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Oncolytic herpes simplex viruses (oHSVs) have demonstrated
efficient lytic replication in human glioblastoma tumors using
immunodeficient mouse models, but early-phase clinical trials
have reported few complete responses. Potential reasons for
the lack of efficacy are limited vector potency and the suppres-
sive glioma tumormicroenvironment (TME). Here we compare
the oncolytic activity of two HSV-1 vectors, a KOS-strain deriv-
ative KG4:T124 and an F-strain derivative rQNestin34.5v.1, in
the CT2A and GL261N4 murine syngeneic glioma models.
rQNestin34.5v1 generally demonstrated a greater in vivo viral
burden compared to KG4:T124. However, both vectors were
rapidly cleared from CT2A tumors, while virus remained
ensconced in GL261N4 tumors. Immunological evaluation re-
vealed that the two vectors induced similar changes in immune
cell recruitment to either tumor type at 2 days after infection.
However, at 7 days after infection, theCT2Amicroenvironment
displayed the phenotype of an untreated tumor, while GL261N4
tumors exhibited macrophage and CD4+/CD8+ T cell accumu-
lation. Furthermore, the CT2A model was completely resistant
to virus therapy, while in the GL261N4 model rQNestin34.5v1
treatment resulted in enhanced macrophage recruitment,
impaired tumor progression, and long-term survival of a few
animals. We conclude that prolonged intratumoral viral pres-
ence correlates with immune cell recruitment, and both are
needed to enhance anti-tumor immunity.
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INTRODUCTION
Glioblastoma multiforme (GBM) is a common brain cancer, with a
devastating median patient survival of �15 months.1–3 The standard
treatment for GBM patients is characteristically tumor resection fol-
lowed by chemo- and/or radiotherapy.4 While median patient sur-
vival has increased marginally in recent decades,5 truly effective ther-
apies remain elusive, pointing to an urgent need for novel treatments.
In 2015, an oncolytic herpes simplex virus (oHSV) became the first
US Food and Drug Administration (FDA)-approved oncolytic virus
for cancer treatment, highlighting the promise of HSV-based ap-
proaches.6 Indeed, several oHSV designs are currently in clinical trial
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to treat GBM, but early-phase results report few complete responses
and little evidence that oHSV treatment can impede tumor recurrence
following single-dose vector administration.7 Here, we mimic clinical
investigations using immunocompetent pre-clinical mouse models in
an effort to better understand whether single-dose administration of
oHSV can induce durable viral replication and spread resulting
in widespread tumor killing and immune cell recruitment and
activation.

We compared the oncolytic activity of two oHSV vectors that are
early derivatives of oHSV vectors, which are currently in clinical trials
for solid tumors or specifically GBM. Furthermore, both vectors used
herein retain copies of the HSV neurovirulence gene ICP34.5, which
is deleted in the majority of other oHSV designs.8 The first vector is
rQNestin34.5v.1, an oncolytic HSV-1 F-strain derivative that was
attenuated by deleting both copies of the neurovirulence gene
ICP34.5 and reconstituting single-copy ICP34.5 expression using a
tumor-specific nestin-promoter-driven ICP34.5 cassette9 (Figure 1);
nestin is highly expressed in a variety of cancers, including human
GBM.10 Lack of ICP34.5 renders HSV avirulent in the brain and
greatly hinders overall viral replication in non-tumor cells.11 Thus,
these modifications in rQNestin34.5v.1 expression enabled viral repli-
cation within the tumor, while ensuring safety if unintended cellular
targets become infected. rQNestin34.5v1 has a GFP cassette fused to
the HSV infected cell protein 6 (ICP6), while rQNestin34.5v2 is
deleted for the GFP cassette12 and is currently in a phase 1 clinical trial
for GBM (ClinicalTrials.gov: NCT03152318). The second vector is
KG4:T124, an HSV-1 KOS-strain derivative that is deleted for the
reiterated sequences (“joint”) separating the UL and US unique
genome components and is blocked for replication in normal neurons
due to the incorporation of four copies of a recognition sequence for
miR-124 in the 30 UTR of the essential virus gene ICP413 (Figure 1);
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Depiction of rQNestin34.5v1 and KG4:T124 genetic alterations
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miR-124 expression is significantly downregulated in GBMbut highly
expressed in healthy neurons.14 KG4:T124 also contains a double
point mutation in the glycoprotein B gene that increases the rate of
viral entry,15 and glycoprotein C is linked to a GFP cassette via a
T2A self-cleaving peptide.15 An armed derivative of the KOS vector
(ONCR-177) is being used in a phase I clinical trial to treat solid tu-
mors (ClinicalTrials.gov: NCT04348916).

Since both of these oHSVs are in clinical trials for human tumors, but
only rQNestin34.5v2 is in a trial for GBMwhile ONCR-177 is in solid
tumors, we hypothesized that a comparative effort could lead one to
decide if a KG4:T124 derivate could be utilized for GBM and poten-
tially vice versa. Our goal was to determine whether either vector
showed replication or anti-tumor advantages using the CT2A and
GL261N4murine syngeneic gliomamodels.16,17 The GL261N4model
is a derivative of theGL261 cell line that has been engineered to express
human nectin-1.16 Parental GL261 cells that lack human nectin-1 are
non-permissive for HSV replication, while CT2A cells support HSV
replication without the addition of human nectin-1.18 The CT2A gli-
oma model is immunologically inert and represents a more immuno-
suppressive19 and aggressive syngeneicmodel thanGL261N4.17 These
immune-competent GBMmodels were used to monitor in vivo oHSV
replication dynamics, immune cell recruitment to the tumor following
treatment, and the ability of oHSV to limit tumor progression and
improve animal survival. We hypothesized that the duration and
magnitude of oHSV replication in vivowould correlate with increased
immune cell recruitment to the tumor, thereby limiting tumor pro-
gression. Our results showed that both prolonged virus presence
within the tumor and virus-induced immune cell activity are needed
to induce protective anti-tumor responses.

RESULTS
oHSV replication in the CT2A and GL261N4 murine syngeneic

glioma models

The oHSV vectors KG4:T124 and rQNestin34.5v1 have been previ-
ously described.9,13 We performed whole-genome sequencing on
both KG4:T124 and rQNestin34.5v1 to confirm the genetic stability
of either vector following production (data not shown). In vitro ana-
lyses analyzing oHSV entry, replication, and oncolytic capacity in the
mouse CT2A and GL261N4 cells were performed (Figures S1A–S1C).
KG4:T124 demonstrated slightly more efficient viral entry compared
to rQNestin34.5v1, but overall rQNestin34.5v1 replicated more effi-
ciently and induced greater cell death than KG4:T124 in vitro. Neither
vector displayed preferred affinity for a particular cell line and
demonstrated similar in vitro replication kinetics in both models.
Next, we sought to determine whether the replication differences
observed in vitro translated in vivo. HSV replication kinetics in vivo
were mapped over time for each vector in both models. Animals
were intracranially implanted with 1 � 105 tumor cells, then injected
at the same coordinates 7 days later with 2 � 106 plaque-forming
units (PFU) of virus, and tumor tissue was analyzed at the indicated
time points (Figure 2). Viral load within the tumor was assessed by
qPCR 1 h following HSV delivery to confirm initial oHSV input
and again 3 and 8 days post injection to assess viral replication ki-
netics. At 1 h, there was no significant difference in the amounts of
KG4:T124 and rQNestin34.5v1 isolated from CT2A tumors, but at
3 and 8 days following oHSV injection, rQNestin34.5v1-treated ani-
mals had a significantly greater viral burden compared to KG4:T124-
treated animals (Figure 2A). However, no increase in viral load over
input was observed with either virus. As an independent measure of
virus growth at similar time points, we assessed expression of the viral
protein ICP4 in tumor thin sections by immunofluorescence. Early
after infection (2 days), the number of infected foci identified in 10
random fields was relatively similar between the two vectors, although
rQNestin34.5v1 showed a slightly larger number of infected foci than
KG4:T124 (Figure 2B). At later times, the number of rQNestin34.5v1-
infected foci decreased, but a more dramatic decrease was seen in the
number of KG4:T124-infected foci (see Figure S2A for representative
images). We also analyzed in vivo HSV replication kinetics using the
GL261N4 model. Both our qPCR and immunofluorescence analyses
indicated that GL261N4 tumors allowed for prolonged viral presence
for both KG4:T124 and rQNestin34.5v1 (Figures 2C and 2D).
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Figure 2. In vivo replication kinetics of KG4:T124 and rQNestin34.5v1 in murine syngeneic gliomas

HSV genome copies were quantified using qPCR (A and C). Total DNA was isolated per infected condition, and data are displayed as genome copies/100 ng total DNA. In

separate experiments, infectious foci were counted per 10 randomfields of vision (B andD). Data are representative of themean± standard deviation of one experiment permodel

with 3 animals per treatment group at each indicated time point. Statistical significance was determined by Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Although rQNestin34.5v1 had a somewhat larger viral burden than
KG4:T124 early during the infection process, over time no apparent
differences in intratumoral viral burden could be seen between vec-
tors (representative images can be found in Figure S2B). Our data
indicate that both rQNestin34.5v1 and KG4:T124 survive more effi-
ciently in the GL261N4 model in vivo than in CT2A, and rQNes-
tin34.5v1 generally shows increased viral burden compared to
KG4:T124 both in vitro and in vivo.

Immunological changes induced by oHSV treatment

Based on the viral load analyses above, we chose to analyze intratu-
moral immune cell accumulation in the two tumor models at 2 and
7 days after treatment. At the 2-day time point, we expected to see
the impact of active vector replication on innate immune responses
in the tumor microenvironment (TME), while at day 7 adaptive im-
mune responses might be revealed. Evaluation of immune cell recruit-
ment to the CT2A tumor 2 and 7 days post oHSV treatment revealed
that HSV therapy did not enhance the total number of live immune
cells (CD45+) at either time point. However, 7 days post infection
there were 10-fold more immune cells present within the tumor
compared to the 2-day time point for each treatment group (Figures
3A and 3H). Analysis of the CD45+ population indicated that the ma-
jority of these cells were of myeloid origin (CD11b+,�70%), and their
frequency was not altered between time points or treatment groups
(Figures 3B and 3I). Phenotypic analysis of this population revealed
differences between oHSV- and PBS-treated tumors at day 2 (Figures
446 Molecular Therapy: Oncolytics Vol. 22 September 2021
3C–3F), but by day 7 the myeloid population in the CT2A reverted to
a vehicle control-treated phenotype (Figures 3J–3M), perhaps due to
poor virus growth. At 2 days post treatment the CT2A TME con-
tained a large fraction of CD45+, CD11b+, Ly6C+, F4/80� immature
myeloid cells (Figure 3C), but oHSV therapy did not alter the abun-
dance of these cells. In contrast, the CD45+, CD11b+, Ly6C+, F4/80+

macrophage population was significantly increased by treatment with
either KG4:T124 or rQNestin34.5v1 (Figure 3D) compared with PBS
controls. We also observed a large influx of granulocytic myeloid cells
(CD45+, CD11b+, Ly6G+, Ly6C+, F4/80�) following treatment with
KG4:T124 (�8%) or rQNestin34.5 (�20%) compared to PBS-treated
controls (�1%) (Figure 3E). Further interrogation of the myeloid
fraction revealed that CD45lo, CD11b+, Ly6C� cells, classically char-
acterized as microglia,20,21 were more abundant in PBS control-
treated animals than in animals treated with either virus early after
infection (Figure 3F). Figures 3G and 3N summarize the differences
between treatment groups in the myeloid compartment of CT2A
tumors.

Analysis of the GL261N4 TME at 2 and 7 days post oHSV treatment
revealed that oHSV therapy induced similar changes in the myeloid
cell population as in the CT2A model at the 2-day but not at the 7-
day time point. In the GL261N4 model, oHSV therapy did not
enhance the total number of live immune cells (CD45+) at either
time point compared to PBS-treated controls, and again at 7 days
post infection there were 10-fold more immune cells present within
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Figure 3. Immune response to oHSV therapy in the CT2A glioma model

Tumor microenvironment immunotyping was accomplished via flow cytometry 2 (A–G) and 7 (H–N) days following oHSV infection. Whole-tumor homogenates were used for

analysis. The number of total live CD45+ cells analyzed from CT2A tumors was determined as described in Materials and methods (A and H). Myeloid cell (CD45+, CD11b+)

frequency was analyzed in the CT2A syngeneic glioma model following KG4:T124 or rQNestin34.5v1 treatment (B and I). Phenotypic interrogation of the respective TME

myeloid components was accomplished by flow cytometry (C–G, J, and K). Cell surface markers used to identify each indicated population are detailed on the y axis of each

panel. The gating strategy used to identify myeloid cells can be found in Figure S4. Presented data represent the mean ± standard deviation from one experiment which is

representative of two experimental replicates, with 5–6 animals per treatment group. Statistical significance was determined by one-way ANOVA with Tukey’s multiple

comparisons of means. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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the tumor than at day 2 (Figures 4A and 4H). Myeloid abundance was
not changed 2 days post oHSV treatment, but 7 days post KG4:T124
or rQNestin34.5v1 administration, the myeloid cell fraction was
significantly (****p < 0.0001) less abundant than in vehicle control-
treated animals (Figures 4B and 4I). At 2 days post oHSV therapy,
the CD45+, CD11b+, Ly6C+, F4/80� myeloid cells were significantly
(*p < 0.05) increased compared to vehicle-treated animals, but this
population mirrored that of PBS control-treated animals 7 days
post oHSV treatment (Figures 4C and 4J). Interestingly, the CD45+,
CD11b+, Ly6C+, F4/80+ macrophage population was significantly
increased by treatment with either KG4:T124 or rQNestin34.5v1 at
both 2 and 7 days following therapy (Figures 4D and 4K), but only
rQNestin34.5v1 induced a statistically significant (**p < 0.01) accu-
mulation of these cells 7 days post infection (Figure 4K). As seen in
the CT2A model, virus treatment induced the recruitment of granu-
locytic myeloid cells (CD45+, CD11b+, Ly6G+, Ly6C+, F4/80�) 2 days
post treatment compared to vehicle-treated control animals, and this
population was almost undetectable 7 days post infection (Figures 4E
and 4L). Unlike what was observed in the CT2A model, CD45lo,
CD11b+, Ly6C� microglia remained significantly increased in PBS-
treated animals compared to oHSV-treated animals 7 days post ther-
apy (Figures 4F and 4M). Overall, oHSV induced changes mainly in
macrophage abundance of GL261N4 tumors at both 2 and 7 days post
treatment (Figures 4G and 4N). Together, these analyses demon-
strated a profound difference in the response of the two tumor types
to oHSV treatment.

We also analyzed the recruitment of natural killer (NK) cells, CD8+,
and CD4+ T cells in both models at both time points. Treatment of
CT2A or GL261N4 tumors with rQNestin34.5v1 or KG4:T124 did
not enhance the recruitment of any of these cell types at 2 days post
infection compared with PBS-treated tumors (Figures S4A–S4F), and
overall, the three populations were scarce in both models at 2 days.
This phenotype was also observed in the CT2A model at 7 days post
treatment (Figures 5A–5C). However, in the GL261N4 model, HSV
altered the abundance of all three cell types at 7 days, reducing NK
cell recruitment compared to PBS (Figure 5H), while inducing a signif-
icant accumulation of CD8+ and CD4+ T cells (Figures 5I and 5J).

We interrogated the activation status of the CD8+ and CD4+ T cells at
7 days post treatment, assessing cellular expression of the classical
activation marker CD6922 and the activation/exhaustion marker
PD-1.23 In the GL261N4 model, HSV treatment enhanced PD-1
expression on both CD8+ and CD4+ T cells (Figures 5K and 5M)
without changing the abundance of CD69+-expressing CD8+ or
CD4+ T cells (Figures 5L and 5N). However, in the CT2A model,
neither KG4:T124 nor rQNestin34.5v1 altered PD-1 or CD69 expres-
sion on CD8+ or CD4+ T cells (Figures 5D–5G). Overall, the CD69+
Molecular Therapy: Oncolytics Vol. 22 September 2021 447
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Figure 4. Immune response to oHSV therapy in the GL261N4 glioma model

Tumor microenvironment immunotyping was accomplished via flow cytometry 2 (A–G) and 7 (H–N) days following oHSV infection. Whole-tumor homogenates were used for

analysis. The number of total live CD45+ cells analyzed from GL261N4 was determined as described in the Materials and methods (A and H). Myeloid cell (CD45+, CD11b+)

frequency was analyzed in GL261N4 syngeneic gliomas following oHSV treatment (B and I). Phenotypic interrogation of the respective TME myeloid compartments was

accomplished by flow cytometry (C–G, J, and K). Cell surface markers used to identify each indicated population are detailed on the y axis of each panel. The gating strategy

used to identify myeloid cells can be found in Figure S4. Presented data represent the mean ± standard deviation from one experiment which is representative of two

experimental replicates, with 4–5 animals per treatment group. Statistical significance was determined by one-way ANOVAwith Tukey’s multiple comparisons of means. *p <

0.05, **p < 0.01, ****p < 0.0001.
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fraction of T cells in CT2A tumors was smaller than in GL261N4 tu-
mors, while the PD-1+ fraction was larger in CT2A than in GL261N4
tumors. Our immunological analyses indicate that recruitment of im-
mune cells to the tumor following oHSV therapy appears to associate
with length of virus persistence in the tumor.

Therapeutic efficacy of oHSV treatment using murine syngeneic

glioma models

The observation that the GL261N4model was amenable to sustaining
oHSVwithin the tumor and the fact thatmacrophages andT cells were
recruited to these tumors led us to question whether oHSV would be
able to limit GL261N4 tumor progression. Using magnetic resonance
imaging (MRI), we determined the ability of rQNestin34.5v1 and
KG4:T124 to limit GL261N4 tumor progression. Experimental condi-
tions are outlined in Figure 6A. Representative images of two animals
per treatment group prior toHSV treatment and 7 days following ther-
apy are displayed in Figure 6B. We quantified tumor volume before
HSV therapy and 7 days following, as described in Materials and
methods. Prior to HSV therapy, there was no significant difference
in the tumor volume between any of the animals (Figure 6C). Howev-
er, following HSV therapy, rQNestin34.5v1-treated animals had
significantly smaller tumors than animals treated with either PBS or
KG4:T124 (Figure 6C) and a correspondingly smaller change in tumor
volume relative to pre-treatment. Despite the inability of KG4:T124 to
limit tumor progression, both vectors protected animals from losing
448 Molecular Therapy: Oncolytics Vol. 22 September 2021
weight compared to PBS-treated animals (Figure 6D). These results
were consistent with in vitro and in vivo vector growth kinetics and
macrophage recruitment.

Finally, we asked whether oHSV treatment would provide a therapeu-
tic benefit in either the CT2A or GL261N4 model following intratu-
moral vector delivery. The results showed that neither KG4:T124 nor
rQNestin34.5v1 provided a survival benefit for animals engrafted
with CT2A tumors. In contrast, rQNestin34.5v1 was found to induce
an increase, albeit limited, in the survival of GL261N4 tumor-bearing
animals (Figures 7A and 7B).

DISCUSSION
Clinical evaluation of oncolytic virus therapies for the treatment of a
variety of human cancers is becoming commonplace. In 2019, 118
clinical trials implementing oncolytic viruses to treat cancer were un-
derway.24 Oncolytic viruses are an attractive anti-cancer therapy, as
they are able to destroy infected tumor cells, regardless of the cell’s
chemo- or radiation-resistance status, while priming anti-tumor im-
mune responses.25,26 A plethora of virus species are being used as on-
colytic viruses (e.g., adeno, vaccinia, polio,measles), but oHSVbecame
the frontrunner with the FDA approval of T-VEC (Imlygic) for the
treatment ofmelanoma.6Moreover, several clinical trials are currently
underway or are actively recruiting to assess oHSV therapies for glio-
blastoma (UK0033, UK0136, NCT02457845, NCT02062827, NCT
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03152318, and UMIN000002661).27 These trials have been largely
justified based on observations from pre-clinical animal models using
human xenograft tissue in immunodeficient animals. In these studies,
oHSV replicated well in the tumors and provided significant survival
benefit with a single dose of oHSV.28–30 Unfortunately, early-phase re-
sults indicate that only a small subset of GBM patients respond to
oHSV therapy, and little evidence to support the utility of oHSV to
prevent recurrent disease has been forthcoming.24 Barriers potentially
limiting oHSV efficacy include the length andmagnitude of viral repli-
cation in vivo and the immunosuppressive TME, further limiting
oHSV efficacy. Here we sought to analyze the impact of oHSV replica-
tion on animal survival and recruitment of immunologically active
cells into the TME using syngeneic GBM models in immune-compe-
tent mice. These studies involved two oncolytic HSV vectors,
KG4:T124 and rQNestin34.5v1, which are early-generation deriva-
tives of oHSV vectors that are being used in patient trials; we assessed
their ability to treat two syngeneic tumor models, CT2A and
GL261N4, which represent differences in pathogenesis and antigenic-
ity.17 Our findings confirm the importance of prolonged vector pres-
ence within the tumor and the need for enhanced methods to induce
anti-tumor immunity.

Our initial studies focused on comparing viral replication of both oHSV
vectors inmurine gliomas in vitro.We determined that rQNestin34.5v1
replicated more efficiently in vitro than KG4:T124. Next, we evaluated
oHSV replication kinetics in vivo. Unlike our in vitro experiments,
where we observed no differences in replication capacity for either virus
between cell lines (Figure S1B), viral presence in the CT2A model for
both vectors was short-lived, while GL261N4 allowed for prolonged
virus presence. However, in both models, rQNestin34.5v1 had a signif-
icantly larger viral burden compared to KG4:T124, aligning with our
in vitro observations. The mechanism underlying poor virus growth
in CT2A tumors is unknown but may be related to rapid tumor cell
growth combined with reduced permissivity. However, in vitro studies
indicate that virus attachment/penetration is not the reason, since both
viruses infected cells with similar efficiency (Figure S1A).

Shortly after vector administration (2 days post infection) in CT2A
and GL261N4 tumors, virus treatment induced an influx of granulo-
cytes and macrophages, while an accumulation of CD45+, CD11b+,
Ly6C+, F4/80� immature myeloid cells was only observed in
oHSV-treated GL261N4 tumors; CT2A tumors contained high levels
of the latter cells regardless of treatment. CD45+, CD11b+, Ly6C+, F4/
80� cells are typically considered monocytic-myeloid-derived sup-
pressor cells (MDSC) that are immunosuppressive and known to
limit productive anti-tumor immune responses31,32 and oHSV repli-
cation.33 The high abundance of these cells within the CT2A TME
could explain the minimal oHSV replication in this model and why
animals bearing CT2A tumors were impervious to treatment with
either virus. While oHSV induced otherwise similar changes in
both models early after oHSV administration, at 7 days, when only
GL261N4 tumors contained readily detectable viral loads, the
CT2A TME had reverted to a control-treated phenotype, whereas
GL261N4 tumors remained significantly different in immune cell
makeup compared to PBS-treated animals. At the later time point,
both vectors induced similar changes in immune cell recruitment,
but only rQNestin34.5v1 treatment continued to support statistically
significant increased macrophage accumulation. As macrophages are
Molecular Therapy: Oncolytics Vol. 22 September 2021 449
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Figure 6. rQNestin34.5v1 and KG4T:124 impact on GL261N4 tumor progression

Experimental design schematic (A). RepresentativeMRI images ofmice bearingGL261N4 tumors (B). Animals were imaged on day 11, treated on day 12 following tumor implant

with rQNestin34.5v1 or KG4:T124, and reimaged on day 19. Images are representative of two animals per treatment group. Tumor volume was determined as described in

Materials andmethods (C). Evaluation of animal weight loss 7 days following oHSV treatment (D). Data represent the mean± standard deviation of one experiment with 5 animals

per treatment group. Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons of means. *p < 0.05, **p < 0.01, ***p < 0.001.
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pivotal to limiting GBM progression and needed to induce productive
anti-tumor immunity,34,35 the enhanced responses following rQNes-
tin34.5v1 treatment could explain why a few animals bearing
GL261N4 tumors treated with rQNestin34.5v1 survived long term.
Importantly, both oHSV vectors analyzed induced CD8+ and CD4+

T cell recruitment 7 days post oHSV treatment, but a significant
portion of these cells were PD-1+, and neither vector was able to
enhance T cell activation (CD69 expression) compared to control-
treated animals. This observation is consistent with previous studies;
treatment of GBM with an oHSV expressing IL-12 significantly
enhanced animal survival, and CD69 expression was not increased
compared to mock-treated animals, suggesting the possibility that
CD69 is not essential for T cell activation in the context of GBM.35

These data indicate that prolonged oHSV presence can enhance adap-
tive immune cell recruitment to the tumor but is insufficient to inspire
T cell activation. Moreover, the diminutive virus presence within
CT2A tumors and proclivity of these tumors to revert to an untreated
tumor phenotype following oHSV treatment help to explain previous
reports indicating that rQNestin34.5v1 was unable to limit CT2A tu-
mor progression compared to vehicle control-treated animals,18 a
phenotype not observed in the GL261N4 model (Figure 6).

Overall, we conclude that strain differences and methods for vector
attenuation may likely impact vector performance and oncolytic ac-
450 Molecular Therapy: Oncolytics Vol. 22 September 2021
tivity in the context of mouse GBM. Of the two strains tested, the
KOS strain is considered less pathogenic compared to the F strain
and other HSV-1 strains,36 but both vectors in this study retain neu-
rovirulence genes, in particular ICP34.5, which is deleted in the ma-
jority of other oHSVs.8 However, regardless of oHSV strain or means
of attenuation, the two oHSV tested here induced similar immune cell
recruitment to the tumor mass, and the duration of the immune
response correlated with the duration of oHSV presence within the
tumor. Moving forward, oHSV therapy will likely require the use of
vectors capable of expressing a combination of immunomodulatory
gene products designed to enhance the recruitment and activity of
specific immune cells, such as macrophages and cytotoxic T cells.

MATERIALS AND METHODS
Cell lines, viruses, and animals

CT2A and GL261N4 cells have been previously described.16 Cells
were grown in DMEM (Corning) supplemented with 1% penicillin/
streptomycin and 10% fetal bovine serum (FBS) (Sigma). The HSV-
1 KOS strain derivative KG4:T124 has been previously described.13

We have also inserted a gateway cassette in between UL3 and UL4
to allow for rapid immunotherapeutic gene insertion. The HSV-F-
strain derivative rQNestin34.5 has been previously described.9 Vi-
ruses were grown on Vero cells (ATCC) and titered using Vero cells.
Functional titers for tumor cell lines were not determined; all
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multiplicities of infection (MOI) for in vitro experiments were based
on Vero titers and do not reflect cell-type-specific differences in entry
and plaquing. Female C57BL/6 wild-type (WT) mice were obtained
from The Jackson Laboratory. Animals were maintained in the Ani-
mal Facility at the University of Pittsburgh (Pittsburgh, PA, USA) per
an Institutional Animal Care and Use Committee-approved protocol.
For tumor implantation, anesthetized mice were fixed in a stereotactic
apparatus, a burr hole was drilled 2mm lateral and 0.5mm anterior to
the bregma to a depth of 3 mm, and 2 � 105 of either CT2A or
GL261N4 cells in 2 mL PBS were implanted. At 7 days post tumor
cell implant, the mice were anesthetized again and stereotactically
inoculated at the same coordinates with 3 mL PBS or virus (2 � 106

PFU). Animals were observed daily and euthanized at the indicated
time points or when showing signs of morbidity.

Viral entry assay

Indicated cell types were plated at 70%–80% confluency in twelve-well
tissue-culture-treated dishes. The following day, cells were infected
with a MOI of three. One and a half hours following infection, viral
input was removed with a 20% glycine solution diluted in PBS. Six
hours following infection, medium was removed and cells trypsinized.
Cells were fixed with 4% paraformaldehyde (PFA) (Fisher Scientific)
for 30 min at room temperature, then washed with PBS. Cells were
then permeabilized with a 0.1% Triton X-100 (Sigma) solution for
10 min at room temperature and washed with PBS. Cells were then
incubated in a 10% horse serum solution diluted in PBS for 1 h at
room temperature. Following, cells were incubated with the anti-
ICP4 primary antibody (Santa Cruz) overnight at 4�C. Cells were
washed with PBS then incubated with the secondary anti-mouse Alexa
488 conjugated antibody (Fisher Scientific) for 1 h at room temperature
in thedark.CellswerewashedwithPBS, anddatawere collectedusing a
BD Accuri c6 Plus. Data were analyzed using FlowJo version 10.3.

Viral growth assay

Indicated cell types were plated at 70%–80% confluency in twelve-
well tissue-culture-treated dishes. The following day, cells were in-
fected with either a MOI of 0.1 or 1. One and a half hours following
infection, viral input was removed with a 10%–20% glycine solution,
depending on the cell type. Cells and supernatants were harvested at
indicated time points, combined, and sonicated three times using 20-s
intervals. Cell debris was removed by centrifugation, and samples
were stored at �80�C. Viral supernatants were titered using Vero
cells. Supernatants were serially diluted in serum-free media and
plated on 80%–90% confluent Vero monolayers. One and a half hours
after infection, cells were overlaid with a 1% carboxymethyl cellulose,
10% serum, 1% penicillin/streptomycin, DMEM solution. Three days
following infection, viral plaques were counted using an inverted fluo-
rescent microscope.

Viral mediated cytolysis

Indicated cell types were plated at 70%–80% confluency in twelve-
well tissue-culture-treated dishes. The following day, cells were in-
fected with a MOI of 0.1 for human cells or 1 for murine cells.
Seventy-two hours after infection, an alamarBLUE assay (Thermo
Fisher) was conducted. Briefly, alamar blue reagent was diluted 10-
fold directly into infected cell wells. Supernatant was monitored for
color change, and upon color change absorbance was measured
(540/560) using a Biotek synergy 4 plate reader and analyzed with
Gen5 software.

Flow cytometry

Single-cell suspensions of brain tumors were generated by gentle me-
chanical disassociation followed by enzymatic disassociation. The
enzymatic solution (EZ) is as follows: 32 mg collagenase IV (Wor-
thington), 10 mg deoxyribonuclease I (Worthington), 20 mg soybean
trypsin inhibitor (Worthington), resuspended in 10 mL of PBS. Enzy-
matic disassociation took place in 500 mL of EZ for 30 min shaking at
37�C. Following disassociation, cells were passed through a 70 mM fil-
ter (Fisher), then washed with PBS. Cells were then stained with fluo-
rescently conjugated antibodies for flow cytometry. Antibodies used
include: Near IR LIVE/DEAD (Thermo Scientific); CD45 (30-F11),
LY6C (HK1.4), CD8 (53-6.7), CD4 (GK1.5), CD11c (N418), NK1.1
(PK136), CD38 (90), CD103 (2E7), and CD279 (29F.1A12) (Bio-
legend); and CD11b (M1/70), LY6G (1A8), CD3 (17A2), and CD4
(RM4-5) (BD Biosciences). Total cell counts were determined using
CountBright Absolute Counting Beads (Invitrogen). Data were
collected using either a BD LSRII or a BD Accuri c6 Plus. Data
were analyzed using FlowJo version 10.3.

In vivo MRI analysis

Mice received general inhalation anesthesia with isoflurane for in vivo
brain imaging. Depth of anesthesia was monitored by toe reflex
Molecular Therapy: Oncolytics Vol. 22 September 2021 451
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(extension of limbs, spine positioning) and respiration rate. Once the
plane of anesthesia was established, it was maintained with 1%–2%
isoflurane in oxygen via a designated nose cone, and the mouse was
transferred to the designated animal bed for imaging. Respiration
was monitored using a pneumatic sensor placed between the animal
bed and the mouse’s abdomen, while rectal temperature was
measured with a fiber optic sensor and the core temperature main-
tained at 36.8�C + 0.2�C with a feedback-controlled warm air source
(SA Instruments, Stony Brook, NY, USA). In vivo brain MRI was
carried out on a Bruker BioSpec 70/30 USR spectrometer (Bruker Bio-
Spin MRI, Billerica, MA, USA) operating at 7-T field strength, equip-
ped with an actively shielded gradient system B-GA12S2 gradient
with 440 mT/m gradient strength and slew rate 3440 T/m/s as well
as a quadrature radio-frequency volume coil with an inner diameter
of 35 mm. Multi-planar T2-weighted anatomical imaging covering
the whole brain volume was acquired with rapid imaging with refo-
cused echoes (RARE) pulse sequence with the following parameters:
field of view (FOV) = 2 cm, matrix = 256 � 256, slice thickness =
0.6 mm, in-plane resolution = 78 mm � 78 mm, RARE factor = 8,
echo time (TE) = 12 ms, effective echo time (ETE) = 48 ms, repetition
time (TR) = 1,600 ms, flip angle (FA) = 180�. The multi-planar
T2-weighted RARE images were exported to DICOM format and
analyzed by blinded independent observers using the open source
ITK-SNAP (http://www.itksnap.org/pmwiki/pmwiki.php) brain seg-
mentation software. The tumor volume is defined as areas with hyper-
intensity on the T2-weighted RARE images. The hemorrhage volume
is defined as areas with hypointensity on the T2-weighted RARE
images.

Sequencing and genome assembly

We performed whole-genome sequencing on both KG4:T124 and
rQNestin34.5v1 to ensure there were no unexpected mutations;
none were found (data not shown). Sequencing took place as previ-
ously described.37 All sequencing was performed by the University
of Pittsburgh’s Health Sciences Sequencing core. Briefly, purified viral
DNA was harvested from purified virions using a DNA blood and tis-
sue extraction kit (QIAGEN). The sequencing was designed to ensure
a 40� genome coverage. Illumina sequencing reads (150 � 150
paired-end sequencing reads) were mapped to the parental in silico-
derived sequences KG4:T124-GW or rQNestin34.5v1 using the
CLC genomic work bench. All resequencing data are available from
authors upon request.

In vivo growth kinetics

Genome copy number was determined as previous described.38

Briefly, the entire infected tumor-bearing brain hemisphere was har-
vested. Total DNA was extracted using the QIAGEN DNA blood and
tissue extraction kit. gc titers were calculated relative to a standard
curve generated for each experiment using a 10-fold dilution series
of plasmid pUL5 (corresponding to 3 � 106 to 3 � 102 copies of
the HSV genome) and a custom FAM-MGB TaqMan primer probe
set (UL5qPCR-F, UL5qPCR-R, UL5 MGB probe; Thermo Fisher Sci-
entific). In vivo immunofluorescence was performed by snap freezing
infected tumor-bearing brain hemispheres in OTC (Tissuetek)
452 Molecular Therapy: Oncolytics Vol. 22 September 2021
freezing compound using liquid nitrogen. 12 mm sections were pro-
duced using a Cryostat Microm HM5050E. Permeabilized sections
were stained for 48 h with anti-ICP4 primary antibody (Santa
Cruz) and anti-nestin primary antibody (Santa Cruz). Alexa 488
and Alexa 594 conjugated secondary antibodies (Molecular Probes)
were incubated for an hour at room temperature. DAPI staining
took place for 10 min at room temperature. Images were captured us-
ing Nikon Diaphot fluorescence microscope (Nikon, Melville, NY,
USA) and MetaMorph imaging software (Molecular Devices, San
Jose, CA, USA).

Statistical analysis

GraphPad Prism 8 software was used for all statistical analyses. Aver-
ages for each experiment are shown ± SD. As noted in the relevant
figure legends, unpaired Student’s t tests or one-way or two-way
ANOVAs were performed.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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