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Ribavirin has been used as an antiviral agent for several 
decades. Although it has activity against numerous 
viruses, its major use clinically has been in the treatment 
of respiratory syncytial virus in paediatric patients and 
chronic HCV infection in both children and adults. This 

review highlights the clinical application and mechanism 
of action of ribavirin and discusses the future role of riba-
virin in treatment of HCV where there are intense research 
efforts to improve therapy.

Ribavirin (1-b-D-ribofuranosyl-1H-1,2,4-triazole-
3-carboxamide) was synthesized in 1970 by research-
ers at ICN pharmaceuticals (now Valeant Interna-
tional Pharmaceuticals). Initial studies demonstrated 
that ribavirin possessed antiviral activity against both 
DNA and RNA viruses in various animal models of 
infection [1]. Following this discovery, efforts were 
undertaken to establish a clinical use for the com-
pound. Subsequent investigation demonstrated its 
efficacy for treatment of paediatric respiratory syncy-
tial virus (RSV) infection in 1986, currently, one of 
its major indications [2]. Over a decade later, ribavi-
rin was approved for treatment of HCV in combina-
tion with interferon-a [3]. Since then, ribavirin has 
continued to be used primarily for these indications. 
Interestingly, despite its proven effectiveness against a 
variety of viral infections, its mechanism of action has 
not been firmly established [4]. Although there have 
been several proposed mechanisms of action, each 
with some experimental evidence, there has been no 
consensus as to which one explains the major antivi-
ral activity of ribavirin [5]. Regardless of this scientific 
quandary, ribavirin continues to be a necessary agent 
to treat many viral infections, including its use in the 
current standard of care for HCV therapy.

Chemistry and pharmacokinetics
Ribavirin is a water-soluble, guanosine nucleoside 
analogue that mimics other purines including inosine 
and adenosine [6]. Its chemical structure is shown in 

Figure 1. Notable aspects of its structure include a het-
erocyclic base with only one ring, as opposed to the 
two rings found in guanine. As such, ribavirin’s base 
moiety more closely resembles the monocyclic base 
found in nicotinamide as well as 5-aminoimidazole-
4-carboxyamide ribonucleoside, both naturally occur-
ring metabolites [7]. In addition, the 4′ carbon contains 
a methanol group found naturally on ribose and it is 
the hydroxyl group on the 5′ carbon that is phosphoryl-
ated to the triphosphate form, as occurs for other nucle-
osides. In addition, its sugar moiety, present as ribose 
with a hydroxyl group at the 2′-carbon position instead 
of a deoxyribose, allows ribavirin to be preferentially 
active in RNA-related metabolism [6].

Absorption and distribution
Ribavirin may be administered orally, intravenously 
and through inhalation. Each method of delivery offers 
advantages and disadvantages and can be utilized to 
target ribavirin against a specific viral pathogen. Riba-
virin delivered by inhalation is the preferred method for 
treatment of RSV in infants and only a small amount 
of ribavirin enters the systemic circulation by this 
route [8]. For cases of haemorrhagic fever (for exam-
ple, Lassa fever virus and hantavirus) and influenza 
infection, intravenous ribavirin has been used experi-
mentally for short-term treatment following infec-
tion with these, sometimes life-threatening, pathogens 
[9,10]. For other indications, including HCV, ribavirin 
is administered orally, can be administered for as long 
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as 1 year and has been utilized with continual dosing 
for much longer periods of time [11].

Oral ribavirin is distributed systemically following 
intestinal absorption facilitated by nucleoside trans-
porters on the luminal epithelial cells. Bioavailability 
of the oral formulation is approximately 50%; coad-
ministration with a fatty meal increases bioavailabil-
ity to approximately 75%. Once it enters the plasma, 
ribavirin is widely distributed and accumulates in 
erythrocytes and also in the cerebrospinal fluid and 
brain. It has a multiple dose half-life of 12 days in 
the serum, and it may persist in non-plasma compart-
ments for as long as 6 months. Several studies have 
indicated that it takes approximately 4 weeks of oral 
dosing to achieve steady-state plasma levels with the 
possibility that levels continue to increase slightly 
after 4 weeks [12,13].

The mechanism by which ribavirin enters eukaryotic 
cells has been an area of intense study. Two distinct sets 
of nucleoside transporters have been implicated in riba-
virin uptake and these include the concentrative nucleo-
tide transporters (CNTs) and equilibrative nucleotide 
transporters (ENTs) [14]. A major difference between 
these two transporters is their sodium dependence. CNTs 
are characterized as sodium-dependent where import of 
nucleosides is coupled to sodium regardless of nucleoside 
concentration, while the ENTs facilitate bidirectional, 
sodium-independent transport. In addition, the CNTs 
also demonstrate high affinity for nucleosides, whereas 
the ENTs tend to be lower affinity transporters [15]. 
Previous studies have specifically determined that, in 
humans, ENT1 is the major transporter for the majority 
of ribavirin, while CNTs may contribute minimally to 
uptake into the intracellular compartment [16,17]. Inter-
estingly, single nucleotide polymorphisms (SNPs) in these 
transporters may dictate the effectiveness of ribavirin in 
antiviral therapy for HCV and also its toxicity [18,19].

Metabolism and elimination
Once transported into the intracellular compartment, 
ribavirin is actively phosphorylated to the triphosphate 
nucleotide by cellular kinases, with adenosine kinase 
being the major enzyme [20]. Kinetic analysis of the 
phosphorylation events have established that the gen-
eration of the monophosphate species of ribavirin is 
the rate-limiting step during conversions of ribavirin to 
the triphosphate form [21]. Ultimately, it is the triphos-
phate form that is thought to confer most of the antiviral 
activity of ribavirin although the monophosphate form 
(approximately 5–10% of total intracellular levels) may 
also contribute to the antiviral activity [22–24]. In nucle-
ated cells, ribavirin triphosphate is actively dephospho-
rylated by cellular phosphatases allowing ribavirin to be 
exported back into the extracellular compartment. How-
ever, enucleated cells, such as erythrocytes, lack these 
phosphatases, resulting in the accumulation of intracel-
lular ribavirin triphosphate [25]. Ribavirin is cleared 
from plasma by the kidney with reduced clearance being 
observed in patients with renal impairment [26,27]. 
About one-third of absorbed ribavirin is excreted into 
the urine unchanged, and the rest is excreted into urine 
as the deribosylated base 1,2,4-triazole 3-carboxamide, 
and its hydrolysis product, 1,2,4-triazole 3-carboxylic 
acid [28,29].

Current role in HCV antiviral therapy
Although ribavirin has been investigated as therapy 
for numerous viral infections, its principal use has 
been for the treatment of chronic HCV infection, hav-
ing gained FDA approval for this indication in 1998 
[30]. The number of individuals with chronic HCV 
infection is estimated to be >150 million globally [31]. 
Chronic hepatitis C (CHC) is a major cause of cir-
rhosis, decompensated liver disease and hepatocellular 
carcinoma worldwide and in the US [32]. A recent US 

Figure 1. Structure of ribavirin and related molecules
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study suggested that the numbers of cases of cirrho-
sis and hepatocellular carcinoma in individuals with 
CHC are expected to peak in 2020, underscoring the 
need for better therapies to prevent further morbid-
ity and mortality from CHC [33]. Ribavirin has been 
included in the therapeutic regimen targeting HCV for 
over a decade [34].

Use of ribavirin monotherapy for HCV
In the early 1990s, attempts at using ribavirin mono-
therapy to treat HCV were initiated [3,35,36]. Because 
ribavirin was demonstrated to be a broad-spectrum 
antiviral agent with activity against RNA viruses (for 
example, RSV and hantavirus) and HCV is related to 
flavivirus with a positive sense RNA genome, pilot stud-
ies of monotherapy were undertaken. The first study 
utilized weight-based ribavirin at doses of 1,000–1,200 
mg per day for 12 weeks in 10 patients [35]. A second 
study was conducted in 13 patients utilizing incremen-
tal increases in dose for 6 months with 1,200 mg per 
day being the largest dose administered [36]. Overall, 
patients treated with ribavirin monotherapy demon-
strated improvements in serum alanine aminotrans-
ferase levels with some indication that patients infected 
with HCV genotype 2/3 may be more responsive [37]. 
However, ribavirin monotherapy had little effect on 
HCV RNA levels (<2 log reduction) with no patients 
achieving viral clearance [38].

Combination therapy: use of ribavirin and interferon-a 
for HCV
Interferon-a was the first therapy approved for HCV, 
gaining FDA licensure in 1991, but had a dismal cure 
rate of only 6% [39,40]. There were no other signifi-
cant advancements in HCV therapy until 1998 when 
the combination of ribavirin and interferon-a gained 
approval. The disappointing trials with ribavirin 
monotherapy demonstrated a measurable therapeutic 
effect as evidenced by improvements in liver function 
tests [3]. Small pilot studies of the combination of 
interferon-a and ribavirin demonstrated a synergistic 
effect between the two antiviral agents [41]. Subse-
quent randomized controlled trials demonstrated an 
almost sixfold improvement in sustained virologi-
cal response (SVR) rates from 6–15% with stand-
ard interferon monotherapy for 6 months to 36% 
with combination therapy [42,43]. The next major 
advancement was the development of pegylated forms 
of interferon-a used in conjunction with ribavirin, 
which further increased SVR rates to approximately 
55% [44]. This regimen was FDA-approved in 2002.

Clinically, ribavirin has a small, additive antiviral 
effect when combined with interferon, but its main effect 
appears to be prevention of virological relapse, an effect 
that seems to be dose-dependent [44]. Mathematical 

analysis of the rate of viral decline following therapy 
with interferon described a biphasic kinetic model: a 
rapid first phase (24–48 h) attributed to a inhibition 
of viral replication by interferon and a slower second 
phase (days to weeks) due to immune-mediated clear-
ance of virally infected hepatocytes. Mathematical 
modelling of viral decay from the combination of inter-
feron and ribavirin showed no effect of ribavirin on the 
rapid first phase decline in HCV RNA level. However, 
the second slower phase of viral decline was enhanced 
by ribavirin in some patients supporting a weak antivi-
ral or perhaps immunomodulatory effect [45]. None-
theless, as mentioned above, a great improvement in the 
long-term response rates over interferon monotherapy 
resulted in the approval of ribavirin in combination 
with interferon-a.

Between 2002 and 2010, there were no significant 
improvements in antiviral therapy for HCV. Many clini-
cal trials utilizing multiple permutations of the standard 
regimen including higher doses of both pegylated inter-
feron-a and ribavirin, longer durations of treatment as 
well as a ribavirin lead-in phase resulted in no or minor 
improvements in response rates [46–48]. A provocative 
pilot-study that utilized high dose ribavirin in combina-
tion with pegylated interferon-a with the goal of achiev-
ing ribavirin levels >15 mmol/l reported a 90% SVR rate 
in genotype 1 patients [49]. Whether ribavirin imparts 
greater antiviral activity at this level is unknown. How-
ever, side effects seriously limit the clinical applicability 
of such a strategy as profound anaemia can result. Simi-
lar studies have not been replicated to date.

In order to optimize ribavirin’s use for therapy of 
HCV, several groups have correlated serum concentra-
tions of ribavirin during therapy with subsequent out-
come [50,51]. It is believed that patient variability can 
lead to large variations in effective serum concentra-
tions of ribavirin. This suggests that individual dosing 
based on serum concentration may be a more effective 
method to administer ribavirin. Although clinical tri-
als have demonstrated that low serum concentrations 
of ribavirin result in decreased antiviral responses and 
that higher levels improve response rates [52], the util-
ity of doing this is questionable due to the technical 
sophistication needed to accurately measure ribavirin 
levels. The expensive and complicated instrumenta-
tion (liquid chromatography/tandem mass spectrom-
etry) limits routine use of this method to determine 
adequate serum ribavirin concentrations [53,54]. As 
a surrogate marker of ribavirin concentration, the 
degree of anaemia achieved with ribavirin seems to be 
predictive of SVR [55].

Triple therapy: use with telaprevir and boceprevir
In May 2011, direct-acting antiviral (DAA) agents 
specifically targeting the NS3/4A protease of HCV 
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gained FDA approval for use as triple therapy in 
patients with HCV genotype 1 infection. This triple-
therapy regimen is associated with SVR rates of >70% 
in treatment-naive patients, but has additional serious 
side effects [56,57]. Initially, it was hoped that these 
protease inhibitors would abolish the need for inter-
feron and ribavirin; however, studies with these small 
molecule inhibitors demonstrated rapid selection of 
resistant viral strains when used as monotherapy 
[58,59]. Ribavirin appears to be crucial to the suc-
cess of triple therapy regimens as was demonstrated 
in the PROVE 2 trial [60], which evaluated the safety 
and efficacy of telaprevir with or without ribavirin, as 
compared to pegylated interferon-a2a and ribavirin 
alone, in previously untreated patients infected with 
HCV genotype 1. This effect of ribavirin on improv-
ing SVR rate with DAAs appeared to be on the pre-
vention of relapse and the emergence of both low-
level and high-level protease inhibitor resistance [60].

Adverse events and contraindications
The main toxicity observed with ribavirin is haemo-
lytic anaemia [61]. Ribavirin is actively transported 
into erythrocytes and subsequently phosphorylated to 
its triphosphate form by intracellular kinases. In the 
case of the erythrocyte, these cells lack the phosphatase 
that converts ribavirin back to its unphosphorylated 
form. Consequently, high levels of ribavirin triphosphate 
accumulate in the erythrocyte due to the fact that the 
triphosphate form is not actively exported from the 
cell [25]. Intracellular erythrocyte concentrations can 
reach approximately 100× the concentration found in 
the serum [62]. Consequently, extremely high intracel-
lular concentrations of the nucleotide deplete intracel-
lular ATP concentrations and lead to oxidative stress, 
ultimately resulting in damage to the cell membrane and 
lyses of the erythrocyte [61]. Most patients treated with 
oral ribavirin experience some degree of anaemia. In 
the registration trials of pegylated interferon and riba-
virin, anaemia defined as a haemoglobin concentration 
<10 mg/dl, was observed in approximately one-third of 
patients, reaching a nadir within 4 to 8 weeks of start-
ing therapy. Dose modification for anaemia was required 
in 9–15% of subjects in the two Phase III registration 
trials of pegylated interferon and ribavirin [44,63]. Use 
of erythrocyte stimulating agents, such as erythropoietin 
and darbepoietin, have been used to counter the anae-
mia associated with pegylated interferon and ribavirin 
[64]. Although the use of growth factors improves a 
patient’s sense of well-being and reduces the requirement 
for ribavirin dose reduction, it has not been consistently 
shown to improve SVR rates [65,66]. These agents are 
not approved for use in patients with chronic hepatitis C.

The degree of anaemia observed during treatment was 
greater with the triple therapy regimens. Haemoglobin 

decreases <10 g/dl occurred in 49% of patients who 
received a boceprevir regimen compared to 29% of 
those who received a pegylated interferon plus riba-
virin regimen, while 9% had a haemoglobin decline 
of <8.5 g/dl [56,67]. Among patients treated with the 
approved telaprevir triple therapy regimen, haemoglo-
bin levels of <10 g/dl were observed in 36% of patients 
compared to 14% of patients who received pegylated 
interferon plus ribavirin regimen, and 9% had haemo-
globin decreases to <8.5 g/dl [57,60].

Since the major dose-limiting toxicity of ribavirin is 
haemolytic anaemia, it can result in worsening of car-
diac disease and can lead to fatal and non-fatal myo-
cardial infarctions. Therefore, patients with a history 
of significant or unstable cardiac disease should not 
be treated. Additionally, in patients with other base-
line risks of severe anaemia (for example, spherocyto-
sis and history of gastrointestinal bleeding), ribavirin 
should not be used [64]. Since ribavirin is cleared by 
the kidney, the drug should be used with extreme cau-
tion in patients with chronic kidney disease [68]. Other 
side effects associated with ribavirin include mild lym-
phopaenia, hyperuricaemia, itching, rash, cough and 
nasal stuffiness. Furthermore, significant teratogenic 
and/or embryocidal effects have been observed in all 
animal species exposed to ribavirin except for baboons 
[69]. Consequently, ribavirin is contraindicated in both 
males and females who are attempting conception with 
a recommended 6-month washout period before trying 
to get pregnant [70,71].

Inosine triphosphatase polymorphism
Recently, a landmark discovery was made with 
respect to ribavirin’s marked ability to cause anae-
mia in patients undergoing combination antiviral 
treatment [72]. A genome-wide association study 
demonstrated that SNPs were present in the human 
genome that correlate with both the development and 
severity of ribavirin-induced anaemia. Initial analysis 
demonstrated that polymorphisms near the inosine 
triphosphatase (ITPA) gene locus were predictive of 
the development of anaemia secondary to ribavirin 
but subsequent analysis demonstrated that two SNPs 
located directly in the ITPA gene were the functional 
SNPs and accounted for the observed phenotype. Het-
erozygotes were less susceptible to ribavirin-induced 
anaemia than homozygotes with the risk allele [73]. 
Subsequent in vitro experiments demonstrated how 
these polymorphisms resulted in anaemia with a dose-
dependent effect. Specifically, the two SNPs in the 
ITPA gene result in the reduced activity of the enzyme, 
leading to an increase in basal inosine triphosphate 
levels in the erythrocyte. Inosine triphosphate subse-
quently confers protection against ribavirin-induced 
ATP reduction by substituting for erythrocyte GTP, 
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which is depleted by ribavirin, in the biosynthesis of 
ATP [74]. Although the finding is scientifically signifi-
cant, the clinical utility of the polymorphism has been 
limited as the frequency of the protective allele is low 
in the human population. Additionally, it is unknown 
whether or not the polymorphism plays a role in the 
antiviral activity of ribavirin against HCV.

Mechanism of action of ribavirin HCV antiviral therapy
There are multiple mechanisms of action reported for 
ribavirin, each with some experimental evidence; how-
ever, the major antiviral mechanism responsible for rib-
avirin activity has been enigmatic (Figure 2) [4]. Many 
factors contribute to this area of scientific controversy 
and include the fact that ribavirin displays antiviral 
activity against numerous viruses including those with 
RNA and DNA genomes [1]. It is unlikely that one 
mechanism can be responsible for these observations. 
In addition, ribavirin’s use in HCV therapy is depend-
ent on administration with interferon. Since patients 
are not cured of HCV with ribavirin monotherapy, 
interactions with the multifaceted antiviral activity 
of interferon-a, the potent antiviral agent in the regi-
men, complicates analysis of ribavirin’s contribution 
in combination therapy [45]. In order to understand 
each of the proposed mechanisms of action of riba-
virin against HCV, the ability of ribavirin to exert its 
antiviral effect either by a direct mechanism targeting 

the virus or by an indirect mechanism targeting host 
cells is discussed below.

HCV polymerase inhibition
Since ribavirin is a nucleoside analogue of guanosine, 
the most straightforward possible mechanism of action 
would be that ribavirin acts as an inhibitor of the viral 
polymerase. Since viral polymerases utilize intracellular 
nucleotides to replicate their genome, ribavirin triphos-
phate would potentially be recognized by the viral poly-
merase and either inhibit subsequent elongation due 
to chain termination or prevent the binding of other 
endogenous nucleotides necessary for the completion of 
genome replication [24,75]. This is an attractive mecha-
nism of action because of the conservation in the nucle-
otide binding site between viral genotypes. As a result, 
nucleoside/nucleotide polymerase inhibitors should 
confer pan-genotypic antiviral activity [76,77]. One 
of the strongest arguments against this mechanism of 
action is the fact that ribavirin is a very weak inhibitor 
of HCV polymerase in vitro and retains antiviral activ-
ity against most HCV strains that harbour resistance 
mutations in the polymerase region that arise following 
treatment with other nucleoside/nucleotide inhibitors 
[78,79]. However, potential mutations that may confer 
resistance to ribavirin in the polymerase gene have been 
identified in patients undergoing treatment with riba-
virin [80]. Furthermore, there is limited data showing 
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that ribavirin is a chain terminator, as are many other 
nucleoside/nucleotide analogues [76]. Proponents of this 
mechanism of action argue that ribavirin has weak activ-
ity against the polymerase and thus there is not enough 
selective pressure to drive the preferential expansion of 
resistant strains. Claims have also been made that this 
weak antiviral activity would also be of importance 
with coadministration of interferon-a, where the inter-
feron will drive down virus levels allowing ribavirin’s 
weak antiviral effect to be of more importance when the 
viral levels and quasispecies diversity are much lower. 
Thus, this weak and constant antiviral activity can help 
eradicate low-level virus that usually relapses following 
cessation of interferon-a monotherapy.

RNA mutagenesis (error catastrophe)
A second mechanism of action is inferred from data 
that demonstrated ribavirin triphosphate can be incor-
porated in the HCV viral genome. Once incorporated, 
since ribavirin can base pair with both cytosine and ura-
cil, it would subsequently drive an increasing number of 
mutations in the HCV genome, ultimately resulting in 
the production of less fit viruses: a process termed ‘error 
catastrophe’ [6,81]. Evidence to support this mecha-
nism is also very controversial as several laboratories 
have published conflicting studies demonstrating that 
there ‘is’ or ‘is not’ an observable increase in the number 
of mutations being generated during exposure to ribavi-
rin [38,80,82,83]. This mechanism of action, although 
directly affecting the virus, would not select for a par-
ticular resistant strain since mutations would occur 
randomly throughout the genome. Two independent 
studies have reported a small but significant increase in 
the error rate following mutational analysis of the viral 
polymerase [80,82]. Another study reported no increase 
in mutation frequency but the analysis was performed 
examining only the NS5A and NS3 sequences [84].

A controversial area of ribavirin research has been 
whether or not ribavirin selects for resistant viral 
strains. In tissue culture models, it has been clearly 
demonstrated that resistance to ribavirin develops 
from adaptations occurring in host factors mainly in 
the equilibrative nucleotide transporters [85]. However, 
viral mutants have also been observed in the replicon 
cell lines treated with ribavirin [86]. Specific mutants 
have been isolated in both the NS5A and NS5B genes 
and these mutants emerged in patients undergoing riba-
virin monotherapy [80]. However these mutations have 
not been shown to confer ribavirin resistance in vitro. 
In these cell culture models (for example, replicon and 
JFH1), a clear antiviral effect for ribavirin has been 
reported and the effect appears to be lasting without 
appearance of viral resistance. This in vitro antiviral 
effect of ribavirin is also synergistic with the addition 
of interferon [87,88]. Interestingly, in vivo studies in 

patients undergoing monotherapy have yielded addi-
tional insight. The impact on HCV RNA levels as 
reported by Pawlotsky et al. [38], demonstrated a tran-
sient decline in viral level that returned to baseline lev-
els after approximately 4 days. Longer ribavirin mono-
therapy trials have found a weak antiviral effect that 
increases over time [89]. Therefore, a two-tier mecha-
nism may be operational, in which the initial dose of 
ribavirin monotherapy has a transient effect that is 
subsequently followed by a more lasting effect. By con-
trast, there is very clear evidence that the combination 
of pegylated interferon-a and ribavirin does not select 
for viral resistance in vivo [89].

Inosine monophosphate dehydrogenase  inhibition
One mechanism that has received significant attention 
from pharmaceutical companies stems from the fact 
that ribavirin is a competitive inhibitor of the inosine 
monophosphate dehydrogenase (IMPDH) enzyme 
[91,92]. IMPDH is the necessary enzyme for the con-
version of inosine-5-monophosphate to xanthine-
5-monophosphate and this is the rate-limiting step in 
guanosine nucleotide biosynthesis through the de novo 
synthesis pathway. Ribavirin specifically binds to the 
substrate-binding site of the IMPDH enzyme limit-
ing access of the enzyme to its endogenous substrate 
(inosine-5-monophosphate) ultimately leading to the 
decreased synthesis and lower levels of GTP. Since 
viruses need guanosine nucleotides to rapidly replicate 
their genomes, it is thought that depletion of GTP by 
ribavirin’s inhibition of IMPDH may result in signifi-
cant antiviral activity [93]. Based on this mechanism 
of action, pharmaceutical companies have attempted 
to use more potent IMPDH inhibitors (for example, 
VX-497 and mychophenolate mofetil) to treat HCV 
but have reported minimal success [94,95]. As a result, 
this mechanism has lost favour as the dominant mecha-
nism of action of ribavirin. However, proponents argue 
that IMPDH inhibition could also contribute to anti-
viral activity by ultimately lowering GTP pools facili-
tating the activity of ribavirin triphosphate in error 
catastrophe or as a polymerase inhibitor. Thus, it is a 
combination of IMPDH inhibition and a direct mecha-
nism that may explain ribavirin’s efficacy and also why 
other non-nucleoside IMPDH inhibitors fail to show a 
significant effect during HCV therapeutic trials.

Immunomodulation
Additional in vivo and in vitro experiments from mouse 
models and small cohorts of HCV-infected patients have 
generated evidence that ribavirin can skew the activity of 
helper T-cells suppressing Th2 responses while inducing 
Th1 responses, a more cytotoxic pattern facilitating the 
clearance of infected cells [96–98]. Studies have demon-
strated the importance of T-cells in clearance of acute 
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HCV infection [99]. However, it is unclear if T-cells play 
an important role in antiviral clearance during combi-
nation therapy with pegylated interferon-a and ribavi-
rin [100] and therefore this mechanism is probably less 
likely to have a significant contribution.

Potentiation of induction of interferon-stimulated genes
The mechanism of interferon action has largely been 
attributed to the induction of multiple genes that support 
an antiviral state [101]. Since ribavirin is particularly 
effective when given with interferon, it was evident that 
ribavirin may have some interferon potentiating activity. 
In order to study this further, gene expression analyses 
were performed on liver biopsies from patients on treat-
ment with interferon with or without ribavirin. It was 
observed that the levels of some interferon-stimulated 
genes (ISGs) were higher in patients treated with both 
interferon and ribavirin and it was hypothesized that 
ribavirin may contribute to ISG induction [102]. Several 
additional studies, both in vitro and in vivo, have now 
demonstrated that ribavirin can directly induce ISGs, 
albeit at a much lower level and with a much smaller 
number of affected genes, when compared to the effect 
of interferon [103–107]. In addition, this effect of riba-
virin was seen in cells from various mammalian species 
including cells from humans, mice and rats [88,108]. 
This is not an entirely unexpected phenomenon as it has 
been reported that guanine nucleoside analogues can be 
recognized by toll-like receptors resulting in the induc-
tion of antiviral genes [109].

The mechanism by which ribavirin up-regulates 
antiviral genes can explain ribavirin’s antiviral activity 
against both DNA and RNA viruses. In addition, it can 
explain how ribavirin synergistically acts with inter-
feron. This mechanism of action would also limit devel-
opment of resistant viral strains. The exact mechanism 
by which ribavirin stimulates this response is an area 
needing further study. It has been proposed that riba-
virin may inhibit a transcriptional repressor allowing 
up-regulation of antiviral genes that are normally kept 
at low basal levels [88]. This novel mechanism of action 
could be utilized to develop broad-spectrum antivi-
rals by enhancing the potent innate immune response 
in humans. Toxicity would be limited as these agents 
would mainly be active in cells infected with virus and 
may protect uninfected cells from future infection. Sev-
eral strategies to develop small molecule agonists to 
potentiate the interferon response have been attempted 
and showed some promise [110,111].

Other nucleosides/nucleotides and HCV therapy
Although ribavirin is the first and only approved 
nucleoside analogue for the treatment of HCV, there 
is currently a significant amount of excitement about 
the future use of this class of compounds in antiviral 

treatment regimens for HCV [112]. Initial attempts at 
utilizing taribavirin/viramidine (Figure 1), a liver-tar-
geted ribavirin analogue that elicits fewer side effects, 
ultimately failed to demonstrate non-inferiority in 
Phase III clinical trials [113]. Unfortunately, a weight-
based dosing regimen was not used for taribavirin/
viramidine in these studies as is utilized for ribavirin. 
Therefore, future studies with taribavirin/viramidine 
may demonstrate added therapeutic efficacy if a simi-
lar treatment regimen is used between the two agents 
in order to facilitate its further development. However, 
new nucleoside and nucleotide analogues have been 
developed that have received significant attention due 
to their potent and pangenotypic antiviral activity with 
high barrier to viral resistance. These include the nucle-
oside analogue mericitabine (RG7128-cytidine nucleo-
side analogue), GS-7977 (uracil nucleotide analogue), 
GS-938 (guanosine nucleotide analogue), INX-189 
(guanosine nucleotide analogue) and IDX-184 (guano-
sine nucleotide analogue). Since the generation of the 
monophosphorylated form is the rate-limiting step 
toward generation of the active triphosphate form of 
these compounds, there has been an increasing focus on 
developing nucleotides as these compounds appear to 
have the greatest potency in this class. It is interesting 
that the combination of a nucleoside and a nucleotide 
analogue (for example, ribavirin and GS-7977) showed 
synergistic activity in treatment of hepatitis C [114].

Future role for ribavirin in HCV therapy
Quadruple treatment regimens and the role of ribavirin in 
regimens utilizing novel classes of antivirals
The current standard of care for HCV genotype 1 
gained approval in 2011 and it consists of a triple-ther-
apy regimen including pegylated interferon-a, ribavirin 
and a protease inhibitor (either telaprevir or boceprevir) 
[56,57,60,67]. The next likely improvement in HCV 
treatment would be the inclusion of second-generation 
protease inhibitors with fewer side effects and simpler 
dosing schedules given with ribavirin and pegylated 
interferon-a [115,116]. Although this would make triple 
therapy easier to tolerate for the patient, it is anticipated 
that there would be minimal improvement in cure rates 
that will remain at approximately 70–75%. Following 
approval of these second-generation protease inhibitors, 
the next most likely treatment regimen that will gain 
approval would utilize four antiviral agents. This would 
again include a ribavirin and pegylated interferon-a 
backbone and a protease inhibitor with either an NS5A 
inhibitor or a non-nucleoside polymerase inhibitor. Pre-
liminary data from these trials are reporting cure rates 
approaching 100% [117]. This would be a significant 
step forward in HCV therapy and these quad-regimens 
are a much needed treatment strategy as they would 
offer the best alternative for any patients that harbour 
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resistant strains following treatment failure in a clini-
cal trial that was conducted without interferon. One 
recent study specifically demonstrated the combination 
of two DAAs with pegylated interferon and ribavirin 
for 24 weeks resulted in 100% cure rate in 10 patients 
with genotype 1 who had failed to respond to pegylated 
interferon and ribavirin alone [117]. These patients are 
thought to be the hardest to cure; consequently, the high 
cure rate in this population is very encouraging. In addi-
tion to NS5A and non-nucleoside polymerase inhibitors, 
other classes of antivirals are being combined with riba-
virin and pegylated interferon-a. One class, including 
the family of cyclophilin inhibitors, specifically targets 
components of the cellular machinery and are desig-
nated host targeting antivirals [118]. Recent Phase I and 
II studies utilizing triple regimens of ribavirin, pegylated 
interferon-a and the cyclophilin inhibitor alisporivir 
have suggested an improvement in efficacy over dual 
therapy [119] although recent discovery of toxicity may 
hamper subsequent development.

Interferon-free treatment – the holy grail
Ultimately, the goal is to develop an all-oral treatment 
regimen that excludes interferon. Unfortunately, several 
factors make HCV a particularly difficult pathogen to 
cure including its rapid replication rate, existence as a 
quasispecies and the that fact that its genome encodes 
a low fidelity, error-prone polymerase that allows for 
pre-existing drug-resistant mutations and the rapid 
generation of mutant strains that can evade the antivi-
ral activity of some classes of targeted small molecules 
[120]. However, the considerable side effect profile of 
interferon and the need for the drug to be given as a 
subcutaneous injection makes it impractical for wide-
spread use. As discussed above, ribavirin itself is con-
traindicated in several patient populations. However, 
there is considerable debate as to the necessity of riba-
virin in an all-oral treatment regimen [121]. Regard-
less of its contraindications, ribavirin has proven to be 
useful in interferon sparing all-oral treatment regimens 
with several classes of small molecule inhibitors. One 
of the first studies to demonstrate the utility of ribavirin 
in interferon-free treatment regimens was a study with 
a protease inhibitor and a non-nucleoside polymerase 
inhibitor with and without ribavirin [122]. All patients 
without ribavirin developed viral breakthrough during 
therapy. By contrast, the addition of ribavirin enhanced 
antiviral activity, delayed the emergence/selection 
of resistance, and resulted in a greater proportion of 
patients achieving a rapid virological response (patient 
is HCV-RNA-negative after 4 weeks of therapy). Addi-
tional interferon-free treatment regimens have been 
pursued but most are using ribavirin in ≥1 of the treat-
ment arms (Table 1). Another recently published study 
demonstrated no viral breakthrough in patients on 

triple combinations including ribavirin [123]. Interest-
ingly, this study did not include a ribavirin-free treat-
ment arm, highlighting its probable necessity in all-oral 
combination. In addition, there was minimal anaemia 
in this patient cohort.

An additional study, designated Electron, treated HCV 
genotype-2/3-infected patients in an interferon-free regi-
men utilizing another DAA that is a nucleotide analogue 
(PSI-7977). A study of 10 patients with genotype 2/3 
HCV infection that combined ribavirin and PSI-7977 for 
12 weeks resulted in end-of-treatment viral clearance in 
all 10 patients, alluding to the possibility that the two 
small molecule combination might be enough to cure the 
genotype 2/3 HCV viruses [114].

Finally, the aforementioned study [117] also demon-
strated that the combination of the two DAAs alone 
yielded a 36% SVR rate in 11 additional difficult-to-
cure patients with genotype 1a and 1b. This was the 
first published demonstration of cure of HCV in an 
interferon-free regimen. In addition, the dual combi-
nation regimen was able to cure this difficult-to-treat 
patient population without ribavirin. This study sup-
ports a possible future when ribavirin may not be nec-
essary. However, had ribavirin been included in this 
regimen, one might predict higher cure rates.

Prospects for the future use of ribavirin in HCV therapy
If a combination of DAAs is developed that is effective 
and safe with minimal side effects, the contraindica-
tions of ribavirin may limit its future use in antiviral 
therapy for HCV. However, based on previous studies, 
ribavirin may have to be included in treatment regimens 
for HCV that include interferon [44,60]. In interferon-
sparing all-oral treatment regimens, there are multiple 
reasons to include ribavirin in the small molecule cock-
tail. First, improvements in alanine aminotransferase by 
ribavirin may mask any slight toxicity of other DAAs 
in the combination [11]. This could subsequently prove 
to be beneficial for rapid FDA approval of an all-oral 
treatment regimen. However, this effect is not seen in all 

Small molecule antivirals	 Company

ABT-450/r +ABT-333 +ABT-267 ±RBV	 Abbott
BI 207127 +BI 201335 ±RBV	 Boehringer Ingelheim
BMS-790052 +BMS-650032 ±RBV	 Bristol–Myers Squibb
GS-5885 +GS-9451 +GS-9190 ±RBV	 Gilead Sciences
GS-7977 +RBV	 Gilead Sciences
GS-7977 +TMC435 ±RBV	 Tibotec
RO5190591/r +RO5024048 ±RBV	 Hoffmann–La Roche
DEB025 ±RBV	 Novartis Pharmaceuticals

Table 1. Use of ribavirin in interferon-sparing regimens for the 
treatment of HCVa

aInformation obtained from ClinicalTrials.gov. RBV, ribavirin; /r, ritonavir-boosted.
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patients treated with ribavirin monotherapy so markers 
are needed to facilitate identification of patients who 
will most benefit from ribavirin being included in their 
all-oral treatment regimen. In addition, ribavirin should 
be utilized if its use can accelerate approval of DAA-
only combinations by increasing SVR (>50%) or in 
order to shorten the treatment regimen (8/12 weeks on 
treatment followed by sustained virological response 
where the patient is HCV-RNA-negative three months 
after stopping therapy [SVR 12]). 

In interferon-sparing regimens, ribavirin may also 
be particularly effective since its use without inter-
feron, with its effects on bone marrow (for example, 
neutropaenia) [124], may cause less anaemia. Further-
more, it may be utilized at lower doses in these regi-
mens to minimize side effects, as has been done with 
HCV genotype 2/3 (800 mg) [125] but a dose <600 
mg has been demonstrated to be insufficient in cer-
tain settings [126]. In addition, ribavirin can be used 
with other nucleoside/nucleotide analogues, that may 
be considered to be in the same class of compounds, 
as has been done in previously reported studies [112] 
or with other classes that are very different, such as 
the host-targeting antivirals [119]. One interesting 
caveat would be to determine if taribavirin/viramidine 
should be utilized in interferon-free regimens since it 
has a better side effect profile and because it may be 
able to contribute significantly to viral eradication. 
Phase III trials with taribavirin and pegylated inter-
feron failed to demonstrate lack of inferiority [113]; 
however, this would not preclude the use of tariba-
virin in interferon-sparing treatment regimens [127]. 
Ultimately, the future of HCV therapy should be free 
of interferon. However, much work needs to be done 
to determine if the DAAs currently in development can 
cure HCV of all genotypes quickly and safely without 
ribavirin in the regimen.

Conclusions

Since its initial use as monotherapy over 20 years ago 
to treat HCV infection, ribavirin has continued to be a 
critical antiviral agent in treating this virus. Although 
strategies to eliminate its use have been attempted and 
subsequently failed, there is no doubt that ribavirin 
greatly enhances the antiviral effect of interferon-a. 
With new therapies being developed for chronic HCV 
infection and the impending reality that interferon-
a will likely be of decreasing use for this indication, 
interest in ribavirin has increased. It is very likely that 
future studies assessing the effect of DAAs with and 
without ribavirin will yield a tremendous amount of 
insight on the antiviral activity of this small molecule 
and its mechanism of action. Additional data on mech-
anism of action of ribavirin may re-energize efforts to 

develop broadly-acting small molecule antivirals with 
ribavirin-like activity for many other viruses. How-
ever, regardless of whether or not the scientific com-
munity ever embraces one major mechanism of action 
to explain ribavirin’s utility in antiviral therapy for 
HCV, its impact on the treatment of this virus will 
never be questioned.
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