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Background: Uveal melanoma (UM) is the most common primary intraocular tumor in
adults with a high incidence of metastasis. Standard care therapies for UM include enuclea-
tion and radiation, which are minimally effective in prolonging patient survival. Oncolytic
virus treatment has become a new trend in cancer field. Of which, oncolytic herpes simplex
virus type 1 (HSV-1) therapy is one of the most effective antitumor treatments. Here, we
established an oncolytic HSV-1 encoding granulocyte-macrophage colony-stimulating factor
(GM-CSF), tested its efficacy in UM therapy, and investigated the innate immune response
induced by this virus.

Methods: Oncolytic HSV-1 expressing GM-CSF (HSV-GM-CSF) was constructed, then
verified using qPCR and Western blot assays. Cell viability assays and transmission electron
microscopy were conducted on three UM cell lines, MUMZ2B, 92.1, and MP41, to assess the
cell-killing ability and virus infection of this virus. For in vivo experiments, BALB/c-nude
mice in situ UM xenografts were established to testify the efficacy of the oncolytic virus,
oncolytic HSV-1, and HSV-GM-CSF groups, respectively. IVIS images, ocular volumes,
mice weights, and survivals were tracked to see the efficacy of the virus. Hematoxylin and
eosin staining, immunohistochemistry, and flow cytometry analyses were conducted to
demonstrate the immune activity after virus treatment.

Results: All three tested UM cell lines were sensitive to infection by HSV-GM-CSF. In vivo
xenograft experiments revealed that oncolytic virus HSV-1 reduced UM tumor volume and
that oncolytic virus HSV-1 armed with GM-CSF enhanced the antitumor effect compared
with unmodified HSV-1. The bodyweights of untreated control group mice were significantly
lower than those of mice in either virus-treated group (HSV-1 or HSV-GM-CSF). Follow-up
survivals were prolonged in the virus-treated groups compared with the control group and
were prolonged to a greater extent in the HSV-GM-CSF group than in the HSV-1 group.
Macrophage stimulation was observed following HSV-GM-CSF treatment.

Conclusion: Our results indicate that the recombinant oncolytic virus HSV-GM-CSF is
a potential therapeutic treatment for UM.
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Introduction

Uveal melanoma (UM) is the most common adult primary intraocular tumor. It
arises from melanocytes of the choroid plexus, ciliary body, and iris of the eye.'
The incidence of UM is low, with 6-7 new cases per 1 million individuals.” Despite
the currently available treatments of enucleation and radiation, the prognosis for
UM remains poor, leaving a 5-year survival rates range from 25% to 66%.>* The
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overall death rate of UM is mostly due to liver metastatic
disease, which can begin several years before its diagnosis,
complicating its detection and treatment. For uncontrolled
metastasis, patients who are not treated in time survive
only 2 to 6 months.” Therefore, it is vital to develop new
therapeutics for treating UM that can prolong patient
survival.

Oncolytic virus therapy is currently under investigation
for use in cancer treatment. This approach is regarded as
promising due to its advantage of selectively targeting and
replicating in tumor cells, subsequently causing tumor cell
lysis. Recent reports have focused mainly on adenovirus,
herpes virus, poxvirus, and reovirus.*’ Oncolytic adeno-
virus H101 was the first oncolytic virus approved by the
Chinese State Food and Drug Administration for clinical
cancer treatment.® Of the currently available oncolytic
viruses, only adenovirus H101 and ICOVIR-5 have been
investigated in UM cells.” "' However, these viruses
showed less efficacy towards UM cells. Hence, the highly
efficient oncolytic herpes simplex virus type 1 (HSV-1)
has been proposed as another candidate therapeutic for
UM treatment because it has proven highly effective in
a broad range of tumor cell types.'* !¢

The large DNA-based genome of oncolytic HSV-1
allows it to act as an ideal carrier for gene modification.
HSV-1 can be genetically modified to express various
molecules that enhance its efficacy as a cancer treatment,
such as suicide genes (thymidine kinase [TK],'” cytosine
deaminase [CD]'®). One of the most promising transgenes
for this purpose is granulocyte-macrophage colony-
stimulating factor (GM-CSF), which was found to be
effective for improving the therapy response rates in
1619 GM-CSF s
renowned for recruiting T-cells to a specific antigen-

patients with advanced melanoma.
mediated antitumor response. Furthermore, GM-CSF can
also recruit both dendritic cells (DCs) and natural killer
(NK) cells, as well as increase macrophage activity.”*'
There is an increasing evidence that non-specific innate
immune cells may aid in the treatment of UM, and clinical
observations indicate that macrophage infiltration leads to
prolonged survival in patients with UM.?> GM-CSF has
not yet been implemented in UM treatment. We hypothe-
sized that modifying HSV-1 by inserting GM-CSF would
stimulate innate immune responses, thereby improving the
antitumor efficacy of this oncolytic virus.

In this study, we developed an oncolytic HSV-1 virus
encoding the human GM-CSF gene (HSV-GM-CSF) and

verified its therapeutic efficacy towards UM cell lines.

Through in vitro and in vivo experiments, we investigated
the potential of applying HSV-GM-CSF to the treatment of
UM and assessed the immunostimulatory efficacy of this
virus in a murine UM xenograft.

Materials and Methods

Cell Lines

UM cell lines MUM2B, 92.1, and MP41 were used in the
experiment. The 92.1 cells were a gift from Prof. Vavvas
Demetrios and Efstathiou Nikolaos of Massachusetts
General Hospital. 92.1 cell line was authenticated by
STR profile and was approved by the Ethical Committee
of Beijing Neurosurgical Institute. Operations about the
cell line were according to the guidelines of laboratory
cells. The MUM2B and MP41 cells were purchased from
American Type Cell Culture (ATCC, Rockville, MD,
USA). MUM2B and 92.1 cells were cultured in RPMI-
1640 media with 10% fetal bovine serum, and MP41 cells
were cultured with 20% fetal bovine serum. All three cell
lines were transduced with pCMV/firefly-luciferase-
neomycin lentivirus (Genechem, Shanghai, China).

Oncolytic Virus

HSV-1 modification was described as before.”> Briefly,
HSV-GM-CSF was constructed via a deletion of the
ICP34.5 and ICP47 from HSV-1 to produce an oncolytic
HSV-1 vector, and then human GM-CSF transgene was
inserted into the ICP34.5 deletion site. After modification,
the structure of HSV-GM-CSF is the same as T-VEC
(Imlygic®, Amgen).

gPCR
Total RNA was isolated from frozen cell pellets using
TRIzol reagent (Thermo Scientific, Carlsbad, CA, USA).
RNA quality and concentration were evaluated with
a Nanodrop ND-1000 Spectrophotometer. A total of 1
pg of RNA was reverse-transcribed using a Reverse
Transcription System Kit (Promega A3500, Fitchburg,
WI, USA) following the manufacturer’s instructions.
The following primers were generated: GM-CSF, for-
ward 5-GCGTCTCCTGAACCTGAGTA-3’, reverse 5'-
TGGGTTGCACAGGAAGTTTC-3'; GAPDH, forward
5'-CTGCACCACCAACTGCTTAGC-3', reverse 5'-
CTTCACCACCTTCTTGATGTC-3'. qPCR was
formed on triplicate samples using a QuantStudio 6
Flex system (Applied Biosystems, Waltham, MA, USA)
with  SYBR-Green PCR Master Mix (Applied

per-
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Biosystems). GAPDH was used as an internal standard.
Results are expressed as 2 A2C,

Western Blot

Cells were incubated with or without virus and lysed using
RIPA lysis buffer (50 mM Tris-HCl, pH 7.4, 100 mM
2-mercaptoethanol, 2% w/v SDS, 10% glycerol). Protein
concentrations were determined, and then the various pro-
teins were separated by 12% SDS-PAGE. After separation,
the proteins were transferred to nitrocellulose membranes
and incubated with primary antibodies (Anti-GM-CSF
diluted 1:1000 [Proteintech, 17762-1-AP, Rosemont, IL,
USA] and Anti-B-actin diluted 1:5000 [Sigma, AS5441,
Shanghai, China]) followed by secondary antibodies
(Thermo Scientific, 31462). Signals were detected with
an ECL detection system.

Cell Viability Assay

Cells were seeded in a 96-well plate at a density of 5000
cells per well. Various concentrations of virus suspended in
culture medium were used to infect the cells. At 3 days post-
infection, the cell viability was determined using a cell
counting kit-8 (CCK-8, Dojindo Molecular Technologies,
Shanghai, China) in accordance with the manufacturer’s
instructions. The absorbance at an optical density of 450
nm (OD) of the samples was measured with a Spectra
Microplate Reader. Cell viability was calculated as follows:
OD value of the sample/OD value of the control.

Transmission Electron Microscopy (TEM)
Imaging

MUM2B cells were treated with HSV-GM-CSF at a MOI of
0.1 in a 10-cm? dish. At 3 days post-infection, the cells were
washed with PBS, then fixed in osmium tetraoxide (OsOy).
After being subjected to a serial dehydration in gradient
ethanol, the samples were stained with alkaline lead citrate
and uranyl acetate. TEM images were taken at 80 kV.

In vivo Tumor Cell Implantation
Animal studies were approved by the Experimental
Animal Ethical Committee of the Beijing Neurosurgical
Institute (No. 201902015). All experiment operations were
in accordance with the Experimental Animal Ethical
Committee of the Beijing Neurosurgical Institute’s guide-
lines of Care and Use of Laboratory Animals.

Intraocular xenografts were established in six-week-old
male BALB/c-nude mice (n =5 for each group, Charles River

Laboratories, Beijing, China) by implanting 1x10° MUM2B
cells in the right eye of each mouse as previously described.**
For intravitreal virus administration, 5 pL of 1x10°> PFU/uL
virus was injected at 10 days post-tumor cell implantation.

IVIS Imaging

Bio-luciferase images were obtained via IVIS Spectrum.
Images were obtained on 0 day (prior to virus injection)
and on 7 days and 14 days post-virus injection. Each mouse
was intraperitoneally administered 100 pL of 15 mg/mL
D-Luciferin (PerkinElmer, Waltham, Mass, USA) in PBS.
Images were captured, and ROIs were assessed.

Histological Analyses

Tumor specimens were obtained from in vivo murine xeno-
grafts. Hematoxylin and eosin (H&E) and immunohisto-
chemistry (IHC) staining were performed as previously
described.** Leica Aperio AT2 instruments were used for
image acquisition. The following primary antibodies were
used: anti-GM-CSF (1:50 dilution; Proteintech, 17762-
1-AP) and anti-F4/80 (1:200 dilution; Cell Signaling
Technology, 70076, Danvers, MA, USA). The integrated
optical density (IOD) was analyzed using Imagel.

Flow Cytometry Analyses

Tumors were collected 24 days after UM xenograft estab-
lishment. Single-cell suspensions were prepared, and then
cells were stained with anti-FC receptor antibody (BD
Biosciences, Franklin Lakes, NJ, USA), PE-conjugated
anti-mouse F4/80 antibody (BioLegend, San Diego, CA,
USA), and propidium iodide (PI) (BD Biosciences).
Stained cells were washed twice with 1% bovine serum
albumin (BSA). A BD C6 flow cytometer was used to
acquire 1x10° cells per sample. Results were analyzed
using BD FACS Diva software.

Tumor Volumes, Animal Weights, and

Survival

Tumor volumes and animal weights were measured every
3 days until 24 days post-treatment. Survival times were
also recorded.

Statistical Analyses

All data are expressed as means + SDs. Statistical analysis
was performed using Student’s t-tests. The survival percen-
tage was analyzed using the Kaplan—Meier method and the
Log rank test. GraphPad Prism 7.0 was used to prepare all
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graphs and perform statistical analyses. Differences with p <
0.05 were considered significant. Asterisks are used to denote
significance in the figures: *p < 0.05; **p < 0.005; ***p <
0.0005; ****p < (0.00005; NS, no significance.

Results
Establishment of UM Cell Lines

Expressing Luciferase

To observe changes in tumor size within the in vivo xeno-
graft, a plasmid encoding luciferase and neomycin was con-
structed and used to create a recombinant lentivirus vector.
MUM2B, 92.1, and MP41 cells were then transfected with
this packaged lentivirus. When G418 was added to the cell
cultures, the proportion of infected UM cells increased dra-
matically. Luciferase expression was examined via the IVIS
spectrum imaging system, where all three cell types exhibited
strong luciferase expression, indicating that they were suita-
ble for use in our in vitro and in vivo experiments (Figure 1).

Characterization of HSV-GM-CSF

The recombinant oncolytic HSV-1 virus used in this study was
established from the HSV-1 (F) strain. Human GM-CSF
transgene was used to replace ICP34.5 in this virus. ICP47
gene was also deleted during the creation of the recombinant
HSV-GM-CSF virus (Figure 2A). gPCR was performed to
detect GM-CSF gene expression and confirm the insertion of
GM-CSF in the recombinant virus (Figure 2B). A Western blot
analysis further confirmed the expression of GM-CSF in
infected cells (Figure 2C). GM-CSF expression was detected
in each HSV-GM-CSF-infected cell line by 48 h post-
infection, whereas GM-CSF was not detected in uninfected
cells, as expected. TEM was performed to assess cancer cells

Optical Microscope

IVIS Detection

that had been subjected to HSV-GM-CSF or control treatment.
Virus particles were observed clearly in the cell nuclei (red
arrow, Figure 2D). These results confirm that the recombinant
virus HSV-GM-CSF expresses GM-CSF and can infect UM
cells.

Cytotoxic Effect of HSV-GM-CSF in vitro
MUM2B, 92.1 and MP41 cells were infected with HSV-GM-
CSF to investigate its oncolytic potency in vitro. Cell viability
was assessed at 2 days post-infection (Figure 3A). The ICs,
for HSV-GM-CSF-infected MUM2B, 92.1, and MP41 cells
was 0.04082, 0.1283, and 0.2191, respectively. IVIS spectra
were captured for all three cell lines, and a dramatic decline in
radiance was observed after infection in each cell type (Figure
3B). The relative pixel intensity was calculated to quantify the
intensity of the IVIS images which showed consistency with
IVIS spectra (Figure 3C). These results indicate that the
recombinant virus HSV-GM-CSF retains the high oncolytic
ability of HSV-1 and is efficient at infecting UM cells.

Antitumor Efficacy of HSV-GM-CSF

in vivo

We established an in situ tumor xenograft in T-cell-deficient
BALB/c-nude mice by implanting MUM2B cells in the
posterior chamber of the right eye. Ten days after tumor
cell implantation, HSV-1 or HSV-GM-CSF were injected
intravitreally (Figure 4A). IVIS imaging was conducted
prior to injection, then again at 7 days and 14 days post-
injection (Figure 4B). Total flux (p/s) was measured after
capturing the IVIS images (Figure 4C). Ocular volumes were
recorded 24 days after the virus treatment (Figure 4D). As
expected, by 7 days post-injection, the tumor volumes of the

600000
l 400000

200000

Figure | Stable UM cell lines expressing luciferase. Images of stable UM cell lines MUM2B, 92.1, and MP41| expressing the luciferase gene acquired with a phase microscope

(100) or IVIS.
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Figure 2 Characterization of HSV-GM-CSF. (A) Construction of the recombinant oncolytic virus HSV-GM-CSF based on an HSV-| strain. (B) qPCR analysis of GM-CSF in
samples from the untreated control group and HSV-GM-CSF group. ***p < 0.00005. (C) Western blotting analysis of MUM2B, 92.1, and MP41 cells in the control and HSV-
GM-CSF groups. Cells were infected with HSV-GM-CSF at a MOI of 0.1 and collected at 72 h post-infection. (D) Transmission electron microscopy (TEM) images of cells
infected at a MOI of 0.1 obtained 72 h post-infection. Red arrows indicate virus in the tumor cells. Scale bar, 0.5 pm.

virus-treated groups (HSV-1 and HSV-GM-CSF) were sig-
nificantly smaller compared with the control group.
However, at 14 days post-injection, there was an increase in
the tumor size of the HSV-1-treated group. In contrast, the
tumors in the HSV-GM-CSF group continued to regress. The
mean ocular tumor volumes (n = 5/group) calculated at 14
days post-virus injection were 176.3%20.5 mm?®, 69.02
+6.8 mm?>, and 49.02+7.4 mm® for the control, HSV-1, and
HSV-GM-CSF groups, respectively.

Mouse bodyweights were tracked over the 24 days
following UM cell implantation. At the end of this period,
the control group mice weighed significantly less com-
pared with the HSV-1 and HSV-GM-CSF treated group
mice (Figure 4E). Follow-up survival was prolonged in the
virus-treated groups compared with the control group
(Figure 4F). Notably, GM-CSF armed virus (HSV-GM-
CSF) prolonged survival compared with the unmodified

virus (HSV-1). The median survival times for the control,
HSV-1, and HSV-GM-CSF groups were 24, 39, and 46
days, respectively. These data indicate that the treatment of
UM xenografts with HSV-1 suppresses tumor growth and
that the tumor reduction ability of HSV-1 was enhanced by
arming the virus with GM-CSF. These findings are con-
sistent with the tumor size analysis results, suggesting
HSV-GM-CSF has an enhanced antitumor efficacy.

Immune Response Induced by HSV-GM-
CSF Treatment

To assess the immune response against the virus in
infected tumor-bearing mice, tumor specimens were
obtained 2 weeks after viral injection. H&E staining and
IHC were performed for pathology analysis (Figure 5A).

H&E staining revealed that the UM tumor cells displayed
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Figure 3 In vitro cytotoxic effect of HSV-GM-CSF. (A) Data from cell viability assays performed using MUM2B, 92.1, and MP41 cells infected with HSV-GM-CSF at various
MOiIs and analyzed 48 h post-infection. (B) IVIS spectra from MUM2B, 92.1, and MP4| cells infected with HSV-GM-CSF at various MOls. (C) Relative pixel intensity of (B).

typical characteristics, such as nuclear pleomorphism and
large nuclei.

Anti-GM-CSF staining levels were compared among
the control, HSV-1, and HSV-GM-CSF groups. The per-
centage of GM-CSF positive area was higher in the HSV-
GM-CSF group than those in the control and HSV-1
groups (Figure 5B). This indicates that GM-CSF levels
are greatly elevated following HSV-GM-CSF treatment.
We next evaluated the macrophage infiltration into the
xenografts by measuring anti-F4/80 levels. There was no
significant difference in macrophage quantity between the
HSV-1 and untreated control groups, but the HSV-GM-
CSF group had significantly more macrophage infiltrations
(Figure 5C). FACS was also performed to verify

macrophage infiltration levels inside the tumor masses
(Figure 5D). The mean percentages of F4/80 expressing
cells in the untreated control, HSV-1, and HSV-GM-CSF
groups were 11.83£0.58%, 13.34+1.2%, and 23.64
+1.68%, respectively (n=3) (Figure 5E). These results are
consistent with our IHC observations. Together, these
results indicate that HSV-GM-CSF increases macrophage
infiltration into the in situ xenografts.

Discussion

The combination of an oncolytic virus with other mole-
cules has shown as a promising therapeutic in cancer
the
a recombinant oncolytic HSV-1 virus armed with the

treatment. In current study, we constructed
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shown are the mean + SD of each group. * p < 0.05; **, p < 0.005; NS, no significance. (F) Percentage of survival in the three groups. Data were analyzed using a Log rank

test, p < 0.05.

human GM-CSF gene. This study is the first to explore the
therapeutic effects of treating UM with an oncolytic HSV-
GM-CSF virus, and our in vitro and in vivo results demon-
strate that this virus has cell-killing effects and tumor
reductions after the treatment. Additionally, mice with
UM xenografts treated with the HSV-GM-CSF virus sur-
vived significantly longer compared with control or the
unmodified HSV-1 virus group. Our results indicate that
HSV-GM-CSF has superior in vivo antitumor efficacy in
UM animal models compared with HSV-1. We also
observed the infiltration of innate immune cells following
treatment. Significantly more macrophages infiltrated into
the tumors of mice treated with HSV-GM-CSF compared
with control or HSV-1 treated group. Base on the

knowledge that macrophage is correlated with tumor
growth in UM, our current study suggests that the treat-
ment of HSV-GM-CSF has the ability to not only direct
lysis tumor cells but also attenuating UM tumor growth
from an innate immune perspective.

Previous studies have shown that the deletion of non-
essential viral ICP34.5 significantly increased virus speci-
ficity towards tumor cells.”>*® It was also demonstrated
that the deletion of the immediate early protein ICP47
induces transporter for antigen processing (TAP) mediated
cytotoxic T-lymphocytes, leading to immune activation to
the virus-infected cells.’”*® Therefore, when creating the
recombinant HSV-1 virus, we chose to mutate 1CP34.5
with the GM-CSF gene and to delete ICP47.
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as the mean * SD. *¥, p < 0.005; NS, no significance.

The antitumor efficacy of oncolytic HSV-1 has been
demonstrated by its cell-killing effect and its ability to
activate the immune system. These properties of HSV-1
can be further enhanced by arming the virus with the gene
for GM-CSF, which is a specific and long-lasting immu-
nostimulatory molecule.”” GM-CSF enhances the tumor-
suppressing properties of macrophages.®® In the present
study, more macrophages were observed in tumor speci-
mens from HSV-GM-CSF-treated mice. It is well known

that macrophages can act as antigen-presenting cells
(APCs), stimulating reactions that recruit T cells by releas-
ing tumor necrosis factor (TNF).31 Previous reports
demonstrated a correlation between UM tumor prognosis

and macrophage infiltration.*?

Macrophages have also
been reported to exert an antitumor effect without the
help of T cells.** Our data support that increased macro-
phage infiltration is associated with reduced UM xenograft

tumor growth.
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NK cells were reported to play an important role in the
prevention of UM metastases.>* Human leukocyte antigen
(HLA) class I antigen expression is essential for tumor-
specific antigen presentation and effective antitumor
responses. The presence of these molecules can inactivate
NK cells.”® Regarding UM, NK cell responses are inver-
sely correlated with HLA class I expression levels on
tumor cells, leading to the hypothesis that NK cells
remove micro-metastases from circulation that have down-
regulated HLA class 1.°%*7 Additionally, UM cells were
reported to be sensitive to NK cell lysis.>* Because HSV-1
induces NK cell infiltration, this virus and the GM-CSF-
expressing HSV-1 may also have antitumor efficacy
against metastases from UM xenografts (data not shown).

Because the in vivo xenograft used in our experiments
was built on an immune-incompetent BALB/c-nude
mouse, our data have limitations. The antiviral immune
response and associated virus clearance, which could limit
the application of HSV-GM-CSF in immunocompetent
hosts, remain unclear. Establishing a suitable UM cell
line that can grow into an immunocompetent xenograft
and the application of repeated injections are strategies
for addressing these problems in future studies. Other
key factors in this process, like cytokines and chemokines,
are also important for future exploration.

Conclusion

In summary, we demonstrated here that recombinant onco-
lytic HSV-1 armed with human GM-CSF (HSV-GM-CSF)
induced a potent antitumor response both in vitro and
in vivo. HSV-GM-CSF injection induced GM-CSF expres-
sion as well as macrophage infiltration. Future studies
should focus on the safety of this recombinant virus and
its clinical effect in UM patients. Overall, our study intro-
duced a novel therapeutic oncolytic agent that holds pro-
mise as a candidate for the treatment of UM.

Abbreviations

UM, Uveal melanoma; HSV-1, Herpes simplex virus type
1; GM-CSF, Granulocyte-macrophage colony-stimulating
factor.
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