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A number of viruses in the family Flaviviridae are the focus of efforts to develop effective antiviral ther-
apies. Success has been achieved with inhibitors for the treatment of hepatitis C, and there is interest in
clinical trials of drugs against dengue fever. Antiviral therapies have also been evaluated in patients with
Japanese encephalitis and West Nile encephalitis. However, no treatment has been developed against the
prototype flavivirus, yellow fever virus (YFV). Despite the availability of the live, attenuated 17D vaccine,
thousands of cases of YF continue to occur each year in Africa and South America, with a significant mor-
tality rate. In addition, a small number of vaccinees develop severe systemic infections with the 17D
virus. This paper reviews current efforts to develop antiviral therapies, either directly targeting the virus
or blocking detrimental host responses to infection.
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1. Introduction

A number of viruses in the family Flaviviridae are the focus of
efforts to develop effective antiviral therapies. Success has been
achieved for the treatment of hepatitis C virus (HCV) infection,
and there is interest in clinical trials of drugs against dengue fever.
Antiviral therapies have also been evaluated in patients with
Japanese encephalitis and West Nile encephalitis. However, no
treatments have been developed against the prototype flavivirus,
yellow fever (YF) virus.
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As an arbovirus, YFV is spread through the bite of an infected
mosquito. The virus is endemic to areas of tropical Africa and Latin
America, and causes significant morbidity and mortality through-
out its range. Despite the availability of the live, attenuated 17D
vaccine, thousands of cases of YF continue to occur each year. Se-
vere cases may have a fatality rate as high as 50%. An increase in
YF observed over the last 10 years may be due to many factors
including declining population immunity, deforestation, urbaniza-
tion, population movements and climate change (WHO website).

Vaccination is the only countermeasure available for those
inhabiting or visiting YF-endemic areas. The 17D vaccine protects
against all YFV strains, eliciting a protective antibody response
within 10 days in 95–100% of vaccinated individuals (Barrett and
Teuwen, 2009; Kay et al., 2011; Monath et al., 2002). However, a
small number of vaccinees develop severe systemic infections with
the 17D virus. This paper reviews current efforts to develop antivi-
ral therapies, either directly targeting the virus or blocking detri-
mental host responses to infection, and briefly discusses some of
the limitations and hazards associated with YF vaccination.

2. The need for antiviral therapies

One common theme with all flaviviruses is that there are no ap-
proved antiviral therapies for the treatment of human disease. De-
spite the availability of licensed vaccines for the prevention of
human infection with YFV, JEV, and TBEV (Heinz and Stiasny,
2012), there is still a high burden of disease associated with infec-
tion from these viruses. This is likely due to underutilization of vac-
cines in endemic areas.

A large industry has been built around the discovery of com-
pounds against HCV. Direct-acting antiviral drugs that specifically
target the viral proteins of HCV, especially the viral RNA-depen-
dent RNA polymerase and the NS3/4A serine protease, continue
to be a viable avenue of drug development. In 2011, the protease
inhibitors telaprevir and boceprevir were approved for clinical
use in the United States and Europe, effectively replacing a combi-
nation of pegylated interferon-a and ribavirin as the standard of
care for the treatment of genotype 1 HCV (Doyle et al., 2012).
About 50 agents are now undergoing clinical trials for the treat-
ment of hepatitis C.

Dengue virus (DENV) causes significant morbidity and mortality
in tropical regions of the world. There have been efforts to develop
drugs for the treatment of dengue. Clinical trials have been con-
ducted in Viet Nam with the antimalarial drug, chloroquine,
although no clinical benefit was observed (Tricou et al., 2010). Bal-
apiravir, a nucleoside analog originally developed by Roche for the
treatment of hepatitis C, has also been tested for efficacy in DENV-
infected patients, although there did not appear to be any benefit
from treatment in reducing viremia or fever duration (Nguyet
et al., 2012). Further clinical studies are likely to follow for the
evaluation of other compounds for the treatment of DENV, and
many programs have been developed for the discovery and preli-
minary characterization of drug activity in various model systems.

Some clinical trials for agents effective in the treatment of
encephalitic flaviviruses, including WNV and JEV, have also been
conducted. Safety trials for the treatment of WNV with a human-
Fig. 1. A graphical representation of the flavivirus genome. The structural capsid (C), pre
region. The nonstructural (NS) proteins 1, 2A, 2B, 3, 4A, 4B, and 5 are located at the 30 end
are important for replication. The 50 end possesses a cap structure. Arrowheads represent
Known functions of the various viral proteins are also included.
ized antibody, MGAWN1, with specificity for the WNV envelope
protein were conducted and it was shown to be well-tolerated
(Beigel et al., 2010). However, poor enrollment of patients infected
with WNV has hampered further clinical evaluation. A controlled
trial of ribavirin treatment of JEV-infected individuals in India
was performed over a period of 3 years, which attracted enroll-
ment of 153 patients. There was no improvement of disease, how-
ever, associated with ribavirin treatment (Kumar et al., 2009).

This review will focus on the development of antiviral therapies
for the treatment of YF, but ideally, an effective antiviral would
have broad-spectrum activity against other members of the Flavi-
viridae family. It is unlikely that an effective antiviral would be
any better utilized than the vaccine in the resource-poor regions
of YF endemicity. For a therapeutic agent to have utility in the
treatment of disease such as YF, it would ideally be inexpensive,
stable, safe, would have efficacy when administered before and
after virus infection, and would be broadly active against a range
of viruses. The most plausible scenario of use would be in the wake
of an outbreak where a safe preventative could be administered at
the onset of any symptoms that could be associated with YFV
infection. Another scenario would be for the treatment of travellers
to endemic regions, where vaccination may pose more of a risk
than infection. An effective antiviral could be useful in such in-
stances where travellers contract YF and could be treated as soon
as symptoms arose. A third scenario would be the development
of countermeasures for the treatment of adverse events associated
with vaccination. Of course, to fulfill any one of these requirements
is a challenge unto itself, and it may be difficult to find such a
compound.

3. Classification

Yellow fever virus (YFV) is a member of the virus family Flavivi-
ridae, which contains many other viruses of medical and veterinary
concern, most notably including hepatitis C virus (HCV), Dengue
virus (DENV), West Nile virus (WNV), Japanese encephalitis virus
(JEV), Tick-borne encephalitis virus (TBEV), and bovine viral diar-
rhea virus (BVDV). YFV and the other viruses listed above are
further classified within 3 genera: flavivirus, hepacivirus, and pes-
tivirus. These viruses share the characteristic of a single-stranded,
positive-sense RNA genome that is approximately 10 KB in length
and codes for a single long polyprotein (Fig. 1). Host and viral pro-
teases cleave the polyprotein to produce functional proteins that
interact with host and viral components for production of progeny
virions during viral replication. A diagram of the replication cycle
of YFV and other flaviviruses is depicted in Fig. 2.

The flavivirus genus is separated into three major subdivisions:
mosquito-borne viruses, tick-borne viruses, and flaviviruses with
no known arthropod vector. The mosquito-borne group contains
many well-known viruses that are important human pathogens.
Yellow fever is the archetypal flavivirus with a transmission cycle
that involves mosquito vectors. Within the mosquito-borne flavivi-
ruses, the Yellow fever group encompasses YFV and related viruses
such as Banzi virus (BANV), Edge Hill virus, Uganda S virus and
Wesselsbron virus. The other viruses that are closely related to
YFV and classified together in the YF group cause infrequent
membrane (prM), and envelope proteins are situated at the 50 end of the translated
of the genome. The 30 and 50 terminal ends possess untranslated regions (UTR) that

host protease cleavage sites, while diamonds represent viral protease cleavage sites.



Fig. 2. Replication strategy of the flaviviruses, including YFV. The virus enters the cell by endocytosis and the viral RNA is released following fusion with an endosome. Viral
RNA is translated by host ribosomes into a single polyprotein that is processed by host and virus-encoded proteases. The nonstructural proteins are involved in replication of
the viral RNA. Viral RNA and structural proteins are packaged together into progeny virions, which bud from internal membranes before being released from the cell.
‘‘Lightning bolts’’ indicate potential targets for antiviral intervention; details of each target are contained in the text.
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disease and are less frequently studied and therefore not as well
characterized as YFV. In man, BANV infection results in a febrile ill-
ness (Smithburn et al., 1959; Williams and Woodall, 1964),
although experimental infection of mice with BANV results in
encephalitis (Bhatt et al., 1981). Antiviral studies with BANV have
also been published (Julander et al., 2006; Smee et al., 1987), dem-
onstrating the utility of such models in characterizing the activity
of antiviral compounds against an encephalitic flaviviral disease in
mice.

Other mosquito-borne virus groups within the flavivirus genus
include the Dengue (DENV) and the Japanese encephalitis (JEV)
viruses. Like the yellow fever group, human infection with the
members of the dengue virus group may result in hemorrhagic
manifestations and shock (Simmons et al., 2012). The viruses with-
in the Japanese encephalitis virus group include, in addition to the
nominate virus, West Nile virus (WNV), Murray Valley encephalitis
virus and St. Louis encephalitis virus. Infection with this virus
group is generally self-limiting, but may result in encephalitic dis-
ease (Turtle et al., 2012).

Tick-borne viruses within this genus contain viruses that cause
encephalitic and hemorrhagic disease, and include Powassan virus,
tick-borne encephalitis virus (TBEV), Langat virus, and Omsk herm-
orrhagic fever virus. Infection with these viruses may result in
encephalitic or hemorrhagic disease manifestations, depending
on the virus (Lasala and Holbrook, 2010). Little is known about
the viruses with no known arthropod vector, and these viruses
rarely if ever cause human disease.
One of the best-known viruses in the family Flaviviridae is HCV,
which is classified within the genus Hepacivirus. Infection with this
virus has resulted in around 180 million chronic infections world-
wide, and continues to be one of the leading causes of hepatocellu-
lar carcinoma (El-Serag, 2012). Although there is some debate as to
the taxonomy, some investigators classify the GB viruses, which
are primate pathogens, within the hepacivirus genus, while others
place these viruses in the proposed genus pegivirus (Stapleton
et al., 2011), which would constitute a fourth genus within this
family. These viruses and other members of the Flaviviridae family
and may share common pathways and conserved sequences that
may be useful in the development of broad-spectrum antiviral
agents (Paula et al., 2009).

Within the genus Pestivirus is the veterinary pathogen bovine
viral diarrhea virus (BVDV). This virus has been used historically
as a surrogate for HCV, although with recent advances in model
systems for HCV, this is no longer the case. Three other veterinary
pathogens are also found in this genus.
4. Limitations and adverse effects of the 17D vaccine

One limitation of the 17D vaccine was the rapid loss of titer
after reconstitution, which has recently been countered by using
new formulations to improve the stability of live, attenuated flavi-
virus vaccines (Wiggan et al., 2011). Changes of the sequence ele-
ments of a live vaccine during production is another area of
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potential danger for vaccinees, and efforts were recently made to
more fully characterize the 17D vaccine throughout the manufac-
turing process. This study included 13 different preparations from
many different manufacturers was undertaken to more fully char-
acterize the molecular events that occurred during preparation at
various institutions, which provides insight into potential impor-
tant differences among the various preparations that might ac-
count for adverse events (Stock et al., 2012). Such advances are
important in advancing the vaccine in regard to improved effi-
cacy/use while mitigating adverse events.

Unfortunately, there are some drawbacks to the use of this live
vaccine, including safety and inefficacy after onset of disease or
during an epidemic. The safety risks of 17D vaccination have been
recently reviewed (Barrett and Teuwen, 2009; Thomas et al., 2012),
giving further understanding into potential risk factors for serious
adverse events. Although occasional adverse events occur, it must
be stressed that the 17D vaccine is exceedingly effective and safe,
aside from some identified risk factors, where vaccination should
be avoided. The virus is contraindicated in individuals who are
immunocompromised, which is increasingly common. For exam-
ple, individuals with inflammatory bowel disease (IBD) are pre-
scribed different immunomodulators that may reduce the
immune response. However, in a recent study of vaccination in
individuals taking such medications, none showed adverse reac-
tion to vaccination (Wilckens et al., 2011), although such factors
should be seriously considered prior to administration of live
attenuated vaccines. Another example is the compromised immu-
nity in Africa where there is both a risk of YFV outbreaks as well as
the underlying complication of a large population of individuals
chronically infected with human immunodeficiency virus (HIV).
Similar to the IBD study, no adverse events in 102 HIV-infected pa-
tients were observed in a recent investigation into YF vaccine com-
plications, although significantly lower levels of protective
neutralizing Ab titers (NT) were observed in these individuals as
compared with non-HIV infected vaccinees (Veit et al., 2009).
The reason for lower NT after vaccination of HIV-infected patients
with 17D YFV was found to depend on the plasma levels of HIV at
vaccination (Pacanowski et al., 2012).

The 17D vaccine virus was implicated in cases of neonatal
meningoencephalitis after breast-feeding from recently vaccinated
mothers (Kuhn et al., 2011; Traiber et al., 2011), further illustrating
the potential for disease when contraindications are not heeded.
The vaccine virus has been shown to persist up to 6 months after
vaccination, with suggested implications in safety (Martinez
et al., 2011). Another recent concern with vaccines in general
was the newly discovered potential for risk of contamination with
xenotropic murine leukemia virus-related virus (XMRV), which is
associated with prostate cancer and chronic fatigue syndrome.
YFV vaccine, as well as 7 other live attenuated vaccines, tested neg-
ative for XMRV and related viruses in a recent study (Switzer et al.,
2011).

Serious adverse events are the most severe consequence of vac-
cination with the 17D vaccine, although such events are rare. One
such adverse condition, YF vaccine associated viscerotropic disease
(YEL-AVD), was reported in 0.06–3.2 per 100,000 vaccination
events worldwide, depending on risk factors (Barrett and Teuwen,
2009). YEL-AVD was associated with a high case fatality rate
around 60%. A cluster of 5 cases of YEL-AVD occurred after a
2007 vaccination campaign in Peru, although no uniform predictor
of outcome could be identified (Whittembury et al., 2009). Analysis
of a comprehensive data set from known cases of YEL-AVD re-
vealed a higher incidence in men >60 years and in 19–34 year
old women with no known immunodeficiency (Seligman, 2011).
Recent studies revealed that intrathecal antibody production is
produced during another adverse event, YF-vaccine associated syn-
drome involving neurotropic disease (YEL-AND), which confirms
central nervous system infection by 17D vaccine virus after vacci-
nation (Pires-Marczeski et al., 2011). These adverse vaccination
events, although extremely rare, are an ongoing concern when
administering live attenuated vaccines as the cause of such adverse
events, and conversely how to prevent them, is largely
unexplained.

To counteract the safety concerns associated with live attenu-
ated vaccines, some inactivated vaccines have recently been devel-
oped and are currently being tested for efficacy in animal models
and human subjects. One such vaccine, designated XRX-001, has
shown suitable immunogenicity and protection in a hamster mod-
el of YFV infection and disease, protecting vaccinated animals from
lethal infection (Monath et al., 2011, 2010). Antibodies (Ab) pro-
duced after vaccination and passively administered to naïve ani-
mals were protective after YFV challenge and corresponded to
the concentration of neutralizing Ab present (Julander et al.,
2011b). A neutralizing Ab titer of 1:10 was protective in this study,
which is similar to that reported after 17D vaccination (Barrett and
Teuwen, 2009). Human subjects challenged with XRX-001 devel-
oped a protective Ab response that was dose dependent (Monath
et al., 2011). Another approach to improve safety concerns with
live attenuated immunization is the development of a vaccinia
delivery system utilizing intramuscular administration of non-rep-
licating vaccinia-vectored precursor of membrane and envelope
proteins, which protected BALB/c mice after intracranial challenge
with YFV (Schafer et al., 2011). Further testing is needed to deter-
mine if this vaccination approach is useful against a more relevant
course of disease. Overall, these efforts to improve the safety of YF
vaccination appear to be making good progress towards this goal.
5. Tools for the discovery of new antivirals

To aid in the identification of antiviral agents with activity
against YFV, various in vitro and in vivo systems have been devel-
oped. Initial screens, including blind screening of chemical libraries
or initial tests of specifically designed compounds, are typically
conducted in cell culture, but may also be tested in various
in vitro systems to study the interaction of the compound with
the specific target. The following sections contain only a brief ac-
count of recent advances in model systems that aid in the discov-
ery of anti-YFV agents.

5.1. In vitro

Replicons containing the nonstructural genes of YFV and a re-
porter gene such as luciferase have been useful in high-throughput
screening (HTS) applications to expedite the discovery of com-
pounds with antiviral activity. A recently developed replicon HTS
assay was recently developed and was used to screen a compound
library, which resulted in the discovery of several compounds that
were active against YFV in the high nM range (Patkar et al., 2009).
Mutations generated in the presence of these compounds mapped
to NS4B, suggesting a potential novel role of these compounds in
the inhibition of this viral protein as a part of the replication
complex.

5.2. In vivo

The hamster model of YF continues to provide a reliable small
animal model for use in antiviral studies (Julander et al., 2011a,b,
2010, 2009; Monath et al., 2010). It requires an adapted strain of
either the Jimenez or the Asibi YFV strains. The pathogenesis is lim-
ited to viscerotropic disease, paralleling many aspects of human
disease (Julander et al., 2007b; Sbrana et al., 2006; Tesh et al.,
2001; Xiao et al., 2001). Recent studies in YFV-infected hamsters
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have identified key parameters of pathogenesis, including immu-
nomodulation of cytokines in important tissues as well as immu-
nopathogenic effects (Gowen et al., 2010; Li et al., 2008). A lack
of reagents for use in hamster studies as well as the larger size,
constitute the main impediments to their use in anti-YFV studies.

A mouse model of wild-type YFV infection that includes a rele-
vant viscerotropic disease has recently been developed in A129
mice lacking the interferon alpha/beta receptor (Meier et al.,
2009). Infection of this mouse strain with wild-type, but not atten-
uated, YFV strains results in a pantropic infection, including dis-
semination to several different tissues, elevated levels of relevant
inflammatory cytokines, and hepatic pathology. Studies in AG129
mice, lacking both IFN alpha/beta and gama receptors, demonstrate
the utility of these mice in YFV studies and provide a lethal model
that has viscerotropic disease after infection with the 17D-204 vac-
cine strain (Thibodeaux et al., 2012). The use of this virus allows
work to be conducted under BSL-2 conditions. Another benefit in-
cludes access to the plethora of reagents available for mouse stud-
ies. However, this model is in an immunocompromised mouse
strain that is more expensive and less readily available than other
rodent models such as the hamster, and also develops some neuro-
logical disease that constitutes a more difficult target for treatment.

Infection of nonhuman primates with YFV generally results in
severe disease manifestations and represents a severe challenge
model (Monath et al., 1981). Macaques are an important model
for clinical development of various agents and will continue to
be important to the discovery of improved vaccines or antiviral
treatments for YFV (Maximova et al., 2008). Wild primates serve
as sentinel species for sylvatic cycles of YFV and the observation
of mortality of some monkey species may be an indication of cur-
rent or impending YF outbreaks (Holzmann et al., 2010).
6. Strategies for the development of YFV antivirals

The two broad areas of therapeutic intervention are (1) direct
targeting of viral proteins or (2) targeting key host proteins in-
volved in viral replication. For either of these istrategies, it is best
to consider an agent that acts through conserved sequence/struc-
tural regions or shared host pathways that are common to a broad
array of viruses.

Several important impediments to the development of antivirals
for the treatment of YFV exist, including the high cost of develop-
ment of drugs compounded with a limited number of YFV cases,
the remote and often resource poor areas where outbreaks occur,
and a limited treatment window for acute YF disease. For this rea-
son, an effective therapy must be effective after the onset of clinical
disease, has broad-spectrum activity against other agents of human
disease, is relatively inexpensive, has good stability, low toxicity,
and may be administered orally or through injection. Currently ap-
proved drugs may hold promise in the treatment of acute flaviviral
disease, especially in regard to the number of compounds that have
been shown to have efficacy in the treatment of HCV, as well as
other drugs such as Ivermectin (discussed below), that could poten-
tially be used in the treatment of neglected tropical diseases. A re-
cent review discusses such approaches to the discovery of antivirals
for the treatment of flavivirus infections (Botting and Kuhn, 2012),
whereas this review will focus specifically on the treatment of YFV
and advances made over the last several years.

Diagnosis of etiologic agents responsible for disease outbreaks in
areas endemic for YFV has traditionally been slow and is considered
a limiting factor in the implementation of timely intervention strat-
egies. New technologies may mitigate this to some extent. During a
recent outbreak of hemorrhagic fever in Uganda, next generation
sequencing (NGS) was used to identify YFV as the etiologic agent
responsible (McMullan et al., 2012). The costs associated with this
technology, however, are very high and may preclude the use of
such assays locally. Sending samples across oceans for diagnosis
does not lend to a speedy diagnosis for intervention, and until such
capabilities are available in regions of endemicity, their use will
likely not improve intervention response time to outbreaks.

As the development of compounds for acute viral diseases is
generally not financially justifiable for pharmaceutical companies
to pursue, aside from perhaps countermeasures for the treatment
of dengue virus (DENV), services for discovery of treatment or pre-
vention options for neglected tropical diseases are available from
various funding agencies. One such avenue is the Antimicrobial
Acquisition and Coordinating Facility program, which is a funded
by the National Institute of Allergy and Infectious Diseases (NIAID)
Division of Microbiology and Infectious Diseases (DMID) (Green-
stone et al., 2008). The purpose of the AACF is to provide free
and confidential evaluation of candidate antiviral agents in cell cul-
ture and animal models of viral disease of human concern. Poten-
tial antivirals are provided by a submitter and are subsequently
tested against a diverse array of viral agents. Compounds found ac-
tive in cell culture may be further evaluated in vivo. This facilitates
a more rapid discovery of new antiviral drugs, including the initial
steps of clinical evaluation to be conducted at little cost to the
compound submitter.

A potential avenue for the development of antiviral compounds
for the treatment of YFV is by testing compounds undergoing clin-
ical trials for hepatitis C virus (HCV) for broad-spectrum activity
against related viruses. Infection with HCV, a hepatotropic virus
that is classified along with YFV in the virus family Flaviviridae, gen-
erally results in chronic liver disease, and afflicts around 180 mil-
lion people throughout the world (Rosen, 2011). Many drugs have
been developed or are under development for the treatment of
HCV (Ilyas and Vierling, 2011; Vermehren and Sarrazin, 2011).
Overlap between compounds that are effective against both HCV
and YFV in vitro (Buckwold et al., 2007; Fogt et al., 2008; Lam
et al., 2010; Yin et al., 2009) and in animal models (Julander et al.,
2010, 2007b; Sbrana et al., 2004) has been reported. Harnessing
the multi-billion dollar HCV market would allow the development
of therapies for the treatment of YFV as a secondary indication
agent. Also, the shorter course of treatment that would be required
to treat patients with YFV and other related acute viral diseases
may also serve to ‘‘rescue’’ HCV antivirals that fail clinical trials
due to toxicity associated with long-term treatment regimens. Clin-
ical development of HCV antivirals might potentially include preli-
minary studies against YFV in vitro and in animal models to support
later investigation of utility in people infected with YFV.
7. Targeting the virus

7.1. The YFV replication cycle

The flavivirus genome is comprised of a single-stranded, posi-
tive-sense RNA that codes for a single polyprotein, which is pro-
cessed, initially by host proteases and later by viral proteases
within the cytoplasm of the cell, into 3 structural and 7 nonstruc-
tural proteins (Fig. 1).

The replication cycle of YFV occurs primarily in the cytoplasm of
the cell (Fig. 2). Various stages of the replication cycle serve as po-
tential targets for antiviral development, many of which are dis-
cussed below. Please refer to Fig. 2 for a graphic representation
of the replication process.
7.2. Experimental drugs against specific viral proteins

Direct antivirals are likely key to a successful treatment regi-
men and much work has been done to identify antiviral com-
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pounds with efficacy against YFV. Further research into the mech-
anisms of flaviviral pathogenesis will continue to provide potential
targets for antiviral development against various viral components.
The following section discusses recent advances in the identifica-
tion of various viral targets. Various high-resolution structures
for YFV proteins, including the NS3 helicase, envelope domain III,
the NS5 methyltransferase, have been elucidated, which are impor-
tant in targeted drug design. These non-structural proteins of YFV
are important targets for drug development. A recent review gives
important insight into the use of protein sequence and crystal
structures of flaviviral non-structural proteins in target-based ap-
proach to drug development (Bollati et al., 2010), and this aspect
of rational drug design will not be discussed presently.

A summary of compounds active against various viral targets in
cell culture and in animal models are shown in Table 1A and 1B,
respectively.

7.2.1. The envelope protein
The structural proteins of YFV, especially the envelope protein,

may also be suitable targets for the development of antiviral com-
pounds. Modeling studies have been employed for the identifica-
tion of potential inhibitors of the envelope protein of YFV
(Umamaheswari et al., 2011). A monoclonal antibody (mab) that
recognizes an epitope of the fusion loop of the E protein has been
shown to be potently neutralizing for not only YFV, but also for the
related flaviviruses, DENV, WNV, JEV, and TBEV, including efficacy
in animal models (Deng et al., 2011). This mab blocks a step subse-
quent to binding (see Table 1A).

Compounds that bind to the envelope protein may also be use-
ful inhibitors of viral entry. Several compounds within a series of
derivatives of thiazoles targeting the envelope protein were shown
to have potent activity against YFV in a cell-based assay (Mayhoub
et al., 2011). One of these compounds, Compound 16 [5-methyl4-
Table 1A
Antiviral compounds targeting specific YFV proteins that have shown activity in cell cultu

Compound Mechanism Parameters Tr

mAb 2A10G6 Binds E Neutralization Pr
Compound 16 Binds b-OG binding

pocket of E
Inhibition Ad

ch
Ivermectin Targets NS3 helicase Inhibition of replication Ad

vi
20-C-methylcytidine Targets NS5 polymerase Inhibition of replication Ad

vi
NITD008 Polymerase inhibitor Virus titer reduction Ad

ch
2,3-Dihydro-4H-

pyridinon 4c cis
Polymerase inhibitor Virus titer reduction Ad

ch
2,3-Dihydro-4H-

pyridinon 6a
Polymerase inhibitor Virus titer reduction Ad

ch
Ribavirin Inhibition of IMPDH Reduced GTP, Reduced

virus RNA
5
(5

Table 1B
Antiviral compounds targeting specific YFV proteins that have shown protective activity i

Compound Model Mechanism Parameters Treatment sc

20-C-methyl-
cytidine

Hamster Targets NS5
polymerase

Survival/protection
from disease

Twice daily f
post- virus in

T-705 Hamster Likely targets
polymerase

Survival/protection
from disease

Twice daily f

T-1106 Hamster Likely targets
polymerase

Survival/protection
from disease

Twice daily f

shRNA Mouse NS1, E Mortality, disease Treated 12 h

Ribavirin Hamster Inhibition of
IMPDH

Survival/protection
from disease

Twice daily t
beginning �4
(dibromomethyl)-2-(4-chlorophenyl)thiazole-5-carbothioate], was
relatively nontoxic (CC50 = 369) and was active with an EC50 of
1.4 lM, giving a selective index (CC50/EC50) of 263. This activity
warrants further studies in an animal model.

7.2.2. NS1
The NS1 protein has reported involvement in immune evasion

strategies of various flaviviruses, including YFV. This non-struc-
tural protein will both form a complex with the compliment path-
way proteins C1s and C4, which promotes cleavage of C4 to C4b
(Avirutnan et al., 2010). In addition, NS1 will then directly associ-
ated with C4b, which results in inactivation through recruitment of
C4BP (Avirutnan et al., 2011).

To overcome viral resistance, host cells have developed patho-
gen-specific responses, which is evident in the interferon-stimu-
lated gene (ISG) production that has a different profile for
different viruses (Schoggins et al., 2011). Interestingly, this study
identified fewer (7) ISGs with activity against YFV as compared
with those identified for other viruses, including other members
of the family Flaviviridae WNV and HCV (10 and 9 ISGs, respec-
tively). However, these active ISGs had a greater impact on replica-
tion, with 6 of 7 resulting in inhibition >50% as compared with 3
and 2 for WNV and HCV, respectively (Schoggins et al., 2011). It
may be possible to stimulate certain ISGs, alone or in combination,
to specifically inhibit YFV, but further research in this area is
needed. In addition, several ISGs were found to enhance replica-
tion, which were similar for several unrelated viruses (Schoggins
et al., 2011).

The recently discovered non-coding subgenomic flaviviral RNA
(sfRNA) elements have been shown to be required for the patho-
genesis of WNV, a related flavivirus (Funk et al., 2010). These sfR-
NAs were subsequently determined to be involved in immune
evasion after it was observed that WNV strains deficient in produc-
re.

eatment schedule Effective
dose
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e-incubation for 1 h 3.6 lg/ml Deng et al. (2011)
dition of compound to cells just after virus
allenge

1.4 lM Mayhoub et al.
(2011)

dition of compound to cells just prior to
rus challenge

0.5 nM Mastrangelo et al.
(2012)

dition of compound to cells just prior to
rus challenge

0.7 lg/ml Julander et al.
(2010)

dition of compound to cells just after virus
allenge

1–3 lM Yin et al. (2009)

dition of compound to cells 1 h after virus
allenge

18 lM Peduto et al. (2011)

dition of compound to cells 1 h after virus
allenge

10 lM Peduto et al. (2011)

Passages of YFV in the presence of ribavirin
d)
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300 lg/ml

Leyssen et al.
(2006)

n rodent models.

hedule Effective dose References
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120 mg/kg/d Julander et al.
(2010)

or 7 days beginning -4 h to 3 dpi 200–400 mg/kg/d Julander et al.
(2009)

or 7 days beginning -4 h to 4 dpi 32–100 mg/kg/d Julander et al.
(2007a)

prior to virus challenge 50 lg plasmid
expressing shRNA

Pacca et al.
(2009)

reatment for 7 days, administered
to 3 dpi

50 mg/kg/d Julander et al.
(2007b)
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ing sfRNA could only cause disease in mice deficient for certain
interferon regulatory factors, lacking type 1 interferon (IFN) recep-
tor, or under other conditions of IFN pathway inhibition (Schuess-
ler et al., 2012). This suggests involvement of these non-coding
RNAs in evasion of the type I IFN pathway. It is unknown if YFV
has a similar method of immune evasion and future research in
this area may elucidate a potential target for antiviral treatment.

The NS1 protein is also essential for viral RNA synthesis, and
targeting NS1 would also potentially inhibit viral replication in
addition to the interruption of immune evasion described above.
Development of inhibitors of NS1 could therefore have potential
utility in the treatment of YFV.

7.2.3. NS3
Position 349 within the helicase domain of the NS3 protein is

involved in the assembly of virus progeny (Patkar and Kuhn,
2008). This represents another potential avenue for the develop-
ment of antivirals and suggests that targeting specific regions of
NS3, aside from the helicase function, may be useful targets for
antiviral development. Further critical regions within this viral
protein may be elucidated with the aid of computer modeling
using the predicted 3D structure for the NS2b–NS3 protease com-
plex (Kannappan and Narayanan, 2011).

Ivermectin, the anti-helminthic drug, was discovered through a
targeted screen of a compound library for interaction with the fla-
vivirus NS3 helicase. This was somewhat surprising, considering
the original use of the compound to treat parasitic worm infec-
tions. This compound was potently active in cell culture against
YFV, and displayed lesser activity against a broad range of flavivi-
ruses (Mastrangelo et al., 2012). A compound like Ivermectin could
hold great promise for the treatment of YFV, as it already has FDA
approval, is relatively inexpensive, and is widely used throughout
the world.

7.2.4. NS4B
Recent studies have identified an inhibitor of NS4B that is active

against all four viral serotypes of DENV, but not against YFV (Xie
et al., 2011). These results suggest that targeting this viral protein
may also be useful in the development of antivirals for the treat-
ment of YFV. As mentioned above, several inhibitors discovered
during a replicon-based screening assay appear to inhibit NS4B
(Patkar et al., 2009). These results also underscore the potential
for the development of resistance mutations by the virus in
NS4B, which should be taken into account if such inhibitors are ad-
vanced toward clinical use.

7.2.5. NS5
The importance of the YFV NS3 and NS5 proteins as targets for

antiviral therapy has been strengthened by a recent study that uti-
lized proteome mapping to identify 108 host proteins that interact
with these two viral proteins (Le Breton et al., 2011). Le Breton and
colleagues outline the cellular proteins and identify those that are
known to be involved with other viral replication cycles, including
HCV, herpesviruses, papillomaviruses and human immunodefi-
ciency virus, providing potential targets for broad-spectrum antivi-
ral therapy. Various cellular proteins involved in histone complex
formation/chromatin remodeling process, which are important in
the response of dendritic cells during pathogen infection, were
identified, suggesting subversion or disruption of this process as
an important mechanism of flaviviruses to establish replication
in mononuclear cells (Le Breton et al., 2011).

Other potential targets revealed through this study are the cel-
lular structural components, such as the microtubule network,
which are utilized by the virus for use in trafficking and replication
factory formation within the cell. Interaction of NS5 with the host
protein U1A occurs at a site that is highly conserved across various
flaviviruses, and may represent potential broad-spectrum inhibi-
tion of viral replication (Bronzoni et al., 2011). Knowledge of these
various cellular components that are important in virus replication
may result in novel targets for inhibition of YFV and also strength-
ens the case to develop broad-spectrum inhibitors of flavivirus NS3
and NS5.

Methyltransferase (MTase) capability of the NS5 protein is
essential for the translation of YFV RNA (Bhattacharya et al.,
2008). There are two basic functions of the flavivirus MTase: meth-
ylation at the N7 position of the blocking guanine bound to the viral
RNA (Dong et al., 2008; Ray et al., 2006), followed by methylation of
the nucleoside 20-O-ribose (Egloff et al., 2002). The N7 methylation
event is required, while inhibition of the 20-O methylation only
attenuates the virus (Liu et al., 2010). Direct inhibition of the viral
NS5 MTase represents an important target of inhibition. The cellu-
lar protein casein kinase 1 was shown to interact with the methyl-
transferase domain of NS5 and targeting this enzyme resulted in
decreased viral replication (Bhattacharya et al., 2009), supporting
inhibition of host proteins as an additional method of inhibiting
the virus. An in depth review of various known aspects of flaviviral
MTase were recently reviewed, and include important insights into
inhibition (Liu et al., 2010; Zhou et al., 2007).

The compound 20-C-methylcytidine is an RNA polymerase inhib-
itor that was originally developed for and tested in clinical trials
against HCV (Carroll and Olsen, 2006), although it ultimately failed
due to toxicity associated with long-term treatment. In addition to
its anti-HCV activity, it was also effective in cell culture as well as
in vivo against YFV. In a study conducted using the hamster model
of YF, efficacy was observed when treatment was initiated as late as
2 days after virus challenge (Julander et al., 2010). Various other
derivatives of this compound have been synthesized, with various
levels of activity against YFV in cell culture (Fogt et al., 2008; Pierra
et al., 2006; Stuyver et al., 2006), and it is possible that a less toxic
derivative with anti-YFV activity may be developed.

The pyrazinecarboxamide derivatives, T-705 (favipiravir) and T-
1106, display broad-spectrum activity against many different RNA
viruses, including YFV, likely through the inhibition of viral poly-
merase (Furuta et al., 2009). In the hamster YFV model, T-1106 is
highly effective at doses as low as 32 mg/kg/d, and at a dose of
100 mg/kg was effective when treatment was initiated 4 days after
virus challenge (Julander et al., 2007a). Although T-705 was
slightly less effective in the hamster YFV model, this compound
is currently undergoing clinical trials for use in the treatment of
influenza virus (Hayden, 2009), and if clinically approved may rep-
resent an opportunity for off-label use in the treatment of patients
infected by YFV. As reported on the Toyama Chemical Co website,
T-1106 is currently undergoing non-clinical studies with HCV as
the target agent. The clinical development of T-1106 for the treat-
ment of HCV would also hold promise for future clinical use in the
treatment of YFV.

The anti-dengue compound NIT008 was also shown to be active
in cell culture against YFV (Yin et al., 2009). This compound dis-
played potent activity against DENV in a mouse model. Phosphor-
ylation of this adenosine analog is required for inhibition of the
viral polymerase as a chain terminator, and it is anticipated that
similar activity will be observed in rodent models of YFV. The
2,3-dihydro-4H-pyridinon derivatives 4c cis and 6a were moder-
ately effective in cell culture against YFV with selective index (SI)
values of 5.6 and 10, respectively (Peduto et al., 2011). Compound
6a was also shown to inhibit HCV replicon in cell culture as well as
the NS5B of HCV in vitro, suggesting inhibition of RNA dependent
RNA polymerase as a possible mechanism of action.

7.2.6. Anti-YFV compounds with other or unknown mechanism
Several different mechanisms of action have been described for

the broad-spectrum antiviral agent ribavirin. This compound has
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been shown to inhibit host inosine monophosphate dehydrogenase
(IMPDH), which was shown in cell culture to be the primary mech-
anism of YFV replication inhibition (Leyssen et al., 2006). This com-
pound has also been shown to interact directly with the viral RNA
polymerase of influenza (Eriksson et al., 1977). Error catastrophe of
flaviviruses has also been observed after passage of WNV in the
presence of ribavirin (Day et al., 2005), although this mechanism
does not likely play a major role in the antiviral activity of this
compound against acute flavivirus infections. Ribavirin is highly
effective in the hamster model (Julander et al., 2007b), but such
efficacy has not been observed in primate models of disease (Mon-
ath, 2008). Ribavirin has been extensively used as a therapeutic for
the treatment of HCV and exhibits potent efficacy when combined
with interferon (Ilyas and Vierling, 2011).

Many compounds that have been shown to be active against
YFV in cell culture have unknown mechanisms of action. The thio-
purine, 6-methylmercaptopurine riboside (6MMPr) was shown to
inhibit the replication of YFV, as well as other flaviviruses including
West Nile virus (WNV), in cell culture (Lim et al., 2011). This com-
pound appeared to exacerbate disease in a mouse model of WNV. It
might be worthwhile, however, to investigate the efficacy of
6MMPr in the YFV hamster model to determine its effect in a
non-neurological flavivirus model.

Direct targeting of viral RNA through pathways of small RNA
interference has been shown to be effective in the inhibition of
many viruses (Stein and Shi, 2008), although efficient delivery to
key sites is one important hurdle to clinical development. Recent
advances in delivery of such agents may help overcome this issue.
Inhibitory RNA therapy has been shown to be effective in cell cul-
ture and in adult C57BL/6 mice infected intracerebrally with YFV,
although treatment required intracerebral injection of plasmids
coding for short hairpin RNAs directed against the NS1 and E viral
proteins (Pacca et al., 2009).
8. Targeting host responses

8.1. Host responses to YFV infection

One of the key features of YF, as well as many other viral dis-
eases, is the immunopathogenesis that occurs as a result of infec-
tion. Much of the pathology in the hamster model of YF occurs
during the decline and even after clearance of much of the replicat-
ing virus (Julander et al., 2007b), suggesting the later stages of se-
vere disease have a strong immunological component. This is an
important consideration in the treatment of YF, as treatment with
direct antivirals during later stages of severe disease will likely do
Table 2A
Antiviral compounds targeting host responses that have shown activity in cell culture.

Compound Mechanism Parameters Treatment sch

CCG-4088 Inhibits RNAse L Replicon inhibition Compound adm
just after chall

SFV785 Kinase inhibition Reduced virus titer Compound add
sPLA2s Inactivation (?) Reduced virus titer Added prophy

virus prior to v

Table 2B
Antiviral compounds targeting host responses that have shown activity in rodent models.

Compound Model Mechanism Parameters Tre

Interferon alfacon-1 Hamster IFN pathway Survival, protection
from disease

Onc
beg

DEF201 Hamster IFN pathway Survival, protection
from disease

Sin
on
nothing to quell the pathogenesis, as the virus is being cleared by
the immune system.

A number of studies have been conducted to identify key com-
ponents responsible for the immunopathogenesis in cell culture
when comparing infection of cells with the vaccine strain to infec-
tion with a wild-type non-attenuated strain. One such study iden-
tified a reduction in cytokine induction in cells infected with Asibi
wild-type YFV as compared with cells infected with 17D vaccine in
a hepatocyte cell line, suggesting potential limiting of immune re-
sponse as a mechanism of pathogenesis (Woodson and Holbrook,
2011). The opposite, however, was true for comparative infection
of Asibi and 17D in Kupffer cells, where Asibi infection resulted
in significant elevation of inflammatory cytokines (Woodson
et al., 2011).

It is evident from these studies that virus infection of different
cell or tissue types may stimulate the immune response differ-
ently, resulting in diverse effects on pathogenesis. This is similar
to observations on cytokine induction in YFV-infected hamsters,
in which tissue-specific differences in cytokine profiles were ob-
served (Li et al., 2008). These studies emphasize the complexity
of disease associated with YFV infection. Further research in this
area could result in a more clear understanding of how potential
immunomodulation may help alleviate disease associated with
YFV infection. Various inhibitors that disrupt virus-host interac-
tions in cell culture (Table 2A) and in animal models (Table 2B)
of YF are discussed below.

8.2. Experimental drugs against specific host responses

It has been suggested that focus be placed on agents that may
potentially reduce the immunopathology associated with systemic
inflammatory response syndrome that is observed in fatal cases of
YFV (Monath, 2008). The complexity and lack of understanding of
many areas of the immune response to YFV infection makes this a
difficult prospect. By characterizing the timing and action of key
inflammatory intermediates, a mechanism to ameliorate the ef-
fects of an overactive response to virus infection may be discov-
ered. Inhibitors of the immune system also have the potential for
combination therapy together with a direct antiviral.

Stimulation of the immune system through treatment with a
range of immunomodulators may ameliorate disease associated
with YFV infection. Interferon (IFN) therapy, generally in combina-
tion with ribavirin, has been used to treat chronic hepatitis C. Such
a combination may also be useful in the treatment of other acute
flaviviral diseases, and it is likely that a short treatment course
would be sufficient to ameliorate YF, with the added bonus of few-
er administrations and lower toxicity. Unfortunately, the treat-
edule Effective dose References

inistered as overlay
enge

0.13–0.4 lM Patkar et al. (2009)

ed 1 h after virus attachment 5 lM Anwar et al. (2011)
lactically or incubated with
irus challenge

0.04–0.1 ng/ml Muller et al. (2012)

atment schedule Effective dose References

e daily treatment for 7 days
inning -4 h to 2 dpi

5 lg/animal Julander et al. (2007b)

gle treatment administered
�7 to 2 dpi

5 � 107 pfu/animal Julander et al. (2011a)
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ment window for therapy with interferon may be limited. Treat-
ment with interferon alfacon-1 or the adenovirus-vectored inter-
feron DEF201 was effective in a hamster model of disease and
both agents were effective up to 2–3 days after virus challenge,
which was prior to severe disease manifestations (Julander et al.,
2011a, 2007b). This construct was also effective when adminis-
tered 7 days before virus challenge, suggesting the potential for
prophylactic use in the event of an outbreak. Treatment with
DEF201 did not preclude the development of neutralizing antibod-
ies (Julander, unpublished data). The compound CCG-4088 was re-
cently discovered to possesses anti-YFV activity (Patkar et al.,
2009). This compound has a similar structure to a class that inhib-
its cellular RNAse L, an antiviral protein that is involved in the in-
nate immune response and cleaves single-stranded RNA.

In addition to modulation of the innate immune response, there
is also potential for exploiting adaptive immune responses through
utilization of therapeutic antibodies. A relatively low percentage of
neutralizing antibody was found to be directed to sites that result in
effective neutralization of flaviviruses (Throsby et al., 2006), sug-
gesting a potential benefit for the administration of exogenous anti-
body with specificity for these sites. While this has important
implications in the field of vaccine development, antibody therapy
has also been shown to be effective in the treatment of YFV and
other viruses in animal models (Julander et al., 2011b; Morrey
et al., 2006, 2007) as well as in afflicted patients (Shimoni et al.,
2001). ‘Reverse vaccinology’, the elucidation and targeting of anti-
gens that results in potent neutralization of virus, may be a useful
tool in the development of therapeutic antibodies for the treatment
of YFV and other acute viral diseases (Pierson and Diamond, 2008).

It is likely that patients suffering from YF do not present at the
clinic until they experience severe disease manifestations, at which
point intervention with IFN or other immunomodulators may be
too late. Ideally, an effective immune activator would have
broad-spectrum activity and would be very safe, so that adminis-
tration of could be initiated at the earliest onset of disease symp-
toms, regardless of the causative agent. Other options for
immunomodulatory treatment include the specific targeting of
effector products stimulated by IFN. Recent work by Schoggins
et al. (2011) has given additional insight into the antiviral effect
of interferon, and may provide valuable information into improv-
ing treatment by selectively activating specific ISGs. Further re-
search is needed to identify potential uses of immunomodulators
in the treatment of YF and other acute viral diseases.

Interruption of virus replication through inhibition of host pro-
teins that are important for virus replication are potentially very
useful due to the fact that mutational escape is generally not an is-
sue and many host-targeting therapeutics have been approved
clinically. Several compounds with activity against YFV, including
the heterocyclic compound 1 (Nair et al., 2009), have been shown
to inhibit host inosine monophosphate dehydrogenase (IMPDH),
suggesting the importance of this enzyme to viral replication.

Treatment of YFV in cell culture with the broad-spectrum ki-
nase inhibitor SFV785 resulted in a 5-log reduction in virus titer
at a concentration of 5 lM (Anwar et al., 2011). The mode of
SFV785 action against the related flavivirus DENV was determined
to occur through a disruption of viral assembly through a seques-
tration of the viral envelope protein away from the reticulate net-
work to discrete vesicles. It will be interesting to see if such activity
is also observed in vivo.

Various natural products demonstrate some antiviral activity
against YFV. The venom component sPLA2s from the rattlesnake
Crotalus durissus terrificus was shown to be highly active against
YFV and DENV in cell culture, although this activity was primarily
restricted to pretreatment/inactivation of the virus (Muller et al.,
2012). The venom component crotoxin has been shown in mice
to inhibit edema and cell migration at the site of carrageenan poly-
saccharide injection, suggesting anti-inflammatory activity (Nunes
et al., 2010). Various essential oils have shown efficacy in cell cul-
ture assays against YFV (Meneses et al., 2009), although this action
is likely due to inactivation of the virus and would not be suitable
for clinical development.

Various inhibitors that disrupt virus/host interactions in cell
culture (Table 2A) and in animal models (Table 2B) of YFV are dis-
cussed below.
9. Conclusion

The prospect for the development of anti-YF countermeasures is
a difficult one. However, the efforts of researchers to discover vac-
cines and antivirals for the prevention and treatment of YF have re-
sulted in various candidates for further evaluation. It is likely that
countermeasures for this age-old disease will be realized in the
near future.
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