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Chandipura virus (CHPV) is an emerging human pathogen of
great clinical significance. In this study, we have investigated
the susceptibility pattern of both normal and cancer cell lines
of human origin to wild-type (wt) CHPV in order to explore
the possibility of developing CHPV as an oncolytic vector
(OV). Marked cytopathic effect along with enhanced virus
output was observed in cancer cell lines (HeLa, A549, U-138,
PC-3, and HepG2) in comparison to normal human adult
dermal fibroblast (HADF) cells. At an MOI of 0.1, cancer cell
lines were differentially susceptible to CHPV, with cells like
HeLa and U-138 having pronounced cell death, while the
PC-3 were comparatively resistant. All cell lines used in the
study except U-138 restricted CHPV infection to varying de-
grees with IFN-b pre-treatment and supplementation of inter-
feron (IFN) could neither activate the IFN signaling pathway in
U-138 cells. Finally, U-138 tumor xenografts established
in non-obese diabetic severe combined immunodeficiency
(NOD/SCID) mice showed significant delay in tumor growth
in the CHPV-challenged animals. Thus, targeted cytopathic ef-
fect in cancer cells at a very low dose with restricted replication
in normal cells offers a rationale to exploit CHPV as an onco-
lytic vector in the future.

INTRODUCTION
Chandipura virus (CHPV), a vector-borne vesiculovirus, is a potent
neurotropic virus, with �55%–77% mortality reported in chil-
dren.1–4 Distantly related to vesicular stomatitis virus (VSV),
CHPV harbors a negative-sense single-stranded RNA that encodes
the glycoprotein (G), matrix protein (M), nucleoprotein (N), phos-
phoprotein (P), and large polymerase protein (L).5,6 CHPV has
been shown to infect a range of cells of both insect and vertebrate
origin. Insect cell lines from Aedes aegypti and Phlebotomus papatasi
and vertebrate cell lines, Vero E6, rhabdomyosarcoma, and porcine
stable kidney cells were found to be readily susceptible to CHPV.
Although CHPV grew to significant titers in all the cell lines, a marked
cytopathic effect was noticed in only vertebrate cells.7 The susceptibil-
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ity of mouse and human neuroblastoma cells, Neuro-2a and SH-
SY5Y, to CHPV and the histopathological analysis of brain sections
of mouse challenged with CHPV suggest that CHPV can readily
infect cells of the central nervous system, most notably the neu-
rons.8–10 Being an emerging virus, many aspects of the molecular
mechanism of CHPV pathogenesis, including cell susceptibility,
mechanism of cell death, host antiviral response, and modulation of
host responses by the virus are poorly understood. Our study focuses
on understanding the cytopathic properties of CHPV in normal and
various cancer cell lines of human origin and deciphering the possi-
bility of exploiting this property of CHPV for oncolytic purposes.

The lytic property of cytopathic viruses is a pathogenic determinant
essential for the replication and dissemination of these viruses. A
rapidly evolving area is the utilization of cytopathic viruses to target
cancers termed as “oncolytic virotherapy.” The employment of
wild-type (wt) virus is the first important step in testing the feasibility
of exploiting a particular virus for oncolytic therapy. Many wild-type
viruses from different families have been tested for their oncolytic po-
tential, which formed the basis for developing them into safe onco-
lytic vectors (OVs).11–13 The importance of oncolytic virotherapy is
highlighted by many vectors that are in various stages of clinical trial
or in the market.14 For example, a genetically engineered herpes sim-
plex virus named Talimogene laherparepvec (T-VEC) is the first clin-
ically approved oncolytic vector for use in the United States and Eu-
ropean Union for the treatment against advanced melanoma.15

Currently, many viruses belonging to the Rhabdoviridae family are
being exploited for their oncolytic potential. Because of their relatively
small genome, which facilitates genetic manipulation with ease, sim-
ple life cycle restricted only to the cytoplasm, lack of pre-existing
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Figure 1. Chandipura virus (CHPV) infection shows differential susceptibility and reduced cell viability among various cell lines

(A) Human cancer cell lines U-138, A549, HeLa, HepG2, PC-3, and a primary normal cell line HADF (indicated on the left side of each panel) were infected with 0.1 MOI of

CHPV for 48 h, and the morphological changes were monitored using bright-field microscopy. Left panel indicates mock-infected cells and the right panel that of cells

infected with 0.1 MOI of CHPV. Note the marked cell rounding and the complete disruption of the monolayer in the CHPV-infected cancer cells in comparison to HADF cells.

Images were acquired at a magnification of�100 and scale bars represent 100 mm. (B and C) Cell viability assay to quantify the cytolytic potential of CHPV. In vitro cell viability

assay was carried out on all the selected cells after infecting the cells with 0.1, 1, 5, and 10 MOI of CHPV. Percentage of cell viability was calculated at 24 h (B) and 48 h (C)

post-infection with respect to the mock-infected control. The degree of cytotoxicity was varied with the type of cell, MOI of the virus, and the time after infection (see also

Figure S1). The bar represents the standard error of mean (SEM) of two independent experiments performed in triplicate; *p % 0.05, **p % 0.01, and ***p % 0.001.
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immunity in the majority of the human population, broad tropism,
and the ability to produce a very high viral yield, rhabdoviruses are
considered as potential candidates for oncolytic virotherapy. Investi-
gations into the oncolytic potential of many rhabdoviruses, including
VSV and Maraba virus (MV), were first focused on the wild-type vi-
rus. Several genetically modified VSV-based oncolytic vectors have
been developed so far and have shown promising results in preclinical
and clinical trials.16–19 These observations form the basis of our ratio-
nale to investigate the oncolytic potential of CHPV. So far, a detailed
investigation into the efficacy of CHPV as an oncolytic vector in can-
cer cell lines of human origin has not been carried out. All these neces-
sitated an in-depth analysis of the oncolytic potential of CHPV in
cancer cell lines of human origin.

Our results show that while cancer cell lines and normal cells of hu-
man origin are permissive to CHPV, not all cells are equally suscep-
tible. CHPV was found to be highly cytopathic in human glioblas-
toma cells, U-138, while normal human adult dermal fibroblast
(HADF) cells showed significant resistance. We correlated the
increased cytopathicity observed in the susceptible cells to the differ-
ential antiviral responses induced by type I interferon (IFN) as re-
ported earlier with VSV.20,21 A defect in IFN signaling in U-138 cells
led to marked susceptibility of these cells to CHPV, as IFN-b pre-
treatment had no protective effect while HADF cells showed remark-
able resistance upon IFN-b sensitization. In an in vivo U-138 xeno-
graft model in non-obese diabetic severe combined immunodefi-
ciency (NOD/SCID) mice, tumor progression was significantly
restricted and delayed in CHPV-challenged animals compared to
the control animals. The selective sensitivity of the cells of glial origin
opposed to the natural resistance of normal cells to CHPV infection at
a low MOI offers the exciting proposition of exploiting CHPV as an
oncolytic vector.

RESULTS
Normal fibroblast cells show delayed susceptibility to CHPV

compared to cancer cells

CHPV being cytopathic in nature, the susceptibility of a range of
cancer cells to CHPV was compared against normal HADF cells.
Preliminary investigations revealed that an MOI of 0.1 was sufficient
to induce significant morphological changes in most of the cancer
cell lines under investigation. The cancer cell lines chosen based
on their origin included U-138 (brain), A549 (lung), HeLa (cervi-
cal), HepG2 (liver), PC-3 (prostate), and HADF (normal cells
from human skin). Upon attaining 80% confluency, cells were in-
fected with CHPV at an MOI of 0.1. Post-infection, morphological
changes induced by CHPV were monitored for 48 h, and phase-
contrast images were acquired at hourly intervals. At 48 hours
post infection (hpi), most of the cancer cells showed remarkable
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Figure 2. Growth kinetics of CHPV in different cell lines

A comparative analysis of the replication pattern of CHPV in different cell lines was performed by plaque assay. Viral titer was estimated at different time points (3, 6, 9, 12, and

24 hpi) after infection with a low (0.1) and high MOI (5) of CHPV followed by the generation of single- and multi-step growth curves. A marked difference in the replication

pattern of CHPV was observed among the various cell lines, noticed most prominently in the growth curves of PC-3 and HADF cells. Each data point represents the mean ±

SEM of three independent experiments.
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cell rounding with loss of adherence, which was less pronounced in
the case of HADF cells (Figure 1A). The onset and progression of
morphological changes post-infection varied even among the cancer
cell lines. The cytopathic effect of CHPV was more pronounced in
U-138 and HeLa cells, with rounding of cells observed as early as 6
and 9 hpi, respectively. Among the other cancer cell lines, visible
cytopathic effects appeared around 9 hpi for A549 and HepG2 cells,
while the same was observed around 15 hpi in PC-3 cells. CHPV-
induced cytopathic effects were largely delayed in HADF cells,
with visible cell rounding occurring by 24 h. Surprisingly, only
20%–30% of cells had altered morphology even at 48 hpi
(Figure 1A).

To test whether the morphological alterations corresponded to
CHPV-induced cytotoxicity, cell viability (MTT) assay was carried
out at MOIs of 0.1, 1, 5, and 10 for 24 and 48 h. At the 24 h time point,
cytotoxicity was found to be directly dependent on theMOI in the case
of A549, HeLa, PC-3, and HADF cells, while U-138 and HepG2 cells
did not follow the pattern. At an MOI of 0.1, >80% cell survival was
observed in all the cell lines except U-138 at 24 hpi. Interestingly, at
24 hpi, while HeLa cells recorded <10% cell viability at all the MOIs
tested other than 0.1, �60% of cells were viable in U-138 cells at all
MOIs (Figure 1B). By 48 h, the highest degree of resistance was noticed
in HADF cells followed by HepG2 and PC-3 when compared to
U-138, A549, and HeLa cells (Figure 1C). To further confirm
CHPV-induced cytotoxicity, live-dead cell imaging assay was carried
out on all the cell lines at an MOI of 0.1, 1, 5, and 10. Fluorescent
microscopic analysis of the cells at 48 h post-infection showed that
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the cytotoxic effects of CHPV matched our observations with phase-
contrast microscopy and MTT assay (Figure S1). The observation
that U-138 cells are susceptible to CHPV at a lowMOI of 0.1 suggests
that tumor cells of glial origin are highly susceptible to CHPV.

CHPVexhibits delayed growth kinetics in normal cells compared

to cancer cells

Having observed that CHPV-induced morphological changes were
significant in cancer cell lines when compared to HADF, both single-
and multi-step growth kinetics of CHPV were assessed in these cells.
For the multi-step growth curve, supernatants collected after infecting
the respective cells at 0.1 MOI for 3, 6, 9, 12, and 24 h were used, while
the supernatants from the 5 MOI infections were used for single-step
growth curve analysis. Plaque assay results showed that the growth ki-
netics of CHPV in PC-3 andHADF cells followed a typical single- and
multi-step growth pattern, unlike the other cell lines. Culture super-
natants from U-138, A549, HeLa, and HepG2 cells had saturating
limits of CHPV at both the MOIs by �12–24 h post-infection,
although at 0.1 MOI the levels of virus generated were relatively lower
in A549, HeLa, and HepG2 cells than at 5 MOI. Interestingly, signif-
icant difference in virus titer was observed between HADF and the
cancer cell lines at 0.1 MOI compared to 5 MOI. At the 24 h time
point, among the cancer cell lines the viral titers were found to be
consistently high at both the MOIs; however, marked differences
were noticed in U-138 and HeLa cells. The growth kinetics besides
correlating with microscopic observations also clearly suggest that
cancer cells support CHPV growth to a greater extent than that of
normal cells (Figure 2).



Figure 3. Apoptosis contributes to CHPV-induced cytotoxicity

Mock- and CHPV-infected lysates at 12 and 24 h (for cancer cells) and 12, 24, 36, and 48 h (for HADF cells) were collected and probed with antibodies against select

apoptotic markers by western blotting. Conversion of PARP1 into cleaved PARP1 is clearly evident in all the cell lines infected with CHPV. Compared to cancer cells, a

significant delay in PARP cleavage can be visualized in HADF cells. Conversion of caspase-3 into the cleaved caspase-3 in the CHPV-infected cells varied across cell lines. M

indicates the matrix protein of CHPV, and b-actin was used as the loading control. The blots are representative of three independent experiments. The role of apoptosis in

CHPV-induced cytotoxicity could be established in the HeLa cells using HeLa Bcl-2 cell line (Figure S2),
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Induction of apoptosis by CHPV is different across cell lines

The mechanism of CHPV-mediated cytotoxicity was investigated by
probing for apoptotic markers caspase-3 and PARP1 in mock- and
CHPV-infected cells by immunoblotting. Generation of cleaved cas-
pase-3 from procaspase-3 in the CHPV-infected cells was not found
to be uniform across cell lines. While U-138 and HeLa cells showed
substantial conversion of procaspase-3 at both 12 and 24 hpi, only
a modest conversion was observed in A549 and HepG2 cells, with
no notable change observed in the case of both PC-3 and HADF
(Figure 3).

In contrast, conversion of PARP1 into cleaved PARP1 was observed
in all the cell lines infected with CHPV. Almost complete conversion
of PARP1 into its cleaved form was observed in A549 and HeLa cells
at 24 hpi. While CHPV-infected HADF cells also demonstrated
PARP1 cleavage, there was a substantial delay, with detectable cleav-
age occurring as late as 36 hpi.

The appearance of the cleaved products of the apoptotic markers cor-
responded with the levels of CHPV matrix protein (M). Thus, at an
MOI of 0.1, CHPV induces apoptotic-pathway-dependent cytotox-
icity in all the cancer cells tested; however, this effect was significantly
delayed in HADF cells.

To further test if CHPV-induced cytotoxicity is via apoptosis, cell
viability assays were performed on CHPV-infected HeLa cells and
compared against Bcl-2 overexpressing HeLa cells. Bcl-2 is an
apoptosis regulator protein, and the overexpression of the same can
inhibit the mechanism of apoptosis. The cells were infected with
CHPV at an MOI of 1, and the viability was calculated at 24 hpi.
Compared to the regular HeLa cells, HeLa-Bcl-2 cells were found to
be more viable, with greater than 50% reduction in the cell death (Fig-
ure S2). These observations thus highlight that CHPV-induced cyto-
toxicity is in part dependent on apoptosis.
IFN-b pre-treatment promotes resistance to CHPV infection

differentially in cancer and normal cells

Sensitivity to IFN (a and b)-mediated responses has been well estab-
lished in the prototypic rhabdovirus VSV. Having observed that the
panel of cell lines tested is sensitive to CHPV to varying degrees, it
was imperative to test if supplementation of IFN-b prior to CHPV
infection can confer protection to these cells from the virus. Thus,
cells were treated with 1,000 U of IFN-b for 24 h followed by infection
with 0.1 MOI of CHPV, and the morphological changes were
observed at 48 hpi using phase-contrast microscopy (Figure 4A).

IFN-b pre-treatment had a profound effect onmost of the cancer cells
as well as HADF cells, while the control A549, HeLa, HepG2, and PC-
3 cells showed significant changes in morphology. Post-CHPV infec-
tion, the cells primed with IFN resisted the cytopathic effects of
CHPV to a great extent. This was marked by the presence of a sizeable
population of adherent cells with normal morphology, while very few
cells had altered morphology. While the cytopathic effect of 0.1 MOI
of CHPV on HADF was minimal, IFN-b pre-treatment further
increased the resistance of these cells to CHPV. Among all the cell
lines tested, U-138 was distinct, as IFN-b pre-treatment had little to
no effect in protecting the cells from CHPV, where most of the cells
showed altered morphology with extensive cell rounding and
shrinkage similar to CHPV-infected cells. (Figure 4A).

IFN-b pre-treated cells were infected with CHPV (0.1 MOI) for 48 h,
and cell viability assay was carried out. The percentage of
metabolically active cells was normalized against the corresponding
Molecular Therapy: Oncolytics Vol. 23 December 2021 257
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Figure 4. IFN-b pre-treatment differentially protects cells from CHPV infection

The protective effect of IFN-b on cells during CHPV infection was studied usingmicroscopy andMTT assay. (A) Phase-contrast microscopy. Images acquired 48 hpi show the

protective effect of IFN-b pre-treatment in all the cell lines infected with CHPV except U-138 cells. Note the marked reduction in the alterations in morphology of IFN-b-treated

cells (right panels) in comparison to the untreated (left panels), while no difference is observed in the case of U-138 cells (left top two panels). HADF cells can be seen virtually

unaffected by CHPV post-IFN-b treatment (right, bottom panel). Images were acquired at a magnification of �100, and scale bars represent 100 mm. (B) MTT assay. All the

cells as indicated on the x axis were infected with 0.1 MOI of CHPV either with or without IFN-b treatment followed by cell viability assay 48 hpi. The percentage of

metabolically active cells was significantly higher in the IFN-b pre-treated cells compared to the control CHPV-infected cells. Data represent the average of six data points ±

SD from two independent experiments (see also Figure S3). (C) Plaque assay. Cell culture supernatant collected 48 hpi was subjected to plaque assay to estimate the viral

titer. Supernatants from the IFN-b pre-treated groups (gray bars) had significantly less virus output compared to the untreated (black bars) except in the case of U-138 cells.

Data represent the mean ± SD of three independent experiments. ***p % 0.001,**p % 0.01, *p % 0.05; ns indicates non-significance.
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mock-infected control (Figure 4B). Cell viability assay results
mirrored the microscopic observations in Figure 4A. Most of the
IFN-b pre-treated cell types showed >80% cell viability upon
CHPV infection. HADF cells were found to be the most viable,
with >95% cell viability in both the IFN-b untreated and pre-treated
cells. In contrast, IFN-b pre-treatment did not have any effect on U-
138 cells. Live-dead staining assay results correlated with the MTT
assay results (Figure S3).

To further investigate if viability of the IFN-b pre-treated cells was
due to restricted virus replication and output, the culture supernatant
was collected from 24 hpi and subjected to plaque assay to estimate
the viral titer. A comparative analysis of the viral titer between the un-
treated and the IFN-b pre-treated groups of all the cell lines except
that of U-138 cells showed significant reduction in the viral titer in
the case of treated cells (Figure 4C). The log difference (log 10) be-
tween the groups in the case of A549, HeLa, HepG2, PC-3, and
HADF was found to be 6, 4, 4, 7, and 6. The difference between these
individual groups was found to be statistically significant except in U-
138, where it was insignificant. Upon comparing the viral titer in the
IFN-b pre-treated, CHPV-challenged HADF cells to other cancer cell
lines with similar treatment, the viral titer was significantly higher in
258 Molecular Therapy: Oncolytics Vol. 23 December 2021
cancer cells. Thus, sensitization of cancer cells with IFN-b prior to
CHPV challenge can restrict virus replication in a cell-line-specific
manner.

Sensitivity of U-138 cells to CHPV infection is due to impaired

IFN response and STAT1 activation

Results obtained from our previous experiments clearly demonstrate
a strong dependency on IFN to limit CHPV infection with marked
variability among the cancer cells studied.While IFN-b pre-treatment
did not effectively restrict CHPV replication and cell death in U-138
cells, the opposite effect was seen in the normal HADF cells. The lack
of protection of U-138 cells from CHPV, even after the administra-
tion of exogenous IFN-b, prompted us to investigate the status of
the IFN signaling in those cells. Phosphorylation of STAT1 is a critical
step in the IFN signaling pathway.

We tested the natural response of the cells under investigation to IFN
treatment in the absence of a bona fide CHPV infection. The whole-
cell lysates collected with and without IFN-b treatment were probed
for STAT1 and phospho-STAT1 (pSTAT1) level. Differential levels of
phosphorylated STAT1 were observed upon IFN-b treatment in all
the cell lines except U-138 (Figure 5A).



Figure 5. IFN-b-mediated STAT1 activation is

arrested in U-138 cells

(A) Monolayers of the indicated cells were treated with

1,000 U/mL IFN-b for 24 h, and the levels of STAT1 and

pSTAT1 were detected by immunoblotting. IFN-b treat-

ment resulted in the conversion of STAT1 into pSTAT1 in

all the cells except U-138 cells. (B) The change in

expression levels of STAT1 and conversion into pSTAT1

was also checked in CHPV-infected cells by immuno-

blotting. The + above the panel indicates lanes containing

CHPV-infected lysates, while � indicates those from

uninfected lysates. Since HADF cells are slow to respond

to CHPV infection, an additional 48 hpi sample, indicated

by the encircled +, was used for the assay. b-actin served

as the loading control for both the experiments, and the

blots are representative images of three independent

experiments.
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The enhanced phosphorylation of STAT1 in PC-3 and HADF cells in
response to IFN-b treatment correlated well with the decreased virus
output and increased survival in these cells upon sensitization with
IFN-b. We also tested the phosphorylation status of the STAT1 pro-
tein in the infected lysates to check whether the cells can activate the
IFN pathway in response to CHPV infection. As expected, CHPV
infection did not induce phosphorylation of STAT1 in U-138 cells
(Figure 5B). Other cells that exhibited a similar pattern included
HeLa and HepG2 cells, while all the other cell lines showed STAT1
phosphorylation. Normal HADF cells showed a delay in the activa-
tion of STAT1 that correlated with the time of detection of CHPV
proteins. The low levels of endogenous STAT1 and the absence of
IFN-b induced pSTAT1 during CHPV infection sets apart U-138 cells
as an excellent candidate for testing the oncolytic potential of CHPV.

CHPV suppresses tumor growth in U-138 xenografts

In order to test the efficacy of CHPV in restricting the tumor growth,
we established a U-138 xenograft tumor model in male NOD/SCID
mice. Initial standardization experiments were carried out to identify
the number of cells and the time required to generate palpable tumors
and optimize the concentration of CHPV required. Most animals
developed palpable tumors within 2 weeks of injecting 5 � 105 U-
138 cells subcutaneously. On day 15, when the tumors had a mean vol-
ume of�250mm3, a single dose of 1� 106 pfu of wild-type CHPVwas
administered intra-tumorally in the test mice, while the control ani-
mals received PBS only. Tumor size was measured daily, and the over-
all health of the animals was recorded. A steady increase in tumor vol-
ume was noted in the PBS control group, while the tumor volume
appeared to be maintained around 300 mm3 in the CHPV-challenged
group. By day 9 post-challenge, the mean tumor volume in the control
group was found to be as high as 1,500 mm3, while that in the CHPV-
challenged group remained unchanged. Thus, CHPV challenge limited
tumor growth significantly (Figures 6A and 6B).
On day 24, when the average tumor volume in the PBS-treated con-
trol animals corresponded to the Institutional Animal Ethics Com-
mittee (IAEC)-approved ethical endpoint (1,500 mm3), all the mice
from both the groups were euthanized, and the tumors were resected
out. Even though variation in tumor size was noticed in the virus-
challenged group despite receiving an equal amount of virus, overall,
CHPV administration restricted tumor growth in all the mice in the
group (Figure 6C).

In order to check if the CHPV-challenged tumors retained the virus
on the day of sacrifice, tumor tissues were homogenized, and plaque
assays were carried out with the tissue homogenates. Interestingly, on
an average, a titer of 1 � 107 pfu/mL/mg of tissue could be recovered
(Figure 6D). The results so far suggest that CHPV continued to repli-
cate in the tumor, significantly minimizing the tumor growth, while
the tumors in the PBS-treated group grew unchecked.

CHPVchallenge ameliorates/limits histopathological changes in

tumor in mice

The tumor tissues from the virus-treated and control animals were
dissected after euthanasia and subjected to histopathological analysis.
Hematoxylin and eosin staining was performed to assess the patho-
logical status of the tissues. The sections of PBS-treated tumors re-
vealed large, tightly packed histologically discernible tumor cells hav-
ing multiple nucleoli and vacuolations in the cytoplasm. The border
of the tumor was found to be encapsulated with fibroblasts. Neovas-
cularization was extremely prominent on both the outer and inner
core zones of the tumor (Figures 7A–7C).

Compared to the control tumors, stark differences were observed in
the pathological features of the CHPV-treated tumors. The inner
core zones of the CHPV-challenged tumors revealed moderate to se-
vere necrosis (Figure 7D). The cell architecture was completely lost
Molecular Therapy: Oncolytics Vol. 23 December 2021 259
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Figure 6. CHPV restricts tumor progression in a U-138 xenograft tumor model

(A) Schematic depicting the experimental steps involved and the timeline. U-138 xenograft tumors were established by injecting 5 � 105 cells in the right flank of NOD/SCID

mice. Day 15 post-implantation, and upon the tumors reaching a palpable size, they were challenged either with 106 pfu of CHPV or the vehicle PBS alone. (B) Tumor volume

curve. Tumor volume was measured daily until the 9th day, and the curve was constructed by plotting the tumor volume against the day measured. The endpoint was set as

the day when the tumors in the control animals reached the ethical cutoff volume of 1,500 mm3. **p% 0.01. (C) Images of the resected tumors from 3 different animals from

both groups. A marked difference in the tumor size between the two groups is evident, with the tumors in control animals significantly larger than those of the CHPV-

challenged animals. (D) Plaque assay. Plaque assays were carried out on the homogenates of the excised tumors. The data represent the average ± SD of the virus titer from

the tumors of six individual animals. ## indicates the absence of virus in the PBS control group.
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and had remnants of pyknotic nuclei. The necrotic zone was filled
with fibroblasts showing an amorphous and hyalinized texture.
This was synonymous with the central zone of the tumor mass, the
actual site of CHPV treatment. The necrotic inner zone was sur-
rounded by a thin layer of intact tumor cells and mild neovasculari-
zation followed by a fibroblastic encapsulation (Figures 7D–7F).
Thus, a distinguishable difference in tumor pathology was found be-
tween the groups, with the CHPV-treated group having extensive
areas of necrosis and less tumor neo-blood vessels compared to the
untreated tumor group.

DISCUSSION
Among the rhabdoviruses, CHPV is considered to be one of the
emerging viruses identified to cause sporadic outbreaks of pediatric
encephalitis.1–3,22 Unlike other vesiculoviruses such as VSV, Maraba,
and Carajas, not many studies have been performed to exploit the
cytopathic potential of CHPV.23–25 Understanding the nature of sus-
ceptibility of cancer cells of various origin and the mechanism of cell
death is of paramount importance to exploit CHPV’s cytopathic po-
tential. Our results indicate that, in vitro, irrespective of the site of
origin, cancer cells were susceptible to the cytopathic effects of
CHPV, albeit to varying degrees. Cell rounding, a characteristic
feature of virus-induced morphological change in the infected cell,
260 Molecular Therapy: Oncolytics Vol. 23 December 2021
can be considered as an early indicator of cell death. CHPV-induced
cell rounding was rapid and more prominent in cancer cells
compared to the normal fibroblast cells. The enhanced susceptibility
of cancer cells to CHPV can be attributed to the natural alterations in
the antiviral responses of these cells, making them easily prone to viral
infections.26,27

Even though viruses exhibit remarkable tropism, cancer cells, irrespec-
tive of the species or the tissue of origin, are easily susceptible to many
viruses, as documented in the case of poxviruses.28,29 At anMOI of 0.1,
the primary HADF cells were found to restrict CHPV infection signif-
icantly. Such restriction is usually generated due to the potent antiviral
responses induced during virus infection in normal cells, which limits
further spread of the virus. Although the cancer cell lines compared to
HADF were readily permissive to CHPV, marked differences existed
among the cancer cell lines tested. While some cancer cell lines,
including U-138, HeLa, and A549, showed remarkable susceptibility,
others like PC-3 were less permissive to CHPV, as was observed in
the case of VSV.30 However, elaborate studies are required to interpret
the differences in susceptibility to CHPV.

Unimpeded virus replication in the cell of interest is vital for the gen-
eration of progeny virion and virus dissemination.31 Differences in



Figure 7. Histopathological analysis of the tumor tissue

(A–C) Hematoxylin and eosin staining of the tumor samples from the PBS-treated control mice. The tumor sections reveal large, tightly packed histologically discernible tumor

cells with multiple nucleoli and vacuolations in the cytoplasm. The black arrows indicate severe neovascularization. (D–F) Histology sections of tumors challenged with CHPV.

Moderate to severe necrosis can be observed in all these sections highlighted with asterisks. The images also show that CHPV infectionmediated loss of cell architecture with

prominent remnants of pyknotic nuclei. The images from both groups are from three individual animals. Images were acquired at a magnification of �100, and scale bars

represent 100 mm.
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the levels of virus infectivity and output have been reported in the case
of wild-type and attenuated strains of rabies virus (RABV) and VSV.
While the wild-type RABV productively infected the cells, marked re-
striction was noticed in the attenuated RABV strain (SAD-L16).32–35

Thus, besides cell-specific restriction, natural or engineered changes
in viruses can impede their replication. This is critical in the genera-
tion of oncolytic vectors, as it is important that engineered mutations
do not affect the overall growth and cytopathic property of the virus.
Even though microscopic analysis revealed that all the cancer cell
lines did not support CHPV infection equally, a comparative analysis
of the virus output showed that CHPV yielded measurable titers in all
the cell lines, including HADF. The highlight of these findings is that,
among the cancer cell lines, select cell lines of specific tissue origin are
more susceptible to CHPV, which is ideal in terms of exploiting
CHPV for its oncolytic potential. The other significant highlight is
that even at a low MOI of 0.1, CHPV is capable of inducing potent
cytopathic effect in most cancer cell lines tested, which highlights
that CHPV can be used to target cancer cells even at a low dose.
The limited susceptibility of normal cells to CHPV supports the ratio-
nale that an attenuated CHPV can specifically target tumor cells while
effectively being restricted by normal cells.

Apoptosis is a well-orchestrated set of molecular events culminating
in cell death via the extrinsic or intrinsic pathways and plays a crucial
role in host-pathogen interactions.36,37 In VSV-infected Jurkat T cells,
PARP cleavage and caspase-3 and caspase-7 activation resulted in
apoptosis, whereas in H4 cells stably transfected with Bcl-2 and
Bcl-xL the effect was reversed, suggesting an apoptosis-dependent
cell death.38–40 Whether CHPV infection induces apoptosis differen-
tially in different cancer cell lines required further investigation. In
normal neuronal cells, CHPV has been shown to induce apoptosis
via the Fas-dependent extrinsic pathway.8 Experiments by probing
molecular markers of apoptosis, including cleaved PARP and cleaved
caspase-3 from infected lysates, suggest that CHPV induces apoptosis
differently in the selected cell lines. Although in HeLa cells a role for
apoptosis in CHPV-induced cytotoxicity maybe attributed (Fig-
ure S2), whether other apoptotic or necrotic pathways also contribute
to cell death in CHPV-infected cells requires further investigation.
The resistance of HADF cells to wild-type CHPV infection and de-
layed induction of apoptosis in these cells demonstrates the possibility
of utilizing an attenuated CHPV as an oncolytic vector.

’This is further substantiated by the remarkable resistance of HADF
cells to CHPV after being sensitized with IFN-b. Antiviral signaling
pathways, especially those that involve type I IFNs, have a significant
role in limiting viral spread in many viruses, including influenza, polio,
and herpes simplex virus.41 Among the rhabdoviruses, the importance
of type I IFN in limiting virus infection has been elegantly demon-
strated in VSV and RABV by using antibodies against IFN-a/b, IFN-
b cloned into virus, or mice defective in IFN signaling.42–44 In ap-
proaches involving the use of oncolytic vectors, IFNs have an important
role in restricting the infection in normal host cells. However, impaired
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or skewed antiviral responses, including IFN signaling, are advanta-
geous, as they can allow selective replication of the vectors in cancer
cells.44 In our study, IFN-b pre-treatment had a protective effect on
both cancer and normal cells against CHPV infection. Increased cell
viability, a significant reduction in viral titer, and the cytopathic effect
upon IFN-b pre-treatment highlight the importance of IFN in limiting
CHPV infection. Among the cancer cell lines investigated, the glial-
origin U-138 cells stood apart with respect to IFN response. IFN
response proceeds via the JAK-STAT pathway, wherein the phosphor-
ylation of STAT1 is important for the downstream signaling.45 The fail-
ure in the phosphorylation of STAT-1 in U-138 cells corroborated with
the reduced sensitivity of these cells to IFN-b, while the high degree of
phosphorylation in PC-3 and HADF cells correlated well with the
restricted replication of CHPV in these cells. IFN-induced upregulation
of STATs in specific cell types has already been reported.46 Therefore,
the alteration in STAT1 expression and phosphorylation can be key de-
terminants in the choice of a candidate cancer type for oncolytic ther-
apy. All our results suggest that each cell type responds to IFN-b differ-
ently; in U-138 cells this pathway is impaired, and exogenous addition
of IFN-b could not protect these cells from CHPV infection, which in-
dicates that further investigation is needed in this area. Type I IFN,
including IFNa, b, and u genes, has been mapped to the short arm
of chromosome 9, and structural abnormalities in this region are pre-
sent inmost of the gliomas, which is indicative of the high susceptibility
of U-138 cells to CHPV, as observed in our study.47

The origin of the U-138 cell line can be traced to glioblastoma multi-
forme, an aggressive brain cancer that is hard to treat and cure.48 Cur-
rent standard treatment regimens include chemotherapy with a DNA-
alkylating agent temozolomide (TMZ) concomitant with surgery and/
or radiation therapy.49 Still, the prognosis is poor, and the median sur-
vival of patients is only 12–15 months. Temozolomide resistance is a
primary concern, and at least 50% of TMZ-treated patients do not
respond to the treatment.50 Previous studies have shown that U-138
cells are highly resistant to TMZ chemotherapy.51 The glial origin
and skewed IFN response of U-138 cells make them excellent candi-
dates for testing the oncolytic potential of the neurotropic CHPV.

After having identified a target cell line, the feasibility of exploiting the
oncolytic property of CHPV to restrict tumor growth in vivo was
tested using the U-138 xenograft tumor model in the male NOD/
SCID mouse. It is quite evident from our results that the growth of
established tumors was severely restricted upon CHPV challenge
compared to PBS treatment (Figure 6). These observations are further
supported by a previous study in which baby hamster kidney cells
(BHK) were used to establish tumors in nude mice, and the data
show tumor regression and enhanced lifespan in the wild-type
CHPV-challenged group compared to the control.52 Our study
focused on cancer cell lines of human origin, extensive dissection of
the growth and cytopathic properties of CHPV in these cell lines,
and the in vivo validation using the U-138 tumor explant model in
NOD/SCID mice. Rational application of our findings is possible
only after due attenuation of CHPV, as it is a potent human pathogen.
Prior studies have shown that understanding the oncolytic potential
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of wild-type viruses is of great importance to generate attenuated on-
colytic vectors. As early as 1949, the oncolytic potential of viruses was
demonstrated in mouse tumor models using wild-type Russian Far
East encephalitis virus. Even though the infection led to fatal enceph-
alitis in the mice, effective tumor regression was also observed.53,54

These observations paved the way for exploitation of viruses for on-
colytic virotherapy. Preliminary studies using wild-type vesiculovi-
ruses, including VSV and Maraba virus, demonstrated the potential
of using these viruses as oncolytic vectors.21,55 Engineered attenua-
tions of the wild type and subsequent arming have resulted in the
development of potent and safe VSV based oncolytic vectors, which
are in different stages of clinical trials. In conclusion, the data repre-
sented here demonstrate that CHPV, by virtue of its inherent onco-
lytic potential, can further be modified as a safe and effective oncolytic
vector to target hard-to-treat cancers.

MATERIALS AND METHODS
Ethics statement

All animal ethical guidelines were followed with regard to the use of
animals for this study. Animal experiments were performed after
obtaining approval from the IAEC of Rajiv Gandhi Centre for
Biotechnology (RGCB) as per the guidelines of the Committee for
the Purpose of Control and Supervision of Experiments on Animals
(CPCSEA), Department of Animal Husbandry and Dairying, Minis-
try of Agriculture and Farmers Welfare, Government of India. Due
approval was obtained from the Institutional Biosafety Committee,
RGCB, for the handling of CHPV.

Cells and cell culture conditions

Cell lines Vero, A549, U-138, PC-3, HepG2, and HeLa were kindly
provided by Prof. Griffith D. Parks (University of Central Florida, Or-
lando, FL, USA), while HADF cells (HiFi Adult Dermal Fibroblasts,
cat. no. CL005) were procured from HiMedia, India. A549, U-138,
HepG2, and HeLa cell lines were maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Invitrogen) supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Sigma, St. Louis, MO, USA),
2 mM L-glutamine, 100 IU/mL penicillin, and 100 mg/mL strepto-
mycin (Thermo Scientific) at 37�C in a humidified CO2 incubator
(5%). HeLa-Bcl-2 cells were a kind gift from Prof. Douglas Lyles
(Wake Forest School of Medicine, Winston-Salem, NC, USA) and
were maintained under conditions similar to that of HeLa cells.
Vero cells were maintained in minimum essential medium (MEM,
Invitrogen) supplemented with 10% heat-inactivated FBS, and PC-3
cells were maintained in DMEM/nutrient mixture F-12 (DMEM/F-
12, Invitrogen) supplemented with 10% heat-inactivated FBS.
HADF cells were maintained in a proprietary media supplemented
with growth factors (cat. no. AL525; HiMedia, India) as per the man-
ufacturer’s instruction.

Virus

CHPV (NIV no. 653514, M/K no. M-1461, deposit: 28/X/1987) was a
kind gift from the Director of the National Institute of Virology, Pune,
India. Viral stocks were prepared in Vero cells, and the stock titer was
estimated using a standard plaque assay.
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Virus purification

Sucrose gradient-purified CHPV was used for in vivo experiments.
Briefly, Vero cells were infected with CHPV at an MOI of 1 for 1 h,
and the infection media was replaced with virus growth media. After
24 h, the culture supernatant was collected and clarified by centrifu-
gation at 3,200 � g, 4�C, for 10 min. The supernatant was then sub-
jected to ultracentrifugation at 82,600� g for 3 h at 4�C in a Beckman
centrifuge using the SW28 rotor. The pellet thus obtained was recon-
stituted in 500 mL NTE buffer (50 mM Tris-HCl, 150 mM NaCl,
5 mM EDTA [pH 8.0]) and was layered on a continuous 15%–60%
(wt/vol) sucrose gradient prepared in NTE buffer and centrifuged
at 150,000 � g at 4�C for 12 h using an SW41 rotor. The viral band
was collected and made up to 13 mL with ice-cold NTE and subjected
to further centrifugation at 150,000 � g at 4�C for 1 h in an SW41
rotor. The pellet thus obtained was resuspended in plain DMEM, ali-
quoted, snap-frozen, and stored at �80�C.
Phase-contrast microscopy

The susceptibility of the above-mentioned cell lines to CHPV infec-
tion was monitored by phase-contrast microscopy. Equal numbers
of cells were seeded in 35 mm dishes and incubated for 24–48 h until
the cells were 80%–90% confluent. The cells were infected with CHPV
at an MOI of 0.1 and 5 for 1 h. The inoculum was removed, and the
cells were supplemented with virus growth media. Phase-contrast im-
ages were captured at every 3 h interval up to 48 h using an inverted
fluorescence IXT3 microscope (Olympus, Japan).
Live-dead cell imaging assay

The live and dead cell population post CHPV infection (Figures S1
and S3) was detected using Live/Dead Cell Imaging kit (Thermo Sci-
entific, Waltham, MA, USA) according to the manufacturer’s instruc-
tion. Briefly monolayers of cells in chamber well glass slides (Thermo
Scientific, Waltham, MA, USA) were infected with CHPV at an MOI
of 0.1, 1, 5, and 10. 48 h post-infection, equal volumes of a 2� stock of
the live cell component A and the dead cell component B were added
to the chamber wells and incubated for 15 min at room temperature
in the dark. Fluorescent images were acquired at 488/570 nm using an
Olympus Inverted Fluorescence IXT3 microscope, and the images
were merged using the cellSens software (Olympus, Japan).
Cell viability assay

The viability of the cells upon CHPV infection was assessed using the
MTT reagent (Promega, Madison, WI, USA) according to the manu-
facturer’s instruction. Briefly, 24 h post-seeding in a 96-well plate, the
cells were infected at anMOI of 0.1, 1, 5, and 10. At the indicated time
points (24 and 48 hpi), 15 mL of MTT reagent was added to each well
and incubated for 4 h until the purple formazan precipitate was
visible. After the incubation, 100 mL of the solubilization/stop solu-
tion provided in the kit was added, mixed, and incubated for a further
period of 1 h, and the absorbance was measured at 570 nm with a
multimode plate reader (Tecan Spark 10M, Switzerland). The percent
viability was calculated by normalizing the infected cells against the
corresponding mock-infected control.
Regular HeLa and HeLa-Bcl-2 cells were infected with CHPV at an
MOI of 1, and cell viability was performed at 24 hpi using the same
protocol mentioned above.

Growth kinetics assay

Cells were grown to �80%–90% confluency in 12 well plates and in-
fected with CHPV at anMOI of 0.1 (lowMOI) and 5 (high MOI). Af-
ter incubation at 37�C for 1 h, the inoculum was removed, and cells
were washed thrice with PBS and replaced with media containing
2% FBS. At specific time points post-infection (3, 6, 9, 12, and 24
h), the supernatants were collected and subjected to titration by pla-
que assay. Briefly, monolayers of Vero cells were infected with serially
diluted culture supernatant and incubated at 37�C for 1 h. After the
infection, the medium was replaced with an overlay medium
(DMEM, 2% FBS, 1� Penicillin-Streptomycine-Glutamine (PSG),
2% methylcellulose, 5 mM HEPES). The plates were incubated for
48 h at 37�C, fixed with 3.7% formaldehyde, and stained with 0.2%
crystal violet. The plaques were counted, and the viral titer was plotted
against their corresponding time using GraphPad Prism software
version 5.01

Immunoblotting

Cells were infected with 0.1 MOI CHPV, and the cell lysates were har-
vested at 12 and 24 hpi. The lysates were subjected to immunoblotting
and were probed for apoptotic markers PARP1 and caspase-3 and their
cleaved form (Cell Signaling Technology). CHPV infection was de-
tected using a mouse polyclonal antibody generated in-house, while
b-actin served as the loading control (Sigma, St. Louis, MO, USA).
The phosphorylation status of STAT1 in cancer cells was assessed by
treating the cells with 1,000 U of IFN-b for 24 h. The cell lysate
collected from IFN-b-challenged and control-media-treated cells
were subjected to immunoblotting to assess the levels of STAT1 (cat.
no. 14994) and p-STAT1 (Tyr701, cat. no. 9167S) (Cell Signaling Tech-
nology). The phosphorylation status of STAT1 in CHPV-infected ly-
sates were also assessed by using the same antibodies, STAT1 and
pSTAT1. All the blots were detected withWestPico Chemiluminescent
substrate (Thermo Pierce, Rockford, IL, USA).

Interferon-b pre-treatment and CHPV infection

Equal numbers of cells seeded in 35 mm dishes were treated with
1,000 U/mL of recombinant human IFN-b (PeproTech, East Wind-
sor, NJ, USA) for 24 h, while the control cells were maintained in cul-
ture medium. The cells were then infected with 0.1 MOI of CHPV,
and the morphological changes were observed at different time points
using a phase-contrast microscope (Olympus IXT3, Japan). Cell
viability assay was carried out at 48 hpi, and supernatants collected
24 hpi were used for viral titer estimation by plaque assay.

Subcutaneous xenograft tumor model

Subcutaneous tumors were established by injecting U-138 cells (5 �
105 cells/100 mL PBS) in the right flank of 6- to 8-week-old male
NOD/SCID mice. When the tumor volume attained a predetermined
size of 150–250 mm3, 1 � 106 pfu of wild-type CHPV (suspended in
50 mL PBS) was injected intra-tumorally in the test mice, while the
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control tumors were challenged with PBS. A total of 6 mice were allo-
cated per group.

The tumor size was measured daily using a Vernier caliper, and the
volume was calculated using the formula (L � W2)/2, where L = tu-
mor length and W = tumor width. The animals were monitored for
weight loss, piloerection, morbidity, respiratory distress, and hin-
dlimb paralysis. When the tumor volume exceeded a size of
1,500 mm3, the IAEC-approved ethical endpoint, the mice were sacri-
ficed and the tumor mass was excised. A portion of the tumor stored
in DMEM containing 0.75% bovine serum albumin fraction V was
homogenized using a manual Dounce homogenizer (Wheaton, NJ,
USA), and the homogenates were used for determining the viral titer.
The other half was fixed in 10% neutral buffered formalin for histo-
pathological analysis. Tumor tissues collected were homogenized,
and plaque assays were carried out by serially diluting the tissue
homogenates.

Histopathological analysis

Animals were sacrificed, and the tumor tissues were collected and
fixed with 10% neutral buffered formalin. Tissues were then
embedded in paraffin, and 5 mm sections were generated using Leica
HistoCore Semi-motorized Microtome Histocore Multicut and
mounted onto charged glass slides (Corning, Corning, NY, USA).
The mounted sections were stained using hematoxylin and eosin.
Pathological changes were analyzed by a certified pathologist who
was blinded to the treatment groups of the experiments.

Statistical analysis

All the data were plotted and analyzed using GraphPad Prism 5.01
software. Statistical significance was calculated using the Student’s t
test.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omto.2021.09.009.
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