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Except for ribavirin, no other antiviral drugs for treating hantaviral diseases have been identified. It is well
established that ribavirin will inhibit the production of infectious Hantaan virus (HTNV); however, its
mechanism of action is unknown. To characterize the inhibitory effect of ribavirin on HTNV, the levels of viral
RNAs, proteins, and infectious particles were measured for 3 days posttreatment of HTNV-infected Vero E6
cells. HTNV-infected cells treated with ribavirin showed a slight reduction in the levels of cRNA, viral RNA,
and mRNA populations on the first day postinfection. The amount of cRNA and viral RNA increased to that
observed for untreated HTNV-infected cells on day 2, whereas mRNA levels were more greatly reduced on days
2 and 3. Despite the finding of S-segment mRNA, albeit low, three of the viral proteins—nucleocapsid (N)
protein and glycoproteins G1 and G2—could not be detected by immunohistochemistry in ribavirin-treated
cells. To test the hypothesis that these effects were caused by incorporation of ribavirin into nascent RNA and
a resultant “error catastrophe” was occurring, we cloned and sequenced the S-segment cRNA/mRNA from
ribavirin-treated or untreated cells from day 3. We found a high mutation frequency (9.5/1,000 nucleotides) in
viral RNA synthesized in the presence of ribavirin. Hence, the transcripts produced in the presence of the drug
were not functional. These results suggest that ribavirin’s mechanism of action lies in challenging the fidelity
of the hantavirus polymerase, which causes error catastrophe.

Hantaviruses, which are endemic in most regions of the
world, persistently infect murid rodents and are shed through
rodent excreta (20). Transmission of hantaviruses from rodent
hosts to humans causes two illnesses, hemorrhagic fever with
renal syndrome (HFRS) and hantavirus pulmonary syndrome.
Hantaan virus (HTNV), carried by Apodemus agrarius, pro-
duces one of the more severe HFRS illnesses caused by the
Old World hantaviruses, causing death in 5 to 15% of the cases
(14, 15). HTNV infections cause a renal dysfunction with fever,
hemorrhaging, cardiovascular instability, and shock. Ribavirin
(1-B-p-ribofuranosyl-1,2,4-triazole-3-carboxamide) is the only
antiviral drug shown to have efficacy against HFRS in clinical
trials (11). Ribavirin has been tested for its effectiveness in
clinical trials with patients suspected to have hantavirus pul-
monary syndrome; however, its therapeutic benefits are still
not known (2).

Ribavirin has a broad spectrum of antiviral activity against
both RNA and DNA viruses. Its mechanism of action, how-
ever, has been difficult to elucidate, primarily because of its
pleiotropic effects (10, 17). Ribavirin 5’-monophosphate re-
sembles GMP and can decrease cellular GTP pools due to the
inhibition of the enzyme inosine monophosphate dehydroge-
nase dehydrogenase; however, this decrease does not com-
pletely account for the observed antiviral activity. Inhibitory
effects have also been noted on the capping (9) and translation
efficiency (23) of viral mRNA, as well as a direct suppressive
effect on the viral polymerase activity (7, 8, 25). Crotty et al.
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showed that ribavirin acts as a potent RNA virus mutagen in
poliovirus-infected cells (4). They showed that genomes syn-
thesized in the presence of ribavirin had a substantial increase
in C-to-U transition mutations. The incorporation of ribavirin
triphosphate as a GTP analogue resulted in templates that are
copied to yield C or U with equal frequency at the sites of
incorporation during negative-strand synthesis (4). Further,
Lanford et al. showed that treating GB virus B-infected hepa-
tocytes with ribavirin resulted in a fourfold reduction in viral
RNA (VRNA) levels (13). These authors suggest that the in-
corporation of ribavirin induced error-prone replication, re-
sulting in a reduction in viral titer (13).

The hantavirus genome consists of three segments of nega-
tive-sense single-strand RNA, designated S, M, and L, encod-
ing the nucleocapsid (N) protein, the envelope glycoproteins
(G1 and G2), and the RNA-dependent RNA polymerase
(RdRp), respectively (19). The N protein encapsidates the
three VRNAs within the virion particle, and these serve as
templates for transcription and replication in the cytoplasm of
an infected host cell. Hantavirus replication proceeds by syn-
thesis of an antigenomic, cRNA, intermediate transcribed
from the VRNA by the RdRp, which is then used to produce
the VRNA. Transcription of viral mRNAs initiates with the
endonucleolytic cleavage of host mRNAs to yield capped oli-
gonucleotides that prime mRNA synthesis from the vVRNA
templates, and termination occurs shortly after the coding in-
formation (19).

In Vero E6 cells infected with HTNYV, ribavirin acts as an
inhibitor of the life cycle with an 50% effective dose (EDs) of
14.8 pg/ml (12). The mechanism of action for the observed
sensitivity of HTNV to ribavirin at the molecular level is not
known. We examined here the effect of ribavirin on synthesis
of each of the vRNAs, as well as three of the viral protein
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TABLE 1. Oligonucleotides used to measure HTNV S-segment
vRNA, cRNA, and mRNA populations

Hybridization
Oligonucleotide Sequence position (nt)
in RNA
VRNA  5'-GACTCCCTAAAGAGCTACTAG-3' 9-29¢
mRNA  5'-GAGTTTCAAAGGCTCGG-3' 1305-1323¢
cRNA  5'-CAAGATTAGTTAAGGATCAAATG-3" 1546-1568°
Actin 5'-GCTGGAACCGGCTGTGGCCATCTC-3" 219-314"

“ Refers to nucleotide position in Hantaan virus cRNA (GenBank accession
no. M14626).

b Refers to nucleotide position in M. fascicularis mRNA (GenBank accession
no. U20576).

products. After HTNV-infected cells were treated with ribavi-
rin, we monitored replication and transcription of the cell-
associated HTNV S-segment VRNA, cRNA, and mRNA pop-
ulations; viral protein production; and infectious viral particle
formation during infection.

MATERIALS AND METHODS

Oligonucleotides. Oligonucleotides were synthesized on an Applied Biosys-
tems model 380B DNA synthesizer or purchased from Integrated DNA Tech-
nologies (Coralville, Iowa). Oligonucleotides were 5'-end labeled with
[v-**P]JATP (6,000 Ci/mmol; Dupont/New England Nuclear, Boston, Mass.) and
T4 polynucleotide kinase reagent (Gibco-BRL, Grand Island, N.Y.). The labeled
products were separated from unincorporated nucleotides on G50 Sephadex
columns.

Ribavirin treatments and RNA isolation. Six-well cell culture plates containing
Vero E6 cells (ATCC CRL 1586) were infected with HTNV, strain 76-118, at a
multiplicity of infection (MOI) of 0.01 or 0.1 and then incubated at 37°C. After
1 h of adsorption, the monolayers were overlaid with 2 ml of Eagle minimum
essential medium with 10% fetal bovine serum containing 0 or 24 pg of ribavirin
(ICN Pharmaceuticals, Costa Mesa, Calif.) and returned to 37°C. Seven six-well
plates were established for each treatment (0 or 24 pg of ribavirin). For each of
3 days after infection, total intracellular RNA was isolated with Trizol LS reagent
(Gibco-BRL) from each well from one plate, resulting in six separate samples per
treatment per day. RNA was stored at —80°C.

Probe design. Three species of viral S-segment RNA were measured, vVRNA,
cRNA, and mRNA (Table 1). The VRNA and cRNA are complementary; there-
fore, probes could easily distinguish between these two species. However, the
probe designed for detecting the mRNA can also detect the cRNA, although the
cRNA probe cannot hybridize to mRNA, because mRNA is truncated at the 3’
end relative to cRNA, and the cRNA probe binds to the deleted region. There-
fore, we estimated the amount of mRNA by subtracting the levels measured for
the cRNA from the total RNA detected with the mRNA probe.

RNA analysis. To follow the production of the different populations of vVRNAs
relative to replication and transcription, we designed an RNA slot blot assay and
used oligonucleotide probes to detect HTNV S-segment vVRNA, mRNA, and
cRNA, as well as host actin levels (Table 1). A total of 8 pg of RNA was bound
to nitrocellulose membranes (Schleicher & Schuell, Inc., Keene, N.H.) as de-
scribed by the manufacturer (Bio-Rad Laboratories, Richmond, Calif.) and
probed sequentially with S-vRNA, S-mRNA, S-cRNA, and actin-specific oligo-
nucleotides. Nitrocellulose filters were prehybridized in 50 mM PIPES (pH 7.4),
100 mM NaCl, 50 mM sodium phosphate, 1 mM EDTA, and 5.0% sodium
dodecyl sulfate for 60 min at the appropriate temperature (54°C for S-vRNA,
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48°C for S-mRNA, 50°C for S-cRNA, and 72°C for actin) (24). The prehybrid-
ization buffer was discarded and replaced with fresh hybridization buffer (same
as above) containing 10° cpm of radiolabeled oligonucleotide per ml of buffer.
Hybridization was carried out in a water bath for 16 h at the prehybridization
temperatures. Blots were washed once at room temperature and twice at the
hybridization temperature in 1X SSC (0.15 M NaCl plus 0.015 M sodium citrate)
and 0.5% sodium dodecyl sulfate. Dried membranes were visualized with a
Storm 860 Molecular Dynamics PhosphorImager, and signals were measured by
using ImageQuant version 4.2 software (Sunnyvale, Calif.). The probe for actin
RNA levels to control for RNA loading and to normalize RNA levels between
experiments was designed from Macaca fascicularis actin coding sequence (Gen-
Bank accession no. U20576). Thus, the pixels obtained by phosphorimager anal-
ysis for a sample were divided by the pixels obtained by using the actin probe for
that sample. In addition, each filter contained serial dilutions (0.05, 0.5, and 5 ng)
of unlabeled RNA transcript of the HTNV S coding region and the HTNV
S-segment VRNA. Transcripts were produced from linearized plasmids by using
the MaxiScript SP6/T7 RNA transcription kit (Ambion, Austin, Tex.). These
acted as standards to adjust for probe specific activities and thus allow compar-
isons among different experiments.

Assay for infectious particles. For each of 7 days, the supernatants from six
wells were pooled and stored at —80°C. Once all samples were collected, the
supernatants were assayed for infectious viral particles as described previously
@n.

Antibodies. Three monoclonal antibodies specific to HTNV N (ECO2-BDO1)
(22), G1 (H13-16D2-1-1) (1), and G2 (EBO6-AAO2) (1) were used. The reac-
tivity patterns of these antibodies are described elsewhere (1, 18). All monoclo-
nal antibodies were used at a 1:100 dilution. Rabbit anti-laminin (Sigma, St.
Louis, Mo.) was used at a 1:25 dilution.

Immunohistochemical analysis and confocal microscopy. Vero E6 cells were
removed from one well of the six-well plate by trypsin. Then, 4 ml of medium was
added, and the resuspended cells were placed dropwise onto 10-well HTC-
coated microscope slides. After 24 h at 37°C, the cells were washed in phosphate-
buffered saline (PBS) for 3 min and fixed for 10 min in ice-cold acetone. Slides
were incubated with 30 wl of the appropriate HTNV monoclonal antibody in
PBS for 30 min in a humid chamber at 37°C. After two consecutive 3-min washes
in PBS, cells were incubated for 30 min with 20 pl of fluorescein isothiocyanate
(FITC)-conjugated anti-mouse immunoglobulin G (IgG) (H+L) F(ab'),
(Kirkegaard & Perry Laboratories, Gaithersberg, Md.) secondary antibody at a
1:100 dilution in a humid chamber at 37°C. Slides were then washed twice (3
min/wash) in PBS and incubated with 30 wl of anti-laminin antibody (Sigma) in
PBS for 1.5 h in a humid chamber at 37°C. After two consecutive 3-min washes
in PBS, cells were incubated with 20 ul of tetramethylrhodamine isothiocyanate
(TRITC)-conjugated anti-rabbit IgG (H+L) F(ab’), (Calbiochem, La Jolla, Cal-
if.) as a secondary antibody at a 1:40 dilution for 2.5 h in a humid chamber at
37°C. Slides were then washed twice (3 min/wash) in PBS and once with distilled
water and mounted in Vector shield. The antiviral effects of ribavirin were
recorded and stored by using a Zeiss axioscope connected to an Orca 100 camera
interfaced to a Macintosh computer with Improvision software. Confocal images
were recorded by a LSM 510 META microscope (Zeiss).

Sequencing. The S-segment coding region for the HTNV N protein was se-
quenced to monitor mutation frequency. For sequence analysis, HTNV-infected,
ribavirin-treated RNA was isolated by Trizol LS reagent (Gibco-BRL) from 10°
cells (treated as previously described). Reverse transcription (RT)-PCRs were
performed by using SuperScript One-Step RT-PCR (Gibco-BRL). cDNA was
synthesized from 10 pg of total RNA, and HTNV S-segment sequence was
amplified by PCR with HTNV S-segment-specific primers (HTNV S-ORF for-
ward [CGATGGCAACTATGGAGGAATTAC] and HTNV S-ORF reverse
[GAGTTTCAAAGGCTCTTGGTTGG]). The 1,289-bp PCR product was li-
gated into pGEM-T vector (Promega, Madison, Wis.) and transformed, and
plasmid DNA was prepared from independent bacterial colonies. Plasmid DNA

FIG. 1. Effect of ribavirin on HTNV S-segment RNA replication and transcription. Six-well cell culture plates containing Vero E6 cells per well
were infected with HTNV at an MOI of 0.01 (A, C, and E) or an MOI of 0.1 (B, D, and F). After 1 h, the monolayers were overlaid with 2 ml
of Eagle minimum essential medium containing O (m) or 24 (&) pg of ribavirin. For each of the following 3 days, total RNA was isolated and probed
for cRNA (A and B), VRNA (C and D), and mRNA (E and F) synthesis as described in Materials and Methods. An actin probe was used to control
the proportional quantity of cellular RNA (Table 1). The graph shows the area obtained from PhosphorImager analysis of the hybridization signals
from two separate experiments of the RNA levels in which the RNA levels were analyzed in triplicate (*+ the standard deviation). 0, Up to 4-fold

differences from wild-type levels (0 wg of ribavirin); [ , up to 8-fold differences from wild-type levels (0 pg of ribavirin); [

difference from wild-type levels (0 pg of ribavirin).

, a >8-fold
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FIG. 2. Effect of ribavirin on the yield of infectious HTNV. Supernatants were harvested from HTNV-infected cells at MOIs of 0.01 (A) and
0.1 (B) for the various treatments, i.e., 0 (@) or 24 (m) pg of ribavirin, and then assayed for plaque formation on monolayers of Vero E6 cells.

was sequenced from positions 37 to 1326 (cRNA) of the HTNV N protein coding
region by using BigDye terminator cycle sequencing and analyzed with Vector
NTI software (Informax, Bethesda, Md.). RT-PCRs were tested without RT-Tag
polymerases as a control to eliminate false-positive results.

RESULTS

Inhibition of HTNYV antigenomic synthesis by ribavirin. The
effect of ribavirin on the synthesis of cRNA was monitored
with the cRNA probe indicated in Table 1. In untreated Vero
E6 cells, infected at MOIs of 0.01 and 0.1, HTNV S-segment
cRNA levels peaked on days 1 and 3 postinfection (p.i.) (Fig.
1A and B). In both the low and high MOIs (Fig. 1A and B),
adding ribavirin reduced S-cRNA levels on day 1 p.i. The
decrease in cRNA levels was approximately threefold in the
0.01 MOI sample (Fig. 1A). In the case of cells infected at an
MOI of 0.1, the cRNA levels were 6.8-fold reduced compared
to untreated cells (Fig. 1B). Thereafter, the levels of cRNA in
the ribavirin-treated cells increased over the remaining days
examined and then showed slightly lower levels that, for the
most part, did not differ from the levels in the untreated cells.
Particularly in the case of the higher HTNV MOI, there was
little difference between the mock ribavirin treatment (no
drug) and the ribavirin treatments after day 1 p.i.

Effect of ribavirin on HTNS vRNA replication differs at low
and high MOIs. To investigate the influence of MOI on S-
vRNA, we examined ribavirin’s antiviral effect on HTNV-in-
fected Vero E6 cells at a low MOI (MOI = 0.01; Fig. 1C) and
at a higher MOI (MOI = 0.1; Fig. 1D). In untreated cells
infected at an MOI of 0.01, HTNV S-segment vRNA levels
were fairly constant (Fig. 1C). However, in the ribavirin-
treated cells, there was an increase in the level of VRNA of
2.6-fold on day 3 p.i. In the cells infected at an MOI of 0.1, the
highest VRNA levels were observed on days 1 and 3 p.i. (Fig.
1D). We observed initial reductions in S-vRNA levels of ~2.3-
fold on day 1 p.i. and of 2.9-fold on day 3 p.i. in the ribavirin-
treated cells compared to the untreated virus-infected cells. At

the other time points, there was no difference between the
untreated and ribavirin-treated HTNV-infected cells. In sum-
mary, at the higher MOI, we noted a greater effect on vVRNA
synthesis for the ribavirin-treated cells, which had lower vVRNA
levels than levels in the untreated HTNV-infected cells on days
1 and 3 (Fig. 1D).

Ribavirin inhibits HTNV S mRNA levels. The cRNA and
mRNA are synthesized with the same positive-sense polarity.
The mRNA is truncated at the 3'-end, however, relative to the
cRNA. Thus, the probe designed for detecting the mRNA will
also detect the cRNA, although the cRNA probe will not
hybridize to mRNA because of the 3’ truncation. Therefore,
we estimated the amount of HTNV S mRNA by subtracting
the levels measured for the cRNA from the total RNA de-
tected with the mRNA probe. In HTNV-infected cells (MOI =
0.01, no drug), the amount of S mRNA remained fairly high
and constant from days 1 through 3. In HTNV-infected cells
treated with ribavirin, S-mRNA levels were substantially lower
than levels in untreated HTNV-infected cells from days 1
through 3 p.. (Fig. 1E). In the cells treated with ribavirin, S
mRNA levels were reduced 1.9-, 6.3-, and 6.7-fold on days 1, 2,
and 3 p.., respectively, compared to levels in untreated
HTNV-infected cells.

In untreated, HTNV-infected cells (MOI = 0.1), the level of
S-segment mRNA increased over the 3 days (Fig. 1F). In the
ribavirin-treated cells, reduced levels of S mRNA were de-
tected for the 3 days. There was a decrease in S mRNA levels
on day 1 of 2.8-fold, followed by a more dramatic drop in
mRNA level on day 2, in which the levels were reduced 22-fold
compared to the levels in wild-type cells. In summary, the fold
decrease observed for mRNA levels at the lower MOI on day
1 was similar to that observed for the higher MOI. On day 2,
however, the reduction in mRNA levels in the higher-MOI
experiments was much greater than that observed for the lower
MOI. The levels of mRNA remained low on day 3 in the
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FIG. 3. Inhibition of HTNV N protein synthesis by ribavirin. (A) Monolayers of Vero E6 cells. (B) Monolayers of Vero cells stained with
anti-laminin antibody, followed by TRITC (tetramethyl rhodamine isothiocyanate)-conjugated anti-rabbit immunoglobulin. (C) Vero cells infected
with HTNV 76-118 and stained with N mouse monoclonal antibody (EC02-BD01) (22), followed by FITC-conjugated anti-mouse immunoglobulin.
(D) Confocal image (overlay) of Vero cells infected with HTNV, stained with anti-laminin TRITC and N mouse monoclonal antibody FITC and
observed by using an LSM 510 META microscope (Zeiss). (E) Vero cells infected with HTNV, treated with 24 g of ribavirin/ml, and stained with
N mouse monoclonal antibody. Cells were fixed 72 h after infection and analyzed by immunofluorescence for the presence of HTNV N protein
by using a Zeiss axioscope connected to an Orca 100 camera interfaced to a Macintosh computer with Improvision software.
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FIG. 4. Inhibition of HTNV glycoprotein synthesis by ribavirin. (A) Monolayers of Vero cells infected with HTNV 76-118 and stained with
monoclonal antibody for G1 (H13-16D2-1-1) (1) as described in Material and Methods. (B) Vero cells infected with HTNV and stained with
monoclonal antibody for G2 (EBO6-AAO?2) (1). (C) Vero cells infected with HTNV, treated with 24 pg of ribavirin/ml, and stained with G1 mouse
monoclonal antibody. Cells were fixed 72 h after infection and analyzed by immunofluorescence for the presence of HTNV G1 and G2 proteins
with a Zeiss axioscope connected to an Orca 100 camera interfaced to a Macintosh computer with Improvision software.

low-MOI experiments but recovered substantially in the high-
er-MOI experiments.

Effect of ribavirin on infectious HTN virus production. A
plaque assay was used to monitor the yield of infectious HTNV
in pooled supernatants collected during the experiment. In
both the low and high HTNV infections, adding ribavirin af-
fected the number of HTNV PFU compared to the untreated

TABLE 2. Summary of mutations noted in sequence analysis of
wild-type and ribavirin-treated HTNV S-segment genomes

Mutation category

Treatment Insertions
Transitions Transversions Total”
C A T
No ribavirin 0.3 0.3 05 02 01 0 1.4
Ribavirin 1.8 2.0 24 24 16 20 122

“ Total mutations are the sum of all transitions, transversions, and insertions
per HTNV S-segment coding region (1,289 bp) divided by the total number of
sequences analyzed. A total of 95,386 nt were sequenced.

HTNV-infected Vero E6 cells (Fig. 2). No plaques were ob-
served on days 1 through 3 p.i. when the MOI was 0.01 (Fig.
2A). Infectious virus was produced on days 4, 5, and 6, al-
though the levels were decreased by 550-, 311-, and 17-fold,
respectively, versus the levels in untreated HTNV-infected
cells. In the ribavirin-treated, virus-infected cells (MOI = 0.1),
there were no plaques observed on days 1 or 2 p.i. (Fig. 2B).
On day 3 p.i., infectious viral particles were produced; how-
ever, the level was 379-fold lower than the levels in untreated
HTNV-infected Vero E6 cells.

HTNV N protein and glycoprotein expression is inhibited by
ribavirin. The level of HTNV N protein synthesis was mea-
sured for each of the HTNV-infected ribavirin-treated Vero
cells by immunofluorescence with monoclonal antibody ECO2-
BDOI (22). We failed to detect HTNV N protein on days 1 and
2 p.i. However, on day 3 p.i., HTNV N protein was visible in
the cytoplasm of control cells lacking ribavirin (Fig. 3C and D),
whereas viral proteins were not detected in the presence of
ribavirin (Fig. 3E). These results suggest that a reduction in the
N protein blocked the assembly of nucleocapsids.
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HTNV-infected ribavirin-treated Vero cells were analyzed
by immunofluorescence for the presence of HTNV G1 protein
with monoclonal antibody H13-16D2-1-1 (1) and HTNV G2
protein with monoclonal antibody EBO6-AAQO2 (1). We did
not detect expression of viral glycoproteins G1 and G2. This
suggests that protein synthesis was inhibited on day 3 p.i. with
24 g of ribavirin/ml (Fig. 4).

Mutation rate of HTNV suggests error catastrophe. To eval-
uate the mutations induced by ribavirin, we analyzed 62 se-
quences derived from independently cloned cDNAs of HTNV
S-segment coding region from virus grown in the presence of
24 pg of ribavirin/ml. Ten sequences were obtained from un-
treated HTNV-infected cells. A total of 95,386 nucleotides (nt)
were sequenced to obtain a representative population of mu-
tations. In control experiments measuring mutations of HTNV
S-segment in the absence of ribavirin, we calculated a mutation
frequency of 1.1/1,000 nt. In contrast, the HTNV-infected riba-
virin-treated cells, had a mutation frequency of 9.5/1,000 nt
(Table 2). Ribavirin incorporation increased the mutation rate
ca. 8.6-fold. There were on average 1.8 transitions and 2.0
transversions per S-segment sequence in the presence of riba-
virin. There were about eight insertions per sequence, with a
notable increase in the insertions of guanines and cytosines.

DISCUSSION

Several members of the Bunyaviridae family are sensitive to
the drug ribavirin; of these, HTNV is one of the most sensitive
(10, 12). Previous studies examined the effect of ribavirin on
the yield of infectious HTNV and determined an EDs, of 15
pg/ml; however, its mechanism of action is still unknown (12).
We show here that ribavirin can cause a reduction in infectious
HTNYV, as measured by plaque assay. Further, Kirsi et al. and
our studies found that as the MOI was increased, the antiviral
effect was decreased. We hypothesize that the inhibitory effects
of ribavirin observed by plaque reduction may reflect a sup-
pression of replication and transcription activities by the viral
RdRp. To elucidate the target of the antiviral activity shown by
ribavirin, we examined the levels of HTNV S-segment vVRNA,
cRNA, and mRNA over 3 days after Vero E6 cells were in-
fected at two different MOIs. Since the 2.4-pug/ml concentra-
tion showed a non-dose-response effect on RNA synthesis
(data not shown), even when a low MOI was used, we focused
our attention on the effect of 24 g of ribavirin/ml. Studies with
the 24 pg of ribavirin/ml showed a greater decrease in viral
S-segment mRNA compared to VRNA or cRNA synthesis.
Interestingly, the level of VRNA in the untreated and treated
HTNV-infected cells decreased on day 2 p.i. This may be
explained by the release of infectious virus; hence, untreated
vRNA was encapsidated and secreted, resulting in low VRNA
levels. In contrast, we speculated that the ribavirin-treated
RNA was less efficiently encapsidated. Therefore, there was
more intracellular VRNA present, and subsequently no infec-
tious virus was produced. Previously, Cassidy et al. showed that
ribavirin affected the replication of LaCrosse virus at the level
of mRNA transcription (3). In accordance with our studies,
their results show that when the ribavirin concentration in-
creased from 10 to 30 pg/ml, there was a fivefold decrease in
mRNA levels. The effect of ribavirin on infectious virus yield
was not examined in that study.
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We examined untreated and treated HTNV-infected cells
for N, G1, or G2 protein from day 3. We were unable to detect
any N, G1, or G2 protein in the ribavirin-treated cells. These
results suggested that the mRNA produced from cRNA tem-
plates was defective, perhaps in its ability to be translated.
These findings are similar to those reported by Murphy et al.,
who showed that ribavirin inhibits the synthesis of viral pro-
teins and RNA and viral shedding of another hantavirus, Seoul
virus, strain SR-11 (16). However, the mechanism of inhibition
was not elucidated. We hypothesize that ribavirin may be act-
ing as a mutagen, as reported for poliovirus by Crotty et al. In
that study the authors showed that ribavirin triphosphate is
incorporated into nascent RNA by the poliovirus RNA poly-
merase (3DP°), forcing the virus into “error catastrophe” (4).
That study showed that extended reaction times for 3DP°'
synthesis allows multiple cycles of ribavirin incorporation,
which does not terminate elongation of nascent RNA (4).
Also, ribavirin did not decrease RNA synthesis since viral
replication, measured by RNA accumulation in ribavirin-
treated poliovirus-infected cells, reached nearly wild-type lev-
els. Crotty et al. suggested that ribavirin, upon incorporation by
the 3DP°! acts as a mutagenic ribonucleoside, thereby gener-
ating templates that are copied incorrectly, resulting in a sig-
nificant increase in the production of defective genomes. In
our study, sequencing data revealed an increased mutation
frequency in the cRNA and mRNA in ribavirin-treated cells.
In contrast, ribavirin decreased mRNA levels throughout the
study, whereas VRNA and cRNA levels were similar to wild-
type levels. Specifically, in comparing sequences derived from
HTNV-infected Vero cells with those from HTNV-infected
ribavirin-treated cells, we observed an 8.6-fold increase in the
mutation frequency (Table 2). Three sequences had multiple
mutations; therefore, they were not considered in the final
analysis. In the presence of ribavirin, there were approximately
four base substitutions per S-segment. The transitions and
transversions were used to determine the mutation frequency
(Table 2). Most nucleotide substitutions were located in the
first 120 nt or the last 300 nt of the cRNA coding region.
Interestingly, two key transversions, T-to-A and A-to-T, oc-
curred in the stop codon for the S-segment open reading
frame. Therefore, the stop codon was replaced by an aspara-
gine. This was the only apparent “hot spot” for base substitu-
tions. Replacing the stop codon with asparagine opens another
open reading frame immediately after the stop codon (22).
There were also approximately eight insertions per sequence,
with guanines and cytosines preferred. The insertions were
distributed randomly throughout the sequence; however, we
noted that the nucleotide inserted was always the same as the
preceding nucleotide in the sequence. For example, if a G was
inserted, the preceding nucleotide was a G. We postulate that
these insertions may cause the polymerase to slip, resulting in
deleterious effects. In summary, we hypothesize that ribavirin
is acting as a mutagen upon incorporation into the S-segment
cRNA. This suggests that in the presence of ribavirin, hanta-
virus succumbs to error catastrophe, whereby nucleotide se-
quences of VRNA become essentially random, with a total loss
of information (5, 6). We hypothesize that during hantavirus
replication the genomic and antigenomic templates, VRNA
and cRNA, sustain a lethal accumulation of errors. Further,
transcription of viral mRNA from these mutant templates,
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which can also incorporate additional ribavirin, may substan-
tially reduce the stability of the transcripts within the cell. The
mRNAs would have increased genetic variation that could
affect their structure and function. In support of this hypoth-
esis, these studies have shown that there was little to no re-
duction in the amount of the VRNA or cRNA templates even
though sequence analysis of the cRNA showed an 8.6-fold
increase in mutation frequency. In contrast, viral mRNA levels
were reduced substantially, and we were unable to detect virus
N, G1, or G2 protein by immunohistochemistry. Further, the
HTNV-infected ribavirin-treated cells did not produce infec-
tious virus as measured by the plaque assay. Therefore, the
phenomenon of error catastrophe directly affected the fidelity
of the replication and transcription of the virus polymerase,
which indirectly effected virus protein levels and, hence, virion
assembly.

Outbreaks of hantavirus infections in the Americas over the
past decade substantiate the need for antiviral agents to treat
hantavirus-related syndromes. Continued exploration of the
molecular mechanism of action of ribavirin and other drugs
that inhibit hantavirus replication may provide insight into
enzymatic targets for rational drug development. Future efforts
will be directed to the development of in vitro assays for the
various enzymatic functions associated with RdRp to explore
the effect of ribavirin, as well as other antiviral agents, on
polymerase function.
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