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Institut Fédératif de Recherche 128-Biosciences Lyon Gerland, 21 Avenue Tony Garnier, 69365 Lyon, France,1

and Rega Institute for Medical Research, Katholieke Universiteit Leuven,
Minderbroedersstraat 10, B-3000 Leuven, Belgium2

Received 13 September 2005/Returned for modification 8 December 2005/Accepted 15 February 2006

Clinical nonrandomized trials demonstrate some efficacy for ribavirin in the treatment of patients with
severe Nipah virus-induced encephalitis. We report here that EICAR, the 5-ethynyl analogue of ribavirin, and
the OMP-decarboxylase inhibitors 6-aza-uridine and pyrazofurin have strong antiviral activity against Nipah
virus replication in vitro. Ribavirin and 6-aza-uridine were tested further in hamsters infected with a lethal
dose of Nipah virus. The activity of these small-molecule inhibitors was compared with that of the interferon
inducer poly(I)-poly(C12U). Both ribavirin and 6-aza-uridine were able to delay but not prevent Nipah
virus-induced mortality. Poly(I)-poly(C12U), at 3 mg/kg of body weight daily from the day of infection to 10 days
postinfection, prevented mortality in 5 of 6 infected animals.

A new paramyxovirus infecting humans emerged in Malaysia
in 1998, causing 265 cases of encephalitis, with a mortality rate
of 40% (4). This virus was called Nipah virus (NiV), and it
causes symptoms ranging from banal febrile illness with head-
ache to very severe acute encephalitis. Several of the patients
who recovered from the initial infection suffered relapses of
encephalitis several months or years later (31). NiV is a neg-
ative-strand RNA virus, closely related to the Hendra virus
isolated in Australia in 1994 from horses and humans (28).
Both viruses belong to the new genus Henipavirus, in the family
Paramyxoviridae (34, 35). The natural reservoir of both viruses
appears to be Pteropus bats, which eliminate the virus in their
urine (5, 11, 13). The range of these bats extends from the
Western Indian Ocean to Southeast Asia, Australia, and the
Southwest Pacific Islands. Since the initial outbreak (which
spread to Singapore) (22), two outbreaks of infection with NiV
or a closely related virus were reported in Bangladesh and
northern India in 2001 and four such outbreaks were recorded
in Bangladesh in 2004 to 2005. These more recent outbreaks
have revealed new epidemiological patterns, with the infection
of humans through direct contact with fruit contaminated by
infected bat excreta. The presence of antibodies against Nipah
virus has been demonstrated in bats in Cambodia, and the virus
has been isolated from one animal (17, 24). During the 1998
outbreak in Malaysia, an open trial was run in which NiV-
infected patients were treated with ribavirin, a nucleoside an-
alogue active against both positive- and negative-strand RNA

viruses (8, 15, 23): ribavirin treatment was reported to reduce
the mortality rate by 36% (3).

We recently developed a hamster model of NiV infection
that reproduces the clinical manifestations observed in humans
(36). This animal model has been used to evaluate a candidate
vaccine and for serotherapy (9). We report here the in vitro
and in vivo anti-NiV efficacy of selected molecules.

MATERIALS AND METHODS

Virus and cells. NiV was amplified and titrated, and the antiviral activity of the
molecules was tested in the Vero E6 cell line (ATCC CRL-1586) in maintenance
medium (Dulbecco’s minimum essential medium containing 2% fetal calf serum
and antibiotics). Vero E6 cells were cultured to confluence in the same medium,
but with 5% fetal calf serum (growth medium). NiV was isolated in 1999 from the
cerebrospinal fluid of a patient and was kindly provided by K. B. Chua and S.
Kim Lam (Kuala Lumpur, Malaysia). NiV stocks were produced by three pas-
sages of the virus in Vero E6 cells. All manipulations were carried out in the Jean
Merieux INSERM biosafety level 4 (BSL-4) containment laboratory (Lyon,
France). The titer of the virus stock was 107.64 50% tissue culture infectious doses
(TCID50)/ml, as determined by plaque titration in 96-well culture microplates.
Briefly, we prepared serial 10-fold dilutions of the virus preparation, and 200 �l
of each dilution was added to eight wells of a 96-well culture microplate. The
plates were incubated for 3 days at 37°C under an atmosphere containing 5%
CO2, and the cultures were fixed and stained with crystal violet.

The in vitro efficacy of poly(I)-poly(C12U) was evaluated in HeLa cells by
using a virus stock amplified on Vero E6 cells. The titer of this stock virus was
evaluated in HeLa cells by plaque titration and was 107.26 TCID50/ml.

Compounds. We evaluated the in vitro antiviral activity of various compounds
reported to be active against paramyxoviruses. The compounds assessed were the
S-adenosylhomocysteine (SAH) hydrolase inhibitors carbocyclic 3-deaza-adeno-
sine (C-c3 Ado), (�)-5�-noraristeromycin, and 9-[(1�R,2�S,3�R)-2�,3�-dihydroxy-
cyclopentanyl] adenine (DHCaA), the IMP dehydrogenase inhibitors ribavirin
[1-(�-D-ribofuranosyl)-1,2,4-triazole-3-carboxamide] and EICAR [5-ethynyl-(1-
�-D-ribofuranosylimidazole)-4-carboxamide], the OMP decarboxylase inhibitors
pyrazofurin and 6-aza-uridine, and the CTP synthetase inhibitor carbodine.
Stock solutions were prepared in dimethyl sulfoxide. Poly(I)-poly(C12U) (Am-
pligen; Hemispherix Biopharma, Inc.) is an interferon inducer. This compound
was heated for 30 min at 55°C and then slowly cooled before use.

In vitro cytotoxicity. The minimal cytotoxic concentration was defined as the
lowest concentration causing a microscopically detectable change in cell mor-
phology 7 days after infection.
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Animals. In vivo studies were carried out in 2-month-old male golden hamsters
(Janvier, Le Fenest St. Isle, France). Animal experiments were approved by the
regional ethics committee for animal experimentation. Hamsters were housed in
a BSL-4 containment facility in ventilated containers equipped with HEPA filters
and were handled according to French regulations for animal maintenance. All
animal manipulations were carried out under isoflurane anesthesia in an anes-
thesia chamber. Blood was collected by orbital or cardiac puncture.

In vitro drug screening. Antiviral efficacy in vitro was evaluated by means of
cytopathic effect (CPE) reduction assays with Nipah virus. Vero E6 cells were
seeded in 96-well culture plates at a density of 3 � 104 cells/well. The cells were
incubated with growth medium to a confluence density of about 5 � 104 cells/
well, 24 h later. The medium was then removed, and the cells in each well were
infected with 50 TCID50 of Nipah virus in 100 �l of maintenance medium. Serial
twofold dilutions of each compound were prepared in maintenance medium, and
100 �l of each dilution was added to eight wells of the culture plate. Plates were
then incubated for 3 days at 37°C under an atmosphere containing 5% CO2, and
the cells were fixed and stained with crystal violet. The inhibitory concentration
was defined as the minimum concentration at which no CPE was observed in any
of the eight wells tested.

In vivo toxicity assay. Selected compounds found to be effective in vitro were
further evaluated in vivo in the Nipah virus hamster model. Toxicity data for
ribavirin and poly(I)-poly(C12U) were obtained from previous studies (12, 30).
Alzet osmotic pumps (model 2ML2) capable of delivering 120 �l/day were filled
with 5 ml of the test compound and implanted subcutaneously in anesthetized
(ketamine [40 mg/kg of body weight] and xylazine [16 mg/kg of body weight])
animals. Body weight and temperature were monitored for 14 days.

In vivo efficacy tests. We carried out two experiments. In the first, compounds
were administered via osmotic pumps, and animals were infected with 350 50%
lethal doses (LD50) of NiV immediately after insertion of the pump. Six animals
were used for each compound studied; six control animals received virus only.

In the second experiment, three groups of six animals were infected via the
intraperitoneal (i.p.) route. One group of six animals received phosphate-buff-
ered saline and served as controls, another group received ribavirin (25 mg/kg)
twice daily by the i.p. route, and a third group received daily i.p. injections of
poly(I)-poly(C12U). Treatment was initiated immediately after infection and
continued for 10 consecutive days.

Virological and serological studies. Viral load in the various organs of the
animals was monitored by both real-time reverse transcription-PCR (RT-PCR)
and titration of infectious viruses on Vero E6 cells, as previously described (10, 36).

Sera were tested by enzyme-linked immunosorbent assay for immunoglobulin
G (IgG) antibodies, using crude virus-infected cell lysate as the antigen (36).

RESULTS

In vitro assay. C-c3 Ado, (�)-5�-noraristeromycin, and
DHCaA, all inhibitors of SAH reported to be active against
other paramyxoviruses, were inactive against NiV replication.
Carbodine, a CTP synthase inhibitor with antiparamyxovirus
activity, was inactive against NiV. Two IMP-DH inhibitors,
ribavirin and its 5-ethynyl analogue EICAR, and two OMP-
decarboxylase inhibitors, 6-aza-uridine and pyrazofurin, com-
pletely inhibited the in vitro replication of NiV. The minimum
effective concentrations were 100 �g/ml for ribavirin, 0.12
�g/ml for pyrazofurin, 0.25 �g/ml for 6-aza-uridine, and 1
�g/ml for EICAR. At a concentration of 6.25 �g/ml, poly(I)-
poly(C12U) completely abolished the CPE of NiV in HeLa
cells (Table 1). None of the compounds was toxic at the effec-
tive antiviral concentration.

In vivo toxicity assay. The doses and treatment schedules
used for ribavirin and poly(I)-poly(C12U) were deduced from
previous studies (12, 16). We evaluated the toxicity of 6-aza-
uridine and EICAR, using osmotic pumps delivering the drug
continuously, 24 h per day, for 14 days. Two hamsters received
either 100 mg or 200 mg/kg 6-aza-uridine daily for a period of
12 days. Twelve days after the beginning of treatment, all
animals appeared healthy, and body weight gain was normal
(data not shown). However, EICAR, delivered at a daily dose

of 20 or 40 mg/kg, was not well tolerated; the animals lost
weight and died within 6 days of treatment initiation. We were
unable to continue these assays further in hamsters due to the
low availability of this compound.

In vivo efficacy tests. In the first experiment, animals were
infected with 350 LD50 of NiV following the implantation of
osmotic pumps containing the compound to be tested. Six
animals received ribavirin at a dose of 50 mg/kg/day, six ani-
mals received 6-aza-uridine at a dose of 175 mg/kg/day, and six
received phosphate-buffered saline only and served as controls.
The mean day of death was 5.1 � 0.7 days after infection for
control animals, 6.1 � 0.7 days (P � 0.05) for the 6-aza-uridine
group, and 6.8 � 0.7 days (P � 0.01) for the ribavirin group
(Fig. 1A).

Due to the unexpected absence of a curative effect of riba-
virin in the first experiment, we decided to use a lower infective
dose in the second experiment and infected the hamsters with
35 LD50 of NiV. As poly(I)-poly(C12U) would not have been
active if administered via an osmotic pump, treatment was
instead given by i.p. injection. Six hamsters received 25 mg/kg
ribavirin twice daily, six received 3 mg/kg poly(I)-poly(C12U)
once daily, and six received placebo; 6-aza-uridine was not
tested further. Treatment was initiated 2 h after infection and
was continued for 10 consecutive days. The mean day of death
was 7.3 � 2.94 days after infection for placebo-treated animals
infected with 35 LD50 and 8.6 � 2.94 days after infection for
animals treated with ribavirin (P 	 0.05), with one animal in
each group surviving until day 13 or 14. Poly(I)-poly(C12U)
was highly protective: all of the poly(I)-poly(C12U)-treated
animals were still alive on day 14, whereas all of the untreated
animals were dead (Fig. 1B).

Virological data. Unfortunately, due to the constraints of
BSL-4 work, it was not possible to autopsy all infected animals
after death. In experiment 1, samples were taken from two of
the six control animals, two of the six animals of the ribavirin
group, and three of the six animals of the 6-aza-uridine group
at the time of death. Seven samples (two from the control
group, three from the ribavirin group, and two from the 6-aza-
uridine group) collected within the first 6 days of infection
were tested for the presence of anti-NiV IgG. Only one sam-
ple, from the 6-aza-uridine group, scored positive.

TABLE 1. In vitro efficacy of various compounds against
Nipah virus replicationa

Compound Concn range
(�g/ml)

Inhibitory concn
(�g/ml)b

C-c3 Ado* 0.250–8 	8
(�)-5� Noraristeromycin* 0.125–4 	4
DHCaA* 0.125–4 	4
Ribavirin* 1.56–100 100
EICAR* 0.250–8 1
Pyrazofurin 0.125–4 0.125
Carbodine* 0.250–8 	8
6-Aza-uridine* 0.125–4 0.25
Poly(I)-poly(C12U)† 6.25–200 �6.25

a The effect on Nipah virus replication was tested in Vero E6 cells (*) or HeLa
(†) cells in 96-well microplates, and the effects on CPE were evaluated. Each
concentration was tested in 8 wells.

b The inhibitory concentration was defined as the lowest concentration com-
pletely abolishing CPE in the 8 wells tested. These results were obtained in two
experiments.
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The livers, lungs, kidneys, spleens, and brains of the dead
animals were tested for the presence of NiV by real-time RT-
PCR and titration of infectious virus. The results are presented
in Table 2. The virus was detected by RT-PCR in all animal
samples tested, independent of ribavirin or 6-aza-uridine treat-
ment. Virus was undetectable by culture titration in only three
samples.

In experiment 2, we were able to autopsy only one animal of
the ribavirin group, which died on day 6, and the six animals of
the poly(I)-poly(C12U) group. One of these animals was sick

and was euthanatized for humane reasons on day 15; the other
five were euthanatized on day 30, when they were still healthy.
Two of the four animals that were sampled within the first
week had no detectable anti-NiV IgG at the time of death,
whereas a serological response was detected in all animals
surviving on day 12. No infectious virus was detected in any of
the five poly(I)-poly(C12U)-treated animals euthanatized on
day 30 after infection, none of which had developed signs of
disease. However, viral RNA was detected in the livers of three
and in the kidney of one of these animals. The only poly(I)-
poly(C12U)-treated animal to display symptoms died after 15
days of infection. For this animal, infectious virus and viral
RNA were found in the brain, and viral RNA (but not infec-
tious virus) was found in the liver, lungs, and spleen (Table 3).

DISCUSSION

The primary aim of this study was to determine whether
ribavirin could protect NiV-infected hamsters. We also tested
the effect of EICAR—a closely related analogue of ribavirin
reported to be 30 times more active than ribavirin against
various paramyxoviruses—on NiV replication (6). In addition,
we investigated whether various molecules with activity in vitro
against various RNA viruses were active against NiV replica-
tion (1, 2, 6). Our secondary aim was to investigate whether the
molecules that reduced Nipah virus replication in vitro could
protect NiV-infected hamsters against fatal disease.

EICAR inhibited NiV replication in vitro about 100 times
more efficiently than ribavirin. However, it was not well toler-
ated in vivo, and the efficacy of EICAR in infected hamsters
was therefore not assessed. The OMP-decarboxylase inhibitors
6-aza-uridine and pyrazofurin were both highly active against
NiV replication in cell culture. Hamsters tolerated 6-aza-uri-
dine reasonably well, but treatment with this drug only slightly
increased survival time after virus infection. SAH-hydrolase
inhibitors, which are active against other paramyxoviruses, did
not inhibit NiV replication in cell culture in vitro.

In our experimental conditions, ribavirin could not prevent
the death of NiV-infected hamsters, and, at best, delayed death
from viral disease by less than 2 days. An open label trial
conducted in Malaysia with 140 ribavirin-treated patients and
54 untreated patients reported a 36% reduction in mortality
from virus infection (P 
 0.011) following ribavirin treatment

FIG. 1. Effects of ribavirin, 6-aza-uridine, and the interferon in-
ducer poly(I)-poly(C12U) on the survival of NiV-infected hamsters. Six
animals were included in each group. (A) For experiment 1, animals
were infected with 350 LD50 of Nipah virus i.p. They were then treated
with placebo (white circles) or with a dose of 50 mg/kg/day ribavirin
(black circles) or 175 mg/kg/day of 6-aza-uridine (gray circles). Drugs
were administrated via osmotic pumps. (B) For experiment 2, animals
received 35 LD50 of Nipah virus i.p. They were then treated i.p. with
placebo (white circles), 25 mg/kg ribavirin twice daily (gray circles), or
3 mg/kg poly(I)-poly(C12U) once daily (black circles).

TABLE 2. Nipah virus detection by cell culture titration, RT-PCR, and serological testing in experiment 1c

Hamster group Animal
no.

No. of
days
p.i.a

Liver Lung Kidney Spleen Brain
Serum

IgGTiter
(PFU/ml)

RT-
PCR

Titer
(PFU/ml)

RT-
PCR

Titer
(PFU/ml)

RT-
PCR

Titer
(PFU/ml)

RT-
PCR

Titer
(PFU/ml)

RT-
PCR

Control M1 5 8.25 � 103 � 6.75 � 103 � 2.25 � 103 � 5.12 � 103 � �20 � NDb

M2 4 9.75 � 103 � 1.28 � 103 � 1.43 � 103 � 1.01 � 105 � 2.5 � 101 � �
6-Aza-uridine A1 6 5 � 103 � 1.71 � 104 � 6.12 � 102 � 1.01 � 104 � 10 � 102 � �

A2 5 1.75 � 102 � ND � �20 � ND � ND ND ND
A3 6 9 � 103 � 1.21 � 104 � 7.25 � 102 � 1.37 � 104 � 6.25 � 101 � �
A5 5 4.25 � 103 � 1.4 � 104 � 4.25 � 102 � 4.37 � 103 � 3.75 � 101 � �

Ribavirin R1 5 1.75 � 103 � 8 � 103 � 1.10 � 103 � 1 � 104 � �20 � �
R2 7 1 � 102 � 1.45 � 104 � 8.62 � 103 � 1.91 � 103 � 3.13 � 102 � �
R4 6 7.12 � 103 � 7.8 � 104 � 7 � 103 � 1.10 � 103 � 4.90 � 103 � �

a Number of days postinfection at the time of the tests.
b ND, test not done.
c These tests were performed on the day of the animal’s death.
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(3). There are several possible reasons for the differences in
protective activity of ribavirin in infected humans and infected
hamsters. First, the infection may be more aggressive in exper-
imentally infected hamsters than in humans, and the infective
dose used in our two experiments may be much higher than
that of natural infection in humans. Second, ribavirin metab-
olism may differ in humans and hamsters. Alternatively, the
absence of randomization in the Malaysian study may have
resulted in bias in the selection of patients for the treatment
and nontreatment groups. Ribavirin has been reported to be
active in hamster models for other viral infections, including a
model of subacute sclerosis panencephalitis. Ribavirin was not
active when administered via the intraperitoneal route but
improved survival when administered intracranially (12). In a
hamster model of yellow fever virus infections, ribavirin im-
proved survival when administered within the first 5 days of
infection (27).

Interferons (IFN) are major components of the host innate
immune response to viral infections and are produced in response
to such infections. Many viruses have strategies for counteracting
this IFN response. One of these strategies involves inhibiting IFN
signaling. Paramyxoviruses generally disrupt IFN signaling by di-
rectly targeting STAT proteins (7, 19–21, 33). The V proteins of
the Nipah and Hendra viruses seem to inhibit IFN signaling in
this way (25, 26). However, these results were obtained in vitro,
using artificial constructs, rather than in a natural model of
NiV-infected cells. In an in vitro model based on human HeLa
cells, we found that poly(I)-poly(C12U), which induces IFN-�
and -� production, completely blocked NiV replication. This
suggests that type I IFNs are able to signal as part of the
antiviral response in NiV-infected human cells. Thus, in the
context of real NiV cell infection, the V protein of NiV prob-
ably cannot fully disrupt IFN signaling. We therefore investi-
gated whether poly(I)-poly(C12U), which has a well-estab-
lished safety profile in humans, displayed protective activity in
the hamster model of lethal NiV infection (32). Daily injec-
tions of poly(I)-poly(C12U) for 10 consecutive days, starting at
the time of i.p infection, gave substantial protection against
death from NiV infection. These results, obtained in the ham-

ster model, are consistent with those reported for HeLa cells.
Indeed, the efficacy of poly(I)-poly(C12U) for controlling NiV
infection in hamsters suggests that IFN signaling is efficient in
this model. Poly(I)-poly(C12U), first administered as late as
48 h after infection, was recently demonstrated to have pro-
tective activity in a model of coxsackie B3 virus-induced myo-
carditis and in a model of lethal Punta Toro infection in mice
(18, 29). Conversely, poly(I)-poly(C12U) was not protective in a
hamster model of lethal Pichinde virus infection (30). Poly(I)-
poly(C12U) has also been shown to be effective in animal
models of flavivirus infections: mice infected with Modoc virus
or mice or hamsters infected with the West Nile virus. How-
ever, in these flavivirus infection models, a prerequisite for
potent activity was the initiation of treatment before infection
(14, 16).

It will be of interest to explore various poly(I)-poly(C12U)
treatment schedules in the hamster NiV model. These sched-
ules may include delaying administration of the compound
until the first symptoms appear. Relapses of NiV infection
have been reported (31), so it would be of value to determine
whether hamsters protected against the infection display sub-
sequent relapse (31). Indeed, although we detected no infec-
tious virus in the various organs of poly(I)-poly(C12U)-treated
animals that survived the infection, a sensitive RT-PCR assay
detected viral sequences in various organs. It would also be of
interest to study the efficacy of combined poly(I)-poly(C12U)
and ribavirin treatment.

Although many questions remain unanswered, a compound
such as poly(I)-poly(C12U), which has been shown to be safe in
humans (32), may be of value for the treatment of acute Nipah
virus infection. Even if this compound decreases viral load by
only a couple of log values in a clinical setting, this may be
sufficient to allow the patient to mount a protective immune
response, potentially resulting in a less severe infection and
protection against death from viral infection.
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TABLE 3. Nipah virus detection by cell culture titration, RT-PCR, and serological testing in experiment 2c

Hamster group Animal
no.

No. of
days
p.i.a

Liver Lung Kidney Spleen Brain Serum IgG at
day p.i.:

Titer
(PFU/ml)

RT-
PCR

Titer
(PFU/ml)

RT-
PCR

Titer
(PFU/ml)

RT-
PCR

Titer
(PFU/ml)

RT-
PCR

Titer
(PFU/ml)

RT-
PCR 6 12 30

Control H1 6 NDb ND ND ND ND ND ND ND ND ND �
H6 12 ND ND ND ND ND ND ND ND ND ND � �

Ribavirin H9 7 ND ND ND ND ND ND ND ND ND ND � (day 7)
H11 12 ND ND ND ND ND ND ND ND ND ND �
H12 6 �20 � 2.3 � 102 � 3.4 � 102 � �20 � ND ND �

Poly(I)-poly(C12U) H13 30 �20 � �20 � �20 � �20 � �20 ND � �
H14 30 �20 � �20 � �20 � �20 � �20 � � �
H15 30 �20 � �20 � �20 � �20 � �20 � � �
H16 15 �20 � �20 � �20 � �20 � 4.4 � 102 � �
H17 30 �20 � �20 � �20 � �20 � �20 � � �
H18 30 �20 � �20 � �20 � �20 � �20 � � �

a Number of days postinfection at the time of autopsy.
b ND, test not done.
c Autopsy was performed on none of the hamsters of the control group, one of the six hamsters in the ribavirin group, and all six hamsters in the poly(I)-poly(C12U)

group. Blood samples were collected from two of the six hamsters of the control group and three of the six hamsters in the ribavirin group at the time of death and
from all six hamsters in the poly(I)-poly(C12U) group 12 and 30 days after infection.
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