red column, 
C134; green column, C170) were analyzed. (A) At the start, there was no difference in the populations that used peptide pulsing; 
however, after pulsing with 10 µm EphA2 or 10µM OVA peptide (negative control), C170- treated mice significantly increase their 
activated (B) CD25(+), (C) GZMB(+), and (D) CD25+, GZMB + dual staining CD8 + populations indicative of an EphA2- specific 
population response. (E) Representative flow plot showingCD8(+) GZMB(+) population and gating, and the (F) GZMB CD25 
dual- positive populations. oHSV, oncolytic herpes simplex virus; OVA, ovalbumin.
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with low mutation rates. This is especially important 
for pediatric cancers because they are often driven by 
transcriptional changes (fusion mutations or ectopic 
oncogene expression) and have lower mutational loads 
than adult cancers.49–51 They are also less responsive to 
many immunotherapies.25 Our approach provides a new 
immunotherapeutic strategy to target tumors with low 
neoantigen loads that were previously resistant to immu-
notherapeutic approaches. This is an important mecha-
nistic discovery for treating pediatric cancer because it 
indicates that an oncolytic virus can break immune toler-
ance and functionally vaccinate the patient against TAAs 
concurrent with OV.

In our two tumor models, C170 treatment suppressed 
tumor growth and induced memory and effector activity 
as evidenced by the functional tumor suppression on 
rechallenge and functional effector activity (CD25, IFNγ 
and GZMB (Granzyme B) Intracranial (IC) staining) in 
response to EphA2 peptide pulsing. C170 therapy increased 
the T cell and CD8 effector infiltrates. While both OVs 
induced immune effectors, the antigen- expressing virus, 
C170, more effectively altered this balance and improved 
TAA recognition. Taken together, our phenotypic and 
pulsing studies suggest that, while similar immune cells 
are recruited to the OV- treated tumors, the antigen- 
expressing OV changes their function and it is this func-
tional characterization that is more important.

There are several important scientific questions that 
are left unanswered by these studies. The first involves 
further elucidating the immune components required 
for a successful antigen- specific response after virus- based 
antigen expression. Our tumor rechallenge and peptide 
pulsing studies suggested that C170 uniquely elicited a 
tumor- associated antigenic response that protected the 
mice. This combined with the initial antitumor survival 
differences between the C172- treated and C170- treated 
cohorts suggested that the secreted extracellular portion 
of the Epha2 provided less antigenic motifs than the full 
length protein (C170) in C57BL/6 mice. The current 
data suggest that this involves an MHC I directed CD8 
effector response, but these data do not exclude the 
possibility that virus- based antigen expression involves 
an alternative antigen presentation pathway that is more 
effective for long- term immunity. Both of our tested 
tumors had abundant MHC I surface expression (online 
supplemental figure 10); virus- infected cells frequently 
present antigens for immune recognition through MHC 
I. To further investigate this possibility, we performed 
C57BL/6- based MHC I antigen modeling (online supple-
mental figure 11). The antigenic domains predicted to be 
expressed as class I peptides for CD8 functional response 
lie within the intracellular portion of the EphA2 protein 
predominantly, and this was consistent with our C170 
and C172 brain tumor response results. Only the C170 
OV was able to produce an immune- mediated antitumor 
response and memory protection. In contrast, C172 
(expressing the extracellular EphA2 domain) did not 
generate an antitumor response or improve survival. One 

potential explanation is that the extracellular portion of 
the Epha2 provided less antigenic motifs than the full- 
length protein in B6 mice based on the MHCI predic-
tive modeling. Future studies will further examine how 
viral antigen expression induces this improved immune 
recognition of the shared antigen and whether the anti-
genic response is limited to the virus- expressed antigen or 
whether additional antitumor antigen recognition occurs 
(epitope spread).

Another question raised by our results is whether this 
in vivo vaccination strategy applies to other shared tumor 
antigens or whether EphA2 is unique in its ability to stim-
ulate this immune recognition after OV expression. If OV 
expression of other TAAs improves immune recognition, 
then this could lead to a new OV class encoding polyva-
lent tumor antigens. This would provide several transla-
tional benefits as a therapy. It would be less expensive to 
produce current good manufacturing practice virus that 
could be used for multiple tumor types and, in the case 
of tumors that express multiple shared antigens, could 
produce a polyvalent response and reduce the chances 
of antigenic escape. This approach, however, could also 
increase autoimmune complication risks.

A third area of interest is whether targeting shared 
antigens induces persistent autoimmunity. Again, further 
elucidation of the cytokine and immune cell mecha-
nisms important for breaking immune tolerance, along 
with the choice of antigen will be important. Evaluating 
autoimmunity risk is essential for any immunothera-
peutic strategy, and oHSV- based TAA expression requires 
further assessment before declaring this as a clinically 
tenable therapeutic approach. Furthermore, there may 
be differences between oncolytic viruses with regard to 
how they induce autoimmunity. In the case of HSV auto-
immune disease, peripheral tolerance usually re- estab-
lishes following lytic infection but is then subverted with 
subsequent viral reactivation events. This may not be the 
case for other viruses that induce autoimmune responses 
through molecular mimicry (eg, measles and autoim-
mune encephalitis).52 53 Another area of interest is how 
to extend this in vivo vaccination approach. We anticipate 
that pairing the TAA expressing oHSV with other immu-
notherapeutic approaches such as targeting coinhibitory 
proteins (eg, PD1 or PDL1) or combined virus- based T 
cell- activating cytokine expression (eg, IL12, IL18, IFN-γ) 
will enhance and extend this antigen- specific antitumor 
immune response.

Our current results suggest that oHSV- based expres-
sion of shared tumor antigens provides an immunother-
apeutic strategy by which we can target tumors resistant 
to viroimmunotherapy. This is an important mechanistic 
discovery for treating pediatric cancer or low- mutational 
load adult cancers because it indicates that using our 
oncolytic viral platform, we can break immune toler-
ance and functionally vaccinate the patient against TAAs 
during OV. Future studies will determine if this response 
can be improved through repeated dosing (prime boost) 
against the antigen and can increase epitope spread.
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