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Several investigations have shown that pentoxifylline possesses broad-spectrum antiviral activity against
a range of RNA and DNA viruses. However, its ability to inhibit Japanese encephalitis virus (JEV) replication
has not yet been studied. The present study was designed to investigate the antiviral activity of pentoxi-
fylline against JEV in vitro and in vivo. The activity of pentoxifylline against JEV was evaluated in vitro using
ntiviral agents
apanese encephalitis virus
entoxifylline
ibavirin

cytopathic effect inhibition and plaque reduction assays. Pentoxifylline was able to inhibit JEV replication
in a dose-dependent manner at a 50% inhibitory concentration (IC50) of 50.3 �g/mL (0.00018 �M) and
a therapeutic index (TI) of 10. Experiments to study the mechanism of antiviral action of pentoxifylline
using in vitro translation of viral mRNA suggested that the drug did not interfere either with early or late
protein synthesis but most likely exerted its action on virus assembly and/or release. Furthermore, the in
vivo study showed that pentoxifylline at a concentration of 100 mg/kg and 200 mg/kg body weight was
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. Introduction

Flaviviruses are important human pathogens causing a variety
f diseases ranging from mild febrile illness to severe encephalitis
nd haemorrhagic fever. Among them, Japanese encephalitis virus
JEV) is a neuropathogenic virus commonly infecting children and
s associated with acute encephalitis [1]. The disease burden of
apanese encephalitis (JE) is an increasing public health problem

ith an average of 50 000 cases per year in Asia [2,3]. Despite this,
he prospects for therapy of flavivirus infections are not encourag-
ng, which has led to the unavailability of a specific and efficient
ntiviral agent against JEV [4]. This has rekindled the search for a
rug that can inhibit JEV replication.

Pentoxifylline is a methylxanthine derivative and has been used
or treating human vascular diseases [5]. Despite being a car-
iovascular drug, pentoxifylline also demonstrated high antiviral
ctivity against herpes simplex virus, vaccinia virus, rotavirus and
ick-borne encephalitis virus, suggesting that this drug also has
road-spectrum virus inhibitory properties [6]. Furthermore, pen-

oxifylline also showed inhibition of human immunodeficiency
irus (HIV) expression in acutely and chronically infected cells in
itro and in human peripheral blood mononuclear cells [7,8]. How-
ver, the ability of pentoxifylline to inhibit JEV replication has not

∗ Corresponding author. Tel.: +91 80 2699 5778/5128; fax: +91 80 2656 4830.
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challenged with 50 × 50% lethal dose (LD50) of JEV.
r B.V. and the International Society of Chemotherapy. All rights reserved.

et been studied. Therefore, the present study was designed to eval-
ate and specifically to understand the role of pentoxifylline as a
otential therapeutic agent against JEV infection.

. Materials and methods

.1. Compounds

The compounds studied were an injectable form of pentoxi-
ylline (20 mg/mL) (TrentalTM; Aventis, Paris, France) and ribavirin
200 mg) (Neaman, New York, NY).

.2. Viruses and cells

A standard strain of JEV (P20778) was obtained from the
ational Institute of Virology, Pune, India. The Aedes albopictus

C6/36) mosquito cell line and porcine stable kidney (PS) cells were
btained from the National Centre for Cell Sciences, Pune, India,
nd maintained in minimum essential medium (MEM) with 10%
oetal calf serum (FCS).
.3. Animals

Random-bred Swiss albino mice (4 weeks old) were obtained
rom the Central Animal Research Facility, National Institute of

ental Health and Neurosciences (NIMHANS), Bangalore, India.

otherapy. All rights reserved.

http://www.sciencedirect.com/science/journal/09248579
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.4. Cytotoxicity of pentoxifylline and ribavirin

The cytotoxicity of pentoxifylline and ribavirin was evaluated
sing a trypan blue exclusion assay [9,10]. Briefly, PS cells grown
o semiconfluence were exposed to five different concentrations of
he compounds for 4 days and viable cells were counted using 2.5%
rypan blue dye and a haemocytometer [10]. The concentration of
ompound that reduced cell growth by 50% was estimated as the
0% cytotoxic concentration (CC50). The effect of the compounds on
ellular proliferation was also studied as described previously [10].
ibavirin, a known inhibitor of flavivirus replication, was used in
his study as a standard for comparing the results in all the experi-

ents.

.5. Screening for inhibition of virus-induced cytopathic effect
CPE)

The antiviral activity of pentoxifylline and ribavirin was initially
etermined using a CPE inhibition assay as described previously
10]. Briefly, a PS cell monolayer was infected with 1 multiplicity
f infection (MoI) of virus and incubated for 2 h at 37 ◦C. At the
nd of the incubation period, the monolayer was rinsed with ster-
le phosphate-buffered saline (PBS) and then doubling dilutions of
ibavirin and pentoxifylline (beginning with the CC50) were added
nd incubated for 3 days. The experiment was terminated when
he virus control showed maximum CPE. The presence or absence
f CPE was recorded microscopically every day and the plates were
tained using crystal violet and compared with the virus control and
rug control. All the experiments were run in triplicate to ensure
eproducibility.

.5.1. Confirmation of antiviral activity by the plaque reduction
ssay

The antiviral activity of pentoxifylline noted in the screen-
ng experiments was confirmed by the plaque reduction assay as
escribed previously [10]. Briefly, PS cells grown to a confluent
onolayer were infected with 1 MoI of JEV and adsorbed for 2 h

t 37 ◦C. At the end of adsorption the monolayer was rinsed and
00 �L of MEM containing varying concentrations of pentoxifylline
500, 250, 125, 62.5 and 31.25 �g/mL) or ribavirin (50, 25, 12.5,
.25 and 3.12 �g/mL) was added. The monolayer was then over-

aid with maintenance medium containing 0.2% molten agarose
Sigma–Aldrich, St. Louis, MO). Appropriate controls were included
n each run of the assay. Incubation was carried out at 37 ◦C for 3
ays. At the end of the incubation period, monolayers were fixed
nd stained using 1% crystal violet and plaques were counted using
hand lens. All experiments were run in triplicate. Percentage inhi-
ition of plaques was determined using the following formula:

inhibition = no. of plaques in virus control − no. of plaques i
no. of plaques in virus control

The antiviral activity was expressed as 50% inhibitory concen-
ration (IC50), which is the concentration of compound required to
nhibit viral plaques by 50% compared with the virus control. The
herapeutic potential and the specificity of action of the compounds
ere calculated as the therapeutic index (TI), which is the ratio of
C50 to IC50.

.6. Determining the mechanism of action of pentoxifylline in

elation to JEV replication

To understand the possible mechanism of action of pentoxi-
ylline in relation to the replicative cycle of JEV, various in vitro
xperiments detailed below were carried out.
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a
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ug-treated × 100

.6.1. Determining the kinetics of JEV replication in PS cells
A 24-well plate containing sterile coverslips in each well was

eeded with 4 × 104 cells/well and incubated to attain confluence.
he monolayer was then infected with JEV (MoI = 1) for 1 h at 37 ◦C.
ollowing incubation, the monolayer was rinsed and replenished
ith medium containing 1% FCS. This time point was considered

s 0 h post infection. Subsequently at 2, 4, 6, 8, 10, 12, 14, 16 and
4 h post infection, the medium was harvested to determine the
mount of extracellular virus released into the supernatant. At each
ime point, the coverslip containing cells was also removed, fixed
n chilled acetone and stained by immunofluorescence assay (IFA)
sing a monoclonal antibody against the envelope protein of JEV to
etect the cell-bound antigen [11].

.6.2. Understanding the kinetics of antiviral activity of
entoxifylline

A 24-well plate was seeded with PS cells and incubated at 37 ◦C
vernight. JEV was added to this monolayer and incubated for 2 h
t 37 ◦C. At the end of virus adsorption, the monolayer was rinsed
sing sterile PBS and replenished with MEM containing 1% FCS. This
ime point was considered as 0 h post infection. Starting from the
h time point, 0.0017 �M pentoxifylline was added at 0, 2, 4, 6, 8,
0, 12, 14, 16 and 24 h post infection and incubated at 37 ◦C. The
upernatant fluid was harvested from the respective wells at 48 h
ost infection. The fluid was divided into two parts. One part was
sed to determine the virus yield (50% tissue culture infective dose
TCID50)/mL) and the second part was used to detect the presence of
oluble JEV antigen by antigen capture enzyme-linked immunosor-
ent assay (ELISA) as described elsewhere [12]. To detect cell-bound
ntigen, the coverslip cultures were fixed in chilled acetone for
0 min at 4 ◦C and stained using monoclonal antibody to JEV (clone
2C2) and anti-mouse IgG–fluorescein isothiocyanate (FITC) con-
ugate by indirect IFA.

.6.3. Confirmation of the mechanism of action of pentoxifylline
To understand the mechanism of action of pentoxifylline, an in

itro translation experiment was carried out using commercially
vailable TranscendTM Non-Radioactive Translation Detection Sys-
em and Rabbit Reticulocyte Lysate (Promega, Madison, WI). A PS
ell monolayer was adsorbed with JEV (MoI = 1) for 1 h. Following
dsorption, monolayer was rinsed and 0.0017 �M pentoxifylline
as added to one set of JEV-infected cells and incubated for 4 h.

entoxifylline at the same concentration was added to a second set
f monolayer cultures at 10 h. The plates were further incubated for
8 h at 37 ◦C. Appropriate virus and cell controls were included. At
he end of incubation, the cells were treated with 750 �L of TRIzol

eagent (Gibco, Rockville, MD) and viral RNA was extracted as per
he manufacturer’s instruction. The extracted RNA was subjected
o real-time reverse transcriptase polymerase chain reaction (RT-
CR) using SYBR green I chemistry as described previously [13] with
inor modifications [10] to ensure the presence of JEV RNA. The

iral RNA obtained from JEV-infected cells, which encodes a 50-kDa
rotein, was subjected to in vitro translation using a commercial
it (Promega) as described previously [10]. After completion of the

ranslation reaction, 1 �L of the product was subjected to sodium
odecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE).
he gel was electroblotted onto a polyvinylidene fluoride (PVDF)
embrane. The membrane was reacted with specific monoclonal

ntibody to JEV and developed using diaminobenzidine and H2O2.
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Fig. 1. Antiviral activity of (A) pentoxifylline and (B) the standard antiviral agent ribavirin against Japanese encephalitis virus (JEV) evaluated using the plaque reduction
assay. Dose-dependent reduction in JEV plaques obtained in porcine stable kidney (PS) cells with pentoxifylline (represented as bars), where the x-axis represents the various
concentrations of the compound and the left-hand y-axis represents the percent reduction of JEV plaques. The viability of cells is represented as a line graph superimposed
on the bar diagram, where the right-hand y-axis represents the percent viability of PS cells.

Fig. 2. Elucidation of a single replicative cycle of Japanese encephalitis virus in porcine stable kidney (PS) cells. PS cells were infected with a multiplicity of infection (MoI)
of 1 of JEV at the 0 h time point. Virus yield in the supernatant and JEV antigen in the cells were examined at 2-h intervals up to 24 h post infection. (A) Yield of virus in the
supernatant fluid. The x-axis represents the various time points at which virus yield was evaluated and the y-axis represents the virus yield (log 50% tissue culture infective
dose (TCID50)/mL). (B) Detection of JEV-specific antigen using an immunofluorescence assay. It can be observed that the earliest appearance of cell-bound antigen was at 10 h
post infection, whilst the earlier time points were negative for viral antigen (400×).
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Fig. 3. (A) Addition of pentoxifylline to virus-infected porcine stable kidney (PS) cells was staggered (see Section 2.6.2 for details). The x-axis represents the various time
points at which pentoxifylline was added following adsorption of Japanese encephalitis virus onto PS cells. Note that there was no virus yield (represented as log 50% tissue
culture infective dose (TCID50)/mL on the left-hand y-axis) in drug-treated cells (©) until 14 h post infection, after which virus yield steadily increased to attain levels similar
to that obtained in untreated cells (�). The right-hand y-axis represents the optical density (OD) values obtained in the JEV antigen capture enzyme-linked immunosorbent
a at 48
u til 14 h
u treat
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ssay (ELISA). Soluble JEV antigen was measured in the supernatant fluids obtained
ntreated (�) cells. Note the absence of soluble antigen in the drug-treated cells un
sing an immunofluorescence assay. It can be observed that JEV-infected monolayers
400×).

.7. In vivo evaluation of pentoxifylline

Initially, non-toxic concentrations of pentoxifylline were deter-
ined by administering intraperitoneally 50, 100, 200 and

00 mg/kg body weight of the compound to different groups (n = 4
er group) of 4-week-old Swiss albino mice. All mice were observed
or a period of 45 days for loss or gain in weight and other evi-
ence of toxicity compared with the untreated normal mice. The
herapeutic potential of pentoxifylline was then evaluated using
peripheral challenge model as described previously [10]. Briefly,
0 × 50% lethal dose (LD50) of JEV was injected intraperitoneally

nto four groups of 4-week-old mice (n = 4) and the blood–brain
arrier (BBB) was breached 2 h later using 1% sterile starch. This
as followed by intraperitoneal (i.p.) administration of pentoxi-

ylline (50, 100 and 200 mg/kg body weight) twice daily into three

roups of mice for 12 days. A fourth group of mice (n = 4) served
s ‘no drug controls’. A fifth group of mice (n = 4) served as sham
ontrols and received MEM intraperitoneally and starch intracere-
rally. Mice were observed every day for 20 days post infection
or the appearance of symptoms and death. At the end of the

p
v
p
r
b

h after the experiment (see Section 2.6.2 for details) in both drug-treated (�) and
post infection, after which it was detectable. (B) Detection of JEV-specific antigen

ed with pentoxifylline were positive for viral antigen at all time points post infection

bservation period the mice that survived the infection were sacri-
ced and their brains were harvested and subjected to JEV antigen
etection by IFA, virus nucleic acid detection by real-time PCR and
irus isolation as described previously [10].

. Results

.1. Antiviral screening of pentoxifylline by in vitro CPE inhibition
ssay

The CC50 was 500 �g/mL for pentoxifylline and 50 �g/mL for
ibavirin. The antiviral activity of these two compounds was ini-
ially evaluated at a non-cytotoxic concentration (<CC50) against
EV using a CPE inhibition assay and subsequently evaluated by the

laque reduction assay. There was a dose-dependent reduction of
iral plaques (Fig. 1) with an IC50 of 50.3 �g/mL (0.00018 �M) for
entoxifylline and 3.9 �g/mL (0.000016 �M) for ribavirin. The TI of
ibavirin was 13 and the TI of pentoxifylline was 10, suggesting that
oth compounds are highly active against JEV.
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Fig. 4. Western blot illustrating the effect of pentoxifylline on Japanese encephalitis
virus translation using an in vitro translation kit. Lane 1, uninfected cell control; lanes
2 and 4, in vitro translation products of RNA obtained from JEV-infected porcine
stable kidney (PS) cells (untreated) at 4 and 10 h post infection, respectively; lanes
3 and 5, in vitro translation products of RNA obtained from JEV-infected PS cells
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was 3.9 �g/mL (0.000016 �M). This suggests that both the com-
reated with pentoxifylline for 4 and 10 h, respectively. Note the presence of a 50-
Da JEV-specific protein in pentoxifylline-treated JEV-infected cells at 4 and 10 h.
ane 6, molecular weight markers.

.2. Kinetics of action of pentoxifylline in relation to the
eplication of JEV in vitro

As a first step to understand the interactions of JEV with the
ompounds, experiments were designed to determine the kinetics
f viral replication in vitro. It was noted that the earliest appear-
nce of JEV antigen in infected PS cells was at 10 h post adsorption
s detected by IFA (Fig. 2B). However, the first infectious progeny
f virus was detected in the supernatant medium harvested at
4 h post adsorption (Fig. 2A). The cells stained at earlier time
oints (2, 4, 6 and 8 h) were not positive for viral antigen, and the
upernatant harvested from them did not yield infectious virus.
ased on these findings, it was concluded that a single replicative
ycle of JEV in vitro in the PS cell line requires 14 h for comple-
ion.

The antiviral activity of pentoxifylline was subsequently inves-
igated in relation to the kinetics of JEV replication. A non-toxic
oncentration of pentoxifylline was added at various time points
ollowing entry of JEV into PS cells and the experiments were
erminated following 48 h of incubation. Pentoxifylline at a concen-
ration of 0.0017 �M was able to inhibit JEV replication completely
hen added to the infected monolayer up to 14 h post infection,

s evidenced by the absence of virus yield and soluble antigen.
owever, beyond 14 h post infection pentoxifylline did not com-
letely inhibit JEV replication (Fig. 3A). An intriguing observation
as the presence of viral antigen expressed in the pentoxifylline-

reated cells from 0 to 14 h, the time points that inhibited virus yield
Fig. 3B).

.3. Confirmation of the mechanism of action of pentoxifylline

The presence of viral antigen noted in the pentoxifylline-treated
ells from 0 to 14 h (Fig. 3B) prompted us to confirm whether
ranslation of viral proteins remained unaffected. Therefore, viral
NA extracted from a series of time-point experiments was sub-

ected to in vitro translation using a commercial kit. The viral RNA

btained from JEV-infected cells treated with pentoxifylline at two
ime points (4 and 10 h) showed the presence of a 50-kDa protein
hat reacted with JEV-specific monoclonal antibodies in a Western
lot (Fig. 4).
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.4. In vivo evaluation of compounds against JEV using a mouse
odel

It was observed that i.p. administration of 50, 100 and 200 mg/kg
ody weight was non-toxic to mice, whilst 300 mg/kg body weight
howed signs of toxicity (loss of weight and death) and was there-
ore found to be unsuitable for use in the study. The therapeutic
otential of pentoxifylline was evaluated in mice using a periph-
ral challenge model. Three groups (n = 4 per group) of 4-week-old
wiss albino mice infected with 50× LD50 of JEV by the periph-
ral route were administered 50, 100 and 200 mg/kg body weight
f pentoxifylline by the i.p. route twice daily. Mice that received
00 and 100 mg/kg body weight of pentoxifylline showed 100%
rotection, whilst mice that received 50 mg/kg body weight of pen-
oxifylline showed a 50% reduction in mortality. On the other hand,

ice that did not receive the drug succumbed to encephalitis within
days.

Mice that survived the challenge post treatment were sac-
ificed and their brains were harvested and subjected to virus
solation, detection of viral antigen and viral RNA by RT-PCR.
nfectious virus could not be isolated from brain tissues obtained
rom mice that survived the challenge. Similarly, viral antigen
ould not be demonstrated in the brain smears by immunoflu-
rescent staining using monoclonal antibodies to JEV. However,
iral nucleic acid was detected in the brain homogenate by RT-
CR, suggesting that viral RNA was present in the brain of animals
hat survived JEV infection following treatment with pentoxifyl-
ine.

. Discussion

The use of agents that can interfere with viral replication and
oncomitantly suppress viral infection by modulating the immune
ystem is one of the strategies that can be used to prevent viral
nfections. JEV infection generates a rapid inflammatory response
ollowing entry into the host, and elevated levels of tumour necro-
is factor-alpha (TNF�) have been correlated with poor outcome
n JE patients [14]. The pathophysiology of central nervous sys-
em inflammation in JEV may be attributed to TNF�, which ranges
rom promoting viral replication to evasion of host defences [15].
hese observations raise the possibility that a compound capa-
le of blocking TNF� could reduce the severity of JEV infection.
entoxifylline is a known inhibitor of TNF� production [16]. Fur-
hermore, recent studies have shown that pentoxifylline exhibits
ntiviral activity against severe acute respiratory syndrome (SARS)
irus and HIV [7,17]. This study was therefore designed to investi-
ate the antiviral activity of pentoxifylline against JEV in vitro and
n vivo.

In the present study, it was observed that pentoxifylline inhib-
ted JEV replication post-entry into the cell. Our preliminary
xperiments indicated that this compound neither interfered with
iral adsorption nor possessed any virucidal (inactivating) prop-
rty (data not presented). The extent of antiviral activity was then
onfirmed using a plaque reduction assay. The results of the con-
rmatory plaque reduction assay suggested that pentoxifylline and
ibavirin were able to inhibit JEV replication in a dose-dependent
anner (Fig. 1). There was a significant reduction in JEV plaques

y pentoxifylline at a concentration well below the CC50, with
n IC50 of 50.3 �g/mL (0.00018 �M), whilst the IC50 of ribavirin
ounds possess significant inhibitory potential against JEV. It was
urther observed that both the compounds were highly active
gainst JEV, with a TI of 10 and 13 for pentoxifylline and ribavirin,
espectively.



l of An

m
s
a
a
c
c
t
b
p
I
v
e
a
p
5
1
w
s
o
t
i
i
i
o
p

r
a
1
c
v
t
n
c
t
g
a
t
a
v
i
s
o
i
i
p
i
f
s
c
a
t
i

o
a

A

V
a

t
(
w

R

[

[

[

[

[

[
[

[

[

L. Sebastian et al. / International Journa

There are no extensive in vitro studies reported to date on the
echanism of antiviral action of pentoxifylline. In the absence of

uch information, we asked two crucial questions pertaining to the
ntiviral activity of pentoxifylline. (i) What is the probable stage
t which pentoxifylline inhibits virus replication? And (ii) how late
an addition of pentoxifylline to infected cells be delayed to achieve
omplete inhibition of virus replication? To answer these ques-
ions, we used an experimental approach similar to that described
y Baginiski et al. [18]. Pentoxifylline was added at 2-h intervals
ost infection until the completion of one replicative cycle of JEV.

t appeared that pentoxifylline was able to inhibit JEV replication
ery late in the replication cycle. This assumption is based on sev-
ral findings obtained in this study: (i) the presence of cell-bound
ntigen detected by IFA at all time points (Fig. 3A) suggests that
rotein translation is unaffected by the drug; (ii) the presence of a
0 kDa in vitro translation product (Fig. 4) obtained at both 4 h and
0 h post infection further affirmed that translation of viral proteins
as unaffected by the drug; and (iii) neither infectious virus nor

oluble viral antigen could be detected (Fig. 3B) in the supernatant
f drug-treated cells until 14-h post infection. Taken together, these
hree observations suggest that pentoxifylline was indeed able to
nhibit JEV replication at a stage beyond viral translation, probably
nterfering with assembly and/or release of the virion. Had pentox-
fylline interfered with early or late protein translation, detection
f JEV antigen by IFA in drug-treated cells would not have been
ossible (Fig. 3A).

Having established that pentoxifylline was able to inhibit JEV
eplication in vitro, we investigated its therapeutic potential in
n in vivo mouse model. Indeed, this drug at concentrations of
00 mg/kg and 200 mg/kg body weight was able to protect mice
ompletely against a lethal challenge (50× LD50) of JEV. Although
iral RNA was demonstrated in the brains of all drug-treated mice
hat survived JEV infection, there were no classical signs of ill-
ess observed in any of the mice. This indicates that the virus
rossed the BBB following i.p. injection but failed to replicate in
he presence of the compounds since there was no viral anti-
en demonstrable in the brain smears of drug-treated mice. To
scertain that the viral RNA detected in the brain was not due
o persistence of infection, virus isolation was carried out using

C6/36 monolayer. It was observed that all the mice that sur-
ived the infection failed to demonstrate replicating virus. This
ndicates the lack of infectious virus in the brains of mice that
urvived treatment with pentoxifylline. Notwithstanding these
bservations, it must be emphasised that pentoxifylline is a potent
nhibitor of TNF [16]. Recently, it has been reported that JEV
nduces apoptosis in cell lines via the endoplasmic reticulum stress
athway [19]. The underlying mechanism of neuronal apoptosis

n JEV has been attributed to the role of the tumour necrosis
actor receptor (TNFR) superfamily [20]. Therefore, it is also pos-
ible that apart from exhibiting anti-JEV activity, pentoxifylline
ould have also modulated the TNF responses and protected mice
gainst lethal challenge. However, further studies are warranted

o investigate the immunomodulatory role of pentoxifylline in JEV
nfection.

In conclusion, this study has presented unambiguous evidence
f anti-JEV activity of pentoxifylline, which necessitates the evalu-
tion of this compound in controlled clinical trials.
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