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1. Introduction

Despite efforts to develop vaccines and antiviral drugs, effec-
tive therapeutics for treatment of most hemorrhagic fever viruses
remain largely unavailable (Andrei and De Clercq, 1993; Bangash
and Khan, 2003; Bronze and Greenfield, 2003; De Clercq, 2005;
Maes et al., 2004). Hantaviruses are globally distributed and several
members of the genus cause deadly human illnesses such as hemor-
rhagic fever with renal syndrome (HFRS) or hantavirus pulmonary
syndrome (HPS) (Schmaljohn and Hjelle, 1997). Old World han-
taviruses, Hantaan virus (HTNV) and Puumala virus, are responsible
for most HFRS cases in Asia and Europe, whereas the New World
hantaviruses, Sin Nombre virus (SNV) and Andes virus (ANDV), are
responsible for the majority of HPS cases in North and South Amer-
ica, respectively (Peters et al., 1999). In striking contrast to all other
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gs for the treatment of hemorrhagic fever with renal syndrome (HFRS),
ed by hantaviruses. Clinical studies using ribavirin (RBV) to treat HFRS
s an improved prognosis when given early in the course of disease. Given
RBV and the lack of other lead scaffolds, we prepared a diverse series of
ibosides and identified one with antiviral activity, 1-�-d-ribofuranosyl-3-
TAR showed an EC50 value of 10 and 4.4 �M for Hantaan virus (HTNV) and

had weak activity against Crimean Congo hemorrhagic fever virus, but had
ver virus. Intraperitoneally delivered ETAR offered protection to suckling
ith a ∼25% survival at 12.5 and 25 mg/kg ETAR, and a MTD of 17.1 ± 0.7
in Vero E6 cells to its 5′-triphosphate and reduced cellular GTP levels. In
crease mutation frequency of the HTNV genome, which suggests it has a

than RBV. ETAR is an exciting and promising lead compound that will be
investigations as a framework for the rational design of new antivirals for

© 2008 Elsevier B.V. All rights reserved.
HPS and HFRS-causing viruses (Vitek et al., 1996; Wells et al., 1997),
ANDV represents the first hantavirus associated with person-to-
person transmission in Argentina and Chile (Chaparro et al., 1998;
Enria et al., 1996; Lopez et al., 1996; Martinez et al., 2005; Padula et
al., 1998). While ribavirin (RBV; 1-�-d-ribofuranosyl-1,2,4-triazole-
3-carboxamide) has shown efficacy in treating HFRS patients in
China (Huggins et al., 1991), its potential efficacy is still unknown
for HPS cases (Chapman et al., 1999; Mertz et al., 2004).

In addition to Hantavirus, several other genera in the family
Bunyaviridae cause hemorrhagic fever disease in humans. Crimean
Congo hemorrhagic fever virus (CCHFV) and Rift Valley fever virus
(RVFF) reside in the Nairovirus and Phlebovirus, respectively, and
have mortality rates from 1% (RVFV) to 5-40% (CCHFV). Han-
taviruses are enzootic viruses of wild rodents and cause persistent
infections without apparent disease symptoms in their natural
hosts (Botten et al., 2000; Botten et al., 2002; Compton et al.,
2004; Lee et al., 1981; Yanagihara et al., 1985). However, the basic
genome structure and replication cycles of members of the fam-
ily Bunyaviridae share many similarities (Schmaljohn and Hooper,
2001), and therefore, antiviral drugs may prove effective for more
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infection with HTNV to a degree that was similar to that seen with
RBV.

2. Methods and materials
Fig. 1. Structures of R

Scheme 1. S

than one genus. All the Bunyaviridae have three negative-sense,
single-stranded RNA segments (S, M, and L), which encode the
nucleocapsid (N), two glycoproteins (GN and GC) and the L pro-
tein, respectively (Schmaljohn and Hooper, 2001; Schmaljohn et
al., 1983). The L protein or RNA dependent RNA polymerase (RdRp)
mediates both the replication of the genomic and anti-genomic
viral RNAs and the transcription of viral mRNAs in the cytoplasm.
The conservation of function across RNA polymerases suggests that
broad spectrum nucleoside antivirals may be identified that act

across genera in the Bunyaviridae.

Nucleoside analogs have been identified that acted on several
members of the Bunyaviridae, albeit with differential levels of activ-
ity (Sidwell et al., 1972). The driving mechanism(s) underlying one
of these drugs, RBV, has been difficult to capture primarily due to
its ability to interact with both host and viral targets. For exam-
ple, RBVs’ activity against HTNV did not correlate with inhibition of
inosine monophosphate dehydrogenase (IMPDH), but rather with
production of RBV triphosphate (RBV-TP) (Sun et al., 2007) and an
increase in mutation frequency (Severson et al., 2003). We hypothe-
sized that the increase in resulting mutation frequency is due to the
incorporation of RBV by the L protein into the viral RNAs (Severson
et al., 2003). These findings led us to explore chemical modifications
that would increase selectivity and activity of RBV-based scaffolds
toward the L protein.

Focusing on the heterocyclic-�-riboside structure, we prepared
a diverse series of 3-substituted 1,2,4-triazole-�-ribosides, includ-
ing isosteric derivatives of RBV and linkage isomers that exhibit
altered hydrogen-bonding capacity. We have previously evaluated
representative compounds from this series as substrates for adeno-
sine kinase (Kumarapperuma et al., 2007). Herein, we describe the
PA, EICAR, and ETAR.

sis of ETAR.

antiviral activity of 1-�-d-ribofuranosyl-3-ethynyl-[1,2,4]triazole
(ETAR, Fig. 1) against 4 viruses, HTNV, ANDV, CCHFV, and RVFV.
ETAR showed promising antiviral activity against HTNV, ANDV, and
CCHFV, but not RVFV. Furthermore, it protected suckling mice from
2.1. Chemistry and synthesis

The synthetic approach for the preparation of ETAR is
shown in Scheme 1. Deacetylation of commercially avail-
able 1-(2,3,5-tri-O-acetyl-�-d-ribofuranosyl)-1H-1,2,4-triazole-3-
carboxylic acid, methyl ester 1 with NaOCH3 (72%), protection
with tert-butyldimethylsilyl chloride (TBSCl) (67%), followed by
selective reduction of the ester with 2.5 equivalents of diisobuty-
laluminium hydride (DIBAL-H) gave the triazole aldehyde 2 (75%).
The aldehyde was converted to the alkyne with Bestmann’s reagent
(78%) (Goundry et al., 2003). The TBS groups were removed with
tetrabutylammonium fluoride (TBAF) and the product was re-
crystallized from 5% CH3OH in dichloromethane to obtain pure
ETAR as a crystalline powder (90%). Spectroscopic and mass
spectrometric characterization data for ETAR are provided.1 Com-

1 ETAR compound characterization: mp 174–175 ◦C; FT-IR peaks (cm−1) 2130. 1H
NMR (200 MHz, CD3OD) ı 8.72 (s, 1H), 5.84 (d, 1H, J1′ ,2′ = 3.5 Hz, H-1′), 4.43 (m, 1H,
H-2′), 4.29 (m, 1H, H-3′), 4.09 (m, 1H, H-4′), 3.83–3.79 (dd, 1H, J5′a, 5′b = 12.3 and
J5′a,4′ = 3.3 Hz, H-5a), 3.73 (s, 1H), 3.70–3.65 (dd, 1H, J5′b,5′a = 12.9 and J5′b,4′ = 4.7 Hz,
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plete experimental details for the synthesis will be published
elsewhere.

2.2. Viruses, cell culture, antibodies and inhibitors

All work with viruses was performed in biosafety level 3
(BSL3) containment according to CDC guidelines. HTNV (strain 76-
118), ANDV (strain Chile-9717869, from T. Ksiazek, CDC, Atlanta),
CCHFV IbAr 10200, and RVFV ZH501 were used for all experi-
ments. Vero E6 cells (ATCC CRL 1586) were maintained in complete
DMEM (Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, 1% penicillin–streptomycin (PS) and 1%
l-glutamine). RBV was purchased from MP Biomedicals (USA).
Mycophenolic acid (MPA) and guanosine were obtained from
Sigma–Aldrich Co. (St. Louis, USA). Mono- and polyclonal anti-
bodies against hantaviruses were prepared as described elsewhere
(Ramanathan et al., 2007).

2.3. Determination of the effect of drug treatment on production
of infectious virus

To measure the levels of infectious virus being released by cells
in the presence of drug or mock controls we used a focus form-
ing unit (FFU) assay and/or the standard plaque assay as described
(Chung et al., 2007). Briefly, 3-day-old Vero E6 cells were grown in
a six-well cell culture plate and infected with either HTNV or ANDV
at a multiplicity of infection (moi) of 0.1 by adsorption for 60 min at
37 ◦C in 5% CO2. After adsorption, the supernatant was removed and
2.5 mL of complete DMEM with the test compound was added (0.5%
DMSO final concentration). After 3 days, the cell supernatant was
harvested and measured for the presence of infectious hantavirus.
The infectious progeny virus in the cell supernatant was evaluated
as FFU as described previously (Ramanathan et al., 2007).

The anti-HTNV inhibitory activity was measured with a cell-
based ELISA. In this assay, HTNV N protein levels were measured
in the presence of compounds. Briefly, Vero E6 cells were seeded
in 96-well cell culture plate and grown for 36 h. Cells were infected
with HTNV by adsorption for 1 h at 0.1 moi. The supernatant was
removed and 100 �L of a complete DMEM with serially diluted drug
samples was added. Plates were incubated for 3 days and immunos-
tained as follows. Cells were fixed with methanol:acetone (3:1)
and washed with PBST (phosphate buffered saline with Triton X-

100, 0.1%). HTNV N was detected by incubating the fixed cells on
96-well plate with HTNV N monoclonal antibody E-314 and HRP
conjugated anti-mouse IgG. The murine monoclonal (E-314) was
raised to HTNV N by Cell Essentials, Inc. (Boston, MA) as previ-
ously described (Chung et al., 2007). The color was developed with
TMB substrate (SureBlue TMB 1-Component Microwell Peroxidase
Substrate®, KPL), the colorization was stopped by the addition of
TMB Stop Solution (KPL) to each well, and the intensity of developed
color was measured at 450 nm wavelength using a PerkinElmer
EnvisionTM plate reader (PerkinElmer, Wellesley, MA). The color
intensity and the drug concentration were used to calculate EC50
using a Standard Curve Assay Analysis module of SigmaPlot soft-
ware (Systat software Inc.).

Measurement of the levels of infectious RVF or CCHF virus being
released by cells in the presence of ETAR was done as follows. Three-
day-old Vero E6 cells were grown in six-well cell culture plates and
infected with either RVFV ZH501 or CCHF IbAr 10200 at a moi of
0.1 by adsorption for 90 min at 37 ◦C in 5% CO2 with rocking every
30 min. After adsorption, the supernatant was removed, the wells
washed with PBS, and 2.0 mL of complete EMEM with 30 �M ETAP

H-5b). 13C NMR (CD3OD, 400 MHz) ı148.4, 145.6, 93.9, 86.9, 80.3, 75.0, 76.5, 71.6,
62.8. LCMS (ESI) m/z: calcd. for C9H11N3O4 [M+1]+ 226.07, found 226.08.
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was added. After 3 days, the cell supernatants were harvested and
analyzed for the presence of infectious RVFV or CCHFV by plaque
assay. Briefly, 10-fold serial dilutions of the supernatants were pre-
pared in either HBSS + 5% FBS (RVFV) or EMEM + 10% FBS (CCHFV).
One hundred or two hundred microliters of dilution were added to
3-day-old Vero (RVFV) or Vero E6 (CCHFV) cells. Adsorption was for
one h at 37 ◦C and 5% CO2 with gentle rocking every 15 min. Two to
three mL of primary overlay consisting of 0.6% SeaKem ME + 10% FBS
in 2× EMEM was added, and the plates were incubated for 3 days
at 37 ◦C and 5% CO2. A secondary overlay consisting of 0.6% SeaKem
ME + 5% FBS + 5% neutral red in 2× EMEM was added to the wells.
The plates were again incubated for 18–24 h (RVFV) before count-
ing or for 48 h with further 24–72 h incubation at room temperature
(CCHFV) before counting.

2.4. Cellular cytotoxicity and measurement of EC50 and SI50
values

Compound toxicity was assessed for Vero E6 cells with the MTS-
based assay, CellTiter 96® AQueous One Solution Cell Proliferation
Assay (Promega, Madison, WI). Vero E6 cells were seeded in 96-
well plates at a density of 20,000 cells/well in 100-�L of a complete
DMEM and incubated overnight at 37 ◦C with 5% CO2. The next day
medium was discarded and replaced with the compound contain-
ing medium. Compounds (10 mg/mL stock solution in DMSO) were
serially diluted twofold from an initial starting concentration of
200–1.5 �g/mL in triplicate. EC50 and IC50 values were calculated
based on fitting of the dose response curves of the virus-infected
and uninfected, drug-treated cells using SigmaPlot. SI50 values were
calculated from IC50/EC50.

2.5. Determination of the effect of drug treatment on production
of viral RNA

To measure the levels of viral RNA within the cell in the presence
of drug or mock controls, we used a real-time RT-PCR targeting the S
segment vRNA as described previously (Chung et al., 2007). Briefly,
total RNA from infected cell was extracted with TRIzol (Invitrogen)
and 0.5 �g of total RNA was subjected to a reverse transcription
reaction. The synthesized cDNA was used for a real-time RT-PCR
assay as well as a mutation frequency assay (Sun et al., 2007; Chung
et al., 2007). Mutation frequencies were calculated for each sam-
ple by comparing individual cDNA sequences with the published
consensus sequences as described (Chung et al., 2007). Ninety indi-
vidual cDNAs were analyzed for each treatment.
2.6. Dosing of inhibitors or guanosine

Guanosine was added to the culture medium in the presence of
ETAR to address the ability of guanosine to reverse the effect of ETAR
on HTNV. HTNV was added to Vero E6 cell for 1 h as described above,
and media was replaced with a complete medium with or with-
out 35 �M of guanosine combined with various concentration of
ETAR (0, 44, and 89 �M). For the time of addition experiment, com-
pounds were directly added into cell supernatant at the denoted
time points. The effect of these treatments was evaluated with
either a focus forming unit assay or real-time RT-QPCR as compared
to the control group.

2.7. Measurement of intracellular ETAR metabolites and natural
nucleotides

Confluent Vero E6 cells prepared as above for the antiviral stud-
ies were incubated at 37 ◦C with [3H]ETAR, which was obtained
from Moravek Biochemicals (Brea, CA). The purity of [3H]ETAR was
checked by using reverse phase HPLC prior to use in these studies.
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The column used for purification was a 5 �m, 150 mm × 4.6 mm
BDS Hypersil C-18 column (Thermo Electron Corp., Bellefonte, PA),
and the mobile phase was 1.25% acetonitrile in 25 mM ammonium
dihydrogen phosphate buffer (pH 4.5) for 30 min at a flow rate of
1 mL/min. ETAR eluted at approximately 14 min. Intracellular ETAR
metabolites and natural nucleotides (ATP and GTP) were measured
using strong anion exchange HPLC as described (Sun et al., 2007).
The natural nucleotides (ATP and GTP) were detected by measure-
ment of the UV absorbance at 260 nm, and radioactive metabolites
of ETAR were detected by counting 1-min fractions. Intracellular
ATP levels were used as a measure of the number of cells. None
of the treatments shown in the current work resulted in changes
to ATP levels. The radioactive fractions that eluted in the triphos-
phate region of the SAX HPLC were neutralized with 1 M NaOH and
treated with 100 units of alkaline phosphatase (Promega) overnight
at room temperature. The samples were subjected to reverse HPLC
as described above to verify the identity of the nucleoside portion
of the molecule.

2.8. Determination of antiviral activity in suckling mice

ICR suckling mice (Harlan, Prattville, AL) were used for all animal
studies and were individually identified by tattoo. Pregnant mice

were single housed with their pups in solid-bottom polycarbon-
ate cages on stainless steel racks in an environmentally monitored,
well-ventilated room maintained at a temperature of 18–26 ◦C, a
relative humidity of 30–70%, and 12 h light/day. Bedding (P.J. Mur-
phy Forest Products, Inc.; Montville, NJ) was used in the bottom
of the cages. Dams were fed on Certified Rodent Diet #5002 (PMI
Feeds Inc., St. Louis, MO) and tap water (City of Birmingham) pro-
vided ad libitum during the study periods. Procedures used in this
study were designed to conform to accepted practices and to min-
imize or avoid causing pain, distress, or discomfort in the animals,
and approved by the Institutional Animal Care and Use Committee
(IACUC) at Southern Research.

Newborn were monitored for a 26-day period following
intraperitoneal (ip) challenge with HTNV (strain 76-118) (Table 1).
On Day 0, each mouse in Group 1 received 10 �L DMEM and each
mouse in Groups 2–5 received 10 �L of 1 × 103 pfu HTNV diluted
in DMEM media. Beginning on post-natal day 11 (PND11) (Day10),
each mouse was treated with ETAR or ribavirin (MP Biomedical
Inc.) via the ip route at 5 �L/g bodyweight for 15 days. All mice
were observed twice daily throughout the study period for signs
of morbidity and mortality, and detailed observations, including

Table 1
Analysis of mutations of HTNV vRNA in the presence or absence of ETAR

Placebo-treated ETAR 10 �g/mL

Analyzed nucleotides 111,510 111,510
No. of cDNAs examined 90 90
Mutated nucleotides 19 17
Average mutation frequency (per 10,000) 1.7 1.5
% of cDNAs with mutations 17.8% 17.8%
% of C → U or G → A in total mutation 42.1% 29.4%
C → T mutations per 10,000 nt 0.4 0.2
G → A mutations per 10,000 nt 0.4 0.3

Mutation type
Point

Transition 11 9
Transversion 5 7
Amino acid change

Missense 9 9
Nonsense 0 1
Silent 3 5

Frame shift 3 1
search 79 (2008) 19–27

body weights, were recorded for all animals were obtained daily
beginning on Day 1 p.i.

2.9. Statistical analysis

All statistical analyses were performed using SAS 9.1.3 program
(SAS Institute). Mean to Death Days (MTDD) plus SD data were
estimated using Kaplan–Meier Method. The Kaplan–Meier survival
curves were compared by both log–rank test and Wilcoxon test.
Both tests were adjusted for censored or surviving animals in the
treatment groups. The survival curves from two different groups
are significantly different if the p-values from both tests are lower
than 0.0125 (the alpha = 0.0125 used was an adjusted alpha from
the overall significant level of 0.05).

3. Results

3.1. Single concentration screening identified ETAR from a series
of 3-substituted 1,2,4-triazole-ˇ-ribosides

A series of triazole nucleoside analogs were tested at a single
concentration of 30 �M for 3 days in cells infected with HTNV,
ANDV, CCHFV or RVFV (data not shown). The supernatant from
the Day 3 time point was analyzed for the level of infectious virus
by plaque assay or a focus forming unit (FFU) assay. The antiviral
activities were defined relative to untreated (virus only) and the
positive control, RBV (61 �M). Among the compounds examined,
ETAR (Fig. 1) inhibited ANDV and HTNV FFU by 98% and 94.3%,
respectively. CCHFV showed a modest reduction in PFU (0.6 logs),
however, ETAR did not demonstrate any activity against RVFV. In
this assay, HTNV-infected Vero E6 cells treated with 6.25 �M MPA
or 60 �M RBV showed 94% and 99% reduction in FFU, respectively
(0.9 and 1.6 log decrease).

3.2. Dose response of ETAR with HTNV and ANDV

The anti-HTNV activity of ETAR was assessed from 8.9 to 89 �M
using the FFU assay (Fig. 2A) and a real-time RT-PCR assay for HTNV
RNA (Fig. 2B). In contrast to the effect of drug on vRNA levels, which
did not show any significant reduction past 20 �M (Fig. 2B), there
was a good dose response with ETAR with respect to the level of the
infectious virus (FFU). The EC50 value for ETAR for HTNV was calcu-
lated to be 27 �M with a cell-based ELISA assay (data not shown).
For comparison, MPA had an EC50 value of 67 �M using the same
assay. The EC50 values for HTNV and ANDV with FFU assay were

10 �M and 4.4 �M, respectively (Fig. 2A). We used an MTS-based
cytotoxicity assay to measure the toxicity of ETAR to Vero E6 cells
and did not detect any toxicity up to a concentration of 880 �M.
Because Vero E6 cells are a nonproliferating cell culture model, the
cytotoxicity of ETAR was also determined against CEM cells, which
are a rapidly proliferating human T-cell line. The concentration of
ETAR required to inhibit the growth of CEM cells by 50% during a
72 h period was 7 ± 0.3 �M (N = 3). The concentration of RBV that
inhibited the growth of CEM cells was approximately 50 uM (data
not shown), which indicated that ETAR was a more potent inhibitor
of CEM cell growth than was RBV.

3.3. Metabolism of ETAR in Vero cells

Because of the potent antiviral activity of ETAR, tritium labeled
ETAR was obtained and its metabolism was evaluated in confluent
Vero E6 cell cultures. The major intracellular metabolite eluted from
SAX HPLC with a retention time of approximately 30 min, which
was similar to that of ATP. Therefore, this metabolite has been tenta-
tively identified as ETAR-5′-triphosphate (ETAR-TP). As indicated in
Fig. 3, ETAR-TP reached its maximum level at about 3.4 pmol/nmol
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Fig. 2. Dose response of ETAR in Vero E6 cells infected with HTNV or ANDV. Vero E6 cell
virus at a moi of 0.1 and cultivated in the presence or absence of RBV or ETAR for 72 h. The
Data represent the means ± standard deviation from two independent experiments.

of ATP after 24 h treatment with 42 �M ETAR. The intracellular
concentration of ETAR-TP was 2.4 and 2.7 pmol/nmol of ATP after
48 and 72 h of treatment, respectively. Since the intracellular con-
centration of ATP is approximately 3 mM, these results indicated
that the intracellular concentration of ETAR-TP was approximately
10 �M at its peak after 24 h of treatment with 42 �M ETAR (Fig. 3A).

Fig. 3. Metabolism of ETAR in Vero E6 cells. Vero E6 cells were treated with either
42 �M [3H]ETAR for 0, 4, 24, 48, and 72 h (Panel A) or 8, 21, 42, 84, 210, or 420 �M
[3H]ETAR for 24 h (Panel B). Acid-soluble extracts of the cell pellets were analyzed by
strong anion exchange (SAX) HPLC to determine the intracellular amounts of ETAR-
MP, ETAR-TP, and ATP. Each number represents the mean ± standard deviation from
three measurements.
s were infected with either HTNV (open or solid circle) or ANDV (reverse triangle)
supernatant was harvested and subjected to FFU assay (A) or real-time RT-PCR (B).

Increasing the extracellular concentration from 42 to 420 �M,
resulted in an almost sevenfold increase in intracellular levels of
ETAR-TP (Fig. 3B), which indicated that the metabolism of ETAR
was not saturated in Vero cells up to a concentration of 420 �M.

A radioactive peak was also detected in the monophosphate
region of the chromatogram. Because this peak comigrated with
an ETAR-MP standard that was produced by incubating ETAR with
adenosine kinase, it is likely that this metabolite is ETAR-MP. After
4 h of incubation the concentration of ETAR-MP was approximately
the same as ETAR-TP. However, with increasing time the concentra-
tion of ETAR-TP, but not ETAR-MP, continued to increase. No other
peaks of radioactivity were detected in the cell extracts.

Incubation of 10 �M RBV or ETAR with human adenosine kinase
resulted in specific activities of 2900 or 230 nmol/(mg h), respec-
tively (data not shown). The difference in specific activity of these
two agents was similar to the difference in the rate of phospho-
rylation seen in Vero E6 cells. Since RBV is primarily metabolized
by adenosine kinase, these results suggest that adenosine kinase
was also responsible for the activation of ETAR in Vero E6 cells.
In order to confirm that adenosine kinase is responsible for ETAR
metabolism, Vero E6 cells were treated with 10 �M of iodotuber-
cidin (a potent inhibitor of adenosine kinase activity) plus ETAR.
Iodotubercidin inhibited the formation of ETAR-TP by 88% (data
not shown), which indicated that adenosine kinase is the primary
enzyme involved in the metabolism of ETAR in Vero cells.
3.4. Effect of ETAR on GTP levels in Vero E6 cells

Treatment of Vero E6 cells for 24 h with 42 �M ETAR caused
intracellular GTP levels to decline by 60% (Fig. 4A). Addition of
10 �M iodotubercidin to cells incubated with ETAR prevented the
decrease in GTP levels caused by ETAR (data not shown), which
indicated that a metabolite of ETAR was responsible for the depres-
sion of GTP levels. Increased concentrations of ETAR did not result
in a greater decline in intracellular GTP levels (Fig. 4B). The effect
of ETAR on GTP levels was directly compared with that of RBV. In
this experiment, incubation with 42 �M ETAR for 4 h resulted in
a reduction of GTP levels of 79%, whereas incubation with 42 �M
RBV for 4 h resulted in a reduction of GTP levels of 47%, which was
similar to previous results (Sun et al., 2007).

3.5. Effect of guanosine on antiviral activity of ETAR

Previously, we have shown that the anti-HTNV activity of MPA
was reversed by addition of exogenous guanosine, but that of RBV
was not (Sun et al., 2007). To explore whether the antiviral activ-
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of antiviral activity with MPA did not change over time (60–83%).
Fig. 4. Effect of ETAR on intracellular GTP levels in Vero E6 cells. Vero E6 cells were
treated with either 42 �M [3H]ETAR for 0, 4, 24, 48, and 72 h (Panel A) or 8, 21, 42,
84, 210, or 420 �M [3H]ETAR for 24 h (Panel B). Acid-soluble extracts of cell pellets
were analyzed by strong anion exchange (SAX) HPLC to determine intracellular GTP
and ATP concentrations. The intracellular GTP level for untreated cells was 204 pmol
GTP/nmol ATP. Each number represents the mean ± standard deviation from three
measurements.

ity of ETAR was due to GTP reduction, HTNV-infected Vero E6 cells
were incubated with a complete DMEM with ETAR in the presence
or absence of 35 �M guanosine. After a 3-day treatment course, we
measured HTNV FFU and vRNA (Fig. 5). In both assays, the addition
of exogenous guanosine only partially reversed anti-HTNV activ-
ity (Fig. 5A) as reflected in viral RNA levels which were 70% of the
untreated control (virus alone) (Fig. 5B). This implies that the antivi-

Fig. 5. Guanosine effect on ETAR anti-HTNV activity. HTNV infected cells were incubate
vRNA (B) was measured.
search 79 (2008) 19–27

ral effect of ETAR was primarily due to a decrease in GTP and hence
suggests it targets IMPDH. However, the lack of recovery of the vRNA
suggests that lower GTP levels alone are not the sole reason for its
antiviral activity.

3.6. ETAR treatment does not cause increase in mutation
frequency

Previously, we have shown that RBV promotes error replication
of the HTNV genome (Chung et al., 2007; Severson et al., 2003).
Since ETAR’s structure is a derivative of RBV, we asked whether
ETAR could cause an increase in mutation frequency. Compared to
the placebo-treated HTNV group, there was no significant change
in mutation frequency (Table 1) (P > 0.05 Student’s t-test).

3.7. Profiling of the time of addition of ETAR to identify possible
mechanism of action

A time of addition experiment was carried out to characterize
the anti-hantaviral activity of ETAR. After infection of Vero E6 cells
with either HTNV or ANDV RBV (82 �M), MPA (6.2 �M) or ETAR
(89 �M) was added at 0, 8, 16, 24 and 32 h post-infection. The
supernatants were harvested at 72 h post-infection and progeny
virus levels were determined by FFU and compared with the non-
treated control sample (Fig. 6). For both HTNV and ANDV, the level
ETAR and RBV for HTNV (Fig. 6A), however, showed a different pat-
tern from that of MPA. Anti-HTNV activity of these two drugs was
more potent when it was added earlier than 16 h post-infection
(95.1%, 91.5%, 81.5% inhibition for ETAR addition at 0, 8 and 16 h
post-infection, respectively). This pattern of inhibition was similar
for ANDV (Fig. 6B); however, ANDV differed in that it did not show
saturation of its activity even at 32 h post-infection.

3.8. HTNV challenge of suckling mice with treated with RBV and
ETAR

To evaluate the anti-viral efficacy of ETAR in an animal model, we
made a preliminary assessment of toxicity over a range of ETAR con-
centrations in suckling mice. Clinical symptoms were assessed daily
and hematology was assessed at Days 0 and 15. The dose of ETAR
was adjusted daily according to the actual weight of the mouse.
Mice at post-natal Day 10 (PND10) were injected with ETAR at 12.5,
50, and 100 mg/kg for 15 days intraperitoneally. ETAR showed no
apparent clinical symptoms or abberant hematology in suckling
mice when treated at 12.5 mg/kg for 15 consecutive days in vivo.

d with ETAR in the presence or absence of 35 �M guanosine. Progeny virus (A) or
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Fig. 6. Time-of-addition experiment for HTNV (A) and ANDV (B). After virus was

adsorbed to cells for 1 h, residuals were removed, cells were washed and replenished
with fresh culture media. Drug compounds were added at 0, 8, 16, 24 and 32 h post-
infection (T = 0). Seventy two hours after infection, cell supernatants were harvested
and the released progeny viruses were measured by a focus forming unit assay. The
relative FFU was calculated by the comparison with FFU of mock treated control and
that of experimental samples.

However, when suckling mice were treated with ETAR at 50 mg/kg
and 100 mg/kg for 15 consecutive days, a 20% mortality resulted
in both treatment groups. The clinical symptoms of these animals
included loss of appetite, poor groom, hunched posture, and squint-
ing. Clinical hematology assessment revealed that treatment with
ETAR resulted in significant decreases in red blood cells and signif-
icant increases in platelets in both the 50 and 100 mg/kg treatment
groups.

Based on these preliminary toxicity profiles, we selected 12.5
and 25 mg/kg doses of ETAR to treat suckling mice that were chal-
lenged with HTNV. RBV was included at 50 mg/kg as a positive
control. Fig. 7 shows the survival curve for anti-viral drug treat-
ment starting at PND10, when virus was present in all tissues
according to our previous experience and that of others (Huggins

Table 2
Summary of efficacy of ETAR in HTNV-suckling mouse model

Group PBS/PBS HTNV/PBS HTNV RB

Number of animals 20 30 20
Mean to death (day) >0.26 15.47 18.5
Standard error N/A 0.67 0.61
Surviving percentage 100 10.00 35.00

P-value when comparing with HTNV/PBS group
Log–rank 0.0008
Wilcoxon <0.0001
Fig. 7. In vivo antiviral activity of ETAR. Suckling mice were infected with 1000 pfu
of HTNV on PND1. Each mouse was treated with anti-viral drugs (ETAR or ribavirin)
from PND11 and continued for 14 consecutive days. Signs of morbidity and mortality
were observed and recorded twice daily throughout the study periods for 26 days.

et al., 1986). When mice were challenged with HTNV with no
anti-viral drug treatment (PBS treatment), only 10% of the mice
survived with a MTD of 15.5 ± 0.7 days. The MTD and percent
survival were significantly higher in all the anti-viral drug treat-
ment groups. RBV-treated mice showed 35% survival and a MTD
of 18.5 ± 0.6 days. The MTD and percent survival were 17.5 ± 0.5
days and 25% for 12.5 mg/kg ETAR, and it was17.1 ± 0.7 days and
26% for the 25 mg/kg ETAR treatment group (Table 2). There were
no significant differences in either the MTD or percent survival in
mice treated with 12.5 mg/kg ETAR, 25 mg/kg ETAR or 50 mg/kg
RBV.
4. Discussion

RBV exhibits broad-spectrum antiviral activity, in vitro and in
vivo, against several families of DNA and RNA viruses, including
Flaviviruses, Orthomyxoviruses, Paramyxoviruses and Reoviruses
(Graci and Cameron, 2006). Multiple mechanisms of action have
been implicated (Browne, 1979; Eriksson et al., 1977; Goswami et
al., 1982; Malinoski and Stollar, 1981). These mechanisms include:
(i) inhibition of IMPDH by 5′-monophosphate RBV leading to deple-
tion of GTP pools; (ii) incorporation of RBV-TP into viral mRNA
or vRNA resulting in replication and translation errors, some of
them lethal; (iii) inhibition of viral RNA polymerase by RBV-TP;
(iv) inhibition of viral or cellular guanylyl transferase activity by
RBV-TP affecting viral mRNA cap formation; (v) modulation of the
immune system. RBV is currently used in combination with pegy-
lated interferon for the treatment of hepatitis C virus infection and
has demonstrated varying success in the treatment of Lassa fever
virus and respiratory syncytial virus infections. Clinical applications
of RBV are adversely affected by dose-limiting hemolytic anemia,
teratogenic effects, and reproductive toxicity (Ferm et al., 1978;
Narayana et al., 2002). RBV-induced anemia, is dose- and time-

V 50 mg/kg HTNV ETAR 12.5 mg/kg HTNV ETAR 25 mg/kg

20 19
17.5 17.11
0.51 0.67

25.00 26.32

0.0054 0.0194
0.0004 0.0168
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dependent, but is reversible after discontinuation of treatment
(Harvie et al., 1996; Huggins et al., 1986). The identification of new
synthetic derivatives of RBV that target one or more virus-specific
processes may provide improved selectivity and more effective
drugs to treat these viral diseases.

ETAR was identified as a potent and selective agent against vari-
ous (−)RNA viruses using in vitro assays. Using the cell-based ELISA
assay, the EC50 of ETAR was 27 �M, which was similar to the non-
competitive reversible IMPDH inhibitor MPA (EC50 of 67 �M). Using
the FFU assay, the EC50 values of ETAR for HTNV and ANDV were
10 and 4.4 �M, respectively. Compared to RBV (Chung et al., 2007),
the anti-hantaviral effect of ETAR was more potent than RBV. ETAR
was not toxic to Vero E6 cells up to a concentration of 880 �M.

We evaluated ETAR in the suckling mouse model with HTNV
challenge. The in vivo anti-viral activity of ETAR at the 12.5 and
25 mg/kg doses was similar to that of 50 mg/kg RBV, which sug-
gested that ETAR might be a more effective anti-viral drug against
HTNV infection in suckling mice. Although there were some differ-
ences in the experimental design (different dose of virus; different
route of administration of virus; different route of administration of
RBV), our results with RBV in the suckling mouse model were sim-
ilar to those seen by Huggins et al. (1986). Huggins has shown that
when the suckling mice were treated with 50 mg/kg RBV at PND10,
55% of the suckling mice were protected from HTNV-challenge with
a MTD greater than 75 days (Huggins et al., 1986). Our results
showed that RBV at 50 mg/kg could rescue 35% of animals from
HTNV infection with MTD of 18 days in a 26-day follow-up period
(Table 2) and was comparable with the previous results (Huggins
et al., 1986). The maximal tolerated dose of ETAR in suckling mice
(25 mg/kg) was lower than that of RBV (50 mg/kg).

The observation of the potent antiviral activity of ETAR, in
vitro and in vivo, comparable to the efficacy of RBV, prompted
further study to identify possible mechanisms resulting in antivi-
ral effect. Both ETAR and RBV are representative of 3-substituted
1,2,4-triazole-�-ribosides, but exhibit altered steric and hydro-
gen bonding capacity. We recently demonstrated that the antiviral
activity of RBV with HTNV was correlated with the production of
RBV-TP and induction of mutations in the viral genome, while the
inhibition of IMPDH was a secondary target (Sun et al., 2007). Using
an analogous approach, we evaluated the metabolism and intracel-
lular effects of ETAR. In contrast to our previous results that show
RBV promotes mutation frequency of the HTNV genome (Chung et
al., 2007; Severson et al., 2003), there was no significant change
in mutation frequency with ETAR (Table 1). This is an expected
result since even if ETAR is incorporated into the RNA, it lacks a

pseudo-base pair capacity. ETAR, however, if incorporated could
inhibit chain extension, and therefore would not be expected to
induce mutations.

Physiologically relevant concentrations of phosphorylated ETAR
metabolites were produced in Vero E6 cell cultures, with concentra-
tions of ETAR-TP achieving maximum level after 24 h of treatment.
The rate of metabolism of RBV was approximately 16-fold faster
under identical conditions; however the final concentration of
ETAR-TP was only fourfold lower than RBV-TP. ETAR-MP was also
detected; however, its concentration did not increase significantly
after 4 h of treatment. The NAD analog of ETAR was not observed
under these conditions, but its possible presence at lower concen-
trations was not rigorously excluded. The rate of phosphorylation
of ETAR by adenosine kinase was approximately 20-fold slower
than for RBV, and paralleled the results observed in Vero E6 cells.
The addition of the potent adenosine kinase inhibitor, iodotu-
bercidin, significantly inhibited the formation of ETAR-TP, which
indicates that adenosine kinase, the primary enzyme involved in
the metabolism of RBV to RBV-MP, is also responsible for the initial
phosphorylation of ETAR. Even though treatment of Vero E6 cells
with ETAR did not affect the mutation frequency of HTNV viral RNA,
search 79 (2008) 19–27

it is possible, if not likely, that the inhibition of viral RdRp activity
by ETAR-TP is primarily responsible for the antiviral activity of this
compound. It is also possible that incorporation of ETAR-TP into
viral RNA could lead to chain termination resulting in inhibition of
further viral RNA synthesis. Furthermore, the fact that the metabo-
lites of ETAR accumulate to lower concentrations in cells than those
of RBV indicates that ETAR metabolites interact more potently with
viral and/or human targets than do the metabolites of RBV.

Treatment of Vero E6 cells with ETAR caused GTP levels to
decline by 60% and presents another possible mechanism for the
observed antiviral activity. GTP levels were rescued by the addition
of iodotubercidin, suggesting that a phosphorylated metabolite of
ETAR was responsible for the observed depression of GTP. Inosine
monophosphate dehydrogenase (IMPDH) is involved in the rate-
determining step of de novo purine biosynthesis, and the ability of
RBV-MP to inhibit IMPDH contributes to the pleiotropic antiviral
phenotype of RBV. In order to evaluate GTP repression as a possible
pathway for ETAR’s antiviral activity, we incubated HTNV-infected
Vero E6 cells with ETAR in the presence or absence of exogenous
guanosine. Interestingly, the anti-HTNV activity was rescued by
guanosine; however, the viral RNA levels remained repressed to
70% of untreated control. We have previously demonstrated that
the anti-HTNV activity of MPA was totally reversed by the addition
of guanosine (Sun et al., 2007). The observed incomplete guanosine
reversal of HTNV viral RNA levels in ETAR-treated cells was similar
to results using RBV, although the amount of reversal was different.
These results suggest that reduction of GTP levels by inhibition of
IMPDH contributed to the antiviral activity of ETAR, but was not
the only operative mechanism. It is also possible that elevated GTP
levels in cells treated with Guanosine (Sun et al., 2007) competed
with the interaction of ETAR-TP and the viral polymerase, thereby
interfering with the ability of this metabolite to inhibit viral RNA
synthesis.

A variety of compounds capable of inhibiting IMPDH have
been identified with broad spectrum antiviral activities. RBV-MP
is capable of inhibiting IMPDH by competitive binding in the sub-
strate site. Mycophenolic acid (MPA) is a noncompetitive, reversible
inhibitor of IMPDH type I and II that binds to the NAD site.
The nucleoside analog 5-ethynyl-1-�-d-ribofuranosylimidazole-4-
carboxamide (EICAR) was designed as an irreversible inhibitor
of IMPDH. EICAR is a substrate for adenosine kinase, and the
resulting EICAR-MP metabolite inhibits IMPDH competitively and
irreversibly by covalent alkylation of the electrophilic 5-alkynyl
group with a critical cysteine sulfhydryl group. EICAR is also con-
verted to the adenosine dinucleotide analog that inhibits IMPDH as

an NAD analog, providing a cooperative inhibition of the enzyme
leading to significant reduction in GTP levels. The 3-ethynyl moiety
in ETAR metabolites is not expected to exhibit electrophilic prop-
erties and is therefore unlikely to undergo irreversible alkylation
reactions analogous to EICAR. The corresponding EICAR-TP has also
been postulated to act as a GTP analog capable of inhibiting a viral
RNA polymerase (Minakawa et al., 1991; Balzarini et al., 1998).

We evaluated the cytotoxicity of ETAR against CEM cells, which
are a human T-cell lymphoma cell line that replicate with a dou-
bling time of approximately 30 h. ETAR had an IC50 of approximately
7 �M, and was not toxic to quiescent cells (Vero E6), but was cyto-
toxic to proliferating cells (CEM). It is likely that the inhibition of
IMPDH activity by an ETAR metabolite and downstream depres-
sion of GTP levels is responsible for the cytotoxicity observed in
proliferating CEM cells and the toxicity observed in the suckling
mice.

Varying the time of addition of ETAR and MPA revealed addi-
tional differences in antiviral activity. MPA exhibited an ubiquitous
antiviral effect for HTNV and ANDV replication regardless of when
it was added, however, the antiviral activity of ETAR was maxi-
mized when it was added at 0 or 8 h after virus infection (HTNV and
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ANDV, respectively). These results are consistent with inhibition
of the IMPDH substrate-binding site by ETAR-MP as the primary
mechanism for reduced GTP levels.

In conclusion, we report a novel, nucleoside analog which was
active against an Old and a New World hantavirus. Mechanism
and metabolism studies identified its activity was primarily due
to IMPDH inhibition with reduction of GTP pools, which was com-
bined with residual complementary activity possibly affecting the
L protein. With its demonstrated efficacy in the suckling mouse
model for HTNV, ETAR provides a promising scaffold for antiviral
drug development.
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