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Abstract

Background Orf virus (ORFV) is gaining attention as a promising viral vector for cancer therapy because of its
unigue properties. Recent studies have shown that ORFV could be effective against various cancers, particularly
nasopharyngeal carcinoma. This research explores the ability of wild-type ORFV and recombinant ORFVs, which lack
specific virulence factors, to kill NPC cells and modulate the immune response.

Methods Two NPC cell lines, HK1 (from Hong Kong) and TW02 (from Taiwan), were infected with wild-type ORFV and
two recombinant ORFVs lacking either vascular endothelial growth factor (VEGF) or chemokine binding protein (CBP)
virulence factors. The oncolytic effects were evaluated by assessing cell death pathways, particularly pyroptosis, which
was monitored through the cleavage of gasdermin E (GSDME). The activation of survival pathways, such as focal
adhesion kinase (FAK) and AKT, was also analyzed. In addition, the influence of ORFV infection on natural killer (NK)
cell recruitment and cytotoxicity was investigated. In vivo experiments were conducted in a xenograft mouse model
in which HK1 tumors were used to evaluate the antitumor activity of wild-type ORFV and two deletion-mutant ORFVs.

Results Wild-type ORFV effectively killed NPC cells, especially HK1 cells. The recombinant ORFVs, despite being
attenuated by the loss of VEGF or CBP, retained the ability to infect and cause NPC cell death, with the CBP-deleted
virus showing notable effectiveness in HK1 cells. Early ORFV infection led to pyroptosis via GSDME cleavage, causing
cell detachment and a reduction in FAK and AKT activation. ORFV also enhanced NK cell recruitment and boosted NK
cell-mediated cytotoxicity in infected NPC cells. In the HK1 xenograft model, CBP-deleted ORFV significantly inhibited
tumor growth.

Conclusion ORFV, particularly the wild-type and CBP-deleted variants, has significant potential as an oncolytic viral
vector for NPC therapy. It induces cell death via pyroptosis and enhances immune-mediated tumor cell destruction
through NK cells. The attenuated CBP-deleted ORFV offers a safer and effective option for cancer treatment, making it
a promising candidate for future therapeutic applications.
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Introduction
Developing countries are currently facing a significant
challenge, as cancer has emerged as the leading cause of
death, with the number of cases projected to rise annually
[1]. Over the years, various strategies for successful can-
cer treatment, such as cell-based vaccines [2] and check-
point inhibitors [3], have been developed. Despite these
advances, the average response rate to new cancer treat-
ments remains less than 15% [4]. In light of these limita-
tions, biological therapies i.e., oncolytic virotherapy have
emerged as promising alternatives alongside traditional
treatments such as chemotherapy and radiotherapy.

Oncolytic viruses (OVs) selectively attack cancer cells
while leaving healthy cells largely unaffected [5]. The
primary mechanism of action involves self-amplifica-
tion within tumor sites, enabling the infection of distant
metastases and ultimately resulting in the direct destruc-
tion of cancer cells [6]. Additionally, OVs can mediate
antitumor effects through mechanisms beyond direct
cell lysis, such as disrupting the tumor vasculature and
enhancing the immune response [7]. For example, vesic-
ular stomatitis virus induces tumor inflammation, reduc-
ing blood flow and causing tumor cell death [8]. OVs
leverage various biological pathways, including metabo-
lism, proliferation, and cell death processes, to optimize
their oncolytic activity and evade immune detection [9].

Several viruses, including herpesviruses, adenoviruses,
influenza viruses, and poxviruses, have demonstrated
oncolytic potential. Among these, poxviruses stand out
for their ability to elicit long-lasting immune responses,
particularly cytotoxic T lymphocytes (CTLs) and anti-
bodies [10—12]. Poxviruses, which replicate exclusively in
the cytoplasm, present minimal risk of integrating their
genetic material into the host genome. This, combined
with their large genome size and precise gene regulation,
makes them suitable candidates for genetic engineering.
These characteristics allow for the attenuation of pox-
viruses or the insertion of specific genes for therapeutic
purposes [13]. Additionally, poxviruses can selectively
infect tumor cells due to specific features of the tumor
microenvironment. For example, the myxoma virus rep-
licates in tumor cells with elevated phosphorylated AKT
[14], and the vaccinia virus targets cells with activated
EGFR-Ras signaling, which is common in many tumors
[15]. Three strains of oncolytic vaccinia viruses, Wyeth
(Pexa-Vec), Western Reserve (TG6002), and Lister (GL-
ONC1), have undergone clinical trials [16]. Pexa-Vec, a
genetically modified vaccinia virus expressing granulo-
cyte-macrophage colony-stimulating factor (GM-CSF),
has shown promise in treating hepatocellular carcinoma,
improving patient tolerance and extending lifespan
[17-19].

Orf virus (ORFV), a parapoxvirus that causes skin
infections in goats and sheep, has demonstrated potential
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as an oncolytic agent in various cancer models [20-25].
For example, ORFV infection resulted in tumor regres-
sion in murine models of human lung carcinoma (A549)
[21]. Additionally, a closely related chimeric parapoxvi-
rus, CF189, showed cytotoxic effects on triple-negative
breast cancer cells and antitumor activity in animal mod-
els [26]. ORFV has also shown promise in colorectal can-
cer models by regulating key processes such as apoptosis,
angiogenesis, and cell cycle control [22]. Despite these
promising results, further optimization is needed to
improve the safety and efficacy of ORFV-based therapies
for clinical use.

Recently, wild-type ORFV was found to inhibit the pro-
liferation of nasopharyngeal carcinoma (NPC), a com-
mon malignancy in Southeast Asia, southern China, and
Hong Kong [23, 27]. This study aimed to investigate the
therapeutic potential of two live attenuated ORFVs by
comparing their oncolytic effects on two NPC cell lines
derived from patients in Hong Kong and Taiwan. Addi-
tionally, this study sought to elucidate the underlying
mechanisms driving these effects.

Materials and methods

Cell maintenance

Primary goat fibroblasts (FB), a human lung cancer cell
line (A549), and a human nasopharyngeal carcinoma cell
line (TWO02) established from keratinizing squamous
cell carcinoma in a Taiwanese patient [28], were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin obtained from Gibco BRL (Life
Technologies Corporation, Carlsbad, CA, USA). Another
human nasopharyngeal carcinoma cell line (HK1)
derived from differentiated squamous carcinoma in a
patient in Hong Kong [29] was cultured in Roswell Park
Memorial Institute (RPMI) medium supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-strepto-
mycin. Both HK1 and TWO02 have been verified to be free
of Epstein-Barr virus [28, 29], with no concerns regarding
HelLa contamination [30]. The NK92 cell line, obtained
from ATCC (CRL2407TM), was propagated in alpha-
MEM supplemented with 12.5% horse serum (GIBCO,
Carlsbad, CA, USA), 12.5% FBS (GIBCO), and 100 U/mL
recombinant IL-2 (Sigma-Aldrich, USA). The cells were
cultured at 37 °C and 5% CO,.

Viruses and infection

WT-EGFP (Hoping strain), CBPA-EGFP, and VEGFA-
EGFP were cultured in goat fibroblast (FB) cells in accor-
dance with previously described methods [31, 32]. To
induce infection, 80% confluent cell monolayers were
treated with ORFV at a specified multiplicity of infec-
tion (MOI) in infection medium (DMEM without FBS)
for 1 h. After allowing for viral adsorption, the infection



Yamada et al. Virology Journal (2025) 22:50

medium was replaced with fresh DMEM containing 2%
FBS.

Cell viability assays

Propidium iodide (PI) functions as a dye that is incapa-
ble of penetrating an intact cell membrane. It exclusively
stains the DNA of cells with compromised cell membrane
integrity, including those that are deceased or dying [33,
34]. Consequently, the level of PI staining can serve as a
marker for cell death or breach of cell membrane integ-
rity. PI staining was avoided in live cells with undamaged
cell membranes. Cell viability was assessed by harvest-
ing the cells at 12, 24, or 48 h after infection, followed
by centrifugation at 300 x g for 5 min. The supernatant
was removed, and the cell pellet was resuspended in PBS.
The cells were treated with PI solution (Invitrogen) and
incubated at room temperature for 15 min in the dark.
A BD Accuri™ C6 flow cytometer was used to analyze
the cells that had been stained via flow cytometry (BD
Biosciences).

Apoptosis analysis

Apoptotic cells were quantified via a FITC annexin V and
PI double-staining apoptosis detection kit (BD Pharmin-
gen™, BD Biosciences). In brief, infected cells were col-
lected at 12 and 24 h after infection and then washed
with cold PBS. They were then resuspended in a buffer
solution at a concentration of 1 million cells/mL. A total
of 100 pL of the solution containing 1x10° cells was
added to a mixture of 5 pL of FITC Annexin V and 5
uL of PI. The cells were mixed gently via a vortex mixer,
incubated for 15 min in the dark, and then analyzed via
flow cytometry (BD Accuri™ C6 flow cytometer, BD Bio-
sciences) within 1 h.

Western blot analysis

Proteins were separated via sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and then
transferred to a polyvinylidene difluoride (PVDF) mem-
brane. This was followed by immunoblotting with diluted
antibodies against the viral proteins F1L, CBP, VEGF (at
a dilution of 1:2500, homemade), EGFP (homemade at
a dilution of 1:2000), and alpha-tubulin (at a dilution of
1:10,000) overnight at 4 °C. Secondary antibodies, spe-
cifically goat anti-mouse or rabbit IgG conjugated with
horseradish peroxidase (HRP), were used, and the mem-
branes were incubated with the secondary antibodies
for one hour at room temperature. The membrane was
washed with 0.05% Tween 20 in PBS, and the signal was
detected via an enzyme-linked chemiluminescence assay
(SuperSignal; Thermo Fisher Scientific). The intensity of
each band was determined by densitometry in Image]
(NIH) after images were captured via an ImageQuant
LAS 4000 (GE Healthcare, Uppsala, Sweden).
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NK cell migration assay

The cells were initially infected with viruses, such as WT-
EGFP, CBPA-EGFP, or VEGFA-EGFP, at an MOI of 1 for
24 h. Supernatants from the infected cells were obtained
and used as migration-inducing substances. NK92 cells
(2x10° cells; 100 pL) were added to the upper well of a
transwell filter (Corning; diameter, 6.5 mm; pore size,
5 um; 24-well cell clusters). The filters were subsequently
positioned in the lower wells, with each well containing
600 puL of CM. Following a 4-hour incubation of NK92
cells at 37 °C and 5% CO2, the upper chambers were
removed, and the cells that had migrated to the other
side of the Transwell membrane were immobilized with
methanol, stained with Giemsa solution, and counted
under an inverted light microscope.

NK cytotoxicity test (lactate dehydrogenase release-based)
A lactate dehydrogenase [35] release assay was used to
assess the cytotoxicity of natural killer (NK) cells against
nasopharyngeal carcinoma [27] cells. Briefly, 5000 NPC
cells were infected with viruses (e.g., WT-EGFP, CBPA-
EGFP, or VEGFA-EGFP) at an MOI of 1 for 20 h, and
NK92 cells were added at ratios of 1:10 and 1:25 (target
cells: effector cells) (all samples were analyzed in tripli-
cate). After 4 h of coculture, 50 puL of the medium was
used for the LDH cytotoxicity assay via an LDH cyto-
toxicity assay kit (Roche, Sigma-Aldrich, USA). The cor-
rected experimental LDH release value was determined
by subtracting the spontaneous LDH release value from
the effector cells at the corresponding dilutions. NK cell
cytotoxicity was defined as follows:

% cytotoxicity= (experimental value-spontaneous
control of effector cells-spontaneous control of target
cells)/(maximum control of target cells-spontaneous
control of target cells) x 100.

Plaque assay

FB cells were seeded the previous evening and subse-
quently infected with serially diluted viruses at a 10-fold
concentration. One hour after the adsorption process,
the infection medium was replaced with DMEM supple-
mented with 2.5% FBS and 1.1% methylcellulose. The
infection was monitored daily until a cytopathic effect
(CPE) was apparent (approximately 14 days). The cells
were then treated with 10% formaldehyde and stained
with crystal violet.

Generation of stable NPC cells expressing red fluorescent
genes

To measure tumor growth accurately, we generated NPC
cells expressing a red fluorescent protein (RFP) gene
through lentiviral transduction as previously described
[36]. NPC HK1 cells were seeded in a 6-well plate
and transduced with concentrated lentivirus particles
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obtained from RNAiICORE (Academia Sinica, Taiwan).
After the cells were incubated at 37 °C for several days,
stable NPC cells expressing RFP were selected via
puromycin at a concentration of 5 pg/ml. Finally, RFP
expression was validated via fluorescence microscopy
(Supplementary Fig. 1).

Animal studies

The animal studies were approved by the National Chung
Hsing Animal Ethics Committee (IACUC No. 110-106).
All procedures were conducted in compliance with the
guidelines and regulations. Eight-week-old female nude
mice (BioLASCO Taiwan Co., Ltd.) were subcutaneously
injected with 1x10°> HK-1-RFP-expressing cells in the
left flank. For this procedure, the mice were anesthetized
with 1.5% isoflurane. When the tumors reached a volume
of 50 mm?, the mice (8—10 mice/group) were randomly
divided into four groups and treated with PBS or (10°
PFU/100 pL) recombinant orf virus via the intratumoral
route once a week for six weeks. Tumor measurements
were performed via an in vivo imaging system (IVIS
Spectrum, PerkinElmer). The clinical signs of toxicity
were closely monitored in the animals until they reached
the predetermined sacrifice criteria, which included the
tumor burden reaching 10% of their body weight, tumor
ulceration, or moribundity.

In vivo imaging system (IVIS)

The fluorescence activity of HK-1-RFP cells in tumor-
bearing mice was examined via in vivo imaging studies
via a Perkin Elmer IVIS spectrum instrument. To assess
the size of the tumors, the mice were anesthetized with
isoflurane and placed in a supine position on the IVIS
platform at 37 °C. The mice were administered isoflu-
rane via a nose cone, and the camera exposure time was
automatically adjusted to f/2 with medium binning. The
bioluminescence emitted from the whole body or region
of interest (ROI) was quantitatively analyzed via Living
Image® software (version 3.0) by measuring the lumines-
cence signal intensity in photons per second (photons/s),
with the ROI settings applied [37, 38]. The ROI was
determined by measuring the total flux of photons and
focused on the left flank region of the tumor site via
whole-body imaging.

Histopathology and immunohistochemistry (IHC)

Tumor samples were fixed in 10% formalin and embed-
ded in paraffin wax. The samples were then cut into 3 pm
thick sections, mounted on glass slides, and stained with
hematoxylin and eosin following a previously described
method [39]. The necrosis score was evaluated by three
qualified pathologists. The severity of necrosis was
graded according to the method described by Shackelford
et al. [40]. The degree of necrosis was assessed on a scale
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of one to five, with the severity ranging from minimal
(<1%) to severe (76—100%). The grading scale was as fol-
lows: “1” indicated minimal necrosis (< 1%), “2” indicated
slight necrosis (1-25%), “3” indicated moderate necrosis
(26-50%), “4” indicated moderate to severe necrosis (51—
75%), and “5” indicated severe necrosis (76—100%).

For the immunohistochemical analysis, the homemade
polyclonal antibody “F1L” was utilized with the DakoEn-
Vision+HRP Kit (Dakopatts, Glosstrup, Denmark),
which employs a two-step peroxidase method. The tissue
sections were deparaffinized and washed in Tris-buffered
saline (TBS). The cells were then treated with 1% hydro-
gen peroxide in TBS for 20 min to inactivate endoge-
nous peroxidases. After being washed, the sections were
treated with 2% bovine serum albumin (BSA) in TBS for
10 min, followed by an overnight incubation with the pri-
mary antibody at 4 °C. The primary antibody was diluted
1:1000 in TBS containing 1% BSA. Duplicate sections
were used as negative controls and were incubated with
2% BSA instead of the primary antibody. After the sec-
tions were washed in TBS three times for 5 min each,
they were incubated with peroxidase-conjugated goat
anti-rabbit secondary antibody for 30 min. The sections
were then washed with TBS, and peroxidase activity was
visualized by incubating them in TBS containing 0.06%
DAB (Sigma-Aldrich) and 0.034% hydrogen peroxide for
2 min. Finally, the sections were washed with tap water,
counterstained with Mayer’s hematoxylin, and mounted
with Entellan (Merck, Darmstadt, Germany).

Statistical analysis

The data are presented as the means * standard errors of
the means and were analyzed via GraphPad Prism version
8.0 (GraphPad Software, Inc.). Student’s t test was used
to assess whether the differences between the two groups
were statistically significant when their means were com-
pared. To evaluate differences between multiple groups,
one-way analysis of variance (ANOVA) was conducted,
along with post hoc tests using Tukey’s multiple compari-
sons test to determine statistical significance. Two-way
repeated-measures ANOVA was used to examine tumor
volume in multiple groups at various time points, and
Dunn’s multiple comparison test was used as a post hoc
test to assess significant differences among the treatment
groups during tumor treatment. A p value less than 0.05
was considered indicative of statistical significance.

Results

Cytotoxicity and replication kinetics of ORFV (hoping
strain) in two NPC cell phenotypes

ORFV (NA1/11) can effectively kill NPC cells (e.g., CNE-
2, 5-8 F, and HONE-1) [23]. Several strains of ORFVs
with various characteristics are present in circulation
within the natural environment [41-44]. Moreover, the
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clinicopathological characteristics of nasopharyngeal
carcinoma [27] that are currently observed across various
studies in Asia are variable. Furthermore, the effects of
wild-type ORFV (TW/Hoping strain) expressing EGFP
(WT-EGFP) were evaluated in two NPC cell lines, TW02
and HK1, which exhibit different histological character-
istics and are derived from patients in Taiwan and Hong
Kong, respectively [28, 29], Both cell lines are free of
genomic contamination [30] and have been extensively
studied in previous research, covering topics from tumor
cell motility [45, 46] to tumor innate immunity [47-49].
For comparison, two positive cell lines were used: a goat
fibroblast (FB) line, which represents the authentic ani-
mal host, and a human lung carcinoma cell line (A549),

recognized as the most permissive human cancer cell line
for OREV [21].

A.

FB
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As anticipated, WT-EGFP effectively infected the goat
FB cells (Fig. 1A). Notably, infection levels in both NPC
cell lines, HK1 and TWO02, were significantly greater than
those in the positive control cancer cells (A549) (Fig. 1).
Notably, the NPC-HK1 cell phenotype was more suscep-
tible to WT-EGFP than TWO02 24 h post infection (hpi),
as evidenced by the green fluorescence (EGFP) signal
observed via microscopy (Fig. 1A) and the accumula-
tion of the major viral envelope F1L protein (Fig. 1B and
C). Furthermore, the production of viral progeny was
noticeably greater in HK1 cells than in TW02 NPC cells.
(Fig. 1D and E).
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Fig. 1 Susceptibility of the two NPC phenotypes to ORFV. Two NPC cell lines (HK1 and TWO02), together with goat FB and A549 cells (positive control can-
cer cells), were infected with the WT-EGFP virus at an MOI of 0.5. The expression of the reporter gene was directly visualized via fluorescence microscopy
at 24 h post infection (hpi) (A). The protein expression profile and yield of virus progeny in cells infected with WT-EGFP at specific time points were deter-
mined by western blot analysis (B and C) and plaque assays (D and E), respectively. One-way ANOVA and post hoc tests with Tukey's multiple comparisons
were performed (C and E), and significant differences in the mean viral F1L protein or viral yields at 24 hpi between the groups were considered significant
at*p<0.05, **p <0.01, and ***p <0.001."n.s! indicates no significance. Student's t test was performed (D), and significant differences in the mean viral F1L
protein or viral yields between the groups were considered significant at *p <0.05, **p < 0.01, and ***p <0.001."n.s” indicates no significance
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Characterization of cell death induced by WT-EGFP in NPC

cells

Next, we determined whether ORFV infection induces
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approximately 20% and 13% cell death at 24 hpi in HK1
and TWO02 cells, respectively (Fig. 2A). However, this
was not attributed to activated apoptotic pathways, as
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apoptosis, was determined by double staining with Annexin V and PI (B). The protein expression profile indicating the mechanism of cell death (e.g,,
apoptosis or pyroptosis) was determined by western blot analysis (C), and the results are plotted (D, E, F). The Western blotting results were normalized
to the values at 24 hpi. The percentage of detached cells after ORFV infection was monitored (G). The status of the attached and detached NPC cell
populations was further evaluated by annexin V/PI double staining (H). One-way ANOVA and post hoc analysis via Tukey’s multiple comparisons were
performed, and significant differences between groups were considered significant at *p <0.05, **p <0.01, ***p <0.001, and ****p < 0.0001.n.s" indicates
no significance."n.d”" indicates that no protein was detected



Yamada et al. Virology Journal (2025) 22:50

(Fig. 2B). Recently, it was reported that ORFV can induce
pyroptosis in EMT6, an epithelium-derived murine
breast cancer cell line [25]. Therefore, we explored
ORFV-induced pyroptosis in NPC cells. The involve-
ment of pyroptosis-related genes (Gsdmd, Caspl, Casp8,
Casp3, and Gsdme) was examined. Notably, cleaved
caspase 1 was not detected in the NPC or A549 cell
lines (Fig. 2C). Notably, cleaved gasdermin D (GSDMD)
(GSDMD-N), which acts as a downstream signaling mol-
ecule of cleaved caspase 1, was not detected (Fig. 2C).
In contrast, as early as 12 hpi, noncanonical pyropto-
sis-related proteins, including gasdermin E (GSDME),
caspase 3, and caspase 8, were cleaved after infection,
particularly in HK1 cells (Fig. 2C-F). Additionally, com-
pared with the effects of the virus on A549 and FB cells,
WT-EGFP infection resulted in a considerable increase
in the detachment of NPC cells, with approximately 20%
detachment in HK1 cells and 10% detachment in TW02
cells (Fig. 2G). To determine the viability status of the
HK1 and TWO02 cell populations, especially the detached
cells after WT-EGFP infection, we performed annexin
V-propidium iodide (PI) staining. The current data
revealed that approximately 70% of the detached HK1
cells died, as evidenced by PI-positive staining (Fig. 2H).
Overall, these findings suggest that ORFV infection

A.
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induces detachment and triggers noncanonical caspase-
dependent pyroptosis in NPC cells via GSDME cleavage.

The replication kinetics and cytotoxic effects of attenuated
ORFVs are similar to those of WT-EGFP in NPC cells

A previous study demonstrated that deletion of the viral
gene encoding a chemokine binding protein (CBPA-
EGFP) or vascular endothelial growth factor (VEGFA-
EGFP) significantly attenuated ORFV (TW/Hoping
strain) in its natural host animal [31]. Hence, the onco-
lytic potential of these deletion mutant viruses against
two NPC cell lines was evaluated. HK1 and TWO02 cells,
along with positive control A549 cells, were treated with
WT-EGFP, CBPA-EGFP, or VEGFA-EGEP. The ability of
the deletion mutant viruses to eliminate tumor cells (as
shown in Fig. 3A and B) and facilitate viral replication
(as demonstrated in Fig. 3C and F) was compared with
that of the wild-type EGFP viruses. The levels of the F1L
protein and EGFP reporter protein expressed by the
viruses decreased substantially in all tumor cells infected
with VEGFA-EGFP and CBPA-EGFP at 48 h postinfec-
tion (hpi) compared with those in those infected with
WT-EGEFP, as shown in Fig. 3A and B. In line with the
F1L levels, VEGFA-EGFP produced the least amount of
viral progeny among the three viruses examined in all the
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cell lines and at all the time points (Fig. 3C-F). Interest-
ingly, compared with WT-EGFP, CBPA-EGFP resulted
in a lower titer at 24 hpi, but at 48 hpi, viral production
was significantly greater and exceeded that of WT-EGFP
(Fig. 3C-F), which aligns with the fluctuating expression
levels of EGFP (Fig. 3A).

Characterization of cell death induced by ORFVs in NPC cell
lines

To evaluate the capacity of attenuated ORFV to cause
cell death, we initially investigated the degree of cell
death initiated by these two attenuated viruses in three
distinct cancer cell lines and found that HK1 cells pre-
sented the highest susceptibility to all recombinant orf
viruses, resulting in approximately 33—-42% cell death in
all infected groups, followed by TW02, with 23-36% cell
death. In contrast, A549 cells presented a significantly
lower percentage of cell death (0.2-2%) after ORFV
infection (Fig. 4A). Nevertheless, among the recombinant
viruses, VEGFA-EGEFP caused significantly less cell death
than did CBPA-EGFP and WT-EGFP.

To verify whether the cell death caused by recombinant
ORFVs in NPC cell lines was attributed to pyroptosis, we
conducted further analyses. Similarly, attenuated ORFVs
did not execute the canonical pathway for pyroptosis,
as shown by the undetectable levels of cleaved caspase
1 and GSDMD-N in the western blot analysis (Fig. 4B).
Instead, the data revealed that GSDME was cleaved in
NPC cells infected with either wild-type ORFV or two
attenuated ORFVs (Fig. 4B and E), which was correlated
with the activation status of Caspase-8 and Caspase-3,
the upstream events of GSDME cleavage (Fig. 4B-D). The
overall expression of GSDME in ORFV-infected cells was
greater than that in mock control cells (Fig. 4B). How-
ever, there were no significant differences in the levels
of cleaved GSDME (activation) among the three ORFVs
analyzed (4B and E). In summary, attenuated ORFV
viruses induce the same type of cell death in tumor cell
lines, regardless of their attenuated nature.

Notably, 30-50% cell detachment was observed in the
infected groups, particularly in the WT and CBP-defec-
tive mutants, 48 h after infection (Fig. 5A). The activation
status of focal adhesion kinase (FAK) and protein kinase
B (AKT) was assessed, as these signaling molecules play
crucial roles in cell attachment [50] and survival [51],
respectively. Our findings demonstrated that infection
with wild-type ORFV significantly reduced FAK expres-
sion and AKT phosphorylation in both HK1 and TWO02
cells (Fig. 5B). Moreover, FAK and AKT phosphorylation
levels were significantly lower in mutant ORFV-infected
NPC cells than in mock-treated cells (Fig. 5B-D). There-
fore, in addition to GSDME-mediated pyroptosis, ORFV
infection may lead to NPC cell death via the inhibition of
the FAK and AKT signaling pathways.
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NK cells enhance oncolytic ORFV cytotoxicity in NPC cells
Oncolytic virotherapy triggers an antitumor response
that is significantly influenced by natural killer (NK) cells
[52-54]. Therefore, we assessed the capacity of ORFV
to stimulate NK cells and promote NPC cell death. The
ratio of the number of NK cells to the number of NPC
cells, known as the effector-to-target (E: T) ratio, is typi-
cally regarded as a significant factor in population-based
studies because of its impact on NK cell cytotoxicity [55].
As demonstrated in Fig. 6A, TWO02 cells that had been
infected and cocultured with NK cells displayed a sig-
nificantly greater level of cell death in a dose-dependent
manner than those that were treated with either the virus
or the NK cells alone. However, among the three recom-
binant viruses, the cytotoxic ability of both null mutants
was significantly lower than that of the WT ORFV. This
phenomenon was consistently observed in HK1 cells
(Fig. 6B).

OVs are highly effective at recruiting an arsenal of
immune components, including NK cells. Therefore, we
evaluated the effect of ORFVs on NK cell chemotaxis.
Using a Transwell migration assay [56], we determined
whether conditioned media from NPC cells (TW02 and
HK1) infected with recombinant ORFV could induce NK
cell chemotaxis. Compared with mock infection, condi-
tioned media from both WT-EGFP- and VEGFA-EGFP-
infected HK1 cells increased the migration of NK cells to
the lower chamber (Fig. 6C and D). An increase in con-
ditioned media-driven NK chemotaxis was also observed
in TWO02 cells infected with WT-EGFP or VEGFA-EGFP
(Fig. 6C and D).

Overall, WT-EGFP and VEGFA-EGFP infection sig-
nificantly promoted NK cell chemotaxis. The inclusion
of natural killer (NK) cells significantly enhanced the
cytotoxic activity against HK1 and TWO02 target cells, an
effect triggered by ORFV infection.

Evaluation of the therapeutic efficacy of recombinant
ORFV in a xenograft NPC model

To evaluate the effect of recombinant ORFVs on tumor
growth, we utilized a mouse model of NPC (HKI)
cells because of their high sensitivity to ORFV infec-
tion. Moreover, to facilitate the measurement of tumor
growth, we generated reporter-HK1 cells expressing red
fluorescent protein (RFP) via lentivirus transduction. The
homogeneity of HK1-REP cells was confirmed via a fluo-
rescence assay (Supplementary Fig. 1).

In this study, 1x10°> RFP-expressing HK1 cells were
subcutaneously engrafted into the left flank of nude
mice. On day 14 post-tumor transplantation, when the
tumor size appeared uniform among the groups, PBS or
individual recombinant ORFV (10° PFU in 100 pL) was
inoculated into the tumor. The dose regime is shown in
Fig. 7A. The fluorescence signal in the PBS-treated mice
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increased dramatically until the end of the experiment,
whereas the tumor growth rate in the ORFV-treated
mice showed an overall slow increase that was undetect-
able in some mice (Fig. 7B-F). Interestingly, a significant
decrease in tumor size between the groups treated with
WT-EGFP and CBPA-EGFP was observed as early as 1
week posttreatment compared with that in the PBS-
treated group (Fig. 7C) but not in the group treated
with VEGFA-EGFP (Fig. 7D). Additionally, a substan-
tial reduction in tumor size was observed in the groups
that received WT-EGFP and CBPA-EGFP treatments
at 6 weeks posttreatment, but this reduction was not
observed in the VEGFA-EGEP group (Fig. 7E and F). This
may be due to the viral treatment of a single mouse in the
VEGFA-treated group that developed tumor ulceration,
which hindered the antitumor efficacy of the viral treat-
ment. The removal of this mouse resulted in a substantial
reduction in the tumor volume of the mice that received
treatment with VEGFA-EGFP (Supplementary Fig. 2).

Six weeks after treatment, all the mice were sacrificed,
and histopathological examination was performed to
assess tumor necrosis. Individual cell keratinization and
keratin pearl formation, highlighted by dotted boxes,
were observed in all the samples (Fig. 8A-D). Moreover,

keratohyalin granules were found in virus-infected
tumors, as indicated by the arrows (Fig. 8F-H). In par-
ticular, tumors treated with recombinant ORFV pre-
sented moderate to severe necrosis, whereas those in the
PBS-treated group presented moderate tumor necrosis
(Fig. 8A-D and N). Notably, there was an increase in the
number of tumor-infiltrating lymphocytes and neutro-
phils and fewer viable NPC cells in tumors treated with
WT-EGFP and the two deletion mutants (Fig. 8F-H).
Conversely, tumors treated with PBS had fewer infiltrat-
ing lymphocytes and inflammatory cells (i.e., neutrophils)
and a greater number of viable NPC cells (Fig. 8E).

To determine whether infection with recombinant
viruses was responsible for the oncolytic effect, immu-
nohistochemical staining and polymerase chain reaction
(PCR) were conducted to confirm the presence of ORFV
in tumor tissues. As shown in Fig. 81-L, the F1L antigen
was present in the ORFV-infected tumor samples but not
in the control samples. Similarly, the viral B2L gene was
readily detected in the infected tumors even six weeks
after inoculation (Fig. 8M). The presence of viral protein
(FIL) and DNA in infected tumors indicated a correla-
tion between tumor suppression and ORFYV infection in
NPC xenograft models.
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Fig. 6 NK cells augment oncolytic ORFV cytotoxicity in NPC cells. TW02 and HK1 cells (as target cells) were cocultured with effector NK cells at different
ratios of effector cells to target cells (E: T), followed by infection with either WT or deletion mutant viruses at an MOI of 1. The viability of TW02 and HK1
cells was determined via an LDH release assay and plotted (A and B, respectively). Moreover, a Transwell migration assay was performed to estimate the
migration of NK cells, as described in the Materials and Methods section. Briefly, the infected cell supernatant served as the conditioned medium for the
NK cells seeded in the upper chamber. After 4 h of incubation, the number of NK cells that migrated through the membrane or into the lower chamber
was recorded (C) and measured (D). One-way ANOVA and post hoc analysis with Tukey's multiple comparisons were performed, and significant differ-
ences between groups were considered significant at *p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001.n.s" indicates no significance

Discussion

Oncolytic viruses (OVs) selectively replicate in cancerous
cells, elicit strong immune responses [16], and have been
regarded as alternativetreatment strategies for tumors
that are resistant to immunotherapy alone [57]. ORFV
exhibits oncolytic activity in various human cancer cell
lines [21, 22, 25, 58], including NPC [23]. However, the
use of zoonotic viruses in cancer therapy raises safety
concerns. To improve the safety of medical applications,
we generated two attenuated ORFVs (VEGFA-EGFP and
CBPA-EGFP) by removing the virulence factor [31]. The

current study further demonstrated that wild-type (WT-
EGFP) and the two attenuated ORFVs exerted oncolytic
effects on NPC cell lines derived from patients in Tai-
wan and Hong Kong. Moreover, the suppression of NPC
by attenuated ORFYV infection was demonstrated for the
first time in a murine xenograft model.

ORFV targets epithelial cells [59], making it an ideal
OV for NPC treatment. Numerous studies have shown
significant variations in the sequences of ORFV strains
[31, 60-62]. For example, a comparison between the
VEGF gene in our local strain (TW/Hoping) and the
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NA1/11 strain, which is commonly used to assess the
oncolytic effects of ORFV in NPC [23], revealed a differ-
ence of 45.73% [31]. Consequently, the results obtained
from the NA1/11 strain in a previous study may not
accurately represent the fundamental mechanism of our
locally isolated strain from goats. NPC cell lines with dif-
ferent phenotypes, such as CNE-2, 5-8 F, and HONE-
1, have been used to elucidate the oncolytic activity of
ORFV in NPC [23]. The susceptibility of cell phenotypes
to the same virus varies owing to factors such as cellu-
lar receptors, intracellular defense mechanisms, and viral
replication ability [63]. Differences in innate immune
responses, cellular permissiveness, lifespan, turnover,
communication between cells, and tissue-specific fac-
tors also contribute to the differences in susceptibility
observed among various cell phenotypes when exposed
to the same virus [64—66]. Understanding these varia-
tions is crucial for studying viral pathogenesis and for
developing virus-based targeted therapies. In this study,

we demonstrated that HK1 cells were more susceptible
to ORFV than TWO02 cells were (Fig. 1), suggesting that
the effects of OV may depend on cell-specific factors. For
instance, HK1 cells express significantly higher basal lev-
els of pro-IL-1p compared to TWO02 cells [49]. Derived
from patients with undifferentiated NPC, HK1 cells
exhibit high tumorigenic potential and invasive proper-
ties [29]. Furthermore, HK1 cells express high levels of
the oncogene c-Met, which is linked to the promotion
of cancer cell growth, survival, and invasion [29]. Over-
all, differences in the phenotypic characteristics of TW02
and HKI cells may affect their responses to treatment
regimens, such as oncolytic viruses, highlighting the
importance of using appropriate cell lines for preclinical
studies. For ease of tumor size measurement, a reporter
HK1 cell line expressing the fluorescent RFP protein was
established in this study (Supplementary Fig. 1). Owing
to the unsynchronized growth of TWO02 tumors, in our
preclinical studies, only reporter HK1 cells were selected
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to establish a xenograft model in nude mice, and an IVIS
was utilized to observe tumor growth.

After entering a host cell, viruses regulate programmed
cell death and/or evade surveillance by the immune sys-
tem to establish early infection. Various forms of cell
death, such as apoptosis, necrosis, necroptosis, pyrop-
tosis, and autophagic cell death, are induced by OVs to
eliminate both cancer and cancer-associated endothelial
cells [67]. Typically, one type of cell death is predomi-
nant for each OV. The interaction of the immune system
with oncolytic viruses highlights the potential of repli-
cating viruses as immunotherapeutic agents for cancer
treatment [68]. ORFV induces cell death via autophagy
[23] and apoptosis [22]. However, our study revealed
that ORFYV infection induced cell death via the caspase-
dependent noncanonical pyroptosis pathway, in which
cleaved GSDME, rather than GSDMD, was detected in
ORFV-infected cells (Fig. 2B). Moreover, as shown in
Fig. 4, despite the attenuated nature of the two deletion
viruses, their capacity to induce cell death in NPC cells
remained intact and consistent through the same mech-
anism as that of the W'T virus, which involved caspase-
dependent GSDME cleavage. The activation of GSDME
in NPC cells was attributed mainly to caspase-8 activity,
accompanied by caspase-3 activation (Fig. 2C-E). This
finding is consistent with a report by Lin et al., in which
the ORFV strain OV-SY17 induced GSDME-mediated
pyroptosis to activate antitumor immunity in several
cell lines [25]. In addition, several lines of evidence have
indicated that viruses can induce pyroptosis in healthy
cells. For example, influenza A and vesicular stomatitis
viruses are known to induce pyroptosis in epithelial cells
and bone marrow-derived macrophages, respectively
[69, 70]. It has been suggested that dying cells release
molecular components such as the high-mobility group
Bl (HMGB1) protein [71], which can be identified as
DAMPs and act as danger signals to trigger immuno-
genic cancer cell death (ICD). HMGB1 contributes to the
maturation and antigen uptake of dendritic cells, which
are subsequently presented to the immune system [72].
Additionally, it can act as a powerful immunological
adjuvant to activate the cytotoxic T lymphocyte response
[73]. Hence, manipulating the ICD is a new strategy to
improve the effectiveness of cancer treatment.

A significant advantage of OVs as cancer treat-
ments is their ability to target pathways that facilitate
tumor growth and spread [52]. Considering the signifi-
cant amount of cell detachment that occurred follow-
ing infection, we speculated that focal adhesion kinase
(FAK) might be one of the primary pathways affected by
ORFV (Fig. 5A). FAK is a crucial component that com-
bines signals from growth factors and cell adhesion [74].
Autophosphorylation of FAK at Tyr-397 was found to
be significant during cell adhesion. By monitoring FAK
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and its phosphorylation level at Y397, we found that
there was a decrease in the overall expression of FAK in
all the cell lines following ORFV infection. Additionally,
we observed a more significant reduction in the phos-
phorylation of FAK at Y397 in NPC cells than in A549
cells at 48 hpi (Fig. 5B and D). The phosphorylation of
FAK at Y397 is critical for the recruitment of other SH2-
containing proteins, which in turn triggers a survival
signal by forming PIP2/3 phospholipids and activating
AKT [75]. Therefore, we assessed AKT activation follow-
ing ORFV infection. Notably, a substantial reduction in
AKT phosphorylation was observed in all the cell lines
after ORFV exposure (Fig. 5B and C). We suspected that
the decrease in AKT phosphorylation in ORFV-infected
NPC cells was a consequence of reduced FAK phosphor-
ylation. Nonetheless, the mechanism by which ORFV
modulates the FAK-AKT signaling axis warrants further
investigation.

To date, numerous oncolytic viruses have been found
to provoke robust immune responses against cancer [76].
However, only a few studies have reported their capacity
to stimulate NK cell responses [24, 77, 78]. ORFV, which
is a major regimen for cancer therapy, possesses immu-
nomodulatory properties [79]. Syngeneic mouse models
have shown that ORFV infection primarily triggers an
antitumor response through the secretion of cytokines
and the activation of NK cells [21]. The aim of the pres-
ent study was to validate the capacity of ORFV to influ-
ence the NK cell-driven anticancer immune reaction
through in vitro NK cell tests, which tracked the move-
ment of NK cells and their capacity to destroy cells. This
study revealed that both wild-type and VEGF-deficient
recombinant viruses were able to stimulate NK cell che-
motaxis by altering the extracellular environment of
virus-infected NPC cells, a finding that has not been pre-
viously reported (Fig. 6C and D). On average, the VEGE-
deficient mutant virus had a greater promoting effect
on NK cells than the CBP-deficient mutant virus did in
both NPC cell lines. Notably, synergistic tumor cytolysis,
facilitated by NK cells in combination with ORFVs, was
observed in both HK-1 and TWO02 cells (Fig. 6A and B).
The reduced tumor lysis effect observed with VEGF- and
CBP-deficient ORFV strains in NK cell co-culture may be
attributed to multiple factors. VEGF has immunomodu-
latory functions, and its deletion could impact immune
cell recruitment and activation. Additionally, CBP is
involved in viral replication and host immune evasion;
therefore, its deletion might alter the virus-host interac-
tions that enhance NK cell cytotoxicity. Although these
deletions enhance ORFV safety, they may also attenu-
ate certain immune-mediated effects. The results of this
study align with those of two previous investigations that
revealed the involvement of natural killer (NK) cells in
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reducing the load of tumors through the use of oncolytic
virotherapy mediated by the Orf virus (ORFV) [21, 24].

While our study primarily focused on NK cell-
mediated cytotoxicity, ORFV infection likely engages
additional immune components within the tumor micro-
environment. Macrophages, dendritic cells, and T cells
play crucial roles in shaping the immune response follow-
ing viral infection [80]. ORFV has been reported to influ-
ence macrophage polarization, which may contribute
to tumor clearance through pro-inflammatory cytokine
release [81]. Additionally, dendritic cells could enhance
antigen presentation, potentially leading to adaptive
immune activation and T cell-mediated tumor suppres-
sion [81, 82]. Although our study primarily assessed NK
cell involvement, these findings suggest that ORFV treat-
ment may have a broader immunostimulatory effect.
Future studies should investigate the recruitment and
functional activation of additional immune cell popu-
lations, including CD8+T cells and tumor-associated
macrophages, to fully understand the immunological
impact of ORFV therapy. These considerations highlight
the potential of ORFV as a multifaceted immunothera-
peutic agent, capable of inducing direct tumor cell lysis
while simultaneously modulating the immune microen-
vironment to enhance anti-tumor immunity. Expanding
immune profiling in future research will be essential to
validate these mechanisms and optimize ORFV-based
virotherapy strategies.

Oncolytic viruses employ multiple mechanisms of
action to combat cancer, including direct destruction
of cancer cells, disruption of blood vessels, and stimu-
lation of the body’s immune system to fight cancer
[13]. As shown in Fig. 7, the use of ORFVs (both wild-
type and deletion mutants) resulted in the inhibition
of HK1 tumor growth in nude mice. Moreover, H&E
staining revealed a substantially greater proportion of
tumor necrosis and fewer viable NPC cells in tumors
that received ORFV treatment than in those in the PBS
control group. (Figure 8A-H and M). Additionally, an
increase in the number of tumor-infiltrating lymphocytes
and neutrophils was observed in tumors that received
treatment with either the wild-type ORFV or either of
the two mutant ORFVs. Their presence in the tumor
immune microenvironment plays a crucial role in anti-
tumor immunity [83]. A significant correlation exists
between an increase in tumor-infiltrating immune cells
and more favorable disease outcomes as well as a greater
probability of responding to immunotherapy [84]. In our
xenograft mouse model, NK cells could directly attack
cancer cells [85], and neutrophils could exert antitumor
effects after ORFV inoculation [86]. The infiltration of
these cells into the tumor site indicates an active anti-
tumor immune response [87]. Hence, their presence in
NPC cells after viral treatment renders ORFYV, especially
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our two attenuated ORFVs, an ideal candidate for estab-
lishing therapeutic regimens for NPC cells. Importantly,
immunohistochemical staining and PCR confirmed the
presence of the viral F1L antigen (Fig. 8I-L) and B2L gene
(Fig. 8N), respectively, suggesting that tumor suppres-
sion is attributed to the productive infection of both WT
and deletion mutant viruses, leading to cytolysis of tumor
cells and consequently eliciting an antitumor immune
response.

Conclusions

Our results suggest that ORFV could be a highly effec-
tive option for NPC, with the single gene deletion recom-
binant ORFVs offering a potentially safer therapeutic
alternative compared to the virus with an intact genome.
Among the two attenuated ORFVs, CBPA-EGFP was
more infectious than the VEGF-defective ORFV was,
especially in HK-1 cells. Moreover, ORFV likely induces
cell death in NPC cells by activating unconventional
GSDME-mediated pyroptosis and inhibiting FAK-AKT—-
transduced survival signals. These ORFV-induced cyto-
toxic events further triggered the cytolytic activity of NK
cells against both HK-1 and TWO2 cells in vitro, which
was supported by the ORFV-induced regression of tumor
growth in vivo. Importantly, CBPA and VEGFA null-
mutant ORFVs showed selective antitumor effects that
were comparable to those of WT-EGFP when tested in
an animal model. A full understanding of the mecha-
nisms underlying the oncolytic effects of ORFV will be
beneficial in establishing strategies to optimize oncolytic
viral therapies.
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