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Oncolytic viruses (OVs) encoding various transgenes are being
evaluated for cancer immunotherapy. Diverse factors such as
cytokines, immune checkpoint inhibitors, tumor-associated anti-
gens, and T cell engagers have been exploited as transgenes. These
modifications are primarily aimed to reverse the immunosuppres-
sive tumor microenvironment. By contrast, antiviral restriction
factors that inhibit the replication of OVs and result in suboptimal
oncolytic activity have received far less attention. Here, we report
that guanylate-binding protein 1 (GBP1) is potently induced
during HSV-1 infection and restricts HSV-1 replication. Mecha-
nistically, GBP1 remodels cytoskeletal organization to impede nu-
clear entry of HSV-1 genome. Previous studies have established
that IpaH9.8, a bacterial E3 ubiquitin ligase, targets GBPs for pro-
teasomal degradation. We therefore engineered an oncolytic
HSV-1 to express IpaH9.8 and found that the modified OV effec-
tively antagonized GBP1, replicated to a higher titer in vitro and
showed superior antitumor activity in vivo. Our study features a
strategy for improving the replication of OVs via targeting a re-
striction factor and achieving promising therapeutic efficacy.

INTRODUCTION

Cancer immunotherapy exemplified by immune checkpoint blockade
(ICI) has revolutionized cancer treatment.' Despite the success of
ICIs, a majority of patients do not respond or fail to achieve durable
clinical benefit. Resistance to ICIs has been linked with the lack of tu-
mor-associated antigens (TAAs), poor antigen presentation, absence
of tumor-infiltrating immune cells, and the immunosuppressive tu-
mor microenvironment that blunts the killing activity of effector
T cells and adoptively transferred T cells.”” To tackle these problems,
various combination strategies are being actively pursued to over-
come the primary and acquired resistance associated with ICI treat-
ment. Among them, oncolytic viruses (OVs) are emerging as a versa-
tile platform to unleash the full potential of cancer immunotherapy.*

OVs are wild-type (WT) or genetically engineered viruses that selec-
tively replicate in tumor cells. The replication of OV’ results in highly
immunogenic cancer cell death, with the release of TAAs, pathogen-
associated molecular patterns, and damage-associated molecular pat-
terns, which together promote the activation of antigen-presenting
cells (APCs) and the subsequent priming and activation of antitumor
cytotoxic T cells.” In addition, the release of cytokines and chemo-
kines in the tumor microenvironment upon OV administration pro-
motes the infiltration of immune cells, including dendritic cells (DCs)
and CD8" T cells.” Furthermore, the replication of OV's overturns the
immunosuppressive tumor microenvironment to reinvigorate ex-
hausted T cells.” These advantages have put OVs in a good position
to be administered alone, or in combination with other cancer immu-
notherapies, such as ICIs for cancer treatment.” The clinical effec-
tiveness of OVs has led to Food and Drug Administration (FDA)
approval of talimogene laherparepvec (T-VEC), a genetically modi-
fied oncolytic virus based on HSV-1, for the treatment of advanced
melanoma.’ Despite the clinical benefits of OVs, with the monother-
apy efficacy of T-VEC being around 16% in melanoma patients,”®
there is still great room for improvement.

Recently, considerable effort has been devoted to the development of
genetically modified OVs encoding various transgenes to improve
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Figure 1. GBPs are induced by HSV-1 and restrict HSV-1 replication
THP-1 cells were infected with HSV-1 (MOI = 5) and RNA was extracted at 8 h post-infection and subjected to RNA sequencing analysis. The heatmap summarizes the
relative expression of GBPs (A). The expression of GBPs and IFNB1 was determined by RT-gPCR at 8 h post-infection (B). HEK293T cells were transfected with vector or
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therapeutic efficacy. For example, granulocyte-macrophage colony-
stimulating factor (GM-CSF), carried in T-VEC, functions as an im-
mune adjuvant to augment the recruitment and activation of APCs.”
Other than cytokines, TAAs, ICIs, and T cell engagers have also been
exploited as transgenes to improve OV therapies. These genetic modi-
fications show various positive effects in preclinical animal models.*
However, these efforts mainly focus on modulating host immune re-
sponses and/or the tumor microenvironment. The improvement on
the replication capacity of OVs per se has received far less attention.
Most OVs are genetically modified to attenuate viral pathogenesis, re-
sulting in impaired viral replication. For example, ICP34.5 has been
deleted in T-VEC to reduce neurovirulence.'’ However, ICP34.5 defi-
ciency leads to enhanced antiviral innate immunity and autophagy,
which significantly impairs viral replication.'*'* In another study, inter-
feron signaling activation has been found to play a key role in restricting
oncolytic measles virus replication in glioblastoma treatment.'” There-
fore, elucidating critical restriction factors in OV therapies and devel-
oping OVs that can counteract these restriction factors would greatly
advance the replication of OVs and improve OV therapeutic efficacy.

Interferon (IFN)-induced guanylate-binding proteins (GBPs), belon-
ging to a large IFN-induced GTPase family, play a critical role in
cell-autonomous defense against bacterial infections.'>'> Upon bacte-
rial invasion, GBP1, the founding member of the GBP family, compro-
mises bacteria-containing vesicles or directly targets free bacteria.
Moreover, GBPs are critical to the activation of inflammasome, which
coordinates antimicrobial inflammatory responses for bacterial elimi-
15 To antagonize the restrictive activity of GBPs, a Shigella-en-
coded effector protein IpaH9.8 targets GBPs for proteasomal degrada-
tion to facilitate bacterial replication.'® By contrast, the role of GBPs in
virus infection is less studied despite that GBPs are highly induced by
viral infection.'> Notably, GBP1 has been reported to remodel actin
cytoskeleton to inhibit KSHV infection.'” It remains uncharacterized
whether and how GBPs inhibit oncolytic herpes simplex virus replica-
tion, and whether GBPs can be targeted to improve OV therapies.

nation.

In this study, we report that GBP1 is highly induced by HSV-1 and
potently inhibits viral replication. Both the prenylation and ATPase ac-
tivities of GBP1 are required to restrict HSV-1 infection. Mechanisti-
cally, GBP1 remodels cytoskeletal organization of the infected cells to
hinder the delivery of HSV-1 genome into the nucleus. Based on these
findings, we have engineered an oncolytic HSV-1 that recombinantly
expresses IpaH9.8 to augment the replication of the oncolytic virus.
Compared with the prototype OV, the modified OV armed with
IpaH9.8 effectively antagonizes GBP1 and replicates to a higher titer
in vitro and demonstrates stronger antitumor activity in vivo. Our
study features a strategy via targeting a restriction factor to promote
the replication of OVs and achieve enhanced therapeutic efficacy.

RESULTS

GBPs are induced by HSV-1 and restrict HSV-1 replication
Previously, we performed RNA sequencing to profile the transcrip-
tional changes of human monocyte THP-1 cells infected with
HSV-1."® THP-1 cells are immune cells that are highly responsive to
virus infection and are commonly used to study HSV-1-induced innate
immune responses.'®'? Notably, the GBP family members including
GBP1-5 were significantly induced by HSV-1 (Figure 1A). Real-time
PCR analysis confirmed that HSV-1 infection potently stimulated the
expression of GBP1-5 (Figure 1B). Consistent with previous reports,
HSV-1 infection induced antiviral innate immune responses, as indi-
cated by the potent induction of IFNBI (Figure 1B)."” Considering
the role of GBPs in antimicrobial defense, we hypothesized that
GBPs may restrict HSV-1 replication. To test this hypothesis, we first
transiently expressed GBP1-5 in HEK293T cells and then performed
HSV-1 infection (Figure 1C). HEK293T cells were used for transient
transfection due to their high transfection efficiency.””*' We found
that except for GBP3, the other GBPs were able to suppress the produc-
tion of progeny virions (Figure 1D). Our data suggest that the expres-
sion of GBP3 alone is insufficient to restrict HSV-1 replication. To
corroborate these results, we ablated the expression of GBP1-5 using
CRISPR-Cas9 technology in THP-1 cells and then infected the
knockout cells with GFP-HSV-1. Except for GBP2 and GBP4, defi-
ciency of the other GBPs enabled enhanced replication of HSV-1, as
indicated by the enhanced GFP expression and the increased produc-
tion of progeny virions compared with WT cells (Figures 1E and 1F).
These data suggest that HSV-1-induced GBP2 and GBP4 are relatively
weak at restricting viral replication (Figures 1E and 1F), although they
are sufficient to suppress HSV-1 replication when overexpressed in
HEK293T cells. Together, these data indicate that GBPs are induced
by HSV-1 and restrict HSV-1 replication.

GBP1 suppresses HSV-1 replication

Based on our observations, we found that GBP1 was among one of the
most potent GBPs in terms of restricting HSV-1 replication, and
knockout of GBP1 most potently promoted HSV-1 replication (Fig-
ure 1F). Moreover, GBP1 is the founding member of the GBP family
and plays critical roles in host defense against bacteria and viruses."
We therefore focused on GBP1 for further studies. HT1080 cells were
chosen for most of the antiviral and mechanistic investigations, as
they are a human epithelial cell line that is more physiologically rele-
vant to HSV-1 infection.”>*’ We first stably expressed GBP1 in
HT1080 (Figure 2A) and found that GBP1 expression potently sup-
pressed the replication of GFP-HSV-1 (Figure 2B). Plaque assays
confirmed that GBP1 expression reduced the production of HSV-1
progeny virions (Figure 2C). Furthermore, HSV-1 gene transcription
and viral protein expression were diminished in GBP1-expressing

FLAG-GBP1-5. At 24 h post-transfection, the cells were infected with HSV-1 (MOI = 0.01). Whole-cell lysates were analyzed by immunoblotting at 36 h post-infection (C).
Viral titer was determined by plaque assay at 36 h post-infection (D). THP-1 cells were transduced with control sgRNA or sgRNA targeting GBP1-5, and the stable cells were
infected with GFP-HSV-1 (MOI = 0.01) at 48 h post-transduction. GFP-positive cell percentage was determined at 24 h post-infection (E). Viral titer in the culture medium was
determined by plaque assay at 24 h post-infection (F). Data are presented as means + SEM, and statistical analyses were performed using a two-tailed unpaired Student’s
t test. Data are representative of three independent experiments. *p < 0.05; “*p < 0.01; **p < 0.005; N.S., not significant.
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cells (Figures 2D and 2E). These data indicate that GBP1 suppresses
HSV-1 replication. Next, we knocked out GBPI in HT1080 cells with
CRISPR-Cas9 technology. GBP1 was induced by HSV-1 in control
cells, while the expression of GBP1 could not be detected in the
knockout cells (Figure 2F). Moreover, expression of viral proteins
VP16 and ICP5 were increased in GBP1 knockout cells (Figure 2F).
Consistently, HSV-1 replication was increased in GBP1-deficient
cells, as indicated by the enhanced GFP fluorescence and increased
viral titer (Figures 2G and 2H). Furthermore, GBP1 deficiency
elevated HSV-1 gene expression (Figure 2I). Finally, we re-expressed
GBP1 in GBPI1-deficient cells and found that GBP1 reconstitution
effectively suppressed HSV-1 replication (Figure 2J). Together, these
data indicate that GBP1 restricts HSV-1 replication.

GBP1 blocks HSV-1 genome nuclear translocation

Next, we sought to investigate how GBP1 restricts HSV-1 replication.
First, we infected control HT1080 or HT1080 stably expressing GBP1
with HSV-1 and quantified viral gene expression at different time
points. Notably, GBP1 effectively blunted the expression of ICP0O
and UL23 as early as 2 h post-infection (Figure 3A), suggesting that
GBP1 functions as a restriction factor at an early stage of infection.
Then we examined HSV-1 entry into host cells and found that
GBP1 did not affect the entry step (Figure 3B). Next, we fractionated
the cytoplasmic and nuclear compartments of the infected cells and
quantified the viral genome in the nucleus. Our results indicate that
GBP1 expression inhibited the nuclear entry of HSV-1 genome (Fig-
ure 3C). Consistently, knockout of GBP1 enhanced nuclear entry of
HSV-1 genome (Figure 3D). These data suggest that GBP1 blocks
HSV-1 genome nuclear translocation.

To confirm these results, we performed immunofluorescence staining
to detect ICP5, the major capsid protein of HSV-1, to monitor the
localization of viral capsid after de novo infection. U20S cells were
chosen for immunofluorescence staining since they have a distinct
cell morphology and are widely used for immunostaining studies.”*
In control cells, ICP5 mainly accumulated in the vicinity of the nu-
cleus, indicating the efficient nuclear trafficking of viral capsid. By
contrast, ICP5 displayed an apparent cytoplasmic distribution in
GBP1-expressing cells (Figures 3E and 3F). These results indicate
that GBP1 hampers viral capsid trafficking. Then we labeled HSV-1
genome with 5-ethynyl-2’-deoxycytidine (EdC) and utilized click
chemistry to monitor the localization of the incoming viral genome.

Notably, HSV-1 genome effectively translocated into the nucleus in
control cells, whereas nuclear localized viral genome was dramatically
reduced in GBP1-expressing cells (Figures 3G and 3H). Consistently,
knockout of GBP1 promoted nuclear trafficking of the HSV-1
genome (Figure 3I). These data indicate that GBP1 blocks HSV-1
genome nuclear translocation.

The GTPase activity and prenylation of GBP1 are required to
restrict HSV-1 infection

To further dissect the role of GPB1 in HSV-1 infection, we generated
R48A and S52N mutants, which abrogate the GTPase activity of
GBP1, as well as a ACAAX mutant that abrogates the prenylation
and membrane association activities of GBP1.”*° We stably intro-
duced GBP1 or these mutants into HT1080 cells by lentiviral trans-
duction. Consistently, WT GBP1 suppressed the replication of
HSV-1, as indicated by reduced GFP expression and viral titer, dimin-
ished nuclear translocation of viral genome, and decreased viral gene
transcription (Figures 4B—4E). By contrast, the R48A, S52N, and
ACAAX mutants lost the ability to restrict HSV-1 infection
(Figures 4B-4E). ICP5 immunofluorescence staining verified that
HSV-1 capsid trafficking was not altered in the presence of these
mutants (Figure 4F). EdC labeling of HSV-1 genome coupled with
click chemistry further confirmed that these mutants were not able
to restrict nuclear translocation of HSV-1 genome (Figure 4G).
Together, these data indicate that the GTPase activity and prenylation
of GBP1 are required to restrict HSV-1 infection.

GBP1 disturbs actin cytoskeleton to hinder nuclear
translocation of HSV-1 genome

GBP1 remodels the host actin cytoskeleton, whereas HSV-1 hijacks
the host cytoskeleton for capsid trafficking.”” >’ Therefore, we hy-
pothesize that GBP1 disturbs actin cytoskeleton to hinder HSV-1
capsid trafficking. To test this hypothesis, we first treated HSV-1-
infected cells with a widely used actin cytoskeleton polymerization
inhibitor, cytochalasin D (CytoD), and found that CytoD treatment
effectively disrupted cytoskeletal organization (Figure 5A) and
impeded the nuclear translocation of the HSV-1 genome as expected
(Figures 5B and 5C). Importantly, GBP1 expression rearranged the
cytoskeleton and blocked HSV-1 genome nuclear trafficking akin to
the antiviral effect of CytoD (Figures 5A-5C). Moreover, GBP1
plus CytoD showed no additive effect in reducing nuclear localization
of the HSV-1 genome (Figure 5C). These data suggest that GBP1

Figure 2. GBP1 suppresses HSV-1 replication

(A) HT1080 cells were infected with control (Vector) lentivirus or that containing FLAG-GBP1 to generate stable cells. Whole-cell lysates were analyzed by immunoblotting at
48 h post-transduction. (B) HT1080 stable cells as described in (A) were infected with GFP-HSV-1 (MOI = 0.01). The GFP-positive cell percentage was determined at 36 h
post-infection. Viral titer in the culture medium was determined by plaque assay at 36 h post-infection (C). HT1080 stable cells as described in (A) were infected with HSV-1
(MOI = 5). The expression of the indicated genes was determined by RT-gPCR at 6 h post-infection (D). Whole-cell lysates in (B) were analyzed by immunoblotting at 36 h
post-infection (E). HT1080 was transduced with control sgRNA or sgRNA targeting GBP1 to generate stable cells, and the stable cells were infected with GFP-HSV-1 (MOI =
0.01). Whole-cell lysates were analyzed by immunoblotting at 36 h post-infection (F). GFP expression was imaged and GFP-positive cell percentage was quantified by flow
cytometry at 36 h post-infection (G). Scale bars, 100 um. Viral titer in the culture medium was determined by plaque assay at 36 h post-infection (H). The expression of the viral
genes was determined by RT-gPCR at 6 h post-infection (MOI = 5) (). (J) HT1080 GBP1 knockout cells were stably reconstituted with control vector or GBP1. The stable cells
were infected with HSV-1 (MOI = 0.01). Whole-cell lysates were analyzed by immunoblotting, and viral titer was determined by plaque assay at 36 h post-infection. Data are
presented as means + SEM, and statistical analyses were performed using a two-tailed unpaired Student’s t test. Data are representative of three independent experiments.

*p < 0.05; *p < 0.01; **p < 0.005; N.S., not significant.
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disturbs the cytoskeletal organization of infected cells to block nuclear
trafficking of the HSV-1 genome.

Oncolytic HSV-1 armed with IpaH9.8 effectively antagonizes
GBP1 to promote viral replication

Previous studies have established that Shigella-encoded effector pro-
tein IpaH9.8 specifically degrades GBPs to dampen host antimicrobial
responses.' ’ We reasoned that IpaH9.8 could be employed to
disarm GBP1 for improving the replication of oncolytic HSV-1. We
first tested the role of IpaH9.8 in HSV-1 infection. As expected,
GBP1 expression in HEK293T cells suppressed HSV-1 replication,
whereas the expression of IpaH9.8 negated the antiviral effect
of GBP1 (Figures 6A and 6B). Furthermore, stable expression of
IpaH9.8 in HT1080 fibroblasts abrogated the anti-HSV-1 activity of
GBP1 (Figures 6C and 6D), indicating that IpaH9.8 functionally an-
tagonizes GBP1 to promote HSV-1 replication. Building on these re-
sults, we engineered an oncolytic HSV-1 deficient in ICP34.5 and
ICP47 (HSV-1 A34.5/A47; hereinafter referred to as oHSV) to ex-
press IpaH9.8 (HSV-1 A34.5/A47-IpaH9.8; hereinafter referred to
as oHSV-IpaH9.8) (Figure 6E). We successfully detected the tran-
scription of IpaH9.8 following oHSV-IpaH9.8 infection (Figure 6F).
Compared with oHSV, oHSV-IpaH9.8 infection led to reduced
GBP1 expression and enhanced viral late gene ICP5 expression (Fig-
ure 6G). Plaque assays confirmed that IpaH9.8 expression enhanced
progeny infectious virion production in control cells, and the
enhancing effect was more dramatic when these OVs were amplified
in GBPl-expressing cells (Figure 6H). These data indicate that
oncolytic HSV-1 armed with IpaH9.8 effectively antagonizes GBP1
to promote viral replication.

Oncolytic HSV-1 armed with IpaH9.8 demonstrates stronger
antitumor activity

To evaluate the pathogenesis of the modified OVs, we intraperitone-
ally infected C57BL/6] mice with WT HSV-1, HSV-1 A34.5/A47
(oHSV) or HSV-1 A34.5/A47-IpaH9.8 (oHSV-IpaH9.8). Our results
indicate that oHSV and oHSV-IpaH9.8 exhibited reduced pathogen-
esis compared with WT HSV-1, since they did not replicate in the
mouse brain or induce inflammation like WT HSV-1 (Figure S1).
Next, we sought to investigate whether oncolytic HSV-1 armed

with IpaH9.8 has stronger oncolytic activity with a widely used
MC38 syngeneic colorectal tumor model (Figure 7A). oHSV treat-
ment slowed the growth of MC38 tumors as expected, but oHSV-
IpaH9.8 stronger activity
compared with oHSV (Figure 7B). oHSV treatment promoted the
infiltration of CD4* and CD8" T cells, but the tumor infiltration of
CD4" and CD8" T cells was further enhanced by oHSV-IpaH9.8,
indicating that oHSV-IpaH9.8 stimulates stronger antitumor im-
mune responses to suppress tumor growth (Figures S2, 7C, and
7D). Regarding the exhaustion status of CD8" T cells, both oHSV
and oHSV-IpaH9.8 reduced the severely exhausted CD8" T cell pop-
ulation (Figure 7E). Next, we found that the percentage of CD4" and
CD8" T cells in spleens was increased following the administration of
oHSV and oHSV-IpaH9.8 (Figures 7F and 7G). We stimulated the
splenocytes with phorbol 12-myristate 13-acetate (PMA) and iono-
mycin, and found that the production of interferon gamma (IFNY)
and tumor necrosis factor o (TNFo) by CD4" and CD8" T cells
was increased upon oncolytic virus treatment, with no difference be-
ing observed between oHSV and oHSV-IpaH9.8 (Figures 7H and 7I).
These data indicate that oncolytic HSV-1 armed with IpaH9.8 pro-
motes tumor T cell infiltration and induces stronger antitumor
activity.

administration showed antitumor

DISCUSSION

Cancer immunotherapy exemplified by immune checkpoint blockade
has revolutionized cancer treatment.' However, only 20%-30% of
cancer patients respond to current immune checkpoint inhibitors
(ICIs). Hot tumors with sufficient immune cell infiltration tend to
be more responsive to ICI treatment. By contrast, cold tumors with
scarce immune cell infiltration are refractory to the treatment.”’
Combination therapies are effective means to overcome the conun-
drum of ICI resistance. Among the combination strategies, oncolytic
virus has gained extensive attention due to its remarkable ability to
“heat up” tumors, thereby converting cold tumors into hot ones.**’

Oncolytic viruses are WT or genetically engineered viruses that selec-
tively replicate in tumor cells. OV replication results in highly inflam-
matory cancer cell death and overturns the immunosuppressive state
of the tumor microenvironment.* These benefits have rendered OV a

Figure 3. GBP1 restricts HSV-1 replication by blocking viral genome nuclear translocation

(A) HT1080 control or GBP1-overexpressing cells were infected with HSV-1 (MOI = 1), and the expression of viral genes (ICPO, UL23) was determined by RT-gPCR at the
indicated time points post-infection. (B) HT1080 control or GBP1 stable cells were infected with HSV-1 (MOI = 5) for 1 h at 4°C, and then another 1 h at 37°C in the presence
of cycloheximide (100 ng/mL). The relative viral genome copy number was quantified by gPCR. (C) HT1080 control or GBP1 stable cells were infected with HSV-1 (MOI = 5)
for 1 h at 4°C and then another 3 h at 37°C in the presence of cycloheximide (100 ng/mL). Nuclear fractions were isolated from the infected cells and the relative viral genome
copy number was quantified by gPCR. (D) HT1080 control or GBP1 knockout cells were infected with HSV-1 (MOI = 5) for 1 h at 4°C and then another 3 h at 37°C in the
presence of cycloheximide (100 pg/mL). Nuclear fractions were isolated from the infected cells, and the relative viral genome copy number was quantified by gPCR. (E) U20S
control or GBP1 stable cells were infected with HSV-1 (MOI = 50) for 1 h at 4°C and then another 3 h at 37°C in the presence of cycloheximide (100 pg/mL). ICP5 and FLAG-
GBP1 were detected by immunofluorescence staining. Scale bars, 20 um. (F) The percentage of cells with perinuclear localization of ICP5 in (E) was quantified. (G) U20S
control or GBP1 stable cells were mock-infected or infected with EAC-labeled HSV-1 (MOI = 50) for 1 h at 4°C and then another 3 h at 37°C in the presence of cycloheximide
(100 pg/mL). Nuclei were stained with DAPI, and viral genome was visualized by click chemistry. Scale bars, 20 um. (H) Statistical analysis represents the percentage of viral
nuclear genome per cell in (G). () U20S control or GBP1 knockout cells were infected with EJC-labeled HSV-1 (MOI = 50) for 1 h at 4°C and then another 3 h at 37°C in the
presence of cycloheximide (100 ng/mL). Statistical analysis represents the percentage of viral nuclear genome per cell. Data are presented as means + SEM, and statistical
analyses were performed using a two-tailed unpaired Student’s t test. Data are representative of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.005;
***p < 0.001; N.S., not significant.
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Figure 4. The GTPase activity and prenylation of GBP1 are required to restrict HSV-1 replication

(A) HT1080 cells were transduced with control vector, GBP1, or the indicated mutants to generate stable cells. Whole-cell lysates were analyzed by immunoblotting. (B)
HT1080 stable cells as described in (A) were infected with GFP-HSV-1 (MOI = 0.01), and the GFP-positive cell percentage was quantified by flow cytometry at 24 h post-
infection. Viral titer in the culture medium was determined by plaque assay at 24 h post-infection (C). (D) HT1080 stable cells were infected with HSV-1 (MOI = 5) for 1 hat 4°C
and then another 3 h at 37°C in the presence of cycloheximide (100 ng/mL). Nuclear viral genome was determined by gPCR at 3 h post-infection. (E) HT1080 stable cells were

(legend continued on next page)

68 Molecular Therapy: Oncolytics Vol. 29 June 2023



www.moleculartherapy.org

perfect partner for the development of combination therapies with
ICIs. Among the different OV types, oncolytic HSV-1 has gained mo-
mentum by showing promising effects in the treatment of melanoma
and other cancer types, leading to its regulatory approval for the treat-
ment of advanced melanoma in the United States, Europe, and
Australia.® Despite these advantages, the efficacy of OV as monother-
apy is limited. For example, the response rate of T-VEC monotherapy
is around 16% in melanoma patients, indicating that there is great
room for improvement.”

To improve OV efficacy, tremendous efforts have been made to opti-
mize the transgenes carried by OVs. The transgenes encoded by OVs
can be roughly divided into cytokines, immune checkpoint blockers,
T cell engagers, and TAAs.* For example, GM-CSF and Interleukin-
12 (IL-12) are cytokines that have been extensively studied as trans-
genes to stimulate antitumor immunity. GM-CSF stimulates the
maturation and activation of DCs to augment antitumor immunity.
The durable response rate of T-VEC encoding GM-CSF is around
10-fold compared with that of recombinant GM-CSE.* IL-12 is a
Th1 cytokine that polarizes naive T cells into Thl cells to enhance
antitumor immunity, and is encoded in multiple types of OVs,
including oncolytic HSV-1, vaccinia virus, and adenovirus, to
improve cancer immunotherapy.’* > Oncolytic viruses carrying im-
mune checkpoint antibodies, such as PD1 and PD-L1 blocking anti-
bodies as well as PD-L1 inhibitory proteins, have shown promising
results in preclinical mouse models.”*** Moreover, TAAs (e.g.,
HER? for breast cancer treatment) and T cell engagers (e.g., bispecific
T cell engagers that bind CD3 and a surface antigen of cancer cells)
are being developed to improve OV therapies.” However, while these
modifications primarily focus on modulating the host response, the
improvement of OV replication has received less attention. Taking
T-VEC as an example, ICP34.5 has been identified as a major viru-
lence factor contributing to HSV1 neuropathogenesis, so it is depleted
in T-VEC to reduce neurovirulence and improve medication safety.”
As a multifunctional viral protein, ICP34.5 plays a critical role in viral
immune evasion.””*” Furthermore, ICP34.5 antagonizes autophagy
to facilitate viral replication.'” Depletion of ICP34.5 reduces neurovir-
ulence of oHSV-1, but also renders the modified virus attenuated and
unable to replicate efficiently in the harsh tumor microenvironment.
We postulate that targeting restriction factors of OV may improve
viral replication to improve OV therapeutic efficacy.

Previous studies have revealed that augmenting the replication of
oncolytic HSV-1 can improve its antitumor activity. For example,
the FDA-approved proteasome inhibitor Bortezomib can induce
HSP90, which promotes the nuclear localization of HSV-1 polymerase
and increases viral replication. Oncolytic HSV-1 combined with Bor-

tezomib has resulted in synergistic antitumor effects."' In addition,
HDACS inhibition can counteract the antiviral effect of type I inter-
ferons and increase the shuttling of oHSV to the nucleus rather than
the lysosome, leading to increased oHSV replication.”” ENT1 antago-
nists, which increase cellular ribonucleoside activity, have also been
shown to promote oHSV replication in cancer cells.”> Our study de-
fines GBPI as a restriction factor against HSV-1 and reveals that
GBP1 remodels actin cytoskeletal organization of infected cells to
impede the trafficking of HSV-1 capsid. We take advantage of a
well-defined bacterial GBP1-degrading protein IpaH9.8 to engineer
an oncolytic HSV-1 armed with IpaH9.8 (oHSV-IpaH9.8). oHSV-
IpaH9.8 effectively induces GBP1 degradation and ablates the antiviral
activity of GBP1. Importantly, oHSV-IpaH9.8 shows stronger anti-
tumor immunity, demonstrating that our strategy of targeting GBP1
to improve OV therapeutic efficacy works. Whether similar strategies
can be applied to disarm other antiviral restriction factors to further
promote OV replication warrants further investigation.

In summary, our study has identified GBP1 as a restriction factor
against HSV-1. GBP1 modulates the cytoskeleton of infected cells
to impede the nuclear entry of HSV-1 genome. Oncolytic HSV-1 en-
coding a bacterial GBP1 degrader IpaH9.8 effectively antagonizes
GBP1 and shows superior antitumor activity. Our study features a
strategy for improving the replication of OVs by targeting restriction
factors and holds great promise for achieving improved therapeutic
efficacy in cancer treatment.

MATERIALS AND METHODS

Cell culture

HT1080 (kindly provided by Drs. Hong-Bing Shu and Qing Yang, Wu-
han University), MC38 (kindly provided by Dr. Jinfang Zhang, Wuhan
University), HEK293T, U20S, and VERO (ATCC) cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma) supple-
mented with 10% fetal bovine serum (FBS) (LONSERA, Shanghai,
China) and 1% penicillin-streptomycin (HyClone). THP1 cells
(ATCC) were cultured in RPMI 1640 (Sigma) supplemented with
10% FBS (LONSERA, Shanghai, China) and 1% penicillin-strepto-
mycin (HyClone). All cell lines were routinely tested for mycoplasma
contamination and mycoplasma-negative cells were used in the study.

Mouse experiments

All mouse experiments were approved by the Institutional Animal
Care and Ethics Committee of the Medical Research Institute,
Wuhan University. C57BL/6] mice were purchased from Hu’nan
SJA Laboratory Animal Co., Ltd (Changsha, China) and kept in a spe-
cific pathogen-free facility at the Medical Research Institute, Wuhan
University.

infected with HSV-1 (MOI = 5), and viral gene expression was quantified by RT-gPCR at 6 h post-infection. (F) U20S stable cells were mock-infected or infected with HSV-1
(MOI = 50) for 1 h at 4°C and then another 3 h at 37°C in the presence of cycloheximide (100 pg/mL), followed by ICP5 immunostaining. The percentage of cells with
perinuclear localization of ICP5 was quantified. (G) U20S stable cells were mock-infected or infected with EJC-labeled HSV-1 (MOI = 50) for 1 h at 4°C and then another 3 h at
37°C in the presence of cycloheximide (100 pg/mL), followed by click chemistry to visualize viral genome. Data are presented as means + SEM, and statistical analyses were
performed using a two-tailed unpaired Student’s t test. Data are representative of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.005; ***p < 0.001; N.S., not

significant.
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Figure 5. GBP1 disrupts actin filament formation
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(A) U20S control or GBP1 stable cells were mock-treated or treated with cytochalasin D (200 nM). The stable cells were fixed at 3 h post-treatment and actin was
visualized by phalloidin staining. Scale bars, 20 um. (B) HT1080 control or GBP1 stable cells were mock-treated, or treated with cytochalasin D (200 nM), and

infected with HSV-1 (MOI =

5) in the presence of cycloheximide (100 pg/mL). Nuclear viral genomes were quantified by gPCR at 3 h post-infection. (C) U20S control

or GBP1 stable cells treated with DMSO or cytochalasin D (200 nM) were mock-infected or infected with EdC-labeled HSV-1 (MOl = 50) in the presence of
cycloheximide (100 pg/mL). The cells were fixed at 3 h post-infection and viral genomes were visualized by click chemistry. Scale bars, 20 um. Data are presented as
means + SEM, and statistical analyses were performed using a two-tailed unpaired Student’s t test. Data are representative of three independent experiments.

***p < 0.005; ***p < 0.001; N.S., not significant.

MC38 cells (1 x 10°) were re-suspended in 75 pL of ice-cold PBS
and mixed with 25 pL of Matrigel (356231, Corning) and 100 pL
of the suspension was injected subcutaneously into the left
flank of C57BL/6] mice. Tumor size was measured every other
day, and tumor volume was calculated using the formula V =
(L x W?)/2, with L and W denoting the widest and the smallest
diameter, respectively. When tumor volume reached ~100 mm?>
(day 7 after implantation), the mice received 10° pfu of HSV-
1A34.5/A47 or HSV-1A34.5/A47-1paH9.8 via intratumoral injec-
tion, and the injection was repeated every other day for a total of
five times. Tumor-bearing mice were killed on day 18 after im-
plantation and tumors were collected and processed for further
analysis.

Viruses

HSV-1 and GFP-HSV-1 (F strain) was propagated using VERO cells,
and virus titer was measured by standard plaque assay using VERO
cells."” HSV-1A34.5/A47 and HSV-1A34.5/A47-IpaH9.8 were gener-
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ated by two-step Red-mediated recombination and propagated and
titrated using VERO cells.

EdC genome-labeled HSV-1 was generated as previously described.**
Briefly, VERO cells cultured in DMEM containing 2% FBS were in-
fected with HSV-1 (MOI = 0.01), then EdC (#9075-47-4, Aladdin,
Shanghai, China) was added at 4 h post-infection to a final concentra-
tion of 5 pM. Culture supernatant was harvested at 48 h post-infec-
tion and virus titer was determined by plaque assay.

Plasmids

For transient expression in mammalian cells, pCS2-FLAG-GBP1-5
and pCS2-FLAG-IpaH9.8 were kindly provided by Dr. Feng Shao
(National Institute of Biological Sciences, Beijing).

For stable cell line generation, GBP1 and its mutants were constructed
into pPCDH-CMV-EFla-Puro or pPCDH-CMV-EFla.-Hygro (System
Biosciences). Single guide RNA (sgRNA) targeting GBP1-5 was
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inserted into Lenti-CRISPRv2 (#52961, Addgene). The sgRNA se-
quences are listed in Table SI.

Lymphocyte isolation

Single-cell suspensions were prepared from spleens and tumors.
Briefly, spleens were mechanically disrupted, and splenocytes
were re-suspended in cold PBS. Red blood cells (RBCs) were lysed
with RBC lysis buffer (BL503B, Biosharp, Hefei, China) for 3 min
at room temperature. Then 1 mL of RPMI 1640 supplemented
with 10% FBS was added to stop the reaction. The cell suspensions
were filtered through a nylon mesh strainer (45 pm), and the cells
were harvested and re-suspended in PBS for further analysis.

For isolation of tumor-infiltrating lymphocytes, tumor tissue was
cut into small pieces (1-2 mm in diameter). The tumor pieces were
then minced in cold PBS and the suspensions were passed through
a 70-um cell strainer. The cell strainer was rinsed twice with cold
PBS to collect all cells. The collected cells were re-suspended in
3 mL of 40% Percoll (BS909, Biosharp, Hefei, China) and transferred
into a 15 mL tube, laid slowly on 3 mL of 80% Percoll, and centrifuged
at 1,400 x g for 15 min at 4°C. The lymphocytes at the interface of
40% and 80% Percoll were collected and re-suspended in staining
buffer. The isolated lymphocytes were counted and used for further
staining analysis.

Flow cytometry

FITC anti-mouse CD3 (#100204, 1:200), Pacific Blue anti-mouse CD4
(#100531, 1:200), PerCP/Cyanine5.5 anti-mouse CD4 (#100434,
1:200), FITC anti-mouse CD8a (#100706, 1:200), PE/Cyanine7 anti-
mouse CD8a (#100722, 1:200), APC anti-mouse IFN-y (#505810,
1:200), PE anti-mouse TNF-o. (#506306, 1:200), PE anti-mouse
CD366 (Tim-3) (#119704, 1:200), and APC anti-mouse CD279
(PD-1) (#135210, 1:200) were ordered from Biolegend.

For intracellular cytokine staining, lymphocytes (1 x 10°) were stim-
ulated with 50 ng/mL of PMA (phorbol 12-myristate 13-acetate)
(#P8139, Sigma) and 1 uM of ionomycin (#13909, Sigma) in the pres-
ence of brefeldin A (#57046, Selleck) (5 pg/mL) for 4 h. Then the
stimulated cells were fixed and permeabilized with Fixation Buffer
(#420801, Biolegend) for 20 min at 4°C, and stained with fluoro-
chrome-conjugated antibody cocktails for 15 min at 4°C. Flow cy-
tometry data were acquired on BD LSRFortessa X-20 and analyzed
with FlowJo software.

Molecular Therapy: Oncolytics

Generation of oncolytic HSV-1 A34.5/A47-IpaH9.8

ICP34.5- and ICP47-deficient HSV-1 (strain F) was generated by de-
leting the coding sequences of ICP34.5 and ICP47 in a bacterial
artificial chromosome (BAC) through two-step Red-mediated recom-
bination.">*® Briefly, a linear DNA fragment containing a kanamycin
resistance expression cassette, an I-Scel restriction enzyme site, and
flanking sequences derived from HSV-1 genomic DNA were PCR-
amplified (primers are listed in Table S1). The DNA fragment was
then purified and electroporated into GS1783 cells harboring
HSV-1 BAC to induce the first round of recombination. The correct
recombination of the KanR/I-Scel cassette was verified by PCR ampli-
fication of the purified BAC DNA. The GS1783 strain containing the
modified HSV-1 BAC was then incubated with 1% L-arabinose
(Sigma-Aldrich) to induce the expression of I-Scel. A second round
of Red-mediated recombination led to the depletion of the KanR/
I-Scel cassette. Kanamycin-sensitive and chloramphenicol-resistant
colonies were picked, and HSV-1 BAC DNA was extracted from
GS1783 bacteria. The successful deletion of the target genes was veri-
fied by PCR amplification of the purified BAC DNA and Sanger
sequencing. ICP34.5- and ICP47-deficient HSV-1 was named HSV-
1A34.5/A47.

HSV-1A34.5/A47 expressing IpaH9.8 was generated by inserting the
coding sequence of IpaH9.8 into the coding region of ICP34.5
through two-step Red-mediated recombination as described above.
The successful insertion of the target gene was verified by PCR
amplification and Sanger sequencing. HSV-1A34.5/A47 expressing
IpaH9.8 was named HSV-1A34.5/A47-IpaH9.8.

For the generation of OVs, BAC DNA (~2 nug) was transfected into
VERO cells (1.5 x 10°) using Fugene HD (Promega, Wisconsin,
United States). Viruses were harvested when 100% of the cells dis-
played pronounced cytopathic effects at 3-5 days post-transfection.
HSV-1A34.5/A47 and HSV-1A34.5/A47-IpaH9.8 were titrated by
standard plaque assay using VERO cells.

Viral entry assay

HT1080 cells were inoculated with HSV-1 (MOI = 5) in infection
medium (DMEM, 25 mM HEPES pH 7.5, 100 U/mL penicillin,
100 pg/mL streptomycin, 0.2% bovine albumin fraction V) for
60 min at 4°C in presence of cycloheximide (100 pg/mL). The
infected cells were washed twice with PBS and incubated in
fresh infection medium with cycloheximide (100 pg/mL) at 37°C

Figure 6. Oncolytic HSV-1 armed with IpaH9.8 effectively degrades GBP1 and promotes virus replication

HEK293T cells were transfected with the indicated plasmids. After 24 h, the transfected cells were infected with GFP-HSV-1 (MOI = 0.01). GFP expression was imaged at
36 h post-infection (Scale bars, 100 um), and the GFP-positive cell percentage was quantified by flow cytometry (A). Viral titer in the medium was determined by plaque assay
at 36 h post-infection (B). (C) HT1080 stable cells were infected with GFP-HSV-1 (MOI = 0.01). The GFP-positive cell percentage was quantified by flow cytometry at 24 h
post-infection. Viral titer in the medium was determined by plaque assay at 24 h post-infection (D). (E) Schematic representation of the viruses used in the study (HSV-1
A34.5/A47 [oHSV]; HSV-1 A34.5/A47-IpaH9.8 [oHSV-IpaH9.8)). (F) HT1080 cells were infected with oHSV-IpaH9.8 (MOI = 1), and the expression of the indicated
genes was determined by RT-gPCR at the indicated time points. (G) HT1080 FLAG-GBP1 stable cells were mock-infected or infected with oHSV or oHSV-IpaH9.8 (MOl = 1).
Whole-cell lysates were analyzed by immunoblotting at 16 h post-infection. Viral titer in the medium was determined by plaque assay at 16 h post-infection (H). Data are
presented as means + SEM, and statistical analyses were performed using a two-tailed unpaired Student’s t test. Data are representative of three independent experiments.

*p < 0.05; *p < 0.01; ***p < 0.001; N.S., not significant.
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Figure 7. Oncolytic HSV-1 armed with IpaH9.8 demonstrates stronger antitumor activity

(A) Workflow for the MC38 colorectal tumor model and oncolytic virus treatment. (B) Tumor volume was quantified at the indicated time points. (C)—-(E) Flow cytometry analysis
of tumor-infiltrating CD4*, CD8*, and TIM3*PD1*CD8* T cells. (F) and (G) Flow cytometry analysis of CD8" and CD4™ T cells in the spleens of the MC38 tumor-bearing mice.
(H) and () Mouse splenocytes were stimulated with PMA and ionomycin for 4 h, followed by flow cytometry analysis of IFNy*TNFa*CD4* and IFNy*TNFa.*CD8" T cells.
Tumor volume V = (L x W?)/2, where L and W denote the widest and the smallest diameter, respectively. Data are presented as means + SEM, and statistical analyses were
performed using a two-tailed unpaired Student’s t test or the log rank test (B). Data are representative of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.005;
N.S., not significant.
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for 1 h. Then genomic DNA was extracted, and HSV-1 genome
copy number was quantified by qPCR. The qPCR primers are
listed in Table S1.

RNA extraction and gRT-PCR

THP1 or HT1080 cells were infected with HSV-1 (MOI = 5) for 8 h.
Total RNA was extracted using TRIzol reagent (#9109, Takara). One
microgram of total RNA was used for reverse transcription with a
HiScript II first Strand ¢cDNA Synthesis Kit (Vazyme, Nanjing,
China) according to the manufacturer’s instructions. The cDNA
mixture was diluted 20 times and was then subjected to qRT-PCR
analysis with SYBR green qPCR master mix (Monad, Suzhou, China).
The relative expression of the target genes was normalized to the
expression of ATCB.

The primer sequences for qRT-PCR are provided in Table S1.

HSV-1 nuclear genome copy number quantification

HT1080 cells were inoculated with HSV-1 (MOI = 5) in infection
medium (DMEM, 25 mM HEPES pH 7.5, 100 U/mL penicillin,
100 pg/mL streptomycin, 0.2% bovine albumin fraction V) for
1 h at 4°C in presence of cycloheximide (100 pg/mL) (#5142-23-
4, MCE). Then the infected cells were washed twice with PBS and
incubated in fresh infection medium containing cycloheximide
(100 pg/mL) for 3 h at 37°C. After another two washing steps
with ice-cold PBS, cytoplasmic and nuclear fractions were prepared
as previously described.** Nuclear DNA was extracted with a
TIANamp Genomic DNA kit (DP304-03, TIANGEN, Beijing,
China) according to the manufacturer’s instructions. HSV-1
genome copy number was quantified by qPCR and TERT was
used as an internal control. The primer sequences for qPCR are
provided in Table SI.

Immunofluorescence

U20S cells were inoculated with HSV-1 (MOI = 50) in infection me-
dium for 60 min at 4°C in presence of cycloheximide (100 pg/mL).
The infected cells were washed twice with PBS and incubated in fresh
infection medium with cycloheximide (100 pg/mL) at 37°C for 3 h.
The cells were then fixed with 4% (w/v) paraformaldehyde
(#DF0131, LEAGENE) for 10 min, followed by permeabilization
with 1% Triton X-100 for 5 min. After blocking with 10% goat serum
in PBS for 1 h at room temperature, the fixed cells were incubated
with mouse anti-HSV-1 ICP5 antibody (Santa Cruz, sc-56989, 1:50)
at 4°C overnight. For GBP1 detection, the samples were incubated
with rabbit anti-DYKDDDDK polyclonal antibody (Proteintech,
20543-1-AP, 1:100) at 4°C overnight, followed by incubation with
goat anti-mouse polyclonal secondary antibody (Alexa Fluor 488,
Invitrogen #A10680, 1:1000) or anti-rabbit secondary antibody
(Alexa Fluor 594, Invitrogen #A11012, 1:1000) at room temperature
for 1 h. Slides were then mounted with DAPI Fluoromount
(#36308ES20, Yeasen, Shanghai, China) according to the manufac-
turer’s instructions. Images were collected with a confocal microscope
(Leica Stellaris 5), the pictures were processed using Leica image
browser, and quantification was performed with Image] (NIH).
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Immunoblotting

Transfected or infected cells were collected at the indicated time points
and lysed with NP-40 buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl,
1% NP-40, 1 mM EDTA, 5% glycerol) supplemented with a protease
inhibitor cocktail as previously described.”® Centrifuged cell lysates
were boiled with 1x sodium dodecyl sulfate (SDS) sample buffer at
95°C for 10 min. The samples were separated by SDS-polyacrylamide
gel electrophoresis and analyzed by immunoblotting.

The following commercial antibodies were used for immunoblotting
in this study:

mouse anti-HA monoclonal antibody (#2063, Dia-An Biotech-
nology, Wuhan, China) (1:5,000)

anti-DYKDDDDK monoclonal antibody (#2064, Dia- An Biotech-
nology, Wuhan, China) (1:5,000)

anti-B-actin monoclonal antibody (#2060, Dia-An Biotechnology,
Wuhan, China) (1:5,000)

anti-VP16 monoclonal antibody (# SC-7545, Santa Cruz) (1:1,000)

anti-GBP1 monoclonal antibody (# SC-53857, Santa Cruz)
(1:1,000)

anti-ICP5 monoclonal antibody (# SC-56989, Santa Cruz)
(1:1,000)

IRDye 800CW goat anti-mouse immunoglobulin (Ig)G (#926-
32210, LI-COR Biosciences, 1:10,000)

IRDye 800CW goat anti-rabbit IgG (#926-32211, LI-COR Biosci-
ences, 1:10,000)

Analysis of HSV-1 genome localization by click chemistry

U20S cells were inoculated with EdC-labeled HSV-1 (MOI = 50) for
1 h at 4°C in presence of cycloheximide (100 pg/mL). Then the cells
were washed twice with PBS, and incubated in infection medium with
cycloheximide (100 pg/mL) at 37°C for 3 h. The samples were fixed
immediately with 4% (w/v) PFA in PBS for 10 min and permeabilized
with 1% Triton X-100 for 5 min at room temperature. Viral genomes
were visualized using copper(I)-catalyzed azide alkyne cycloaddition
as previously described.”” Briefly, the fixed samples were incubated
with freshly prepared click chemistry staining mix (10 uM AZDye
488-azide [#1475-1, Click Chemistry Tools], 1 mM CuSO4 [#7758-
99-8, Sinopharm Chemical Reagent Co., Shanghai], 10 mM sodium
ascorbate [#S105026, Aladdin, Shanghai], 10 mM amino-guanidine
[#A151036, Aladdin, Shanghai], and 1 mM THPTA [#760952-88-3,
Click Chemistry Tools]). DAPI staining and slide mounting were per-
formed as described in the immunofluorescence section. Images were
acquired with a confocal microscope (Leica Stellaris 5) and analysis
was performed with Image] (NIH).

Statistical analysis

Data represent the mean of at least three independent experiments,
and error bars denote standard error of the mean (SEM). A two-tailed
Student’s t test or analysis of variance was used for statistical analysis,
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and the log rank test applied to Figure 7B was performed in GraphPad
7, *p < 0.05, **p < 0.01, **p < 0.005, ***p < 0.0001, N.S, not statis-
tically significant.
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