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Abstract

Rationale: Immuno-virotherapy has emerged as a promising approach for cancer treatment, as it
directly and cytotoxically eliminates tumors with systemic immune stimulation. However, the clinical
efficacy of this approach remains limited by inappropriate delivery routes, robust antiviral responses, and
the tumor immunosuppressive microenvironment.

Methods: To address these challenges, we propose a surface engineering strategy that masks oncolytic
herpes simplex virus (oHSV) with a galactose-polyethylene-glycol (PEG) polymer chain to minimize host
antiviral responses and selectively targets tumors by limiting exposure to circulation upon systemic
administration. We evaluated the antitumor efficacy of glycosylated-PEG-oHSV by examining tumor
growth in animal models and analyzing tumor-infiltrating CD8+*T cells and NK cells in the tumor
microenvironment (TME). To assess the neutralizing antibody levels after systemic administration of
glycosylated-PEG-oHSV, we utilized a mouse model and measured oHSV-specific IgG.

Results: We demonstrate that the glycosylated-PEG modified oHSV does not affect the replication of
oHSV yet exhibits high specificity to the asialoglycoprotein receptor (ASGPR) overexpressed in
hepatocellular carcinoma cells. This results in selectively targeting cancer cells and deep penetration into
tumors while avoiding spreading into the brain. Our approach also effectively reduces oHSV-specific
neutralizing antibody levels to mitigate host antiviral immune response. Notably, our
glycosylated-PEG-oHSV alleviates the immunosuppressive microenvironment within tumors by reducing
regulatory T cells, augmenting the infiltration of activated CD8*T cells and NK cells with increasing
release of anti-tumor cytokines, to impede tumor progression.

Conclusion: Our findings offer a widely applicable and universal strategy to enhance cancer
immuno-virotherapy through systemic administration of non-genetically engineered oncolytic viruses.
This approach has the potential to overcome the limitations of current immune-virotherapy strategies
and may improve clinical outcomes for cancer patients.

Keywords: Oncolytic Virus, ASGPR, galactose-PEG polymer chain, systemic delivery, immuno-virotherapy.
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Introduction

Cancer immunotherapy is a promising treatment
strategy that has revolutionized oncology [1-3], with
immune checkpoint inhibitors (ICls) being a universal
approach for the treatment of advanced malignancies
such as advanced hepatocellular carcinoma (HCC)
[4-10]. Despite the wide use of ICI therapy, the clinical
benefit remains limited, with an objective response
rate (ORR) of only 10-20% in patients [11-13]. This is
partially attributed to the 'cold" tumor state,
characterized by the limited presence of cytotoxic
T-cell lymphocytes (CTLs). Additional factors include
variable patient immune responses and immuno-
suppression within the tumor microenvironment
(TME) [14-18], which is always the presence of large
amounts of regulatory T cells (Tregs) in tumors. Tregs
are CD4*T cells that suppress the antitumor activities
of CTLs, thereby promoting tumor progression [19].
Therefore, there is a strong need to develop new
therapeutic strategies to enrich CTLs in tumors and
further block Treg negative feedback to enhance
immunotherapy.

Oncolytic virus (OV) therapy is a powerful tool
in converting '"cold" tumors unresponsive to
immunotherapy into "hot" tumors through cytocidal
effects while sparing normal cells [20, 21]. The
OV-mediated release of tumor-associated antigens
(TAAs) and damage-associated molecular patterns
(DAMPs) can serve as an in-situ tumor vaccine, to
activate immune cells, recruit immune effector cells,
and produce systemic immunologic effects to inhibit
tumor growth [22-26]. However, local administration
of OVs for solid tumors can be challenging due to the
compactness and high pressure of the TME, which
poses a significant hurdle for clinical translation [21,
27]. As a result, systemic administration of OVs is
preferred to broaden their clinical applications.
However, this approach remains extremely
challenging due to the pre-existing neutralizing
antibodies in the host, which can induce a strong
antiviral immune response that leads to severe side
effects and rapid virus clearance [28]. Ultimately, this
has led to wunsatisfactory anti-tumor immune
responses in clinical settings, hindering the desired
therapeutic effects [29-31].

To address these issues, researchers have
developed various systemic delivery strategies for

OVs, including genetically engineered, serum
albumin-mediated, stem cell/cell ~membrane-
mediated, and  liposome-mediated  oncolytic

adenovirus, to specifically target and accumulate the
virus in tumors and reduce the anti-adenovirus
neutralizing antibodies. These approaches offer
promise in enhancing the efficacy of immuno-
virotherapy for cancer [32-35]. Compared to genetic

engineering or cell/cell membrane modification
strategies, polymer-based adenovirus modification
strategies offer unique features, such as low cost,
convenience, and flexibility [30]. Recent work has
focused on polymer-based engineering strategies for
oncolytic vaccinia viruses that utilize electrostatic or
hydrophobic interactions [36], but challenges
regarding stability during systemic administration
remain widespread.

In this study, we used a covalent coupling
approach to develop a galactose-poly (ethylene
glycol) polymer (glycosylated-PEG)-armed oncolytic
herpes simplex virus (glycosylated-PEG-oHSV) for
more effective cancer immuno-virotherapy in mouse
models of HCC through systemic administration
(Scheme 1). This optimized glycosylated-PEG-oHSV
selectively infected and killed cancer cells by targeting
the asialoglycoprotein receptor (ASGPR) present in
HCC cells [37], while efficiently reducing
oHSV-neutralizing antibody levels and decreasing the
number of regulatory T-cells within the TME after
systemic administration. As a result, it demonstrated
potent cytocidal activity against Hepal-6 tumors in
mice and increased the release of anti-tumor cytokines
levels, which lead to higher CD8*T cell and NK cell
infiltration into tumors, therefore effectively
preventing tumor growth.

Results

The impact of glycosylated-PEG on cell
infection and oncolytic activity of oHSV

To optimize the conjugation of glycosylated-PEG
to oHSV, we wused different concentrations of
glycosylated-PEG (ranging from 0.05 pM to 1 pM) to
covalently attach it to lysine on the envelope of cHSV
(at a concentration of 1 MOI) using the lysine-amide
coupling strategy for 24 h (Figure 1A). The resulting
glycosylated-PEG-oHSV was then co-cultured with a
mouse liver tumor cell line (Hepal-6) at different
concentrations of glycosylated-PEG and then
observed using fluorescence microscopy. Our
observations showed that the cell infection efficiency
of glycosylated-PEG-oHSV, indicated by the GFP
(green) fluorescence in Hepal-6 cells, was
concentration-dependently increased in the range of 0
to 0.2 pM of conjugated glycosylated-PEG at the
constant virus titer (Figure 1B). To further quantify
the infection efficiency of glycosylated-PEG-oHSV,
flow cytometry (FCM) was used. As shown in Figure
1C-D, and Figure S1, the highest infection efficiency
of glycosylated-PEG-oHSV was observed at 0.2 pM
conjugated glycosylated-PEG in Hepal-6 cells, which
was significantly higher than any other concentration
of tested glycosylated-PEG. To confirm the successful
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modification of glycosylated-PEG on the oHSV, we
measured the size distribution and zeta potential of
glycosylated-PEG-oHSV. As shown in Figure 1E-F,
the hydrodynamic diameter of glycosylated-PEG-
oHSV increased from 326.93 + 25.29 nm to 610.57 +
63.48 nm, suggesting some aggregation of oHSV
likely due to the unique topological structure of
glycoproteins on the surface of oHSV, and the zeta
potential of glycosylated-PEG-oHSV changed from
-14.8 £ 2.91 to -20.37 £ 1.64, respectively. To confirm
the actual size of oHSV with or without
glycosylated-PEG modification, the oHSV was further
characterized by a transmission electron microscope

(TEM). The average size of oHSV was approximately
227.6 nm, and the glycosylated-PEG-oHSV was
approximately 247.2 nm (Figure S2). Additionally, we
determined the conjugated glycosylated-PEG from
oHSV wusing a colorimetric fluorometric method
provided by the manufacturer (Figure S3). The results
showed that the glycosylated-PEG-oHSV contained
6.60 = 0.51 ng glycosylated-PEG/pL /1 x 108 pfu. To
investigate whether the replication of oHSV was
affected by the conjugation of glycosylated-PEG, we
measured the replication of both the unmodified
oHSV and the optimized glycosylated-PEG-oHSV in
Hepal-6 cells.

ASGPR targeting glycosylated-PEG polymer chain masked oHSV
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Scheme 1. Schematic illustration of the preparation and tumor targeting principle of the galactose-polyethylene glycol polymer chain modified oHSV (glycosylated-PEG-oHSV),
and the modulation of the tumor microenvironment by glycosylated-PEG-oHSV to enhance antitumor immunity. The resulting glycosylated-PEG-oHSV exhibited targeted
delivery to tumors and increased cell infection, while also reducing infection of healthy cells. Upon systemic administration, the glycosylated-PEG-oHSV effectively and specifically
destroyed HCC tumors, stimulated the immune responses, and reshaped the immunosuppressive tumor microenvironment by decreasing Tregs and increasing infiltration of
IFN-y+*CD8"T cells, CD8*T cells, and NK cells within tumors, which led to efficient inhibition of HCC tumor growth.
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We then quantified the copies of viral genomes
of oHSV using quantitative polymerase chain reaction
(PCR) and found that the  optimized
glycosylated-PEG-oHSV did not affect the replication
of oHSV at any of the time points measured (12 to 48
h). Specifically, we observed that the viral genome
copies for the optimized glycosylated-PEG-oHSV
were similar to those of unmodified oHSV (Figure
1G). These results suggest that the optimized
glycosylated-PEG-oHSV has a high cell infection
capacity in Hepal-6 cells without compromising its
replication.

ASGPR is known to have a high affinity for
binding to glycoproteins with exposed terminal
galactose or N-acetylgalactosamine residues, which
are targets for hepatocellular carcinoma (HCC)
therapy, due to its selective expression on liver cancer
cells [38, 39]. Based on TCGA data, it showed that
ASGPR is overexpressed in HCC compared to normal
tissues (Figure 1H). This makes the use of
glycosylated-PEG-oHSV a highly promising potential
therapeutic agent for HCC, with an expected
enhancement in efficacy and specificity. To
investigate the selective targeting ability of
glycosylated-PEG-oHSV to the overexpressed ASGPR
in Hepal-6 cells [40-42], we performed co-incubation
experiments using glycosylated-PEG-oHSV or oHSV
with Hepal-6 cells for 8 h. Additionally, a control was
introduced using NIH/3T3 cells, a fibroblast cell line
derived from a mouse NIH/Swiss embryo that has
low or no expression of ASGPR. To evaluate the
effects of viral infection, we performed a comparative
analysis of glycosylated-PEG-oHSV and oHSV-
treated Hepal-6 cells using FCM to measure EGFP
expression. Our analysis revealed a higher infection
efficiency of the glycosylated-PEG-oHSV treated cells,
as evidenced by an EGFP-positive percentage of 62.57
%. In contrast, oHSV-treated Hepal-6 cells showed an
EGEFP-positive percentage of only 47 % (Figure 1I).
These results were consistent with the glycosylated-
PEG-oHSV-treated HepG2 cells (human liver cancer
cell line) (Figure S4). These data clearly demonstrate
the superior targeting ability of glycosylated-
PEG-oHSV to Hepal-6 and HepG2 cells
overexpressing ASGPR. Despite the improved
infection efficiency of glycosylated-PEG-oHSV in
Hepal-6 cells, the infection of NIH/3T3 cells was
minimal. Glycosylated-PEG-oHSV-treated NIH/3T3
cells showed an infection efficiency of only 1.72 *
0.40%, which was similar to the oHSV-treated
NIH/3T3 cells (4.6%) after 8 h of co-incubation
(Figure 1] and Figure S5). The weak replication of
oHSV in NIH/3T3 cells is mainly attributed to the
deletion of certain essential replication genes of the
virus. However, after 12 h of co-incubation, the

infection efficiency of NIH/3T3 cells treated with
oHSV increased to 38.27 %, whereas the infection
efficiency of cells treated with glycosylated-PEG-
oHSV only reached 19.87 %. This lower efficiency in
the glycosylated-PEG-oHSV group in NIH/3T3 cells
is likely due to the effect of the PEG polymer chain,
suggesting that the glycosylated-PEG masked oHSV
has lower toxicity toward NIH/313 cells (Figure S6).
Confocal imaging (CLSM) of ICG-NHS-labeled
glycosylated-PEG-oHSV (Gglycosylated-PEG-oHSV)
-treated Hepal-6 cells was also performed. The results
showed a strong red (ICG) fluorescence and green
fluorescence (EGFP expression) compared to cells
treated with oHSV alone, both at 8 and 24 h after
treatment (Figure 2A). These findings suggest that the
glycosylated-PEG modification of oHSV efficiently
enhances its cellular uptake, which in turn improves
its infection efficiency.

To validate the importance of the glycosylated-
PEG modification in enhancing cellular uptake of
oHSV, we performed blocking experiments using
different concentrations of galactose (ranging from
0.10 to 10 mM) to inhibit the ASGPR of Hepal-6 cells
for 1 h prior to co-incubation with glycosylated-
PEG-oHSV (Figure 2B-D). Our CLSM imaging and
FCM analyses showed that exposure to galactose at
concentrations as low as 0.01 mM resulted in a
significant reduction of EGFP expression in
glycosylated-PEG-oHSV-treated Hepal-6 cells. The
cell-infectivity of glycosylated-PEG-oHSV followed a
concentration-dependent  inhibitory  effect  of
galactose. These results confirm that the incorporation
of glycosylated-PEG into oHSV significantly enhances
its effective cellular uptake in Hepal-6 cells
overexpressing ASGPR.

Glycosylated-PEG enhances the cytolytic
activity of oHSV in HCC cells

To evaluate the cytotoxic effect of glycosylated-
PEG-0oHSV on Hepal-6 cells, we stained the infected
cells with Annexin-V-FITC and Propidium lodide (PI)
after treatment with different viral titers of
glycosylated-PEG-oHSV (ranging from 2 to 128 MOI)
for a 24 h co-incubation (Figure 2E-F and Figure S7).
Our results showed that the percentages of apoptosis
and necrosis in tumor cells treated with
glycosylated-PEG-oHSV (24.07 % at 2 MOI and 65.7 %
at 128 MOI) were significantly higher than the
oHSV-treated cells (12.1 % at 2 MOI and 50.03 % at 128
MOI) under the same condition (Figure 2G). These
results demonstrate the high cytolytic activity of
glycosylated-PEG-oHSV ~ compared to  non-
glycosylated-PEG-oHSV, which can be further
verified by the Cell Counting Kit 8 (CCKS8) assay by
measuring the killing efficiency (Figure 2H).
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Figure 1. (A) Schematic illustration of the preparation of glycosylated-PEG conjugation on oHSV. (B) Bright-field and green fluorescence images of infected Hepal-6 cells, with
varying degrees of glycosylation on the oHSV. The photo was imaged 24 h after co-incubation. (C) Flow cytometry analysis and (D) quantification of EGFP expression were
performed on Hepal -6 cells after treatment with either oHSV or oHSV conjugated with varying concentrations of glycosylated-PEG for 24 h. The nano size (E) and zeta potential
(F) of oHSV and glycosylated-PEG-oHSV. (G) The virus replication of oHSV before and after modification with glycosylated-PEG in 293T cells qualified by qPCR. (H) ASGPR
expression in HCC and normal tissues was determined by TCGA HCC transcriptome sequencing. (I) and (J) Flow cytometry was performed on Hepal-6 and NIH/3T3 cells
treated with either oHSV or glycosylated-PEG-oHSV. Statistical analysis was performed with t-test or ANOVA analysis, ¥p<0.05, ****p<0.0001, (n = 3). Data are presented as
mean * SD.
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Figure 2. (A) CLSM images of Hepal-6 cells treated with '“Gglycosylated-PEG-oHSV or ICG oHSV after 8 h and 24 h, respectively. The red color represents ICG, the green color
represents EGFP expression, and the blue color represents Hoechst (nuclear). Scale bar, 20 pm. (B) Cell infection efficiency of glycosylated-PEG-oHSV or oHSV in Hepal -6 cells
after blocking ASGPR with different galactose concentrations for 1 h through fluorescence imaging and (C) flow cytometry analysis. (D) Quantification of the EGFP expression
by flow cytometry in Hepal-6 cells after blocking ASGPR with different concentrations of galactose and then treated with glycosylated-PEG-oHSV. (E) and (F) Cytolytic activity
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was determined by co-incubating glycosylated-PEG-oHSV or oHSV with Hepal-6 cells for 24 h, followed by analysis using FACS with Annexin V-FITC and Pl staining. (G) The
percentage of apoptosis and necrosis in Hepal-6 cells after indicated treatments (n = 3). Cell viability of Hepal-6 cells was analyzed by CCK8 assay (H) and LDH assay (1) after
treatment with different titers (0-128 MOI) of oHSV or glycosylated-PEG-oHSV (n = 3). Statistical analysis was performed using ANOVA analysis, *p<0.01, ***5<0.001,

*##%p<0.0001. Data are presented as mean * SD.

To further verify the cytolytic effect of
glycosylated-PEG-oHSV, we measured the levels of
lactate dehydrogenase (LDH) released from the
Hepal-6 cells after treatment with glycosylated-
PEG-oHSV or oHSV, respectively (Figure 2I). The
results showed a significant increase in cell mortality
rate, with glycosylated-PEG-oHSV-treated cells
reaching 54.74 % as compared to oHSV-treated cells
with a mortality rate of 23.66 % (at 8 MOI).
Furthermore, the cell mortality rate further increased
to 83.84 % in glycosylated-PEG-oHSV treated cells
compared to oHSV treated cells with a mortality rate
of 65.65 % (at 128 MOI). These results suggest that the
incorporation of glycosylated-PEG significantly
enhances the oncolytic efficacy of oHSV, resulting in a
reduction of Hepal-6 cell viability.

Glycosylated-PEG enhances oHSV accumu-
lation and reduces its distribution in normal
tissues

Based on the enhanced cell infection and
cytotoxicity observed with glycosylated-PEG-oHSV,
we investigated its tumor targeting ability and killing
efficacy in in-vivo mouse tumor models (Figure 3A).
Male C57bL/6 mice (4-5 weeks old) were
subcutaneously inoculated with Hepal-6 cells. When
the established tumor volume reached approximately
100 mm?, the mice were injected intravenously (i.v.)
with 1Gglycosylated-PEG-oHSV or ICG-NHS labeled
oHSV (I€GoHSV) three times every two days (Figure
3A). The treated mice were later sacrificed, and their
tumors, heart, liver, spleen, lung, kidney, and brain
were isolated and imaged wusing the In Vivo
Fluorescence Imaging System. As shown in Figure
3B-C, systemic administration of Gglycosylated-
PEG-0oHSV resulted in higher fluorescence intensity
within tumors compared to administration of
ICGoHSV. We further validated the efficient
accumulation of CGglycosylated-PEG-oHSV within
tumors by sectioning and imaging the tumors using
CLSM (Figure 3D). The images showed a significant
accumulation of 1“Gglycosylated-PEG-oHSV with red
fluorescence in both the peripheral and central areas
of the tumors. In contrast, I’GOHSV showed weak red
signals only at the tumor margin. These findings
provide evidence for the successful accumulation and
penetration of glycosylated-PEG-oHSV into tumors
after modification with glycosylated-PEG. Interest-
ingly, the mice treated with CGglycosylated-

PEG-0oHSV exhibited lower brain intensity than those
treated with ICGoHSV, suggesting that the
glycosylated-PEG  polymer chains acted as a
protective barrier, referred to as "mask" to reduce the
infection in healthy tissues. This protective barrier
helped to minimize the spread of oHSV to vital
organs, particularly in the brain. oHSV infections,
even mild ones, can lead to neuronal damage similar
to that observed in neurodegenerative diseases such
as Alzheimer's disease [43].

To further confirm these findings, we performed
quantitative polymerase chain reaction (qPCR) to
detect the oHSV genomic DNA (gDNA) in tumors,
heart, liver, spleen, lung, kidney, and brain. As shown
in Figure 3E, the gDNA levels in tumors treated with
glycosylated-PEG-oHSV were significantly higher
than those in tumor treated with oHSV. However,
gDNA levels in the brain, lung, and kidney of mice
treated with glycosylated-PEG-oHSV were much
lower than those of oHSV. We also evaluated the
blood biochemistry and routine indexes and found
them to be within the normal range after the injection
of glycosylated-PEG-oHSV at 24 days post-injection
(Figure S8). Moreover, the systemic administration of
oncolytic viruses (OVs) has always been plagued by a
strong antiviral reaction with neutralizing antibodies
within the host, resulting in severe toxicity and
unsatisfactory anti-tumor immune responses [29-31].
In addition, we analyzed the levels of 0HSV-specific
antibodies of glycosylated-PEG-oHSV with the use of
an ELISA kit. The mice were treated with
glycosylated-PEG-oHSV or oHSV by systemic
administration, with a frequency of three times every
two days. Serum was collected from the mice on day
24 after injection (Figure 3F). The results
demonstrated that mice treated with oHSV alone had
significantly higher levels of oHSV-specific IgG than
those treated with glycosylated-PEG-oHSV (Figure
3G). Additionally, we examined the genomic DNA
(gDNA) of oHSV in tumors via qPCR on day 24. Our
results showed that the gDNA levels in tumors
treated  with  glycosylated-PEG-oHSV ~ were
significantly higher than those treated with oHSV
alone (Figure 3H). This finding suggests that
glycosylated-PEG  effectively reduces the host
antiviral reaction towards oHSV and efficiently
enhances the accumulation of oHSV in tumors.
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Figure 3. (A) Schematic illustration of the process of intravenous injection of glycosylated-PEG-oHSV into C57bL/6 mice three times every two days after subcutaneous
inoculation of Hepal-6 tumor cells to evaluate the antitumor effect of glycosylated-PEG-oHSV. (B) and (C) In vivo fluorescence images and intensity of C57bL/6 mice treated with
PBS, ICGoHSV, or ICGglycosylated-PEG-oHSV for 48h of injection. (D) CLSM image and distribution of I°G oHSV or CGglycosylated-PEG-oHSV in tumor tissues after treatments
in C57bL/6 mice as indicated, respectively. Scale bar, 50 uM. (E) oHSV genomic DNA levels were measured by RT-qPCR after the indicated treatments in the indicated organs,
represented by oHSV gD DNA levels (n = 3; data are shown as means * SD). (F) and (G) The process of intravenous injection of glycosylated-PEG-oHSV or oHSV three times,
and then collection of serum for oHSV IgG analysis and quantification by ELISA kit, (n = 5). (H) oHSV genomic DNA levels in tumors were measured by RT-qPCR after

intravenous injection of oHSV or glycosylated-PEG-oHSV (n = 5; data are shown as means * SD). Statistical analysis was performed using ANOVA analysis, ¥p<0.05, **p<0.01,
Fp<0.001, *¥***%p<0.0001. Data are expressed as mean * SD.
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Glycosylated-PEG-oHSV enhances the
antitumor therapeutic efficacy

Next, we evaluated the in vivo cytolytic activity
of glycosylated-PEG-oHSV by i.v. administration of
glycosylated-PEG-oHSV with either oHSV or PBS as
the control groups (Figure 4A). The results showed
that although i.v. injection of oHSV alone delayed
tumor growth, but it failed to completely inhibit
tumor progression, probably due to the strong
antiviral immune response that resulted in an
unsatisfactory therapeutic effect. However, i.v.
injection of glycosylated-PEG-oHSV ~ completely
inhibited tumor progression in all mice (7/7), whereas
the non-glycosylated-PEG modified oHSV and PBS
control groups showed no inhibition of tumor
progression (0/7 and 0/7, respectively) (Figure 4B).
The photographs of the ex-tumor and tumor weight
further confirmed these results (Figure 4C-E),
indicating the excellent cytolytic activity and
antitumor efficacy of glycosylated-PEG-oHSV.
Moreover, glycosylated-PEG-oHSV exhibited remark-
able therapeutic efficacy without causing any
significant adverse effects, such as body weight loss,
in the treated mice. This is in contrast to the
oHSV-treated group and the PBS group, where mice
showed progressive weight loss over time (Figure 4F).
These findings distinguish the use of glycosylated-
PEG-oHSV from oHSV alone and suggest that
glycosylated-PEG  modification may potentially
improve the safety profile of oHSV-based therapies.

Furthermore, we assessed the immunologic
impact of glycosylated-PEG-oHSV by collecting
tumor-draining lymph nodes (LNs) after treatment.
Upregulation of surface co-stimulatory molecules
such as CD80 and CD86 on mature lymphoid DCs is
important for activating T cell responses and
promoting their differentiation into cytotoxic T cells
[44]. Therefore, we employed FCM analysis to
measure the expression of co-stimulatory receptors
(CD80+*CD86%) in CD11c*DCs (Figure 5A and Figure
S9). The results showed that approximately 23.24 % of
the lymphoid DCs in the glycosylated-PEG-
oHSV-treated groups were in a maturation state
compared to the PBS-treated (11.88 %) or
oHSV-treated (14.96 %) groups. These results
indicated that glycosylated-PEG-oHSV was effective
in inducing tumor oncolysis, which in turn induced
the maturation of lymphoid DCs. To further
investigate whether the oncolysis of tumors induced
by glycosylated-PEG-oHSV could enhance the
response of CD8T cells, we examined the population
of CD8*CD3*T cells in the spleens of mice that
received various treatments (Figure 5B and Figure
$10). The results showed a significant increase in

CD3+*CD8*T cells (13.66 %) in mice treated with
glycosylated-PEG-oHSV compared to the PBS-treated
group (4.26 % of CD3*CDS8'T cells) or oHSV-treated
group (7.70 % of CD3+*CD8*T cells). Besides, we also
analyzed the proportion of CD3*CD4*T cells in
tumors and found that the tumor bearing mice treated
with glycosylated-PEG-oHSV contained a relatively
higher percentage of CD3*CD4*T cells compared to
tumors treated with PBS or oHSV alone (Figure S11).
These results suggest that the glycosylated-PEG-
oHSV induced tumor oncolysis effectively enhances
the responses of CD3*CDS8*T cells and CD3+CD4*
helper T cells.

In addition, we evaluated tumor-infiltrating
IFN-y*CD8*T cells since IFN-y*CD8* T cells play a
critical role in cell-mediated immunity [45]. We
observed a significant increase in the percentage of
CD3+*CD8"T cells (34.8 %) and activated IFN-y*CD8*T
cells (6.85%) in mice treated glycosylated-PEG-oHSV
compared to the PBS-treated group (20.64 % of
CD3+CD8*T cells and 0.42 % of IFN-y* CD8*T cells) or
oHSV treated group (24.6 % of CD3*CD8T cells and 3
% of IFN-y*CD8*T cells) (Figure 5C-D and Figure
S$12-13). These findings provide evidence that
glycosylated-PEG-oHSV  effectively ~ suppressed
tumor growth by enhancing the infiltration of
activated CDS8*T cells into tumors. In addition,
oncolytic viruses can induce necroptotic cell death,
which leads to a significant increase in natural killer
(NK) cell activation, further improving anti-tumor
efficacy [46]. To investigate the effects of
glycosylated-PEG-oHSV on NK cells, we assessed the
infiltration of NK cells in tumors using FACS analysis.
Our results showed a significant increase in the
infiltration of activated CD3-NK1.1*NK cells (4.11 %)
in tumors from mice treated with glycosylated-
PEG-0HSV, compared to those treated with PBS (0.82
%) or oHSV (1.90 %) (Figure 5E and Figure S14).
These results provide evidence that glycosylated-
PEG-0HSV induces NK cell activation and enhances
anti-tumor efficacy.

Foxp3+CD25*CD4* regulatory T (Treg) cells can
suppress the function of cytotoxic T lymphocytes
(CTLs), which are crucial for tumor cell recognition
and killing [47]. Therefore, we next evaluated the
population of Tregs in tumors and found that
glycosylated-PEG-oHSV was more effective in
reducing the number of Tregs in tumors (3.02 %)
compared to both PBS-treated (6.69 %) and
oHSV-treated (5.66 %) groups (Figure 5F and Figure
S15). These results are consistent with a previously
reported phenomenon observed during oHSV
treatment, suggesting that the reduction of Tregs may
be a promising strategy to enhance the immune-
virotherapy of oHSV [48]. Furthermore, we measured
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the cytokines in tumors by ELISA. We found that
glycosylated-PEG-oHSV treatment efficiently
increased the levels of TNF-a, IFNy, IL12, IL-2, and
IL-6 compared to oHSV treatment alone (Figure 5G).
These analyses demonstrated that glycosylated-PEG-
oHSV efficiently reduced Tregs in tumor tissues and
enhanced the infiltration of effector T cells and NK
cells to induce a potent anti-tumor immune response,
resulting in suppressed tumor growth. Furthermore,
the observed therapeutic efficacy was further
confirmed through immunohistochemical analysis
and immunofluorescence staining of Ki67, H&E, and

TUNEL (Figure 5H and Figure S16). In addition,
staining with NK1.1, CD8, CD4 antibodies and
granzyme further confirmed the efficient infiltration

of NK cells and T cells into tumors after
glycosylated-PEG-oHSV  treatment (Figure 5I).
Importantly, the flexibility and small size of

glycosylated-PEG make it a promising strategy for
modifying viruses to target specific tumors of interest
by altering the target ligand or viruses. These findings
strongly support the development of glycosylated-
PEG polymer chain-armed viruses for tumor
immuno-virotherapy in the future.

A Intravenous injection
of Glycosylated-PEG-oHSV (5*1078 pfu)
[ [ ]
—& & & = —
-7d od 2thd 4nq 24"d
Subcutaneous tumor Monitoring
inoculation Intravenous injection
of oHSV (5*10*8 pfu) C
[ T ]
—& i ) & —
-7*d 0d 2td 4nd 24"d

Subcutaneous tumor
inoculation

4 , Monitoring
P o PBS o oHSV g
Glycosylated-PEG-oHSV 1600 PBS

£ 1600 £
£ £ 6P
o 1200 o 1200 o p
5 5 /AP
2 2 800 7
3 800 ;3 S S
5 400 Y g 400 s
£ b :E, B o020
I e e e 2 07 e
0 5 10 15 20 25 0 5 10 15 20 25
Time (days) Time (days)
€ 16007 ousv g 16001 Glycosylated-PEG-oHSV [ Glycosylated-PEG-oHSV |
» 1200 @ 1200
: £
3 800 . 5 800
> ¥ >
5 400 A 5 400
_DAPT‘
5 J—Iﬂ}“-"i&"u“'&—tj“ E o it
% 5 10 15 20 25 * 0 5 10 15 20 25
D Time (days) Time (days) E
o PBS - oHSV
- P<0.0004 2+ Glycosylated-PEG-oHSV
8 €9 ¢ @ & 87 3 @
-] - 26
OHSV _?: 2 )
= D 24
& < p=00381 =
g o s & ® ¢ G, 3
Glycosylated-PEG-oHSV g E
[
. . . . 0 :GJF T T T T 1
- ¢ - 2. & 0 5 10 15 20 25
RS & :
O Time (days)
2
&’b
0‘9
(¥
0\*\

Figure 4. (A) Schematic illustration of the process of intravenous injection of glycosylated-PEG-oHSV into C57bL/6 mice and its subsequent antitumor effect. (B) Tumor
volumes of mice treated with PBS, oHSV, or glycosylated-PEG-oHSV, respectively. (n = 7 mice per group; data are shown as means * SD). (C) Photomicrograph of mice and (D)
ex-tumor after indicated treatments (n = 7). (E) The ex-tumor weights of mice on day 24 after treatment with PBS, oHSV, or glycosylated-PEG-oHSV, respectively, (n = 7). (F)
The body weights of mice after treatments as indicated, (n = 7). Statistical analysis was performed using ANOVA analysis, *p<0.05, **p<0.01, ***p<0.001, ****<0.000]. Data

are expressed as mean * SD, (n = 7).
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Figure 5. (A) The percentage of CD80 and CD86 co-expression in CD11c*BMDCs isolated from LNs of mice after treatment with PBS, oHSV, or glycosylated-PEG-oHSV, (n
=5). (B) The percentage of CD3+CD8*T cells in the spleen and (C) tumor tissues after treatment with PBS, oHSV, or glycosylated-PEG-oHSV, respectively (n = 5). (D) The

percentage of activated IFN-y*CD8*T cells in tumor tissues after treatment with PBS, oHSV, or glycosylated-PEG-oHSV, respectively (n =

5). (E) The percentage of

NKI.1*CD3*NK cells in tumors after treatment with PBS, oHSV, or glycosylated-PEG-oHSV, respectively (n = 5). (F) The percentage of Foxp3+*CD25+T cells in tumors after
treatment with PBS, oHSV, or glycosylated-PEG-oHSV, respectively (n = 5). Statistical analysis was performed by ANOVA analysis, *p<0.05, **p<0.01, ***p<0.001,
*#¥%H<0.0001. Data are expressed as mean + SD. (G) The levels of the cytokines TNF-a, IFN-y, IL-12, IL-2, and IL-6 were measured in tumors isolated from the differently
treated mice using ELISA analysis, (n = 5). (H) H&E images of tumors after treatment with PBS, oHSV, or glycosylated-PEG-oHSV. Immunohistochemical analysis of Kié7 staining
of tumor sections at day 24. The CLSM image of TUNEL staining of tumor sections and tumor-infiltrating lymphocytes (TILs) on day 24. (I) Immunofluorescence analysis of NK1.1
antibodies of NK cells in tumors, or CD4*T cell (red), CD8*T cell (green), and granzyme (pink) staining of tumor sections after indicated treatments. The nucleus was stained by

DAPI (blue). Scale bar, 50 um.

Discussion

The use of oncolytic viruses (OVs) as in-situ
cancer vaccines is a promising approach as they can
induce immunogenic cell death of cancer cells and

release tumor-associated antigens (TAAs) and
damage-associated molecular patterns (DAMPs),
thereby promoting an anti-tumor immune response.
However, the concurrent induction of a strong
antiviral immune response can hinder anti-tumor
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immunity by leading to rapid viral clearance [21, 28,
49]. This issue is particularly challenging for OVs
derived from oHSV, as pre-existing neutralizing
antibodies in patients can inhibit viral replication [50].
In addition, multiple OV injections may generate
neutralizing antibodies, limiting the therapeutic
efficacy of OVs. Therefore, reducing the activation of
the antiviral immune response is crucial for the
successful application of OVs in clinical therapy. In
this study, we used the galactose-polyethylene glycol
polymer to covalently conjugate to the envelope of
oHSV, which served as a "Mask" to significantly
reduce cross-reactive antibodies in mouse immunity
and was confirmed by oHSV specific-IgG via an
ELISA kit. This outcome is similar to other
documented strategies to reduce antiviral immunity,
such as using coatings of cell-derived vesicle,
polyethyleneimine, lipid or graphene to shield OVs
from immune components [51-53]. However, these
protective coatings come with several challenges such
as storage and stability issues, high manufacturing
costs, potential toxicity, and scalability difficulties.
Our modification strategy provides a simple and
convenient covalent coupling approach to retarget
oHSV to tumor cells.

Clinical development of OVs remains challeng-
ing as most require intra-tumoral administration,
which is often difficult for solid tumors because of
their compactness and high pressure, potentially
leading to post-injection bleeding [54]. Emerging
preclinical evidence has shown that intravenous
administration of OVs offers advantages over
intra-tumoral injection, such as the ability to expose
all lesions and eliminate the need for complex
localization devices. Upon systemic administration,
the prepared glycosylated-PEG-oHSV demonstrated
highly specific targeting to ASGPR overexpressing
tumor cells while sparing the brain, lung, and kidney,
which was confirmed by using NIR-II fluorescence
imaging and quantified viral replication by qPCR.
This approach offers a potential improvement over
previous strategies for intravenous delivery of OVs
(Enadenotucirev), as these OVs still face challenges
related to strong neutralization factors that limit the
effective dose of available virus resulting in lower
response rates compared to intra-tumoral delivery
[55].

Furthermore, extensive evidence has
documented the presence of Treg cells following

Table 1. Designed primers for RT-qPCR.

oHSV infection and anti-oHSV vaccination [56].
Studies have shown that Tregs, a unique
subpopulation of CD4*T cells, hinder the antitumor
effects of CTLs generated by oHSV-induced
immunogenic cell death (ICD) of tumor cells, thereby
leading to tumor progression [57, 58]. Nevertheless,
our study yielded promising results, as the systemic
administration of glycosylated-PEG-oHSV signifi-
cantly decreased the number of Tregs present in the
tumor microenvironment, thereby reversing the
immunosuppressive state induced by Tregs. In
particular, enhancing the potential of oncolytic oHSV
to activate CD8*T cells is crucial for
immuno-virotherapy. Additionally, oHSV can induce
necroptotic cell death, which leads to a significant
increase in NK cell activation and further improves
anti-tumor efficacy [59]. In this study, we found that
the glycosylated-PEG-oHSV also induced a higher
infiltration of IFN-y*CD8*T cells and NK cells into
tumors, promoting a healthier anti-tumor response
and effective tumor growth prevention. The
glycosylated-PEG-oHSV achieved excellent cytocidal
activity against tumors in mouse models of HCC,
suggesting that the non-genetically modified
glycosylated-PEG-oHSV holds great promise for
future targeted immuno-virotherapy applications.
Despite the promising results, it still needs to be
tested in clinical trials before it can be adapted for
widespread clinical use.

In summary, we have developed a glycosylated-
PEG-oHSV and successfully delivered the virus to
targeted tumor sites with deep penetration into
tumors by systemic administration, resulting in
efficient prevention of tumor progression. The
glycosylated-PEG-oHSV ~  exhibited ~ remarkable
features, including tumor-specific targeting, enhanced
cell infection ability, reduced brain infection with
minimized side effects, flexibility and small size,
reduced host antiviral response and Tregs in the
tumor microenvironment, and increased infiltration
of IFN-y*CD8*T cells and NK cells into tumors after
systemic administration. In addition, glycosylated-
PEG-oHSV was shown to significantly inhibit tumor
growth by reshaping the immunosuppressive tumor
microenvironment. Based on these exciting findings,
we believe that glycosylated-PEG polymer chain-
armed viruses represent a promising strategy for
HCC immuno-virotherapy with the potential for
clinical translation.

Target Forward

Reverse

Murine HSV-1 Gapdh
Murine HSV-1 gD
Murine HSV-1 standards

5-CCACTCACGGCAAATTCAAC-3
5-ACGACTGGACGGAGATTACA-3
5-CTGTGCTATCCCCATCACGG-3’

5-CTCCACGACATACTCAGCAC-3’
5-GGAGGGCGTACTTACAGGAG-3
5-GTTCTGGCTGCGTGGCGTTG-3
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Methods

Reagents

Galactose-polyethylene glycol polymer chain
(glycosylated-PEG, 35kDa) was purchased from
Tianjin Jenkem Technology Co. Ltd (Tianjin, China).
Annexin V-FITC/PI and CCKS8 kit were purchased
from Dojindo Laboratories. Anti-CD11c-APC,
anti-CD4-FITC, anti-CD86-PE-Cy7, anti-CD3-APC,
anti-Foxp3-PE-Cy7, anti-IFN-y-PE-Cy7, anti-CD80-
PE, anti-CD8-PE, anti-3-FITC, anti-NK1.1-APC, and
anti-CD25-Percp-Cy5.5 were  purchased from
BioLegend, Inc (San Diego, CA, USA). LDH kits were
purchased from Abcam (Cambridge, UK).

Cell Culture and animals

Hepal-6 cells (isolated from the BW7756 tumor
that arose spontaneously in the C57L/] mouse strain)
and NIH/3T3 cells were cultured in DMEM
(supplemented with 100 IU/mL  penicillin-
streptomycin and 10% fetal bovine serum) at 37°C
with 5% CO,. C57BL/6 mice (male, 4-5 weeks old,
SPF) were purchased from China Wushi, Inc
(Shanghai, China). The animals were cared for
according to the guidelines outlined in the "Guide for
the Care and Use of Laboratory Animals of Mengchao
Hepatobiliary Hospital of Fujian Medical University",
and all animal procedures were approved by the
Animal Ethics Committee of Mengchao Hepatobiliary
Hospital of Fujian Medical University.

Virus propagation and titration

The oncolytic virus GFP-HSV-1, which was
created by the insertion of the GFP sequence into
G47delta BAC, was used. The Vero cell line was used
for virus propagation, and the viral plaque assay was
performed to determine the titers of the amplified
virus as described previously. To quantify the levels
of HSV-1 genomic DNA, samples from infected tissue
or cell cultures were extracted using the TIANamp
Genomic DNA Kit (TIANGEN, Germany).
Subsequently, qPCR was performed using specific
primers for HSV-1 genomic DNA:

Forward primer for HSV-1 gD: 5-acgactggacgg
agattaca-3’

Reverse primer for HSV-1 gD: 5-ggagggcgt
acttacaggag-3'.

Synthesis of Glycosylated-PEG-oHSV

To obtain glycosylated-PEG-oHSV, 0.007 g of
glycosylated-PEG was dissolved in 1 mL of ddH-O to
achieve a concentration of 200 pM. The resulting
solution was then mixed with oHSV (DMEM
medium) at a volume ratio of 1:1, and the mixture was
shaken on an oscillator (600 rpm) at 4°C in a

refrigerator for 24 h. The glycosylated-PEG with sulfo
-NHS can react with the lysine-amide of oHSV, to
form an amido bond (-CO-NH-) on the envelope of
oHSV. Finally, the glycosylated-PEG-oHSV was
purified by high-speed centrifugation within a
DMEM medium, and then stored in DMEM at 4 °C for
further usage.

Optimization of the binding ratio between
glycosylated-PEG and oHSV

To  determine the optimal ratio of
glycosylated-PEG  binding to oHSV, various
concentrations of glycosylated-PEG (0, 0.05, 0.1, 0.2,
0.6, 0.8 or 1 pM) were mixed with oHSV (1 MOI),
incubated at 4 °C in a refrigerator for 24 h, and then
purified by high-speed centrifugation to obtain
glycosylated-PEG-oHSV. Afterward, Hepal-6 cells
were seeded in 24-well plates at a density of 1 x 10°
cells per well. After 12 h incubation, the supernatant
was removed, and a mixture of 1.2 x 10° pfu
glycosylated-PEG-oHSV and 1 mL of medium was
added to each well of the experimental group, while a
mixture of 1.2 x 10° pfu oHSV and 1 mL of medium
was added to the control group. The cells were
incubated at 37°C with 5% CO; for 24 h. Afterward,
the treated cells were imaged using a fluorescence
microscope and analyzed by flow cytometry (FACS),
respectively.

Detection of the copy number changes before
and after oHSV modification

To evaluate the copy number changes before and
after oHSV modification, we designed the primers
5'-CTGTGCTATCCCCATCACGG-3' and 5-GTTCT
GGCTGCGTGGCGTTG-3' for PCR amplification.
After gel electrophoresis, the DNA was recovered and
the concentration was measured. The copy number
was calculated using the formula: copy number / pl =
DNA concentration x 10° x 6.02 x 102 / (fragment
length x 660), and the standards were obtained after
dilution. The oHSV, glycosylated-PEG-oHSV, and
Hepal-6 cells were incubated for 12 h, 24 h, 36 h, and
48 h, and the DNA from each group was extracted for
qPCR analysis. The ct value was determined from the
standard curve using the ct value and copy number of
the standard: y = -1.439In(x) + 34.594, R? = 0.996. The
copy number can be obtained.

Determination of galactose content before
and after oHSV modification

To quantify the content of glycosylated-PEG
modification of oHSV, we used the galactose kit for
the assay. 1 mM (1 nmol / pL) standard solution was
prepared by diluting 10 pL of 100 mM (100 nmol / pL)
galactose standard solution with 990 pL of galactose
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assay buffer. After thorough mixing, 0, 2, 4, 6, 8, and
10 pL of the 1 mM galactose standard solution were
added to a 96-well plate to prepare standard solutions
of 0 (assay blank), 2, 4, 6, 8 and 10 nM / well.
Galactose assay buffer was added to each well to
reach a final volume of 50 mL, liquid samples can be
assayed directly. The addition of Galactose Assay
Buffer brought the final volume of the sample to 50
pPL. The reaction premix of 50 pL was added to each
well, and the mixture was thoroughly mixed using a
horizontal shaker or pipetting. The reaction was
incubated for 60 min at 37 °C, protected from light.
The absorbance at 570 nm (A570) was then measured.

Tumor cell-targeting and cellular uptake of
Glycosylated-PEG-oHSV

To evaluate the targeting ability of
glycosylated-PEG-oHSV on tumor cells, Hepal-6 cells
were used as the experimental group, while NIH/3T3
cells were utilized as the control. Both cell lines were
seeded in 24-well plates at a density of 1 x 105 per well
and allowed to incubate overnight. Subsequently, 1.2
x 10° pfu of glycosylated-PEG-oHSV mixed with 1 mL
of medium was added to each well of the
experimental group, while 1.2 x 10° pfu of oHSV
mixed with 1 mL of medium was added to the control
group. The plates were then incubated at 37°C with
5% CO, for 8 and 12 h, and the cells were collected for
fluorescence intensity analysis using FACS.

To evaluate the cellular uptake of glycosylated-
PEG-oHSV in Hepal-6 cells, ICG-NHS (50 pg) was
used to label glycosylated-PEG-oHSV or oHSV.
ICGglycosylated-PEG-oHSV and “GoHSV were then
obtained through centrifugation and resuspension of
the precipitate. Hepal-6 cells (2 x 105 per well) were
seeded onto 35 mm glass-bottom Petri dishes, and
then treated with 3 x 100 pfu CGglycosylated-PEG-
oHSV or ICGoHSV. The cells were incubated at 37 °C
with 5% CO; for 8h and 24 h and subsequently
washed with PBS buffer (1 x, pH 7.4). Confocal
microscopy (CLSM) (LSM 780, Germany) was used to
image the treated cells, with cell nuclei stained with
Hoechst 33342 (excitation at 405 nm), ICG-NHS dye
excited at 633 nm, and EGFP excited at 488 nm.

Blocking ASGPR receptor upon
glycosylated-PEG-oHSV cell-infection

To investigate the impact of galactose on the
recognition of ASGPR by glycosylated-PEG-oHSV,
Hepal-6 cells were seeded in 6-well plates at a density
of 3 x 105 cells per well and incubated overnight.
Different concentrations of galactose (0.01 mM, 0.1
mM, 1 mM, 10 mM) were added to the cells and
incubated for 1 h. The supernatant was then removed,
and glycosylated-PEG-oHSV was added to the cells.

The plates were incubated at 37°C with 5% CO, for 24
h. The effect of virus infection was evaluated using
fluorescence microscopy and FACS to analyze the
fluorescence intensity.

Targeted oncolytic effect of
glycosylated-PEG-oHSV

To evaluate the lysis-killing effect of
glycosylated-PEG-oHSV on tumor cells, Hepal-6 cells
were seeded at a density of 1 x 10° cells per well in a
24-well plate with varying concentrations of oHSV
and glycosylated-PEG-oHSV (2, 8, 32, 128 MOI), and
incubated in 37°C with 5% CO; for 24 h. All cells were
collected completely by centrifugation and
resuspended with 1 x buffer from the Annexin V / PI
apoptosis / necrosis kit. Annexin-V and PI dyes (5 pL
each) for apoptosis/necrosis staining were added to
stain the cells for 15 minutes at room temperature
avoiding light exposure before analysis by FACS.

In addition, Hepal-6 cells were seeded in 96-well
plates at a density of 1 x 10* cells per well, and treated
with varying concentrations of oHSV or glycosylated-
PEG-oHSV (2, 8, 32, 128 MOI) for 24 h. The
supernatant was aspirated and washed once with PBS
buffer. Then, 10 pL CCK-8 and 90 pL DMEM medium
were added to each well and incubated at 37°C with
5% COz for 1 h, protected from light. The absorption
at 450 nm was detected to determine the cell viability
by a Spectra 206 Max M5 spectrophotometer
according to the previous protocol [18].

Furthermore, we assessed cell mortality using
the LDH kit. Hepal-6 cells were seeded at a density of
1 x 105 cells per well in a 24-well plate and treated
with varying concentrations of oHSV and
glycosylated-PEG-oHSV (2, 8, 32, 128 MOI) for 24 h at
37°C with 5% CO The supernatant was then
collected, and 120 pL of supernatant of each sample
was mixed with 60 pL of LDH assay working solution
in a 96-well plate. The mixture was incubated for 30
min at room temperature on a shaker protected from
light, and the absorbance was measured at 490 nm to
calculate the cell mortality.

The LDH detection assay was performed using
the Abcam LDH cytotoxicity assay kit. Supernatant
from the cell culture medium was collected and the
cytotoxicity rate was determined using the LDH
Cytotoxicity Detection Kit. The cytotoxicity rate was
calculated as (exp. value - low control) / (high control
- low control) x 100%. The low control was
supernatant from untreated Hepal-6 cells. The high
control was supernatant from Hepal-6 cells treated
with 1% Triton X-100.
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Bio-distribution of Glycosylated-PEG-oHSV in
vivo

To evaluate the in wvivo distribution of
glycosylated-PEG-oHSV in mice after systemic
administration, C57BL/6 mice were subcutaneously
injected with 3 x 106 cells of Hepal-6 cell suspension
to establish tumor xenografts. When the tumor
volume reached approximately 100 mm?3, the
established tumor mice were intravenously injected
with CGglycosylated-PEG-oHSV or G-oHSV, with
PBS injection as the control. After 48 h of injection, the
mice were euthanized by cervical dislocation, and
major organs, including heart, spleen, kidney, lung,
liver, tumor, and brain, were isolated and
fluorescently imaged using the IVIS®Spectrum In
Vivo Imaging System. Additionally, the expression of
the oHSV genome in each tissue was determined by
qPCR. The distribution of glycosylated-PEG-oHSV or
oHSV in tumor sections was further imaged by
CLSM, with cell nuclei stained with DAPI (excitation
at 405 nm) and ICG-NHS dye excited at 633 nm.

Detection of oHSV specific antibodies in vivo

To detect the production of antiviral serum in
mice, oHSV or glycosylated-PEG-oHSV (5 x 108 pfu)
was intravenously injected into mice three times per
two days. On day 24, blood samples were obtained
from the treated mice and stored at -20 °C. An enzyme
immunoassay kit was used to detect the presence of
mouse oHSV antibody IgG (oHSV IgG) in the serum.

Antitumor therapy of
Glycosylated-PEG-oHSYV in vivo

To assess the antitumor therapy of
glycosylated-PEG-oHSV in vivo, the 4-5 weeks male
C57BL/6 mice were subcutaneously injected with
sterile PBS containing Hepal-6 cells (3 x 10°). The
animals were housed using an Individual Ventilated
Caging (IVC) System from Shenzhen Suhang
Technology Co., Ltd. (Shenzhen, China). When the
tumor volume reached about 50 mm3, the male
C57BL/6 mice were randomly divided into three
treatment groups and housed in separate cages per
group: PBS, oHSV (5 x 108 pfu), glycosylated-
PEG-oHSV (5 x 108 pfu), and intravenous injected for
three times every two days. The tumor volume (V)
was calculated using the following equation: V = A x
B A2/ 2, where A and B are the long and short
diameter of the tumor (mm), respectively.

The antitumor immune response of
Glycosylated-PEG-oHSYV in vivo

To investigate the antitumor immune response
of glycosylated-PEG-oHSV in wvivo, C57BL/6 mice
were sacrificed 24 days after treatment.

Tumor-draining lymph nodes were collected, and the
lymphoid DCs were stained with anti-CD11c-APC
(eBioscience, USA), anti-CD80-PE (eBioscience, USA),
and anti-CD86-PE-Cy7 (eBioscience, USA) antibodies,
and analyzed using FACS. Additionally, the isolated
tumors were completely clipped and then digested
using collagenase type IV (1 mg/mL), hyaluronidase
(0.2 mg/mL), and deoxyribonuclease I (0.02 mg/mL)
at 37°C for 2 h. The resulting single-cell suspension
was then stained with various antibodies for the
analysis of infiltrated T cells, regulatory T cells
(Tregs), and natural killer (NK) cells. Specifically,
CD8*T cells were stained with anti-CD3-APC and
anti-CD8-PE antibodies; Tregs cells were stained with
anti-CD3-APC, anti-CD4-FITC (eBioscience, USA),
anti-CD25-PerCP-Cy5.5 (eBioscience, USA), and
anti-Foxp3-PE-Cy7 (eBioscience, USA) antibodies; NK
cells were stained with anti-CD3-FITC (eBioscience,
USA) and anti-NK1.1-APC (eBioscience, USA)
antibodies; IFN-y*CD8*T cells in the tumor were
analyzed by FACS using anti-CD3-APC (eBioscience,
USA), anti-CD8-PE  (eBioscience, USA), and
anti-IFN-y-PE-Cy7 (eBioscience, USA) antibodies.
Furthermore, to analyze the CD3* CD8*T cells in the
spleen, the spleen from treated mice was isolated. The
cells were obtained by syringe rinsing of the spleen
and then collected by density gradient centrifugation
through FicollPaqueTM PREMIUM sterile solution,
incubated with 5% BSA for 15 minutes, and washed
once with PBS. Subsequently, the collected cells were
stained with anti-CD3-APC and anti-CD8-PE
antibodies, and analyzed by FACS.

Histological evaluation

The tumor-bearing mice were sacrificed on day
24 collected after receiving treatments, and stained
with hematoxylin and eosin (H&E), as well as Ki67
(R&D Systems, USA), or TUNEL (R&D Systems,
USA), and NKI1.1 antibodies (ThermoFisher, USA).
The immunofluorescence staining of tumor sections
was using CD4 and CD8 antibodies provided by
Service (China).

Statistical analysis

Statistical analysis of all data was performed
using one-way analysis of variance (ANOVA) for
comparisons among multiple groups. While a
two-tailed Student’s t-test was used for comparisons
between the two groups. GraphPad Prism 8.0
software was used to perform these analyses. The
significance level was set at *p < 0.05 for statistical
significance. **p < 0.01, **p < 0.001, ***p < 0.0001.
Pearson’s correlation coefficient was used to evaluate
the correlation matrices. All the data are presented as
means * standard through at least three experiments.
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Data are expressed as mean * SD.
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