JMol Med (2002) 80:86-95
DOI 10.1007/s00109-001-0308-0

REVIEW

Shane Crotty - Craig Cameron - Raul Andino

Ribavirin’s antiviral mechanism of action: lethal mutagenesis?

Received: 15 August 2001 / Accepted: 9 November 2001 / Published online: 4 December 2001

© Springer-Verlag 2001

Abstract Ribavirin, an antiviral drug discovered in
1972, isinteresting and important for three reasons: (a) it
exhibits antiviral activity against a broad range of RNA
viruses; (b) it is currently used clinically to treat hepatitis
C virus infections, respiratory syncytial virus infections,
and Lassa fever virus infections, and (c) ribavirin's
mechanism of action has remained unclear for many
years. Here we recount the history of ribavirin and re-
view recent reports regarding ribavirin's mechanism of
action, including our studies demonstrating that ribavirin
is an RNA virus mutagen and ribavirin's primary antivi-
ral mechanism of action against a model RNA virus is
via lethal mutagenesis of the RNA virus genomes. Impli-
cations for the development of improved versions of rib-
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Introduction

Ribavirin, the nucleoside analog 1-B3-p-ribofuranosyl-
1,2,4-triazole-3-carboxamide (Fig. 1), known by the
trade name Virazole (also known as Rebetron in combi-
nation with interferon-a), exhibits antiviral activity
against a variety of RNA virusesin cell culture [1, 2, 3]
including RNA viruses from the families of paramyxovi-
ruses [4, 5], flaviviruses [6, 7, 8], picornaviruses [9, 10],
orthomyxoviruses [11, 12, 13], arenaviruses [14, 15],
reoviruses [16], and bunyaviruses [17, 18]. Ribavirin
also exhibits activity against some DNA viruses in cell
culture [2, 19]. In animal model systems ribavirin is ef-
fective against a more limited set of viruses, al RNA vi-
ruses [11, 14, 18, 20, 21, 22, 23]. In humans ribavirin is
currently used in combination with interferon-a to treat
hepatitis C virus (HCV) infections [24, 25], and ribavirin
is used as monotherapy for Lassa fever virus infections
[26] and severe respiratory syncytia virus (RSV) infec-
tions [27, 28]. Ribavirin is currently unique among anti-
viral drugs as a therapeutic agent that is clinically effec-
tive against unrelated viruses from three diverse fami-
lies, as HCV, Lassa fever virus, and RSV are very differ-
ent RNA viruses with virtually no sequence homology.
These characteristics have made ribavirin a drug of sub-
stantial research interest. However, the fact that clinical
treatment with ribavirin requires high drug doses with
significant side effects and is efficacious in only a mi-
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nority of HCV patients in combination with interferon-a
(currently 30—40% sustained response [24, 25, 29], and
the new pegylated interferon-a is expected to increase
this percentage to approx. 50% [30]) has generated sub-
stantial interest in the development of better versions of
ribavirin. Unfortunately, the uncertain nature of ribavi-
rin’s antiviral mechanism of action has long been a ma-
jor stumbling block to understanding the drug and devel-
oping more efficacious derivatives for clinical use.

Ribavirin is an IMPDH inhibitor

Shortly after the discovery of the broad-spectrum antivi-
ral activity of ribavirin in 1972 by ICN Pharmaceuticals
[2], it was suggested by the same group that ribavirin's
antiviral activity is via inhibition of the cellular protein
inosine monophosphate dehydrogenase (IMPDH) [31].
Ribavirin is a nucleoside analog (Fig. 1). Ribavirin
monophosphate inhibits IMPDH in vitro and in cell cul-
ture [31]. Ribavirin’s inhibition of IMPDH causes a de-
crease in the intracellular concentration of GTP in cell
culture experiments [3, 13, 31, 32, 33]. It was therefore
proposed that the decrease in intracellular GTP levels
due to ribavirin’s inhibition of IMPDH would stop the
growth of RNA viruses by diminishing viral protein syn-
thesis and limiting RNA replication of viral genomes
[31]. This proposal was appealing because it potentially
explained the broad-spectrum antiviral activity of ribavi-
rin. However, multiple problems with this theory have
since accumulated which suggest that inhibition of
IMPDH is not ribavirin's primary antiviral mechanism of
action.

A variety of studies proposed that inhibition of
IMPDH was not sufficient for antiviral activity [3, 28,
32, 34, 35]. In one series of cell culture studies Wray et
al. [13] demonstrated that ribavirin caused a reduction in
intracellular GTP levels, but that reduction in GTP (max-
imum of approx. 35-40% reduction) was saturated at
25 puM ribavirin (Fig. 2A). Although 25 uM ribavirin ex-
hibited antiviral activity against influenzain those exper-
iments, the effect was modest (1.6- to 2.0-fold). Im-
portantly, ribavirin's most substantial antiviral effect
(20-fold) was seen at concentrations higher than 25 pM,
where no additional effects on GTP levels were observed
(Fig. 2A) [13]. This led the authors to conclude that rib-
avirin possesses two antiviral activities: the inhibition of
IMPDH and a second uncharacterized antiviral activity,
which is in fact the more potent activity [13]. Those re-
sults were corroborated in a similar study that concluded

87

that the IMPDH inhibitory activity of ribavirin is likely
secondary and “self-potentiates’ a separate, more impor-
tant, antiviral activity of ribavirin [32]. Related experi-
ments observed that, at concentrations of ribavirin neces-
sary to cause a 100-fold reduction in infectious poliovi-
rus production, ribavirin had little effect on poliovirus
trandation or RNA replication [9], indicating again that
the reduced intracellular levels of GTP are not ribavirin's
primary antivira effect (Fig. 2B).

The studies in the literature exploring ribavirin's inhi-
bition of IMPDH as a possible antiviral mechanism of
action have not demonstrated that this is necessary
and/or sufficient for antiviral activity. Published studies
have not shown that areduction in intracellular GTP lev-
els is directly responsible for the antiviral effect ob-
served, or even that the intracellular GTP concentrations
are directly correlated with the antiviral effect. (Some
studies have concluded this based on the reversal of the
antiviral effect by addition of supplementary GTP to the
medium. However, this is not a sufficient control for
such experiments, since ribavirin is a guanosine analog
and large amounts of GTP competitor could at least part-
ly counteract most any antiviral activity of ribavirin that
has been posited.)

Lanford and colleagues [36] have recently reported
that ribavirin has a potent antiviral activity against GB
virus B (the closest known relative of HCV) in cell cul-
ture (Fig. 3). They then went on to demonstrate that
mycophenolic acid, a potent IMPDH inhibitor, exhibits
no antiviral activity against GB virus B, indicating that
ribavirin's primary mechanism of action against GB vi-
rusisnot vialMPDH [36] (Fig. 3).

Given the problems with the IMPDH model of ribavi-
rin’s antiviral activity, severa other mechanisms of ac-
tion have been proposed over the years but not fully ex-
plored, including ribavirin monophosphate inhibition of
guanylyltransferase activity [37] and inhibition of viral
transcription [17, 38] among others [16, 39]. These stud-
ies did not include mechanistic analysis of the antiviral
activity in vivo or in cell culture. It has therefore been of
interest to explore new mechanism of action hypotheses
that might be able to explain ribavirin's broad spectrum
antiviral activity against most RNA viruses.

Ribavirin has immunomodulatory properties

Ribavirin monotherapy is effective in Lassa fever virus
[14, 26] and severe RSV infections [27], but not in HCV
chronically infected patients. Why? Ribavirin monother-
apy in HCV chronically infected patients does not lead
to viral clearance and has only a modest [40] if any [41,
42] effect on viral load as measured by RNA geno-
mes/ml serum. Nevertheless, ribavirin monotherapy is
therapeutic, as liver damage (measured by serum alanine
aminotransferase activity) is markedly reduced.

Tam and colleagues [43] approached this conundrum
by considering whether ribavirin exhibits immunomodu-
latory effects. They demonstrated that ribavirin can af-
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Fig. 2a, b Ribavirin's inhibition of IMPDH in vivo is an ineffec-
tual antiviral activity. a Ribavirin-treated Madin-Darby canine
kidney (MDCK) cells exhibit a decreasing intracellular GTP pool
by HPLC (left), which stabilizes at 65% norma GTP level upon
treatment with 25 pM ribavirin. Higher concentrations of ribavirin
do not further affect the intracellular GTP pool. The majority of
the antiviral effect seen against influenza in these ribavirin treated
cellsis seen at concentrations of ribavirin higher than 25 puM, indi-
cating that there is another ribavirin activity that is the more im-
portant antiviral effect. (Modified from [13]) b Minor inhibition of
poliovirus translation and replication in the presence of ribavirin.
The poliovirus replicon, PolioL uc, has the capsid-coding sequence
replaced by the luciferase gene [84], alowing rapid analysis of
poliovirus replication and translation levels in cell culture under
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Fig. 3 Ribavirin inhibits GB virus. Ribavirin (left) but not the
IMPDH inhibitor mycophenolic acid (right) exhibits potent antivi-
ral activity against the RNA virus GB virus B (the closest known
relative to HCV) in cell culture. These data indicate that inhibition
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various conditions [48, 85]. Trandlation experiments (left) were
performed in the presence of 2 pg/ml brefeldin A, which com-
pletely blocks poliovirus RNA replication [86], thus permitting di-
rect analysis of the translation of the input replicon RNA. RLU
Relative light units; neg untransfected cells. Ribavirin had only a
minor effect of poliovirus translation. RNA replication experi-
ments were performed using the PolioL uc replicon and increasing
concentration of ribavirin (right). These results show that ribavi-
rin’s inhibition of IMPDH has a minima effect on poliovirus
translation or RNA replication, even at high concentrations of
drug, demonstrating that although ribavirin has antiviral activity
against the virus, ribavirin's inhibition of IMPDH is ineffectua
against this virus, similar to the results of Wray et al. with influen-
za. (Modified from [9])
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of IMPDH is not sufficient for antiviral activity against GB virus
B. Apolipoprotein B cellular protein levels are shown as a control
for the health of the cells. (Reproduced with permission from
(36])



fect the expression of the cytokine interleukin 10 in vivo
in a mouse contact hypersensitivity model. Surprisingly,
ribavirin suppressed interleukin 10 expression in
BALB/c mice, but enhanced interleukin 10 expression in
C57BL/6 mice. This led to greater inflammation in the
ribavirin treated BALB/c mice and reduced inflamma-
tion in the ribavirin treated C57BL/6 mice [43]. How-
ever, in a separate study, ribavirin was capable of sup-
pressing hepatic inflammation and injury in BALB/c
mice [44].

Ribavirin may have immunomodulatory activity, but
this cannot explain the fundamental antiviral activity of
ribavirin. Ribavirin has a potent antiviral effect against
many RNA viruses in cell culture. Since there is no im-
munomodulation in such systems, and since there is a
correlation between the viruses ribavirin inhibits in cell
culture and in small animal studies, the basic antiviral ef-
fect of ribavirin is not immunomodul ation. Immunomod-
ulation may be a supplementary activity. Interestingly,
the L-enantiomer of ribavirin does not have antiviral ac-
tivity in cell culture but does retain the immunomodula-
tory properties of ribavirin [44]. The L-enantiomer then
provides the opportunity for a detailed examination of
the comparative relevance of the direct antiviral activity
of ribavirin versus the immunomodulatory activity of
ribavirin in vivo. In vivo infection experiments using the
ribavirin L-enantiomer as treatment could address the is-
sue of whether the immunomodulatory activity of the
drug has therapeutic antiviral effects in vivo. The results
of such a study are difficult to predict, given the mouse
strain and tissue specificities reported for the ribavirin
immunomodulatory effect observed, and such studies
warrant further exploration.

Ribavirin is an RNA virus mutagen

Ribavirin triphosphate accumulates in cells after treat-
ment with the nucleoside [45]. Therefore we explored
the possibility that ribavirin's antiviral effect requires di-
rect incorporation into viral RNA. Poliovirus was used
for those studies, as poliovirus is a well characterized
model RNA virus with excellent genetic and biochemis-
try systems available [46]. Using a newly developed in
vitro poliovirus polymerase (3DP°!) system capable of as-
sessing the kinetics and thermodynamics of nucleotide
incorporation [47, 48], it was demonstrated that, indeed,
ribavirin triphosphate can be incorporated by the poliovi-
rus polymerase as a nucleotide analog [9]. The poliovi-
rus RNA-dependent RNA polymerase incorporated rib-
avirin in vitro as either a GTP analog or ATP analog [9].
Given these data, the expectation was that ribavirin
would function as a chain terminator, as several classes
of effective nucleoside analog antiviral drugs function as
chain terminators to block viral replication (e.g., the acy-
clovir class of herpes virus antiviral drugs [49], and the
human immunodeficiency virus (HIV) dideoxy reverse
transcriptase inhibitors such as azidothymidine [50]).
However, ribavirin is not a chain terminator of the polio-
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Table 1 Ribavirinisan RNA virus mutagen: mutation frequencies
in ribavirin treated poliovirus populations (data from [51])

G-A C-T Total
mutation
frequency?

Normal population 0.5 1.2 21
100 pM ribavirin - 13 25
400 pM ribavirin 44 5.0 9.3
1000 uM ribavirin 6.8 12.0 20.8

aMutations per 10,000 nt sequenced

virus polymerase [9], leaving the mechanism of action
still unclear.

The observation that ribavirin could be incorporated
as either a GTP or an ATP analog indicated that ribavirin
might be an RNA virus mutagen in vivo. In subsequent
experiments it was then discovered that ribavirin is a
potent mutagen of poliovirus in cell culture (Table 1)
[9, 51]. Importantly, the mutagenic activity of ribavirin
correlated directly with its antiviral activity [9]. This led
us to propose that ribavirin’s mechanism of action is via
lethal mutagenesis of viral RNA genomes.

Lethal mutagenesis, quasispecies,
and error catastrophe

RNA viruses live as quasispecies, creating extraordinary
genetic diversity through mutation. The rapid evolution
of RNA viruses is apparently powered by the high muta-
tion frequency in RNA virus populations [52, 53, 54, 55,
56, 57].

The quasi species theory states that an RNA virus pop-
ulation does not consist of a single “wild-type” geno-
type, but instead is an ensemble of related genotypes [58,
59, 60, 61, 62]. This quasispecies is then capable of very
rapid evolution in new environments, due to the large
number of potentially beneficial mutations already pres-
ent within the population. Maintaining such a high muta-
tion frequency, however, is dangerous for the virus.
There is an intrinsic limit to the maximum variability in
viral genetic information before it loses meaning [60,
63], and if an RNA virus quasispecies goes beyond this
mutation limit, the population is no longer viable. The
phenomenon that occurs when the loss of genetic fidelity
resultsin alethal accumulation of errors has been termed
“error catastrophe” (Fig. 4) [54, 60]. Most uni- and mul-
ticellular organisms have evolved a number of sophisti-
cated processes to maintain their genetic information
with high fidelity and stay far away from the threshold
of error catastrophe. In contrast, Holland and Domingo
[54, 64] have proposed that, due to their high mutation
rate, RNA viruses exist on the threshold of error catas-
trophe, and that a moderate increase in mutation rate can
kill a RNA virus population by causing a “genetic melt-
down” [53, 65, 66].

Several indirect lines of evidence have been presented
that support the existence of such an error catastrophe [9,
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Fig. 4 Model of error catastrophe. The majority of viruses in a
normal picornavirus population are viable [87]. However, a small
increase in mutation frequency is predicted to push the virus popu-
lation into error catastrophe (the mutagenized population on the
right), where the number of errors per viral genome is sufficiently
high to lethally mutate a majority of the virus population. This is
predicted to be the case for most RNA viruses. White Live virus;
grey dead virus

65, 66, 67, 68]. The first experimental evidence of error
catastrophe was observed in a bacteriophage model
system [56]. Holland and Domingo [65] later used the
RNA mutagens 5-azacytidine and 5-fluorouracil to ex-
amine what would happen if an animal RNA virus was
experimentally mutagenized. To control for species-
specific effects they carried out their experiments with
both vesicular stomatitis virus and poliovirus. Their sur-
prising observation was that vesicular stomatitis virus
and poliovirus exhibit substantial reductions in titer in
the presence of concentrations of mutagen that caused
only atwofold increase in mutation frequency [65]. Sierra
et al. [68] later extended these observations to foot-and-
mouth disease virus. Loeb et al. [67] made the similar
observation that HIV is sensitive to letha mutagenesis.
In their study, since HIV is an RNA virus that goes
through a DNA intermediate, a DNA nucleoside analog
mutagen was used. Although the change in mutation fre-
guency was not determined, Loeb et a. [67] observed an
impressive antiviral effect, frequently observing extinc-
tion of the HIV population after multiple cell culture
passages in the presence of the mutagen.

Although these studies provided tantalizing evidence
that error catastrophe exists, they were unable to provide
direct proof that the antiviral effect of any of the drugs
tested is exerted via its mutagenic effects on the viral ge-
netic material and not via secondary effects of the drug
on cellular physiology or viability, or via inhibition of
other aspects of the virus life cycle.

Ribavirin’s primary antiviral mechanism of action
is via lethal mutagenesis of the viral RNA genomes

We endeavored to provide the first direct demonstration
of error catastrophe/lethal mutagenesis [51]. To demon-
strate that lethal mutagenesis is the primary antiviral
mechanism of action of ribavirin against poliovirus, it

40000 u
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viral RNA (ng)

Fig. 5 Ribavirin’s lethal mutagenesis: large reductions in specific
infectivity of ribavirin mutagenized RNA virus genomes. Genomic poliovi-
rus RNA from untreated cells (squares), 100 uM ribavirin-treated
cells (circles), 400 pM ribavirin-treated cells (triangles), and
1000 pM ribavirin-treated cells (diamonds) was tested for specific
infectivity by RNA transfection in a series of infectious center as-
says. Data are shown with a linear curve fit for each series. Viral
RNA genomes isolated from cells treated with ribavirin exhibited
large losses in specific infectivity. (Reproduced from [51])

was necessary to show that the majority of the antiviral
effect observed is due to the direct effect of ribavirin on
the viral RNA genetic material. If lethal mutagenesis is
indeed the primary mechanism of action, a much higher
percentage of the viral genomes produced in the pres-
ence of ribavirin should be inviable, i.e., noninfectious.
Therefore RNA genomes produced in the presence of in-
creasing concentrations of ribavirin were tested for their
infectivity, by transfection of the naked RNA into sus-
ceptible cells. A striking decrease in RNA specific infec-
tivity (plaque forming units/ug viral RNA genomes) was
observed [51]. A 95% reduction in genome specific in-
fectivity was seen with poliovirus RNA genomes pro-
duced in the presence of 400 uM ribavirin (Fig. 5).

By combining genome sequencing data with the ge-
nome infectivity data a graphic demonstration of the ex-
istence of error catastrophe could be obtained (Fig. 6).
The graph in Fig. 6 illustrates that poliovirus appears to
have evolved to exist near the edge of error catastrophe,
as small increases in mutation frequency above the nor-
mal levels result in a large decline in viral infectivity,
with a 95% loss in genome infectivity upon a fourfold
increase in mutation frequency [51].

Existing at the edge of error catastrophe is predicted
to optimize the evolutionary fitness of the RNA virus
guasispecies population by maximizing genetic variation
without sacrificing viability [69]. This recent data on rib-
avirin demonstrates that high genetic variability, a bio-
logical property that is normally a major advantage for
an RNA virus, can be exploited against the virus by in-
creasing that mutation rate beyond tolerable levels and
causing a genetic meltdown.
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Fig. 6 Error catastrophe. Relationship of mutation frequency to
genomic RNA infectivity. Specific infectivity of normal poliovirus
RNA was set to 100%. The graph shows that poliovirus popul a-
tions exist near the edge of error catastrophe, as there is a rapid
decline in RNA genome infectivity at levels of mutagenesis only
slightly higher than normal. The Llg, (50% loss of specific infec-
tivity) is defined as the mutation frequency at which 50% of the
viral genomes are lethally mutated (dashed line). Wild-type (wt)
poliovirus genomes contain an average of approx. 1.5 mutations/
genome. Poliovirus genomes from cells treated with 100 pM rib-
avirin contain an average of approx. 1.9 mutations/genome. Polio-
virus genomes from cells treated with 400 UM ribavirin contain an
average of approx. 6.9 mutations/genome. Poliovirus genomes
from cells treated with 1000 pM ribavirin contain an average of
approx. 15.5 mutations/genome. (Modified from [51]

Clinical implications of ribavirin’s viral lethal
mutagenesis mechanism of action

Ribavirin's activity as a nucleoside analog incorporated
by the viral polymerase can explain the surprisingly
broad spectrum action of ribavirin against members of
most RNA virus families under laboratory cell culture
conditions [2], and clinical activity against three virus
infections from diverse families, as the one common
feature of RNA viruses is that they possess an RNA-
dependent RNA polymerase. A high mutation frequency
appears to also be a common trait of most RNA viruses
[54, 64, 69, 70].

The effectiveness of ribavirin in vivo as an RNA virus
mutagen may be dependent on pharmacokinetics, i.e.,
the accumulation of ribavirin and ribavirin triphosphate
in some tissues (such as liver when administered orally,
or respiratory tract epithelium when administered as an
aerosol) but not others. Alternatively, differences in effi-
cacy may be due to different rates of ribavirin incorpora-
tion by the RNA-dependent RNA polymerases of differ-
ent viruses. It is also possible that ribavirin may have
different mechanisms of actions against different RNA
Viruses.

Ribavirin’s lethal mutagenesis of poliovirus is proba-
bly enhanced by, or even predicated on, the ability of rib-
avirin monophosphate to inhibit IMPDH and thereby de-
crease cellular GTP pools. The decrease in cellular GTP
pools likely increases the frequency of ribavirin incorpo-
ration as a mutagenic GTP analog.
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Currently the mutation frequencies of all animal RNA
virus species tested under laboratory conditions have
been high, in the range of 1-5x10-4/nt [51, 54, 64, 68,
70]. However, it is plausible that some RNA viruses
have low mutation frequencies and are therefore less sus-
ceptible to error catastrophe. If such virus species are
identified, it will be fascinating to explore the implica-
tions of their atered evolutionary strategy.

One of the interesting features of the clinical use of
ribavirin is the results from trials using ribavirin as
monotherapy in chronically infected HCV patients. Pa-
tients were given high levels of ribavirin and tracked for
24 weeks. No substantial decrease in viral loads was ob-
served, but a statistically significant reduction in liver
damage (serum alanine aminotransferase levels) was
seen [40, 41, 42]. No good explanation was available for
these results, and since ribavirin failed to control HCV
by the virological assay (total RNA viral genomesin se-
rum), monotherapy is considered ineffective. However,
since ribavirin plus interferon-a resultsin viral clearance
in significantly more patients than interferon-o alone
[24, 25, 30], clearly ribavirin has a beneficial antiviral
effect.

Our observation that ribavirin’s primary mechanism
of action against a model RNA virus is lethal mutagene-
sis [51] provides a plausible, athough speculative, theo-
ry for the monotherapy clinical tria results. There is no
cell culture system available to measure HCV growth,
and therefore virological analysis of HCV from patients
has been limited to bDNA and quantitative reverse tran-
scriptase polymerase chain reaction anaysis of HCV
genomes per milliliter of serum [40, 41, 42]. In achronic
HCV infection, ribavirin monotherapy may reduce the
levels of infectious HCV produced in the patient, but it
may not significantly affect the production of total HCV
RNA. Therefore it is possible that many of the HCV
RNA genomes in ribavirin-treated patients are noninfec-
tious. Inactive HCV genomes would of course not ap-
pear different from infectious genomes in reverse tran-
scriptase polymerase chain reaction or bDNA assays,
and therefore such a therapeutic effect would not be
identified by the virological assays available. Additional-
ly, if ribavirin monotherapy substantialy lowered the
burden of infectious HCV virus to a new steady state
level, this might reduce the levels of liver damage (ala-
nine aminotransferase levels). It should be emphasized
that this proposal is speculative.

Note that the mutagenesis theory cannot be resolved
by sequencing HCV genomes from ribavirin-treated ver-
sus untreated patients [71], as the complexities of the in-
teractions of the quasispecies with the host and the in-
nate differences in the initial viral genomes infecting the
host make it impossible to accurately quantify changesin
mutation frequencies due to ribavirin mutagenesis. If a
robust HCV cell culture system is developed (see [72]
for developments in this area, and [73, 74] for the initial
descriptions of HCV replicons as a hopeful first step to-
wards developing an HCV infectious virus system), it
should then be possible to partially test the lethal muta-
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Fig. 7 Letha mutagenesis of GB virus B by ribavirin treatment.
GB virus B produced in the presence of 100 uM ribavirin has low
specific infectivity. GB virus B was grown in cell culture with or
without ribavirin, and secreted virus was harvested on day 3 or
day 6 postinfection. Virus stocks grown under each of those condi-
tions were adjusted to contain identical genome equivalents (based
on TagMan reverse transcriptase polymerase chain reaction), and
each of those stocks were tested for infectivity by inoculation on
fresh cells in culture. Virus infected cultures were harvested
7 days postinfection and the levels of GB virus B infection were
measured by quantifying the amount of viral RNA genomes pres-
ent in the infected cells (genome equivalents per microgram of
cellular RNA). The vast majority of virus produced in the pres-
ence of ribavirin was noninfectious (Reproduced with permission
from [36])

genesis of HCV hypothesis in humans by comparing the
ratio of infectious to noninfectious HCV virions in the
serum of ribavirin-treated versus untreated patients.

Alternatively, cell culture experiments using ribavirin
on flaviviruses closely related to HCV, such as bovine
vira diarrhea virus [75] and GB virus [76], should be
able to address the lethal mutagenesis hypothesis in the
flavivirus family. Indeed, Lanford and colleagues [36]
have recently published compelling data that ribavirin
has a pronounced antiviral effect on GB virusin cell cul-
ture (Fig. 3), and that antiviral effect is due to error
prone vira replication in the presence of ribavirin, re-
sulting in striking reductions in the specific infectivity of
the virus (Fig. 7). GB virusis the closest known relative
to HCV. This study by Lanford et al. corroborates the
work from our laboratory on the ribavirin lethal muta-
genesis hypothesis and extends it to include the most rel-
evant HCV surrogate model known. (It should be noted
that, similarly to the situation with HCV, ribavirin mono-
therapy does not appear to be effective against GB virus
B in vivo, using tamarin monkeys, the presumed natural
host of GB virus B [36].)

The fact that ribavirin as HCV monotherapy fails to
result in viral clearance cannot be ignored. Why does
ribavirin monotherapy work for Lassa fever virus and
RSV but not HCV? The HCV polymerase may simply
incorporate the mutagenic ribavirin nucleoside triphos-
phate less frequently. Alternatively, another major differ-
ence between these three infections is that HCV is a
chronic infection, while Lassa fever virus and RSV are

acute infections. Viruses that establish chronic or pro-
longed infections frequently cause substantial distur-
bances to the normal functioning of the immune system,
preventing an immune response that would result in viral
clearance. In the absence of an effective immune re-
sponse to complement the antiviral drug monotherapy an
additional antiviral factor is required to bring about viral
clearance. This role is fulfilled by interferon-a, which is
effective as monotherapy in a subset of cases [77, 78,
79], and interferon-a is known to exhibit potent direct
antiviral activity against HCV replicons in cell culture
[73, 80, 81].

Future drug development strategies

Several RNA virus mutagens other than ribavirin are
known [65, 66, 82, 83], but they generally exhibit sub-
stantial cellular toxicity (as nucleoside analogs presum-
ably incorporated by cellular DNA and RNA polymeras-
es) and are unacceptable for use in humans at the neces-
sary doses. (As atechnical aside, conclusions regarding
ribavirin's toxicity and efficacy in the current ribavirin
literature have been complicated by the fact that ribavi-
rin from Sigma contains an uncharacterized contaminant
that is both cytotoxic in cell culture and poisonous in
vivo. Therefore pure stocks from ICN, Schering-Plough,
or academic sources are required for accurate analysis,
and generally exhibit minimal toxicity at >500 pM on
many cell lines.) In the interest of developing new anti-
viral drugs that exhibit activity against multiple RNA vi-
rus human pathogens, it may be possible to identify mu-
tagenic nucleoside analogs that are highly specific for in-
corporation by viral RNA-dependent RNA polymerases.
Such a drug development strategy should be plausible
given the success in identifying and developing nucleo-
side analog anti-HIV therapies that are capable of specif-
icaly inhibiting that virus's RNA-dependent DNA poly-
merase without detrimentally affecting normal cellular
processes.

Concluding remarks

Ribavirin has been demonstrated to have three activities
in vivo or in cell culture: inhibition of IMPDH, immuno-
modulatory effects, and incorporation as a mutagenic nu-
cleoside by the viral RNA polymerase. All three activi-
ties may play an antiviral role in vivo. However, it is on-
ly the third activity— mutagenesis of RNA virus geno-
mes- that has been directly shown to have a direct potent
antiviral effect [51]. Therefore, given this body of data,
we propose that (a) lethal mutagenesis is the primary an-
tiviral mechanism of action of ribavirin against RNA vi-
ruses, (b) the letha mutagenesis is likely enhanced by
the inhibition of IMPDH, and (c) identification of novel
RNA virus mutagens is a promising new area of antiviral
drug development.
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