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Abstract: The flaviviruses are small single-stranded RNA viruses that are typically transmitted
by mosquito or tick vectors. These “arboviruses” are found around the world and account for a
significant number of cases of human disease. The flaviviruses cause diseases ranging from mild
or sub-clinical infections to lethal hemorrhagic fever or encephalitis. In many cases, survivors of
neurologic flavivirus infections suffer long-term debilitating sequelae. Much like the emergence of
West Nile virus in the United States in 1999, the recent emergence of Zika virus in the Americas has
significantly increased the awareness of mosquito-borne viruses. The diseases caused by several
flaviviruses have been recognized for decades, if not centuries. However, there is still a lot that is
unknown about the flaviviruses as the recent experience with Zika virus has taught us. The objective
of this review is to provide a general overview and some historical perspective on several flaviviruses
that cause significant human disease. In addition, available medical countermeasures and significant
gaps in our understanding of flavivirus biology are also discussed.

Keywords: flavivirus; yellow fever; West Nile; Japanese encephalitis; tick-borne encephalitis;
Zika; dengue

1. Introduction

The intent of this review is to provide a broad-brush overview of the flaviviruses, some of their
historical highlights and to identify significant gaps in our understanding of these very interesting
viruses. The diversity in arthropod-vectors, reservoir species and diseases caused in humans is unlike
any other virus family. The recent outbreaks of Zika, yellow fever and Usutu viruses should highlight
the potential impact of the flaviviruses to human health while the continuing challenges of dengue,
Japanese encephalitis and tick-borne encephalitis reminds us of the number of people at risk for
infection with one of these viruses.

2. Origins of Flavivirus Research

In the current classification of flaviviruses (Family Flaviviridae; genus Flavivirus; type species
yellow fever virus, Asibi strain) that are associated with infection of mammals, there are two main
groupings of viruses: those transmitted by ticks and those transmitted by mosquitoes. The tick-borne
flaviviruses are a closely related, monophyletic group consisting of a single “serocomplex”, despite
distinct differences in the disease caused by representative viruses. The mosquito-borne viruses are
far more diverse, consisting of the Japanese encephalitis virus (JEV) serocomplex, yellow fever virus
(YFV) and members of the four dengue virus (DENV) serotypes, among many others. Evaluations of
phylogenetic divergence times indicate the origins of the flaviviruses go back around 100,000 years to
a common ancestor with the split between mosquito- and tick-borne flaviviruses around 40,000 years
ago [1]. The flaviviruses were originally grouped among the togaviruses based on early serological
assessment, but were separated from the togaviruses into the family Flaviviridae in 1984 based on
differences in structure, gene sequence and replication strategy [2]. Since that time, delineation of
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the viral genome, virus structure and viral biology have identified significant differences between
the flaviviruses and their historical colleagues in the family Togaviridae. In addition, several viruses
have been identified as “non-vectored” flaviviruses and a number of insect-specific flaviviruses (ISFs)
have also been discovered [3]. Dual-host affiliated ISFs (dISFs) were first identified in 2004 and, to
date, have only been identified in mosquitoes [3]. While the ISFs are genetically distinct from other
flaviviruses, the dISFs cluster with the vertebrate associated flaviviruses suggesting a certain level of
evolutionary congruence.

A number of flaviviruses are considered major human pathogens (Figure 1) and the diseases they
cause have been recognized for many years. The mosquito-borne viruses can broadly be grouped
as those transmitted by Culex spp. mosquitoes (JE serocomplex) and generally associated with
neurotropic viruses, and those transmitted by Aedes spp. mosquitoes and more closely associated
with viscerotropic or hemorrhagic disease in humans. The recent discovery that Zika virus (ZIKV),
a virus transmitted by Aedes aegypti, can cause severe neurological disease in developing fetuses
may stimulate a re-evaluation of the impact of infection by the closely related DENV or YFV on
pregnant women. The tick-borne flaviviruses cause of number of significant diseases in humans
that are typically associated with neurological symptoms although hemorrhagic manifestations have
been documented following infection with some of these viruses. The diversity of arthropod vectors,
disease characteristics and the wide geographic distribution of the flaviviruses makes these viruses
especially interesting, particularly if one considers that most people throughout the world live in a
flavivirus endemic region. The relative ease with which some of these viruses can be introduced into
new environments should also raise concerns and highlight the need for extensive additional research
on these viruses, both in the lab and in the field.

Figure 1. Distribution of major flaviviruses discussed in this article. Information was adapted from
data and figures provided on Centers for Disease Control and Prevention (CDC) and World Health
Organization (WHO) websites.

2.1. Yellow Fever

As far back as the mid-1600s the “Black Death” or “Blood Vomit” (Xekik in Mayan) was a known
disease that afflicted people primarily in port cities throughout the Caribbean and in the Americas.
Outbreaks of this disease were documented in cities in Europe, particularly along the Mediterranean
coast where the disease was thought to be imported from Africa. Although evidence of a yellow fever
(YF)-like disease was reported in Hispaniola in 1495 [4], the first documented outbreak of yellow
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fever was either in Barbados [5] or St. Christophe (now St. Kitts) in 1647 [4]. The outbreak in the
Caribbean subsequently spread to the Yucatan peninsula in 1648 [4]. After 1648, YF spread throughout
the Caribbean, including regular outbreaks in Cuba. In 1793, a significant outbreak of yellow fever hit
Philadelphia and killed around 10% of the population [6]. Perhaps the largest outbreak of yellow fever
in the Americas hit communities along the southern Mississippi river in 1878 between Memphis and
New Orleans. This outbreak killed upwards of 20,000 people with estimates of around 120,000 cases [7].
Outbreaks of yellow fever persisted in the United States through 1905 when the final outbreak was
document in New Orleans. A number of clinical descriptions of yellow fever disease have been
published, including the extensive description of the Philadelphia outbreak by Benjamin Rush [6].
The cause of yellow fever was unknown and was frequently referred to as a “miasma” transmitted by
foul air [7]. A very detailed account of the historical epidemiology of YF was provided by Henry Rose
Carter and is available online [4].

In 1897 the Yellow Fever Commission was established to investigate the origins of YF in Cuba.
Previous work by J.C. Nott and Carlos Finlay had suggested that mosquitoes may be a means of
transmitting the disease YF between people [8,9]. The Yellow Fever Commission established that
mosquitoes were, in fact, the vector for the disease [10]. Members of the Commission and other military
“volunteers” participated in a series human infection studies to demonstrate that mosquitoes moved
the disease from afflicted patients to healthy study participants, in some cases, at the cost of their lives.
These studies were pivotal in proving the role of mosquitoes in the transmission of YF and validated
the hypotheses of Nott and Finlay from many years earlier.

The concept of “viruses” was not understood at the time of the Yellow Fever Commission. Instead,
the prevailing hypothesis was that a bacterium (Bacillus icteroides or Leptospira icteroides) was the
transmissible element causing YF as some studies identified bacteria in cultures taken from YF patients.
It was not until 1928 when Stokes and colleagues, in a seminal series of studies, identified a “filterable”
agent as the transmissible component of YF infection that the concept of a “yellow fever virus” was
understood [11].

Infection with YFV can result in disease ranging from a sub-clinical infection to severe hemorrhagic
disease and death [12]. In the more severe forms of the disease, the illness is typically biphasic, progressing
from an “infection” phase, through “remission” and into a period of “intoxication”. The “infection”
phase of disease presents as a “flu-like” illness with fever, malaise, headache and myalgia, but is
complicated by hyperemia, conjunctival injection and tenderness in the liver. Many patients recover
following the “infection” phase, but others progress though a brief period of remission where symptoms
subside, and into the very severe period of “intoxication”. This phase of the disease is characterized by
hemorrhagic disease and multi-organ dysfunction with symptoms including the characteristic jaundice,
nausea, vomiting and frank hemorrhagic manifestations. Terminal patients can develop neurological
manifestations, including delirium, convulsions and coma. Neurological symptoms are likely due
to generalized inflammatory responses and vascular leakage into the brain rather than a specific
neurotropic characteristic of the virus.

The specific mechanisms of YFV induced disease are unclear. Liver dysfunction is evidenced by
jaundice and significant changes in liver enzyme profiles and hemorrhagic indications are frequently
apparent in extremely ill patients [13]. Unlike some viruses that cause hepatitis by stimulating an
inflammatory response, YFV directly infects hepatocytes and Kupffer cells [14–16] leading to a loss of
hepatocyte function and acute liver injury. YFV infection can also significantly impact the vascular
endothelial cell barrier, but it is not clear whether the onset of vascular leakage is due to changes in liver
physiology, inflammatory cytokine response, direct infection by YFV or by an another mechanism [13].
The loss of liver function may also lead to dysregulation of the coagulation cascade, but specific
details have not been determined. There have been reports of disseminated intravascular coagulation
(DIC) in YF patients and global loss of coagulation factors in YFV infected rhesus macaques has also
been reported [17,18]. Much of what is known about YF pathogenesis is the result of a handful of
clinical assessments, a few studies in the macaque model and extrapolation from clinical cases of
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dengue hemorrhagic fever, which is caused by a related virus, but is not the same disease. There are
clearly a number of significant questions that need to be addressed to gain a better understanding of
YFV pathogenesis.

2.2. Dengue

“Dandy Fever” and break-bone fever were described as early as the late 1700s and pandemics
of what was called “dengue” were seen approximately every 50 years from the 1770s through 2005,
as described in an intriguing article by Scott Halstead [19]. Halstead suggests that many of the early
descriptions of “dengue” were instances of Chikungunya virus (CHIKV) infection as the disease was
frequently described as having an “arthritic” component of the disease that persisted once fever had
waned. Dengue, caused by DENV infection, was recognized as a disease separate from the “dengue”
caused by CHIKV infection with the significant differences being DENV infection was referred to
as “break-bone fever” and the presence of headaches, a rash and without the arthritic sequelae [19].
The “official” first description of dengue, or “joint fever” was by David Bylon following an outbreak
in Java in 1779 [20]. In the United States, an extensive outbreak occurred in the southern part of the
country in 1922 where it was estimated that 1–2 million people were impacted by this disease [21,22].

The hypothesis that YF and dengue (diseases) were transmitted in the same manner was
recognized in the 1800s; Dr. William Smart noted “ . . . there were those who attributed its (dengue)
diffusion to a widely spread so-called ‘epidemic constitution of the atmosphere’, such as was at the
same period maintained to be the sole cause of epidemic yellow fever” [23]. It was also noted that
dengue and yellow fever occurred in the same locations and that those having the “milder fever” were
not immune against developing yellow fever. Shortly after the discovery that YF was transmitted
by A. aegypti, dengue was also shown to be transmitted by this mosquito vector [24–27] and that the
transmissible agent was a “filterable agent” [28]. In what has complicated the management of dengue
in years since, it was also discovered that A. albopictus is a vector for transmission of dengue [29].

Using “cross-immunity” and “dermal neutralization” tests in addition to “intracerebral
neutralization” tests with sera from convalescent human volunteers, Sabin and Schlesinger
demonstrated that there were at least two different “immunological types” of dengue virus [30].
Subsequent serological assessments, including hemagglutination and complement fixation assays,
were used to further distinguish DENV serotypes and to demonstrate that the DENV were composed
of four distinct virus serotypes [31–34]. While serologically distinct, viruses from each serocomplex
cause similar disease in humans. Subsequent genetic analysis, initially by oligonucleotide fingerprint
analysis [35] and later by partial and full genome analysis [36–38] have validated serological
assessments by identifying four distinct virus genotypes that correlate with virus serotypes and
that are divergent by no more than 6% at the nucleotide level [39].

People at risk for dengue disease inhabit tropical and subtropical regions around the world with an
estimated 40% of the global population at risk for DENV infection and 390 million cases annually [40].
Dengue is a disease with a range of clinical presentations. In an effort to harmonize the clinical
description of dengue by clinicians, in 2009 the WHO developed a classification system for dengue that
graded the severity of disease based on clinical observations [41]. DENV infection is predominantly
seen as an acute febrile disease that can last up to a week from onset of symptoms and may also follow
a biphasic course. This disease, termed dengue fever (DF), is also characterized by headache, myalgia,
lumbosacral pain and arthralgia of variable severity. Characteristic in many cases is a macular rash
that appears early in the infection that may progress to a secondary rash. Hemorrhagic manifestations
including petechiae and other hemorrhagic signs may occur, but are less common [27,42]. Severe
dengue takes the form of dengue hemorrhagic fever (DHF) which has four severity grades, with the
more severe grades (III and IV) classified as dengue shock syndrome (DSS) [43]. In DHF, patients
typically have hemorrhagic manifestations, including petechial hemorrhage, whereas those that
progress to DSS have evidence of mild shock with failure of the circulatory system (Grade III) or
profound shock with no pulse or blood pressure (Grade IV). The development of DHF/DSS correlates
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with the onset of thrombocytopenia, prolonged clotting times and other characteristics of DIC. While
the occurrence of DHF/DSS can occur in any DENV infection, it appears to be more frequent in
secondary DENV infections, particularly in children or in newborns who are partially protected by
maternal antibodies [44]. In practical application, the grading system of severe DENV infection is not
as clearly defined as the classification scales imply. Subsequently, efforts are being made to improve
the classification on severe dengue [45].

There have been a number of studies evaluating the role of antibody dependent enhancement
(ADE) and its role in development of severe dengue disease. The prevailing hypothesis is that the
presence of low-affinity, cross-reactive, non-neutralizing antibodies from a primary DENV infection
(i.e., with one serotype) will enhance DENV infection with a second serotype (heterotypic). The premise
is that once the non-neutralizing antibodies bind virus, they then bind a cell presenting an Fc receptor
to facilitate virus entry into that cell. The fact that the virus is not “neutralized” in the antibody-virion
complex allows the virus to release viral RNA and leads to a productive infection. The occurrence
of ADE may be exacerbated by the occurrence of “original antigenic sin” wherein the response of
T cells to secondary DENV infection may increase the potential for severe disease [46]. For more
complete discussions on the role of ADE in DENV infections, please see reviews by Halstead [47]
and Flipse et al. [48]. This topic is particularly pertinent at the current time as there are discussions
regarding the possibility that antibodies specific for DENV may be cross-reactive for related viruses
(e.g., ZIKV) leading to enhanced disease [49,50].

2.3. Japanese Encephalitis

Epidemics of encephalitis had been noted in Japan as far back as 1871. In 1924, an outbreak of
encephalitis that affected 6000 people and killed 60% of those affected, gave rise to a disease called
Japanese B summer encephalitis [51]. The agent causing Japanese B summer encephalitis, subsequently
termed Japanese encephalitis virus (JEV), was isolated and characterized in non-human primates in
1933 [51,52] and a number of additional isolates were made in mice during an outbreak in 1935 [53].
Japanese B encephalitis was classified among the “B” type togaviruses based on serological studies.
Genetic analysis of JEV genomes suggests that the virus originated in the Malay Archipelago several
thousand years ago and then spread throughout Asia [54]. There are four distinct genotypes of JEV
that have been circulating throughout Asia for the past 50 years. Recently, several isolates have been
made of viruses representing the 5th genotype of JEV, which had previously been represented by a
single isolate from 1952 [55–57].

There are an estimated three billion people who live within areas of 24 countries impacted by
JEV [58]. The annual incidence of JE is around 70,000 cases with a case fatality rate estimated to be
14,000–20,500 per year [59,60]. In countries where JEV is endemic, the incidence rate is 0.6–12.6/100,000
depending upon geographic and climatic factors in addition to vaccination rates in susceptible
populations [59,60].

JEV is transmitted by Culex spp. mosquitoes in an enzootic cycle that includes pigs and
birds [52,61]. Pigs are an important component of the transmission cycle as an amplifying host as they
can develop a high titer and long-lasting viremia that does not seem to have a significant health impact
on these animals [61,62]. The involvement of birds in transmission of JEV is less relevant to direct
transmission to humans than it is to the dissemination of the virus to new geographic areas.

Infection with JEV causes an acute non-specific febrile illness that consists of rapid onset with
headache, myalgia, diarrhea and vomiting. In some patients, the disease can be complicated by
neurological signs including opisthotonus, acute flaccid paralysis, convulsions, mental confusion,
mask-like facies and cogwheel rigidity [63]. Severe disease can progress to severe encephalitis,
meningitis, loss of conscious, coma and death. Neurological sequelae occur in about 30% of those
who survive severe disease. These sequelae can include seizures, physical disabilities and cognitive
deficits [59,64]. An extensive description of the clinical features of JE can be found in a book chapter
by Scott Halstead [51].
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2.4. Tick-Borne Encephalitis

Tick-borne encephalitis (TBE) was first recognized in 1932 as a severe neurological disease that
occurred in forest workers in the far eastern Soviet Union (now Russia). In 1936 the Soviet Union
established an exploratory expedition to determine the source and cause of this disease. As a result
of this expedition, Ixodes persulcatus was identified as the vector for TBE [65]. In 1937, individual
groups identified the causative agent of TBE to be a virus that was subsequently called “far-eastern
encephalitis virus” [65]. A similar, but less severe, disease that was found in western Russia and
Eastern Europe was called Western encephalitis [66]. Western encephalitis was also known as “biphasic
milk fever” given its apparent linkage to consumption of unpasteurized milk from infected animals.
The causative agent for Western encephalitis was identified during outbreaks in Czechoslovakia as
a virus related to the far-eastern TBE virus (TBEV) [67]. Western encephalitis virus (subsequently
known as central European encephalitis virus) is transmitted by the Ix. ricinus tick. Over the course
of outbreak investigations, a third variant of TBEV was identified and termed the Siberian subtype
of TBEV. This virus, transmitted by Ix. persulcatus, caused a disease that was of intermediate severity
between far-eastern TBEV and its European relative. Genetic analysis of far-eastern TBEV, Siberian
and central European encephalitis virus demonstrated that these viruses were closely related not only
serologically and in the clinical disease they caused, but also genetically [68,69]. The three viruses are
now called TBEV-FE (Far-Eastern), TBEV-Sib (Siberian) and TBEV-Eu (European) [70].

The TBEV are maintained in a life cycle that includes their tick hosts and small rodents upon which
the ticks feed. While TBEV can be maintained in tick-populations by trans-stadial and trans-ovarial
transmission [71], horizontal transmission via co-feeding of ticks on small mammals may also play
a significant role in maintaining the virus in ticks [72]. In support of co-feeding transmission, recent
studies with Powassan virus (POWV) have shown that a potential mammalian host for POWV,
Peromyscus leucopus, did not develop disease when infected with POWV and did not develop a
sufficient viremia to directly infect feeding ticks [73].

Infection with TBEV-FE can cause a very severe disease following an uneventful prodrome.
The disease manifests with a rapid onset, high fever, myalgia and neurological indications including
headache, photophobia and clinical evidence of encephalitis or meningitis with complications including
flaccid motor neuron paralysis, ascending paralysis or hemiparesis [74,75]. The case fatality rate for
TBEV-FE infections is 20–30% with many survivors having long-term neurological sequelae including
paresis and atrophy of the neck and brachial plexus muscles, paresis within the lower extremities as
well as poliomyelitis-like neurological sequelae [74].

Unlike TBEV-FE infections, the disease caused by TBEV-Eu can be relatively mild with a number
of infections resulting in subclinical infections [76]. In those who develop clinical disease, it is typically
biphasic with the first phase represented as a “flu-like” illness with fever, myalgia and malaise.
In about 65% of symptomatic cases, the clinical course resolves after the first phase. For those who
progress to the second phase, high fever and neurological involvement including meningitis and
meningoencephalitis are typical symptoms [77]. The case fatality rate for TBEV-Eu infections is 1–2%
with long-term sequelae atypical except for in older patients [75].

Infection by TBEV-Sib results in a disease that is described as intermediate between those caused
by TBEV-FE and TBEV-Eu. However, a unique characteristic of this virus is that it has been associated
with chronic infection in both humans and non-human primates, a complication not typically described
for TBEV-FE or TBEV-Eu [76,78–82].

Since the initial discovery of TBEV, a number of related viruses causing human disease have
been identified including Omsk hemorrhagic fever virus (OHFV), Kyasanur forest disease virus
(KFDV), Alkhumra hemorrhagic fever virus (AHFV) and POWV. OHFV is found in a small region near
Novosibirsk in Russia [83], KFDV is found in an ever-expanding range in India [84] and its closely
related cousin (AHFV) is found primarily in Saudi Arabia along the coast of the Red Sea [85]. POWV
has been suggested as the most ancestral member of the TBEV serocomplex [1,69] and is the only
tick-borne flavivirus found in the Americas. Gritsun et al. provide a comprehensive review of TBE [76].
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3. Emergence/Re-Emergence

In August 1999, the introduction of West Nile virus (WNV) into the USA [86] significantly
heightened awareness of vector-borne viruses. While vector-borne viruses are endemic and common
in many parts of the world, the introduction and rapid spread of WNV across the USA [87] was an
awakening for many medical and government officials. The expansion of WNV distribution was not
limited to the United States. West Nile virus has also spread into Central and South America, parts of
Europe and Russia [88]. Since 1999, WNV has become globally distributed and causes severe disease
and death worldwide. Recent reviews by Chancey et al. and Kilpatrick discussed the spread of this
virus and its impact on the health of humans and wildlife [89,90].

Concurrent with the spread of WNV in the United States was the recognition of an increase in
cases of POWV or Deer Tick virus (DTV) infection [91], perhaps due to increased surveillance and
testing of clinical cases of encephalitis. In 2005 and 2013, cases of DENV infection were identified in
the Brownsville, TX, along the southern border with Mexico [92,93], in 2009–2011, several cases of
dengue were identified in south Florida [94] and in 2001 DENV was seen in Hawaii for the first time
in nearly 70 years with over 120 cases identified during the outbreak [95]. A subsequent outbreak of
dengue fever was reported in Hawaii in the fall of 2015 with over 100 cases confirmed [96]. It has also
been reported that DENV was circulating in the area of Houston, TX in 2003–2005 [97]. The Houston
metro area is home to over 6.5 million people and potential vectors for DENV are abundant.

In 2001, Usutu virus (USUV) was identified in Austria [98], the first time this virus has been
found outside of the African continent. Usutu virus has subsequently spread to a number of different
countries throughout Europe and serological testing suggests its presence in other countries [88,99,100].
While the presence of USUV has primarily been detected through ecological surveillance in mosquito
and bird populations, symptomatic human cases of USUV infection have been found in Italy and
Croatia [101]. The frequency of symptomatic infection of humans by USUV appears to be very low
with only a handful of known cases reported since the discovery of this virus in 1959 [102].

The expansion of ZIKV into the Americas has again highlighted the importance of surveillance and
of disease reporting and recognition. For many months, clinicians in Brazil were reporting increases in
the occurrence of microcephaly in newborns and a potential correlation with ZIKV infection. These
reports were met with a healthy dose of skepticism. Now we have come to realize that there is a
correlation between microcephaly and ZIKV infection and that the impact of ZIKV infection is much
different from other flaviviruses. A more extensive review of ZIKV is presented elsewhere in this
Special Issue.

4. Vaccines

There are a number of highly efficacious vaccines for protection against flavivirus infection,
including, perhaps, the best vaccine ever produced. In 1937, Max Theiler reported production of
the YFV 17D vaccine [103]. This vaccine was generated by serially passing the type strain Asibi
in mouse and chicken tissue to produce the attenuated and non-neurovirulent vaccine virus [104].
Since its introduction, over 600 million doses of the 17D vaccine have been delivered [104] with no
documented evidence of vaccine reversion to wild-type virus. A single vaccination with the 17D virus
provides rapid protection (people are considered immune 10 days post-vaccination) and potentially
life-long protection [105]. Serological protection against YFV infection has been defined as having a
log10 neutralization index of >0.7 (or a dilution titer of 1:10) [106]. While this threshold has not been
empirically proven effective in the case of all flaviviruses, it is generally accepted as the minimum
requirement to demonstrate efficacy for all flavivirus vaccines. The 17D vaccine played a critical
role in limiting the scale of a 2016 YF outbreak in Angola and the Democratic Republic of Congo
where over 18 million doses were given to stop the outbreak. A significant challenge with the 17D
vaccine, however, is that it is grown in Specific Pathogen Free eggs, which limits rapid expansion
of virus production. A number of cases of vaccine-related viscerotropic or neurotropic disease have
been reported following vaccination with YFV 17D [107,108], but these cases appear likely due to
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co-morbidities impacting immune competence [107]. While the specific cause(s) of vaccine-related
disease are unknown, their occurrence has inspired the development of potential vaccine candidates to
replace the 17D vaccine. These include adenovirus-based [109], vaccinia-based [110] (ClinicalTrials.gov
NCT02743455) DNA-based [111,112], and inactivated vaccines [113] (ClinicalTrials.gov NCT00995865).

The first JE vaccine produced and introduced in Japan in 1954 was a formalin-inactivated
vaccine using mouse brain homogenates from JEV-Nakayama infected mice [114,115]. Since the
initial introduction, several modifications have been made to the JEV vaccine including efforts to
remove brain material, increasing purity and shifting the strain from Nakayama to Beijing-1 in some
countries [114]. The mouse-brain derived vaccine was discontinued in 2011. At the current time, there
are a number of JE vaccines in use. Use restrictions vary somewhat depending upon the vaccine, but
in general, all appear to be effective in those vaccinated who are over one year old [64]. Two vaccines
are based on the attenuated SA14-14-2 JEV, an inactivated cell culture vaccine broadly marketed as
Ixiaro® or IC51 (Valneva, Vienna, Austria), and a vaccine composed of the live SA-14-14-2 virus itself
that is available in China and other Asian countries [64]. An inactivated vaccine based on the Beijing-1
virus is available in Japan under the trade names JEBIK V (BIKEN, Kagawa, Japan) or ENCEVAC
(Chemo-Sero Therapeutic Research, Kumamoto, Japan) [64]. A recently developed chimeric vaccine
based on the YFV 17D virus back-bone and containing the prM and E protein genes from JEV SA14-14-2
(ChimeriVax-JE) (Sanofi-Pasteur, Lyon, France) is available in Thailand and Australia [64].

The first vaccine for TBEV was an inactivated virus vaccine that was produced shortly after the
virus was discovered in 1937 and was used to vaccinate workers during the course of outbreaks [67].
Vaccines using cell culture systems were developed in the 1960s [116] and early 1970s. Early vaccines
generated in the Soviet Union were based on a Far-eastern subtype of TBEV. The first vaccines generated
in Europe were based on the European strain Neudörfl grown in primary chicken embryo cells [117] and
marketed as FSME-IMMUN® (Baxter AG, Vienna, Austria) In the 1980s, a similar European vaccine was
produced using the K23 strain of TBEV and is marketed as ENCEPUR® (Novartis/GlaxoSmithKline,
Germany) [118]. Both European vaccines have undergone modifications over the years to improve safety
and immunogenicity. Currently both the FSME-IMMUN® and ENCEPUR® have similar formulations
and both are highly immunogenic and clinically effective [119,120]. Neither FSME-IMMUN®, nor
ENCEPUR® are licensed for use outside of Europe despite extensive demonstration of safety and
clinical efficacy. In addition to the European vaccines, Russian scientists have generated two vaccines
for use against TBEV by utilizing either TBEV-FE strain Sofjin or strain 205 [119].

The development of a vaccine for DENV has been an ongoing effort for several decades. Vaccine
development is complicated by the need for the vaccine to be protective against all four DENV
serotypes. The potential for enhanced disease during secondary DENV infections could be exacerbated
if a vaccine is not fully protective against all four serotypes. At the current time, there are several
vaccines that show promise, including CYD-TDV (or Dengvaxia®) from Sanofi-Pasteur (Lyon, France).
The CYD-TDV has been through two phase 3 clinical trials and has been approved for use in individuals
aged 9–45 years living in endemic areas of Mexico, Brazil, the Philippines, El Salvador and Costa
Rica [121,122]. The CYD-TDV vaccine contains four live chimeric viruses that consist of the YFV 17D
virus backbone, but has swapped in the membrane and envelope protein genes for the individual
DENV serotypes in place of those for YFV [123]. Phase 2 and phase 3 clinical trials with this vaccine
have shown this vaccine to induce robust immune responses in children and adults against all four
serotypes when following a three-dose vaccination schedule [124,125]. Clinical trials were carried
out in DENV endemic countries. There are a number of caveats regarding participant serostatus
against flaviviruses at the start of the trials and participant age that may have impacted the study [125].
Analysis of data from trials compiled through early 2016, led the WHO Strategic Advisory Group
of Experts on Immunization (SAGE) to provide recommendations for the administration of the
CYD-TDV vaccine [126]. These recommendations stipulate that the vaccine should only be given in
populations where DENV seroprevalence is >70%, although it may be effective in populations with
50–70% seroprevalence. The vaccine should be given in a three-dose vaccination schedule and it is not
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recommended for children <9 years old due to an increased risk of hospitalization and severe disease.
The risk to young children in endemic areas is due to the presence of existing cross-reactive antibodies
of maternal origin in neonates, or virus exposure in older children. The fact that the CYD-TDV vaccine
cannot be given to young children to provide complete protection against DENV infection is frustrating,
but highlights an additional challenge of producing an effective vaccine for dengue. While this vaccine
appears to have some challenges [127], analysis of clinical trial data suggests that routine vaccination
programs utilizing the CYD-TDV could have a significant impact on the number of dengue cases in
endemic areas [121]. Despite its limitations, the CYD-TDV vaccine does represent a significant step
forward in the effort to reduce the impact of DENV infection.

In addition to the CYD-TDV vaccine, several other DENV vaccines are in clinical trials.
A tetravalent vaccine (DENVax) developed by Takeda Vaccines (Singapore) is based on work initiated
at CDC-Fort Collins a number of years ago. DENVax is similar to the CYD-TDV vaccine, except that it
uses an attenuated DENV-2 virus backbone rather than YFV to generate chimeras for DENV-1, -3 and
-4 and uses the authentic attenuated virus for DENV-2 [128,129]. The DENVax vaccine has been shown
to be safe and immunogenic in phase 1 clinical trials [130] and is currently being evaluated in phase 2
and 3 clinical trials [131].

The TV003 vaccine (NIAID/Johns Hopkins) (Maryland, USA) is an admixture of four recombinant
DENV that have mutations in the 3′-non-coding region leading to attenuation of the viruses [132].
Early studies demonstrated development of protective immunity following vaccination [133]. In a
human DENV challenge trial, TV003 was shown to be protective when volunteers were challenge
with an attenuated DENV-2 virus six months after vaccination [134]. One side effect of the TV003
was the development of a mild rash. More recent trials with a different admixture, TV005, have
shown very promising results [135]. This formulation also seems to have resolved the issue of the
post-vaccination rash seen in TV003 trials. A phase 2 trial for the TV003 vaccine is currently underway
(ClinicalTrials.gov NCT02332733) while phase 1 and efficacy trials for a different formulation of this
vaccine are in development (NCT02879266; NCT02873260).

In addition to the above-mentioned vaccines, there are a number of inactivated, subunit or
DNA vaccines currently in development or in clinical trials. For more comprehensive reviews on
DENV vaccines and the issues related to vaccine development, please see articles by Thomas and
Rothman [136], Thomas [137] and McArthur et al. [124].

Major milestones in flavivirus research are highlighted in Figure 2.

Figure 2. A time-line of historical highlights of flavivirus research.

5. Gaps in Flavivirus Research

There are a number of significant gaps in our understanding of flaviviruses and the diseases
they cause. Comparatively, more is known about DENV due to its broad distribution, significant
health impact and the lower biocontainment level (BSL-2) required for safely performing research
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with this virus. The recent global spread of ZIKV has provided impetus and financial support for
research with this interesting virus which has allowed for significant advances in our understanding of
ZIKV structure, pathogenesis and for vaccine development in a short period of time. However, many
questions remain regarding fundamental components of flavivirus biology.

5.1. Identification of the Cognate Receptors for Flaviviruses

Given the divergent diseases caused by the different flaviviruses, it is probable that there is
not a single receptor for all of the viruses, but rather a family or groups of structurally similar cell
surface proteins that function as receptors for these viruses. Receptor proteins probably have different
functions and cell expression patterns, given that there appears to be variable target cell types between
different flaviviruses. For example, most of the mosquito-borne flaviviruses will infect both Vero and
C6/36 cells, while tick-borne flaviviruses do not easily infect C6/36 cells and many replicate poorly
in Vero cells. Previous work has suggested that highly glycosylated molecules, such as DC-SIGN
(Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin), may be receptors
for flaviviruses. However, interactions with molecules such as DC-SIGN appear to be low affinity
interactions rather than high affinity and are not the sole component required for viral entry [138,139].
Furthermore, published work suggests that the flaviviruses typically enter cells via receptor-mediated
endocytosis, suggesting a specific receptor-ligand interaction. Interestingly, a recent study with YFV
demonstrated that the 17D vaccine strain and wild-type Asibi virus utilized different mechanisms for
cell entry, potentially suggesting alternative receptors for two nearly identical viruses [140]. In addition,
an important point to consider is that the receptor to which a virus binds may be a critical component
of the response to viral infection as many cell surface proteins have signaling functions that could
impact permissiveness to viral entry replication.

5.2. An Understanding of the Role of T Cell in Mediated Immunity in Flavivirus Infection

With the exception of dengue, research efforts toward understanding of the role of T cell mediated
immunity during flavivirus infection in humans has only recently become of significant interest.
In addition to extensive work with dengue virus, a number of studies with WNV and TBEV have
evaluated T cell responses to wild-type virus infection. The majority of work with WNV has focused
primarily in mouse models [141,142]. While these studies provide considerable detail regarding
mechanisms of the host response in mice, they are of limited utility as it is not clear how findings in
these mice apply to the human condition. Work focused on stimulation of T cell immunity following
TBEV infection has been very limited [143–145]. Studies with YFV have evaluated the importance of
T cells in response to vaccination [146–148]. The broad distribution and number of DENV infections
has allowed evaluation of T cell mediated immunity in patients with dengue, dengue hemorrhagic
fever or dengue shock syndrome since the early 1990s. These studies have found that the role of T
cell immunity during DENV infections is complicated. Some studies have suggested a limited role for
T cells in primary DENV infection while others suggest that the T cell response correlates with the
severity of disease [46]. As mentioned previously, the role of T cells during secondary DENV infection
may contribute to enhanced disease through expansion of low avidity cross-reactive T cells. For a
more thorough review of the role of T cells in DENV infection, see a review by Screaton et al. [46].

5.3. Animal Models that Faithfully Recapitulate Human Disease

The animal models routinely used for evaluation of flavivirus pathogenesis and the testing
of medical countermeasures are not generally representative of disease as it manifests in humans.
Mouse models for neurotropic flaviviruses develop neurological disease, but the disease is typically
monophasic and lethal, depending upon virus inoculum and mouse strain, within 7–14 days. Primate
models for neurotropic flaviviruses are also limited as most do not develop disease when the virus
is delivered peripherally [149]. In the case of TBEV, non-human primates (NHP) are susceptible to
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infection, develop a disease similar to a mild case of human infection and have been shown to develop
chronic infection [150].

Our understanding of YFV-induced pathogenesis is limited by a lack of useful animal models.
As established by Stokes et al. [11], the rhesus macaque develops disease similar to that seen in
humans, but the disease course is monophasic and of shorter duration [18]. Experimental work with
non-human primates is also limited due to the cost associated with working with these animals.
A hamster model for YFV was identified in the early 2000s by adapting either the Jimenez or Asibi
strains of YFV by serial passage in hamsters [151,152]. Animals infected with the adapted viruses
develop disease similar to that seen in humans, but this model is limited by the availability of reagents
that would help to understand the immunopathology of the disease. More recently, the AG129 mouse,
an interferon-deficient strain, was found to develop disease similar to humans when infected with a
non-adapted virus [153,154]. Given the limited innate immune response engendered by the lack of
interferon, the applicability of the AG129 mouse to understanding human disease is up for debate.

Similar to the case for YFV, there are a limited number of animal models for DENV that are
useful for studying human disease. The rhesus macaque may be a faithful model for mild cases
of dengue in that they have a productive infection with reasonably high viremia, but do not have
the clinical picture that is typically seen in humans. The laboratory mouse is also a poor model for
DENV pathogenesis. Since the early 2000s, several modified mouse models have been developed to
address specific questions of DENV pathogenesis. These include animals that have some component
of their innate immune response, specifically interferon-related, removed or are humanized mouse
models. While not necessarily accurately representing human disease, each of these models provides
information regarding aspects of DENV-induced pathophysiology that might be applicable to humans.
For comprehensive reviews of the existing models for DENV infection see Sarathy et al. [155] and
Chan et al. [156].

5.4. The Role of Sexual Transmission in Flavivirus Infection

The discovery that ZIKV can be transmitted sexually and that virus appears to persist in
semen for some time [157,158] was novel, as flaviviruses had not previously been shown to be
transmitted sexually. However, the question to be asked is whether anyone looked. Presumably, if
sexual transmission had played a significant role in flavivirus dissemination, it would have been noticed.
The discovery of sexual transmission in the case of ZIKV, suggests the ability of other flaviviruses to
persist in immune-privileged sites and to be transmitted sexually. This phenomenon clearly needs to
be investigated further.

5.5. Mother to Child Transmission

The discovery that ZIKV could be transmitted from mother to fetus and cause neurological disease
in the fetus was an alarming discovery. The mechanism the virus uses to cross the placental barrier is
still being evaluated, but this virus infects a number of cells in the placenta [159]. Previous studies
with WNV have suggested that this virus might also be able to cross the placental barrier [160,161],
demonstrating that further evaluation of this mechanism of transmission is warranted with all of the
flaviviruses. Viable ZIKV has also been identified in breast milk and may be a potential source of
transmission from mother to child [162]. The transmission of other flaviviruses from mother to child
via breast-feeding has been suspected or documented for several other flaviviruses [163–165].

5.6. No Therapeutic Options

To date, there are no therapeutic options for the treatment of any flavivirus infection. Supportive
care is the norm and has shown some success for the treatment of flavivirus infection, particularly
yellow fever and DHF/DSS where fluid loss is a critical concern due to vascular leakage. The lack
of treatment options is a significant problem as is evidenced by the continuing dilemma with DENV
infections, the recent outbreaks of YFV in Angola and Brazil, and the continuing spread of ZIKV. The
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typical approach to drug screening focuses on direct antiviral effects in cultured or primary cells. In the
case of most flavivirus infections, once symptoms are apparent the virus has been cleared from the
blood (no viremia), is seeded in tissues and the host immune response is a significant contributor
to the disease. In order to develop successful therapeutic approaches for treatment of flavivirus
infections, a combination approach utilizing antivirals and host response directed countermeasures
might be required.

6. Summary

The objective of this review was to provide a broad overview of flaviviruses and the diseases they
cause. A secondary objective was to heighten awareness of the risks of flavivirus induced disease,
the potential for continued spread of these viruses and the relative lack of understanding regarding
the mechanisms these viruses use to cause disease. Diseases caused by the flaviviruses have been
recognized for more than 200 years, but there is a lot of work yet to do before we have a proper
understanding of these very interesting viruses.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Flaviviruses are a large group of arboviruses of significant medical concern worldwide.
With outbreaks a common occurrence, the need for efficient viral control is required more than ever.
It is well understood that flaviviruses modulate the composition and structure of membranes in the
cytoplasm that are crucial for efficient replication and evading immune detection. As the flavivirus
genome consists of positive sense RNA, replication can occur wholly within the cytoplasm. What is
becoming more evident is that some viral proteins also have the ability to translocate to the nucleus,
with potential roles in replication and immune system perturbation. In this review, we discuss the
current understanding of flavivirus nuclear localisation, and the function it has during flavivirus
infection. We also describe—while closely related—the functional differences between similar viral
proteins in their nuclear translocation.

Keywords: flavivirus; nucleus; transport; karyopherins; nuclear pore complex; nuclear localisation
sequence

1. Introduction

Flaviviruses are a large group of diverse arboviruses within the Flaviviridae family of viruses
that include human pathogens of great medical and social burden worldwide, with billions of
US Dollars being spent annually on patient care and vector control. Key members of this group
include dengue virus (DENV), Japanese encephalitis virus (JEV), yellow fever virus (YFV), West
Nile virus (WNV), and Zika virus (ZIKV). Flaviviruses are seemingly simple viruses, consisting of a
positive sense single stranded RNA genome of ~11 kb (with 5′ and 3′ UTRs) that encodes for a single
polyprotein that is co- and post-translationally modified into mature proteins. The genes encode for
three structural proteins: capsid (C), pre-membrane (prM) and envelope (E); and seven non-structural
(NS) proteins, many of which are multifunctional, responsible for viral replication and immune system
perturbation [1] (Figure 1).

Flavivirus replication has been extensively studied, and shown to involve the considerable
redistribution of host membranes to facilitate efficient replication within the cytoplasm [2–5].
This membrane redistribution allows for the creation of virally induced structures known as replication
complexes (RCs) which act as a replicative niche for the virus in the cytoplasm, and help in shielding
from immune detection [5–8]. The membranous origin of the RC is complex and differs between
viruses, but accumulation within the perinuclear region seems common between them [2]. Throughout
their replication, Flaviviruses are associated with three distinct structures; the rough endoplasmic
reticulum (rER), convoluted membranes/paracrystalline arrays (CM/PC), and vesicle packets (VPs).
Due to the nature of the flavivirus positive sense RNA genome, replication can fully occur within the
cytoplasm, with no nuclear intermediaries seemingly necessary. Although considered cytoplasmic
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viruses, in recent years it has come to the attention of many groups that some viral proteins localise
to the nucleus during infection or overexpression. When nuclear transport has been inhibited, either
by use of mutagenesis or chemical inhibition, there have been many observable effects (with varying
levels of significance) to viral replication and modulating host transcription. This has led us, and many
groups, to believe that there may be a previously unrealised significant role of viral protein nuclear
localisation amongst the flaviviruses.

Figure 1. Representation of Flavivirus genome organisation. (a) Ten viral genes encode for three
structural and seven non-structural (NS) viral proteins that are co- and post-translationally modified
into mature viral proteins by host factors and the viral NS2B-3 protease complex [2]; (b) Viral protein
subcellular localisation is generally cytoplasmic or associated with the endoplasmic reticulum (ER)
membrane, due to the localisation of replication, but in specific viruses (listed), proteins such as NS5
can also localise to the nucleus.

2. Nuclear Trafficking

The nuclear envelope is the physical barrier between the nucleoplasm and the cytoplasm,
consisting of a double membrane that is studded with large proteinaceous channels known as nuclear
pore complexes (NPCs). Both sides of the nuclear membrane exhibit different protein composition; the
outer membrane is contiguous with the ER and, like the ER, is associated with ribosomes undergoing
active protein synthesis. The inner membrane appears to have more structural functions and is involved
with anchoring chromatin and attaching the nuclear lamina [9–11]. Bidirectional nuclear translocation
is a tightly regulated selective process occurring through the NPC that segregates the contents of
the cytoplasm and the nucleoplasm [9] (Figure 2). This is an essential function that facilitates the
transport of an enormous range of proteins, ribonucleoproteins, and various macromolecules, while
simultaneously preventing non-specific molecules from passing through.

The NPC itself is a very large structure (>120 mDa) made up of ~30 different proteins (known as
nucleoporins) in multiple copies, leading to its huge structure of ~400 polypeptides [9]. Free diffusion of
small proteins/macromolecules can occur if they are less than 50 kDa in size, anything larger than this
needs to undergo active transport to gain access to the nucleus. To facilitate nuclear transport, a specific
targeting sequencing and a transport molecular (that recognises the receptor) is required. Nuclear
bound trafficking is guided through specific amino acid sequences known as a nuclear localisation
sequence (NLS) (typically Arg and Lys), whilst cytoplasmic trafficking is guided by a nuclear export
sequence (NES). There are variations of composition of these sequences, with the classical being simply
five contiguous basic amino acids (KKKRK), but often they can also be bi-partite sequences containing
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two clusters of basic amino acids with a spacer ~10 amino acids in between [12–14]. Although these
two examples have been defined, there is likely a myriad of others that work in similar ways that are
currently unknown.

Figure 2. Simplified nucleocytoplasmic protein transport. The nuclear envelope is the physical barrier
between the nucleus and the cytoplasm, and is studded with channels known as nuclear pore complexes.
For proteins to undergo nucleocytoplasmic transport, they require a nuclear localisation sequence
(NLS) or nuclear export sequence (NES), and its corresponding karyopherin. Transport then occurs
through the nuclear pore, with directionality determined through interactions with the Ran cycle.
When in the cytoplasm, Ran is in a GDP bound state and can facilitate nuclear import. Once in the
nucleus, the GDP gets converted to GTP and now can facilitate export [9].

As mentioned, specific molecules are required for nucleocytoplasmic transport to occur, typically
by a member of the large superfamily of proteins known as karyopherins (also known as importins,
exportins and transportins) [15,16]. Karyopherins mediate transport by binding to an NLS/NES and
interact directly with components of the NPC. To further regulate this process, karyopherins can bind
to members of the Ras-like GTPase Ran [17]. This helps provide the directionality of nuclear transport
by creating a Ran gradient across the NPC. In the cytoplasm, Ran is in a GDP bound state, whilst in
the nucleus it is bound to GTP. This is determined by the Ran GTPase activating protein (RanGAP) in
the cytoplasm and the Ran guanine nucleotide exchange factor (RanGEF) in the nucleus [17]. In the
cytoplasm, a karyopherin binds to its associated NLS/Cargo and forms a protein-complex to facilitate
transport to the NPC. As it traverses, it interacts with the RanGTP in the nucleus, releasing the protein
and is recycled back into the cytoplasm. Export occurs in an analogous way, with RanGTP affinity
being essential within the nucleus, losing binding as it travels through the NPC towards the cytoplasm
(as shown in Figure 2).

3. Flavivirus Protein Nuclear Localisation

3.1. Core/Capsid

The flavivirus structural protein C has been observed to localise to the nucleus across many
flavivirus species (DENV, Kunjin virus (KUNV), JEV), and in some cases C nuclear translocation has
been shown to enhance viral replication [18–20]. C is a small (~12 kb) basic protein with charged
N- and C-termini, separated by a hydrophobic region. Although the hydrophobicity remains similar
amongst the flaviviruses, the amino acid homology can vary greatly between them. The structure
of C has eluded to the RNA binding and membrane interaction functions that have been described
during infection [21,22]. During the flavivirus lifecycle, multiple C subunits bind together to form the
viral nucleocapsid, encasing the RNA genome, allowing for further pathogenesis. It has also been
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shown in WNV and tick-borne encephalitis virus (TBEV) that C is permissive to major deletions,
with large segments able to be deleted without greatly affecting the ability to encapsulate the
viral genome, although they are less infective [23–25]. Even so, the underlying role for C nuclear
localisation remains poorly understood, however there have been some insights into its function.
The introduction of mutations within a putative NLS within JEV C protein were shown to inhibit
its nuclear localisation, leading to a reduced amount of infectious virus produced in mammalian
cells [20,24,26]. The consequence of this was explained in two potential ways: (i) the introduction of
these mutations had an effect on the efficiency of virus particle production; or (ii) a potential role for C
in the nucleus not being completed. This is particularly interesting, as it was also observed that similar
mutations in TBEV C protein, which has not been shown to go to the nucleus, increased the production
of subviral particles, however reduced their infectivity. Interactions with C and the host cell nuclear
components are varied between the flaviviruses but include DENV—with Death Domain Associated
Protein (DAXX) interaction and Fas-mediated apoptosis [27,28]; JEV-host protein B23, allowing for
increased replication [29]; WNV-binding of DDX56, for efficient assembly of infectious particles [30];
and sequestration of HDM2, influencing apoptosis [31].

Even though the nuclear function of flavivirus C is not fully elucidated, groups have mapped
predicted NLSs within the protein. There are three proposed NLSs located within DENV at amino
acids 6–9, 73–76 and a bipartite sequence found at 85–100 [19,32,33]. Additionally, it has also been
identified that in WNV, nuclear import is mediated by importin-alpha/beta, specifically through
interactions with amino acids 42–43 and 85–101 [34]. JEV, whilst similar again, showed different NLS
functionality compared to the others, with an active NLS being found with amino acids 42 and 43 [20].
It is also speculated that as nuclear transport is often regulated by phosphorylation [35], there may be a
phosphorylated C that gains nuclear access and it was shown that specific phosphorylation on residues
83, 99 and 100 influences nuclear localisation (by altering binding efficacy to importin-alpha) [36].
Whilst C protein performs a similar role in viral capsid assembly across the flaviviruses, it is also clear
that there are differences in alternate functionality between them.

3.2. Non-Structural (NS) Protein 5 (NS5)

Of the NS proteins, NS5 has garnered much interest regarding its nuclear localisation over the past
few years. NS5 is a large (~103 kd), highly conserved enzymatic protein with both RNA-Dependent
RNA-polymerase (RdRp) and methyltransferase abilities, and has been shown to be intimately
involved with viral RNA replication within the RCs. Thus, it is especially interesting that such a
large viral protein, particularly one with RdRp activity, may also have a role within the nucleus.
During YFV, JEV and DENV infections, there have been demonstrated cases of NS5’s ability to
localise to the nucleus [37–39]. As NS5 is too large to passively diffuse, the only way it can access
the nucleus is through active transport through the NPC. The two enzymatic regions of NS5 are
separated by a 37-amino acid linker region (NS5 residue 369–405) in DENV. This region has been
thoroughly interrogated, and found to contain two functional NLSs, which have been shown to
function through both importin alpha-beta, and importin beta transport [38,40–42]. Unsurprisingly,
as NS5 is highly conserved amongst the flaviviruses, the NLSs also share this conservation [41].
When nuclear localiation of NS5 was inhibited through mutagenesis of these NLSs, a significant
decrease in the amount of virus was observed [41]. Why this is occuring is not fully understood, but
may be due to DENV NS5’s ability to modulate IL-8 [43,44], but could also be due to (i) potential
structural conformational changes in NS5 that occur from introducing these mutations; or (ii) altering
NS5 binding affinity with viral or host proteins during replication [45]. Interestingly, when alanine
mutations were introduced to the C terminal of the bipartite NLS, NS5 nuclear translocation was
immensely impaired but either did not effect replication, or had only a minimal effect [45]; this further
suggests that perhaps nuclear NS5 is not needed, or that only a small portion of cellular NS5 is required
within the nucleus. Through the use of the CRM1-inhibitor leptomycin B (LMB), it has also been
observed that DENV NS5 can accumulate within the nucleus. This leads to the belief that NS5 also
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has a NES for nuclear export, and may lead to futher understanding of the function of NS5 upon
exit from the nucleus. Rawlinson et al. were able to identify a functional NES on residues 327–343,
and confirmed its interaction with CRM1 [43]. While the two aformentioned NLSs have been the
most highly characterised, recently a motif within the C-terminal of NS5 has also been shown to be a
determinant of subscullular localsiation and RNA binding for DENV 1–4 [46].

Whilst NS5 sub-nuclear localisation has not been fully elucidated, it has recently been shown in
DENV that it can localise to the nucleolus in a pH dependent manner [47]. This gives further insight
into NS5 nuclear functionality in manipulating cellular responses, and shows that it could be using a
multifunctional approach within the nucleus. The majority of this research was performed in DENV-2,
however the nuclear localisation of NS5 in all strains of DENV has also been observed, with notable
differences in localisation and nuclear accumulation between them [48,49], with serotypes 2 and 3
accummulating more within the nucleus, whereas 1 and 4 do not. Although there are no direct links
between NS5 localicalisation and pathogenesis, the exact role that NS5 plays in the nucleus may impact
on disease outcome and thus would imply that a targeted inhibition of nuclear transport may only be
appropriate for particular strains.

However, it should be noted that a recent paper has revealed that the nuclear localisation of DENV
NS5 is neither critical for replication nor the ability of DENV NS5 to impede immune evasion via the
degradation of STAT-1 [45]. Via mutation, the investigators showed that mutation of the putative NLS
actually impaired the RdRp activity of the mutants’ NS5 species, thus impacting virus replication.
Interestingly, the NLS mutants that impaired virus replication could not be rescued in trans, indicating
that the links between nuclear NS5 with replication and intracellular survival are not that straight
forward and that interactions with nuclear and/or cytoplasmic host factors may be quite complex,
influencing the different functions of the flavivirus NS5 protein. These observations are additionally
confirmed by the Vasudevan laboratory [46] where they show that the nuclear localisation of some
DENV serotype NS5 proteins is mediated via a C-terminal motif and that removal or mutation of
this motif in DENV1 results in a completely cytoplasmically localised virus that replicates efficiently.
Interestingly, our own reassessment of KUNV NS5 indicates that the protein shuttles very quickly
between the nucleus and the cytoplasm, yet does not accummulate within the nucleus as observed for
some DENV NS5 proteins (unpublished results). Thus, the exact role for nuclear NS5 in the replication
cycle or for immune evasion is still unknown, particuarly if these roles are conserved amongst the
different flaviviruses.

In light of these observations, the realisation and significance of nuclear localised NS5 has now
been seen to be important in the flavivirus lifecycle, and as such its import pathway has become a
target for drug therapy. Through the use of highthroughput screening, thousands of compounds have
been able to be analysed for their effectiveness in inhibiting nuclear transport [50]. This has led to the
discovery of several compounds that have some effectiveness against blocking DENV infection [51,52].
Ivermectin was one such drug that has been shown to inhibit importin alpha/beta1 nuclear import, the
main pathway for NS5 nuclear localisation. When treated with Ivermectin, the inhibition of NS5 and
Importin interactions, (therefore stopping NS5 nuclear import) leads to a significant decrease in the
amount of DENV present, leading to its potential use as an antivial compound [48,51]. The drawback
of chemical inhibitors is that they often have unspecific effects, and could inadvertantly target normal
host functions required for cell survival [53]. The benefit of these compounds is that they could have
broad antioviral activity against the actions of the flavivirus core, NS5 and potentially NS4B, in the
nucleus of infected cells.

3.3. NS Proteins NS3 and NS4B and RNA Synthesis

The C and NS5 proteins have received the most attention with respect to nuclear localisation
during virus replication and transient expression, however, some reports have also suggested that the
flavivirus NS3 and NS4B proteins and RNA synthesis also appear within the nucleus [18,54]. These
observations have not been so well defined and are somewhat difficult to interpret, especially the
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possibility of viral RNA synthesis in the nucleus, as both more sophisticated and specific labelling
methods have not consistently detected either viral single-stranded RNA (ssRNA) or double-stranded
RNA (dsRNA) within the nucleus [55,56]. In addition, higher resolution confocal microscopy and
immunogold labelling of cryopreserved material also reveals a confinement of viral RNA replication
in the cytoplasm [8,55–59]. A recent analysis of DENV NS4B has revealed a new role for the protein
in mitochondrial localisation but limited protein was observed in the nucleus [60,61]. Overall, the
localisation of the NS3, NS4B and viral RNA within the nucleus has not been consistently observed
across the flavivirus genus, and thus requires further investigation.

4. Sequestration of Host Nuclear Components

While this review is focused on flavivirus protein nuclear trafficking, it is also important to note
that proteins encoded within the flavivirus genome also have the ability to sequester cellular nuclear
proteins, and inhibit host protein nuclear import. Type I interferon (IFN) is produced in response
to viral infections, and plays an important role in innate immunity towards viral infection, with the
ability to activate sevaral antiviral pathways [62–64]. It is a common theme for flavivirus NS5 to
inhibit the IFN mediated Janus kinase/signal transducers and activators of transcription (JAK-STAT)
signalling [65–68], aiding in virus replication. DEAD-box RNA helicases are a large group of proteins,
with varied function, that reside in both the nucleus and cytoplasm that have also been shown to
be redistributed to sites of flavivirus replication. These have varied functions, but many have been
identified as cofactors for replication, or assisting with the antivial response [30,69–73], demonstraing
that their sequestration could be essential for flavivirus replication. DDX3 cellular localisaiton has
been shown to be both cytoplasmic and nuclear, but is redistributed to sites of JEV replication in
the cytoplasm with interactions in binding 5′ and 3′ UTRs, and with NS5 and NS3—proving to be
necessary for JEV infection [72]. DDX21 is nuclear localised in uninfected cells, but is redistributed to
the cytoplasm during DENV infection, where it has a role in directly inhibiting viruses, and through
other intermediaries activating the innate immune response [70,74]. Once in the cytoplasm, DENV
NS2B/3 degrades DDX21, aiding viral replication. DDX56 has been shown to redistribute from its
normal nucleolar localisation, to sites of WNV replication in the ER [30,69]. This relocalisation interacts
with the WNV capsid, with the helicase activity of DDX56 having a role in correct infectious particle
assembly [73].

Synthesis of both positive and negative stranded RNA in flaviviruses is a complex process
that requires the interaction of viral RNA secondary structures with host nuclear components to
facilitate efficient replication (Table 1). These interactions occur at varying stages and have roles in
RNA synthesis, genome circularization, and sequestering cytoplasmic proteins [75–77]. During DENV
infections, a clear distribution of polypyrimidine-tract-binding (PTB) protein from the nucleus to the
cytoplasm has been suggested to play a positive role in viral replication, with siRNA knockdown of
PTB inhibiting replication, and overexpression stimulating replication [78]. La autoantigen (La) is a
ribonucleoprotein found in the nucleus of healthy cells [79]; it has been shown to bind to both the 5′

and 3′ flavivirus UTRs, with the potential role of stabilising RNA loop structure, and/or recruiting
NS5 and NS3 [76]. Flaviviruses have also been shown to interact with TIAR/TIA1, another set of
proteins that are shuttled from the nucleus to the cytoplasm during cell stress. They have both been
shown to interact with WNV 3′ UTR, aiding with viral replication [80]. The additional advantage of
WNV sequestration is that TIAR/TIA1 are also associated with the formation of stress granules (SG)
and, by inhibiting SG formation, may prevent priming of the innate immune response [80,81].

Although it is yet to be elucidated exactly which viral proteins mediate the sequestration of
nuclear proteins within the cytoplasm, it is clear that many flaviviruses have evolved to specifically
restrict the intra-nuclear shuttling of many host proteins that aid in the replication of the viral genome
but equally restrict host cell immune sensing and communication. It is also yet to be determined if
the different flaviviruses selectively bind cellular factors aiding in intracellular replication or globally
restrict nuclear trafficking. One tends to favour the former as some flavivirus proteins shuttle in and
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out of the nucleus and import, rather than export, appears to be a critical requirement for flavivirus
replication in cells.

Table 1. Sequestered host nuclear factors (adapted from [82]).

Virus Host Factor Role in Sequestration

Flavi La IRES conformation, translation-replication
switching, genome circularization

Flavi PTB IRES conformation, eIF4G1 recruitment to IRES,
genome circularization

DENV RNA Helicase A Genome circularization protein bridge,
promote RNA replication

Flavi/WNV Tia1, TIAR Promotes + strand RNA synthesis

Flavi/DENV Tudor-DN/p-100 Promotes RNA synthesis

IRES, internal ribosomal entry site; La, La autoantigen; PTB, polypyrimidine-tract-binding; DENV, dengue virus;
WNV, West Nile virus.

5. Future Considerations

From the current literature, we now have some basic insight into the role that the nucleus, and
viral protein nuclear localisation has during flavivirus replication. As the flavivirus lifecycle has
been mainly observed within the cytoplasm, nuclear transport of flavivirus components has been an
underrepresented field of study. Of the flaviviruses, DENV has been the main focus of research, but it
is evident that nuclear localisation is occurring amongst other flaviviruses. It is also interesting to note
that while the corresponding proteins (i.e., C and NS5) have been observed trafficking into the nucleus
across flaviviruses, they may have different functions/roles between related viruses. The targeted
inhibition of nuclear transport is also a potential therapeutic target for positive stranded RNA virus
infection that has not been robustly interrogated. With the knowledge of nuclear transport being more
significant than previously thought, therapies could be developed to target viral nuclear transport
mechanisms to combat disease. Finally, most of these studies have been completed in mammalian
cells. As a key part of the viral life cycle occurs within arthropod vectors, it would be advantageous to
pursue the role, if any, of nuclear localisation within them.
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Abstract: The 17D line of yellow fever virus vaccines is among the most effective vaccines ever
created. The humoral and cellular immunity elicited by 17D has been well characterized in
humans. Neutralizing antibodies have long been known to provide protection against challenge with
a wild-type virus. However, a well characterized T cell immune response that is robust, long-lived
and polyfunctional is also elicited by 17D. It remains unclear whether this arm of immunity is
protective following challenge with a wild-type virus. Here we introduce the 17D line of yellow fever
virus vaccines, describe the current state of knowledge regarding the immunity directed towards the
vaccines in humans and conclude with a discussion of animal models that are useful for evaluating
T cell-mediated immune protection to yellow fever virus.
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1. Yellow Fever Virus: History, Legacy and Future

1.1. Introduction to the Yellow Fever Virus

Yellow fever virus (YFV) simultaneously shares an important historical legacy and a modern-day
urgency. Once one of the most feared diseases in the world, this virus terrorized Africa, Europe and
the Americas. In the Americas, over 250 years of documented epidemics of YFV killed hundreds of
thousands and influenced the outcomes of wars and the stability of economies. YFV is the prototypic
member of the genus Flavivirus, family Flaviviridae, and contains a single-stranded, positive sense RNA
genome. In the urban YFV cycle, in which most human cases occur, the virus is transmitted by the
bite of an infected Aedes aegypti mosquito. A subset of infected people develops a severe hemorrhagic
yellow fever (YF) disease, presenting with fever, nausea, vomiting, hepatitis, and jaundice. This severe
disease leads to death in 20%–60% of cases (reviewed in [1]).

Originating in Africa, YFV was trafficked to the Americas as a consequence of the slave trade [2].
Eventually, better sanitation led to a precipitous decline in outbreaks of YF. Even as local outbreaks
decreased, YFV remained a threat to the United States because of foreign conflicts and foreign economic
development. Two prominent examples of this include Cuba during the Spanish-American war where
YF killed more American soldiers than battle, and the construction of the Panama Canal which was
devastated by ongoing outbreaks of YF. Following the end of the Spanish-American war, YF remained
a concern to the United States regarding both the protection of soldiers during foreign conflicts and
the possibility of domestic outbreaks. The U.S. Army’s Yellow Fever Commission, led famously by
Walter Reed, traveled to Cuba and established that mosquitoes were responsible for transmission [3].
Subsequently, mosquito control efforts were used to reduce the impact of the last major U.S. epidemic
in New Orleans in 1905, and bring an end to the outbreaks at the Panama Canal in 1906.
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1.2. A Brief History of the Yellow Fever Virus Vaccine

In the four decades following the yellow fever commission, an international effort developed
to isolate, propagate and create a vaccine against YFV. Integral to this effort was the development
of animal models that were required to produce a vaccine. During the fall of 1925 Adrian Stokes
led an expedition to study yellow fever in West Africa. In the course of their studies they isolated
a virulent virus from a Ghanaian man named Asibi with a mild case of YF [4,5]. The Asibi virus
was passaged through rhesus macaques by direct blood/serum transfer and then through infected
mosquitoes. Except for two monkeys, the Asibi virus proved lethal causing symptoms that were
reportedly similar to human cases of yellow fever. The studies carried out by Stoke’s expedition were
ground-breaking on various levels as they were the first to establish experimental animal models of YF
and show that serum from convalescent humans could protect experimentally infected animals.

The Asibi virus was transported to the Rockefeller Institute where Max Theiler and colleagues
discovered that the virus, which was refractory to growth in small laboratory animals through most
routes of injection, would grow in the brains of mice following intracranial injection [6], the first record
of mice being used as an animal model. Passage in mouse brains reduced the viscerotropic virulence
of the virus in monkeys but enhanced the neurotropic properties, causing lethal disease when injected
into the brain [7]. Concerns over neurotropism led Theiler’s group to passage the virus over 200 times
in tissue culture medium made with chicken embryos from which the neurologic tissue was removed.
They designated one subculture of the Asibi virus, 17D. Although the 17D culture remained virulent
when injected into mouse brains, the virus had lost its neurovirulence in monkeys, causing only
a ‘moderate febrile reaction’ when injected intracerebrally [8]. Moreover, the virus no longer caused
viscertropic disease in monkeys when injected subcutaneously but only a very mild infection.

Simultaneously with the above findings, Theiler published a report showing that when the 17D
subculture was inoculated into monkeys, immune serum could be detected within one month of
infection. Within seven days of infection, the monkeys were completely protected against challenge
with the virulent Asibi virus. At seven days and beyond, no circulating Asibi virus was detected in
the blood of vaccinated monkeys. In humans injected with 17D, anti-yellow fever immune serum
was detected as early as two days following immunization. The eight test subjects experienced only
a slight ‘fever’ (maximum temperature 37.4 ◦C), a mild headache and a backache that reportedly did
not prevent normal daily activities [9]. The 17D subculture of the Asibi virus [8] became the seed
strain for the modern day yellow fever virus vaccines, 17DD (passage 195) and 17D-204 (passage 204).
Since then, over 500 million people have been administered the 17D-based vaccines (hereafter referred
to collectively as 17D). Remarkably, only 32 cases of vaccine failure to protect against a virulent
strain of YFV have ever been documented [1]. This is likely due to the high seroconversion rate of
human vaccinees, between 80% and 100%, and the 30-year persistence of detectable immunity in some
individuals. Max Theiler was awarded the Nobel prize in 1951 [10].

For a more through appreciation of the history of the yellow fever vaccine, the authors suggest
reading the excellent discussion by J. Gordon Frierson [11] and the thorough review by Monath,
Gershman and Staples [1].

1.3. Status of the Yellow Fever Virus and 17D

Today, YFV remains endemic in South American and African countries where monkeys provide
sylvatic reservoirs of virus that spur regular outbreaks (jungle yellow fever). Estimates are as high as
200,000 infections with YFV per year and up to 30,000 deaths [12]. In these countries, vaccination against
the virus is a primary means of disease control. However, the virus remains of major concern in
Sub-Saharan Africa where the prevalence of vaccination is low and millions are at risk for infection. Indeed,
in 2016 Angola experienced its biggest outbreak of YFV in 30 years and the virus has spread to neighboring
countries and resulted in numerous traveler-associated cases throughout the globe. Most notably, YFV had
never been recorded in Asia; however, China experienced its first traveler-associated cases in 2016 [13]. Due
to high population densities and sufficient mosquito populations, yellow fever could be particularly
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devastating in Asia if it were to become established [14]. The reintroduction of YFV into North America is
also becoming a greater threat as populations of A. aegypti mosquitoes are repopulating areas that have
ceased aggressive control efforts [15]. For similar reasons, local transmission of the Flaviviruses Dengue
and Zika and the related alphavirus Chikungunya have already been documented in the contiguous
U.S. The risk to the residents of the U.S. is particularly high with these viruses as Food and Drug
Administration (FDA)-approved vaccines are currently unavailable.

The yellow fever vaccine should not simply be viewed as an empirical success that warrants no
further study. 17D, arguably, sits at the pinnacle of vaccine success, alongside those for small pox and
polio. The importance of 17D remains high as a reverse genetics system [16] has made the vaccine
a vector for other antigens [17–21] and a backbone for the development of vaccines against other
flaviviruses, specifically [22]. The highly efficacious and long-lasting immunity elicited by the 17D
makes it an important target of future research for the development of vaccines against related viruses
and the understanding attenuation and immune inductive processes for highly efficacious vaccines in
general [23]. Despite the ongoing use and development of 17D, the relatively recent recognition that the
vaccine causes rare but serious adverse events (SAE) has led to concerns over its continued use [24,25].
The causes of SAE are unknown, but patient-specific immune irregularities may be involved [26,27].

While the humoral immune response elicited by 17D has historically been considered protective
against challenge with a virulent strain of YFV, it is unknown whether the T cell arm of the immune
response plays a role. A thorough understanding of these immune responses remains the most glaring
knowledge gap regarding 17D. Bridging this divide is likely to illuminate mechanisms that contribute
to SAE as well as facilitate the rational design of vaccines, particularly those based off the 17D platform.
The remainder of this review will briefly describe the human immune response to 17D with a focus
on T cell mediated immunity. Attention will then be turned to animal models of immunity that are
proving useful for characterizing the role of T cell immunity for protection against challenge with
virulent YFV and the control of 17D during vaccination.

2. The Immune Response to Yellow Fever Virus in Humans

The abundance of vaccinated individuals and the safety of 17D has ensured ample availability of
subjects for the study of human immune responses following vaccination. For example, such subjects
have been derived from mass vaccination of U.S. troops during the World War II and recent targeted
studies that have recruited volunteers for immunization. Subjects like the former, studied many years
after vaccination, have demonstrated the striking longevity of immunity to 17D whereas the latter are
opening windows into the earliest events following vaccination. These studies have been limited to
evaluating what can be obtained from blood sampling. Thus, since its development, the most studied
aspect of human immunity to 17D was the humoral response. However, studies of T cell-mediated
immunity to 17D have become prolific in recent years.

2.1. Neutralizing Antibodies as Protective Immunity

Since wild-type virus cannot be used for directed experimentation on humans, empirical evaluation
of specific immune components involved in protecting humans is practically non-existent. However,
serum from naturally infected convalescent humans exposed to wild-type virus protects rhesus
macaques against infection [4], and mice are protected against intracerebral challenge with 17D when
mixed with serum from 17D-vaccinated humans [9]. Furthermore, convalescent serum collected from
humans located on another continent could protect monkeys infected with local isolates of virus [28].
These studies suggested that (1) humoral immunity was a primary protective element in previously
exposed individuals and (2) a single vaccine could offer protection to global strains of YFV. Thus,
neutralizing antibodies remain the accepted correlate of protection against YFV.

33



Viruses 2017, 9, 77

2.2. The Neutralizing Antibody Response to 17D

Consistently, 90% or greater of the individuals immunized with 17D develop neutralizing antibodies
(reviewed in [29]). Early studies quantified neutralizing antibody titers as dilutions of immune serum that
protected 50% of intracranially infected mice against 17D [8,9]. By this method, neutralizing antibodies
have been detected as early as two weeks following vaccination [9]. Plaque reduction neutralization
tests (PRNT) demonstrated robust neutralizing antibody responses beginning as early as six days
following vaccination [30], with most individuals peaking after thirty days [30]. Neutralizing responses
have been recovered for up to 60 years after vaccination [31–34]. The longevity of the 17D-specific
neutralizing antibody responses suggests that 17D elicits a long-lived and functional memory response,
supported by a boost in titer after revaccination [30,35]. This and other evidence for the potency of
neutralizing antibody responses has been presented in detail (reviewed in [29]), and suggests that
a single vaccination offers life-long protection against YFV.

2.3. Innate Immune Responses to Vaccination with 17D

17D elicits a complex modulation of innate immune cytokines in humans. Elevated levels of
plasma interferon (IFN)-γ are seen on day 15 post vaccination [36]. Although plasma levels of other
cytokines have not been assessed, re-stimulation of innate immune cell cultures of natural killer (NK)
cells, neutrophils, and monocytes from 17D vaccinated humans with YF antigen results in the increased
production of IFN-γ [36], interleukin (IL)-1β [37], IL-12 [38], tumor necrosis factor (TNF)-α [38,39]
and IL-10 [39] in some subsets and a concomitant decrease of TNF-α [38], IL-10, and IL-4 [39] in other
subsets. A wide array of increased innate immune gene expression signatures is detected as early
as one day following vaccination. The cytokines include inducers and mediators of antiviral and
interferon activity such as Toll-like receptor (TLR)-7, interferon-induced protein with tetratricopeptide
repeats (IFIT) 1, IFIT2, IFIT3, interferon regulatory factor (IRF) 7, and signal transducer and activator of
transcription (STAT) 1 [40]. Gene signatures of directly antiviral cytokines IFN-α and IFN-γ are highly
variable among vaccine recipients, with a near even distribution of vaccinees showing an increase or
decrease of IFN-α and IFN-γ transcripts between days three and seven post vaccination [40].

The earliest induction of cytokines by 17D is most likely the result of direct interactions with
innate immune cells like dendritic cells (DC). Stimulation of human monocyte-derived DCs and
plasmacytoid DCs with the 17D vaccine preparation induces the production of IL-6, TNF-α, monocyte
chemoattractant protein (MCP)-1, interferon-γ-induced protein 10 kDa (IP-10), IL-12p40, IL-12p70 and
IFN-α. Murine studies suggested that the activation and production of cytokines by DCs is mediated
through interactions with TLR-2, -7, -8 and -9 [41]. Engagement of multiple TLRs results in a complex
relationship with the downstream T cell response, resulting in the production of both TH1 and TH2
cytokines. Although TLR-2 suppresses cytotoxic T cell responses to 17D in mice, TLR signaling more
broadly promote the very same responses [41]. 17D infects and replicates only minimally in human
DCs [41,42], likely due to triggering of maturation [43]. However, 17D antigens are processed and
presented by DCs [43], which are most likely involved in eliciting downstream T cell responses.

2.4. T Cell-Mediated Immune Responses to 17D

Prior to 1998 [30] the T cell response to 17D in humans had not been studied. While a T cell response
to vaccination had been expected, the role of T cells was unclear. Since neutralizing antibodies were the
accepted means of protection against YFV, it was strongly expected that cluster of differentiation (CD)4+
T cells would act primarily as a form of ‘help’ during the formation of neutralizing antibody responses.
CD8+ T cells recognize and lyse virus-infected cells and thus it was expected that CD8+ T cells could
play a role in clearance of 17D during vaccination or for protection following challenge with wild-type
YFV. The specific role that T cells play in humans during immunization, or for protection following
challenge remains uncertain, and is likely to remain so due to the limitations of working with human
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subjects. Since the first T cell studies, a great deal of information has been gathered about the dynamics
of T cell activation, proliferation, and the phenotypes that result from 17D immunization.

Both CD4+ and CD8+ T cells respond strongly to 17D. Activated cells are detected as early
as three days post-immunization (CD8+) [44]. CD4+ T cells peak between 7 and 14 days after
immunization [45–48], before CD8+ T cells which peak between 14 and 30 days [44–46,49,50]. CD8+ T cell
proliferation appears to be largely antigen-driven since the size of the T cell response correlates directly
with the virus load. The peak of the CD8+ T cell response comes three days after the highest levels of virus
genomes are detected in the plasma, and CD8+ T cells peak only after virus is no longer detected [44].
Five to six percent of the approximately 2000 CD8+ T cell clones that respond to 17D [51] differentiate
into various memory populations displaying conventional markers including central memory (TCM) and
effector memory (TEM/TEMRA). These cells slowly decrease over time, but remain detectable for over
25 years [33,52]. In contrast, a population of self-renewing and highly responsive 17D-specific memory
cells similar to the stem cell-like memory subset (Tscm) maintains stable numbers for the same 25-year
period (discussed below) [52].

2.4.1. CD4+ T Cells

17D-specific CD4+ T cells produce a mix of TH1 and TH2 cytokines, including IL-2, IFN-γ, TNF-α,
IL-12 (TH1), IL-4, IL-5, IL-10, and IL-13 (TH2) [39,45,47,53]. TH1 T cells characteristically promote
CD8+ responses whereas TH2 cytokines promote B-cell and antibody responses. T follicular helper
(Tfh) cells are a subset of CD4+ T cells characterized in part by the expression of C–X–C chemokine
receptor type 5 (CXC-R5) and the production of IL-4. Tfh cells promote healthy B cell germinal centers
(reviewed in [54]). It is unclear whether the CD4+ T cells provide a ‘helper’ function that promotes the
production of neutralizing antibodies or CD8+ T cell responses or if these responses are independent of
T cells. Whether CD8+ T cells are dependent on CD4+ T cell help, in the context of 17D immunization,
has not been studied.

An antibody ‘helper’ scenario is supported by one study where a greater proportion of CD4+ IL-2
and IFN-γ producing T cells on days 1 and 2 were associated with higher neutralizing antibody titers
and greater numbers of plasmablasts on day 14 [45]. Murine studies demonstrate that both TH1 and
TH2 cytokines promote the generation of neutralizing antibody responses to viruses. IFN-γ favors the
production of immunoglobulin G2a (IgG2a) and IL-4 favors immunoglobulin G1 (IgG1) while both
cytokines promote class switching and affinity maturation (reviewed in [55]). It remains unknown
whether Tfh cells play a central role in antibody development towards 17D; although in one murine
model, Tfh cells may have a limited role in eliciting protective neutralizing antibodies [56].

Human CD4+ forkhead box P3 (FOXP3)+ T regulatory cells are transiently activated during
immunization with 17D [46] although their relationship to the immune outcomes following 17D
vaccination has not been investigated.

2.4.2. CD8+ T Cells

17D-specific CD8+ T cells respond to epitopes within every mature product of the 17D
polyprotein [46,50]. Upon peptide re-stimulation, 17D-specific CD8+ T cells produce multiple
cytokines including proinflammatory cytokines IFN-γ, TNF-α, macrophage inflammatory protein
(MIP1)-β [46,50] and the proliferation promoting cytokine IL-2 [46]. Nearly all 17D-specific CD8+ T cells
express granzyme B, and the majority of stimulated cells stain positive for surface CD107a [50],
suggesting that they are functionally capable of degranulating [57] and are likely to be cytolytic.
Following the peak of CD8+ T cell expansion, the cells begin to differentiate in to long-lived memory
which retain a polyfunctional phenotype for at least two years [50].

Memory CD8+ T cells are composed of conventional TCM (CCR7+, CD45RA−), TEM (CCR7−,
CD45RA−) and TEMRA (CCR7−, CD45RA+), all of which are induced strongly by vaccination and
slowly decrease over a 25+ year period. However, a recently identified population of the ‘naïve-like’
Tscm was shown to persist at nearly unchanged levels for the same 25-year period. These cells
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appear naïve according to CCR7+, CD45RA+ expression but, unlike truly naïve cells, they also
express CD58 and CD95. The 17D-specific Tscm cells demonstrate a self-renewing behavior and rapid
proliferation in response to re-stimulation [52]. These data suggest that 17D-specific memory T cells
can respond quite rapidly to re-exposure of YFV antigen in vitro; however, it is unclear whether
this happens in humans. One study demonstrated that biomarkers of T cell activity, neopterin and
β2-microglobulin, do not increase after a 17D boost, whereas a strong increase is seen during the
primary vaccination [33]. Another study indicated that, compared to individuals that had only one
vaccination, multiple vaccinations do not result in higher levels of memory T cells as is typical following
a secondary memory T cell response [30].

2.5. Naïve Host Infection with Wild-Type YFV: A Limited Understanding of Human Immunity

Very few studies have evaluated the immune response to a primary infection with virulent
YFV. Most infections are only identified when patients are in fulminant hemorrhagic disease, if not
after death. Thus, much of the information regarding immunity towards wild-type infection is from
severe cases of disease and not from the majority, for which the immune response clears the infection.
In one study, 18 patients with non-fatal non-hemorrhagic YF were more likely to have measurable
neutralizing antibody titers and undetectable virus by reverse transcription polymerase chain reaction
(RT-PCR) compared to fatal or non-fatal hemorrhagic cases. Cases of severe disease have elevated
chemoattractant cytokines MCP-1 and IP-10 and proinflammatory cytokines TNF-a, IL-6, and IL-1a [58].
These data suggest that size of the neutralizing antibody response to wild-type YFV infection may be
a factor determining the severity of disease. Therefore, elevated levels of cytokines seen in severe cases
of disease may be the result of virus burden in individuals that mount an insufficient neutralizing
antibody response.

Livers from patients succumbing to fatal yellow fever show apoptosis, steatosis and lytic necrosis
of hepatocytes. This pattern is associated with a strong infiltration of T cells, primarily CD4+, but also
CD8+ T cells [59,60] and B cells into the portal region [59]. Macrophages, NK cells and antigen
presenting cells also infiltrate the liver, but in fewer numbers [60]. Expression of TNF-α, IFN-γ,
and transforming growth factor (TGF)-β were elevated most strongly in the lobular regions that
showed strong macrophage infiltration [59]. The heavy T cell infiltration associated with cell death and
elevated cytokine expression suggests that severe disease may have a prominent immunopathologic
component [60,61]. These data suggest that patients presenting with severe disease mount a T cell
response that may be either (1) ineffective at controlling virus replication in the liver or (2) is strongly
cytolytic, causing damage and exacerbating disease.

3. Animals Models of T Cell-Mediated Immunity towards YFV

Human studies are ideal for recording the phenotypes and reactivity of developing or
developed immunity to 17D. Retrospective studies have provided an insight into the statistical
effectiveness of vaccination and the resulting immune phenotypes. However, questions about
mechanisms of protection and anti-YFV immune development cannot currently be asked in humans.
Human volunteers can neither be experimentally infected with wild-type YFV nor have their visceral
or neurological tissues probed for the presence of virus and immune mediators. Thus, a more thorough
understanding of the virus–host interactions must be addressed using animal models.

3.1. Non-Human Primates

Non-human primates serve as the most relevant models of YF due to their close relationship to
humans and their natural susceptibility to infection. Rhesus macaques develop severe hemorrhagic
yellow fever, presenting with symptoms that resemble human disease [4]. Vaccination with 17D
induces neutralizing antibodies that correlate with protection against a virulent YFV [62]. However,
only a few studies have addressed T cell responses to 17D in these animals. Activated T cells peak
between 12 and 14 days following immunization [63]. CD8+ T cells respond to peptides throughout the
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genome of 17D. Low levels of CD4+ T cells can be detected as well [64]. 17D-specific T cells produce
IFN-γ, IL-4 and TNF-α in response to peptide stimulation. A majority of IFN-γ producing CD8+ T cells
may be γδ T cell receptor (TCR)+ [65].

3.2. Murine Models

Murine models are particularly advantageous for studies of cellular immunity due to known
major histocompatibility complex (MHC) haplotypes, well characterized biology and the ubiquitous
availability of reagents. However, few studies have addressed the development or role of T cell-mediated
responses to YFV in murine model systems. This is primarily because YFV is refractory to replication
in adult mice due to restriction by type-I interferon [66] (with the exception of the central nervous
system when introduced by intracranial inoculation [6]). Thus, when virus is introduced into the mouse
through a peripheral route that mimics vaccination—e.g., subcutaneous (SC)—, little to no replication is
detected [67]. Adaptive immune responses play no known role in eliminating virus from mice infected
via this route, as infection of recombination activation gene (RAG)−/− animals lacking functional
B cells and T cells does not result in the development of disease [56]. Mice do mount an immune
response to 17D when it is administered SC that includes neutralizing antibodies and CD8+ and CD4+
T cells [56,68,69]. However, 17D-specific T cells proliferate modestly in this model, compared to humans
where responses to specific epitopes can account for 10–20% of total CD8+ T cells [46,49], most likely
due to the lack of virus replication which limits viral antigen. In 17D-immunized mice, neutralizing
antibodies and CD8+ T cells protect mice against intracranial challenge with 17D through an IFN-γ and
perforin mediated mechanism [56]. A similar mechanism is observed when 17D-derived antigens are
delivered by an unrelated viral vector [70]. These studies suggest that CD8+ T cells and neutralizing
antibodies may be important for the clearance of 17D from the central nervous system (CNS) during
vaccination. No studies have been published that examine clearance of the wild-type virus in this
model. Although, wild-type virus and 17D are equally virulent by intracranial (IC) infection [71],
making it difficult to differentiate the two strains experimentally. The virulence of 17D following IC
infection suggests that mice may be a useful model of yellow fever vaccine-associated neurotropic
disease (YEL-AND), a rare SAE seen in human vaccinees. These studies suggest that an inadequate
neutralizing antibody or CD8+ T cell immune response may increase susceptibility to YEL-AND.

YFV replication in mice is primarily restricted by type-I interferon and to a lesser extent type-II
interferon [66]. In type-I interferon receptor knockout mice (IFNAR−/−), which lack all type-I interferon
responses, YFV replicates when introduced by the SC route. Notably, 17D and wild-type viruses can be
differentiated by both replication and clinical disease in the IFNAR−/− mouse. 17D remains attenuated
with replication restricted to the lymphoid compartments including the lymph nodes, spleen, bone
marrow and blood, whereas the wild-type virus produces a viscerotropic disease resembling that seen
in humans, including virus replication, immune infiltrates and steatosis in the liver. Like 17D, wild-type
virus also replicates in lymphoid tissues but additionally in the kidneys, heart, and brain [66,67].
Importantly, 17D is cleared from all IFNAR−/− animals whereas wild-type virus is lethal. Furthermore,
17D immunization protects mice against challenge with a wild-type virus. The mechanisms of 17D
clearance in IFNAR−/− mice is not known, but unpublished observations [72] indicate that CD8+
T cells are required, consistent with studies of IC inoculation in normal mice.

The IFNAR−/− model is not ideal for the study of T cell responses. Depending on the pathogen,
type-I interferon can significantly influence the activation and proliferation of T cells [73,74]. Type-I
interferon is produced by human and rhesus macaque cells infected with 17D in vitro [41,42,75–78];
however, a role for type-I interferon in YFV-specific adaptive immune responses in vivo has not been
defined. Despite these concerns, 17D-specific T cells induced in IFNAR−/− mice appear to be normal,
and their phenotypes align well with those seen in human studies. The T cells are polyfunctional,
producing combinations of IFN-γ, TNF-α (CD8+, CD4+) and IL-2 (CD8+) and both CD4+ and CD8+
T cells present CD107a on their surface during peptide stimulation and functionally lyse 17D-specific
targets in vivo. The T cells contract into long-lived memory that persists for at least two and a half
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years, essentially for the life of the mouse. In this model, adoptive transfer experiments determined
that both neutralizing antibodies and CD4+ T cells contribute to protection. Surprisingly, no protective
effect was seen with CD8+ T cells [67]. This study, when considered with the IC model of YEL-AND,
suggests that CD8+ and CD4+ T cells may be differentially important in regard to protection of naïve
animals against YEL-AND (CD8+ T cell-mediated), and protection following challenge of vaccinated
animals with a virulent strain of YFV (CD4+ T cell-mediated).

When both type-I and type-II interferon receptors are absent (IFNAGR−/−), mice become
susceptible to disease from both 17D [66,79] and the wild-type virus [66]. Thus, 17D is attenuated by
IFN-γ. However, the disease associated with these viruses is dramatically different. Wild-type YFV
infected IFNAGR−/− mice develop an accelerated viscerotropic disease, like that seen in IFNAR−/−

mice, with an average survival time that is one day less (6–7 days post infection) than in the presence
of type-II interferon signaling. 17D infected IFNAGR−/− mice develop a protracted infection that
resembles a mild viscerotropic-like disease at the onset but mice then succumb to a disease associated
with neurological signs 12 days post infection [66]. The development of neurologic disease suggests
that IFNAGR−/− mice may be a useful model of YEL-AND. Although adaptive immune responses
to 17D in IFNAGR−/− mice have not been studied, one possible mechanism resulting in neurologic
disease is the ineffective clearance of 17D from the brain since infected cells in the brain cannot respond
to IFN-γ. This would be consistent with the role that IFN-γ producing CD8+ T cells play in clearance
of 17D from IC infection of normal mice [56].

The IFNAGR−/− model can be partially reproduced using a conditional knockout of STAT1,
a primary signaling adapter of type I and type II interferon responses [80,81]. This model
(Stat1loxP/loxP/Vav-cre) [82] can be thought of as a chimeric model where visceral organs respond
competently to type I and type II interferons but the response in cells of the hematopoietic lineage is
blunted. In this model, 17D replicated in every hematopoietic cell type tested in the blood and spleen,
indicating that 17D is tropic for these cell types in mice, absent interferon responses. Unlike human
vaccination, 17D was introduced intravenously and proved lethal to approximately 75% of mice over
a time-frame similar to that seen in IFNAGR−/− mice. Virus genomes were identified in the liver,
kidney and brain at the same levels as those seen in wild-type mice. Consistent with STAT1 deficiency
among hematopoietic cells, the spleen showed significantly higher levels of 17D genomes than the
other organs. These data suggest that lymphocytic infiltrates and inflammation that was identified
in the liver, may be due to non-specific immunopathologic mechanisms, perhaps cytokine-induced.
Signs of viscerotropic disease (e.g., liver pathology) may make this a useful model for understanding
the contribution of immune pathology to YFV-AVD. In this model, both CD4+ and CD8+ T cells
proliferated in response to infection, with CD4+ T cells becoming most enriched, and both cell types
displaying markers of memory differentiation. Among the minority of animals that survived infection,
it is unclear if T cells contributed to survival or what role T cells played in the clearance of virus.
Although, virus was mostly cleared from the peripheral blood at day eleven post-infection (the latest
timepoint studied), replication in the spleen continued. An analogous model where the murine
hematopoietic system was reconstituted with (type I and type II interferon competent) human cells,
17D replicated in all human cell types tested and caused minimal non-lethal disease. T cells became
activated with minor proliferation, but their role in the clearance of virus was not assessed.

4. Conclusions

The 17D-induced adaptive immune response in humans has been well characterized in recent
years. There is a robust induction of both neutralizing antibodies and T cells, and both responses have
been detected up to three decades following a single immunization. Neutralizing antibodies are the
primary correlate of protections in vaccines and animal studies suggest that neutralizing antibodies
can be sufficient for protection against challenge. Yet it remains unclear whether T cells also serve
a protective function following challenge. Human 17D-specific CD4+ and CD8+ T cell compartments
are polyfunctional, suggesting that they may play a role in protection following challenge. However,
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no studies have addressed this question in humans, and it is unlikely that it can ever be addressed
without the use of experimental animal models.

Non-human primates (NHP) are by far the best experimental models for of YFV due to being
a natural host and closely related to humans. NHP models have demonstrated the importance of
neutralizing antibodies for protection following challenge with virulent YFV. T cells become activated
and expand in response to vaccination; although, it is unclear whether they are functionally protective.
Only a few studies have addressed the T cell response in these animals. This is not surprising
since the outbred nature of NHPs—resulting in variety of MHC haplotypes—makes the study of
specific T cell responses difficult. Since two individual NHPs are unlikely to be MHC compatible,
complex experiments like adoptive transfers are not feasible. This shortcoming could be addressed
with innovative strategies like partial MHC haplotype adoptive transfer approaches [83], the use of
novel models like marmosets which give birth to MHC chimeric twins [84] or future mastery of genetic
engineering in NHPs.

With regards to T cell immune studies, murine models hold the most promise due to the
availability of highly characterized inbred animals and available reagents. IFNAR−/− mice differentiate
between 17D and wild-type virus regarding the extent of attenuation and disease. This model has
been used to demonstrate that the immunity elicited by 17D is proportional to that found in humans
regarding magnitude, function, and long-lived memory. The flexibility of the inbred mouse enables
complex immune studies, and therefore this is the only model where 17D-specific T cells have been
shown to exhibit protective efficacy during challenge with a wild-type virus. The IC infection model
of YEL-AND has demonstrated the importance of CD8+ T cells for clearance of virus from the brain.
An alternative model of YEL-AND is the IFNAGR−/− mouse in which 17D can be delivered SC, to
simulate human vaccination. However, ultimately, murine immunodeficient models are not without
substantial concern. In normal mice, IC inoculation of 17D is not a physiological route of exposure
but is required to induce disease. Additionally, the lack of proliferation when 17D is administered by
routes other than IC is not consistent with human vaccination and may result in T cell phenotypes that
do not fully resemble human T cells. The IFNAR−/− model demonstrates YFV replication outside of
the CNS, but may have deficiencies in the magnitude and the quality of the adaptive immune response.

17D continues to be administered to travelers and in YFV endemic countries as the only prevention
for YF. 17D is also being used as a vector for the delivery of foreign antigens against the related dengue
virus, and this approach has been licensed in Mexico. 17D continues to be developed for the delivery of
novel antigens aimed at protection against other pathogens like human immunodeficiency virus (HIV),
malaria, trypanosomes and the Lassa virus [17–21]. The risk of SAE in these chimeric 17D viruses
remains unknown. Moreover, the mechanisms by which the 17D vaccine is cleared and mediates
protection against a virulent virus is not well understood. Establishing an understanding of these
mechanisms serves both to prevent cases of SAE and improve upon 17D-chimeric vaccines. 17D has
many secrets yet to be revealed regarding factors that contribute to vaccine efficacy, and most of these
questions cannot be asked using human studies. Animal models provide the only means to assess the
primary immune response to virulent YFV, the protective immunity elicited by 17D, map mutations that
contribute to the attenuation and immunogenicity of 17D, and, perhaps most importantly, facilitate the
improvement of chimeric vaccines regarding both safety and immunogenicity towards delivered
antigens. The authors acknowledge that existing animal models for YFV are less than ideal; however,
for the sake of progress, it remains important that the scientific community embrace these types of
models and continually work towards their improvement.
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Abstract: The Flaviviridae family comprises a number of human pathogens, which, although sharing
structural and functional features, cause diseases with very different outcomes. This can be explained
by the plurality of functions exerted by the few proteins coded by viral genomes, with some of
these functions shared among members of a same family, but others being unique for each virus
species. These non-canonical functions probably have evolved independently and may serve as the
base to the development of specific therapies for each of those diseases. Here it is discussed what
is currently known about the non-canonical roles of dengue virus (DENV) non-structural proteins
(NSPs), which may account for some of the effects specifically observed in DENV infection, but not in
other members of the Flaviviridae family. This review explores how DENV NSPs contributes to the
physiopathology of dengue, evasion from host immunity, metabolic changes, and redistribution of
cellular components during infection.

Keywords: dengue virus; non-structural proteins; physiopathology; immunity; metabolism

1. Introduction

A large set of arthropod-borne diseases is caused by enveloped viruses of the Flaviviridae
family, which includes dengue virus (DENV), yellow fever virus (YFV), Japanese encephalitis virus
(JEV), West Nile virus (WNV), Zika virus (ZIKV), and about 70 other members. The Flaviviruses
genome is a positive-sense single-strand RNA molecule of about 11 kb translated into a polyprotein
that is cleaved to generate three structural (capsid, membrane, and envelope—C, prM, E) and seven
non-structural proteins (NSPs—NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5), which share functional
and structural features among the different members of the family [1]. In addition to the similarities,
the different outcomes of the distinct diseases caused by the flaviviruses may be partially explained
by non-canonical functions of the viral proteins, which have evolved independently in each virus
type. Here we considered the canonical roles those that are shared among all (or most) members of the
Flaviviridae family, while the non-canonical are those exclusive to a specific virus or not generalized
throughout the family. For instance, flaviviruses’ NS1 is known to interfere with the proteins of the
complement system, but DENV NS1 has unique interaction partners and mediates this function in
a particular manner [2–5]. Viral structural proteins, which dictate targeted-cell type specificity and
the architecture of viral particles, may also have non-canonical functions, but this is beyond the scope
of this review. As NSPs are dispensed from structural roles in mature virus particles, they are more
prone to display multifunctional and non-canonical roles, and more recently have been largely studied
probably due to their potential as targets for clinical intervention.

Viruses 2017, 9, 42 45 www.mdpi.com/journal/viruses
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DENV is endemic in more than 100 countries and recent estimates predict about 390 million
infections per year [6]. Taking into account the high number of dengue cases and the increased
geographical extension of the disease, dengue is considered a global public health problem with
deep social and economic implications. The clinical manifestations of dengue vary from a mild
fever to life-threatening severe diseases (occurring in a small proportion of cases), known as dengue
hemorrhagic fever (DHF) and dengue shock syndrome (DSS), which are characterized by an increase
in vascular endothelium permeability leading to plasma leakage, which may evolve into a fatal
hypovolemic shock. Although a number of dengue vaccines have been developed, some being in
clinical trials, they have shown to be limited with regard to low immunogenicity and partial protection
against different DENV serotypes [7]. Among these vaccines, Dengvaxia (developed by Sanofi Pasteur,
Lyon, France) has been licensed in several countries, but it is still a matter of concern due to the reported
low protection against DENV serotype 2, associated with an increased incidence of hospitalization due
to severe dengue of seronegative individuals in the third year after the first dose [7,8]. While vaccination
strategies are in development and improvement stages, dengue treatment is still mainly based on
supportive clinical interventions that do not always prevent the evolution to the severe forms of the
disease [9,10].

2. The Canonical Roles of Flaviviruses’ NSPs

Before discussing the particular, non-canonical, roles of DENV proteins in infection and disease
establishment, we will summarize, in this topic, the functions carried out by each NSP that are
shared among the members of the Flaviviridae family. Most of these NSP canonical functions are
related to viral replication, which depends on the assembly of a membrane-bound multi-protein
replication complex (RC) [11–14], formed by the association of different NSPs with host co-factors
on interconnected lipid vesicles derived from the endoplasmic reticulum (ER) [12,13,15,16]. At these
sites, viral RNA is transcribed and translated into a polyprotein, which is cleaved by host and viral
proteases to originate the individual viral proteins (Figure 1).

NS1 is a conserved glycosylated protein that may occur in different oligomeric forms during the
virus replication cycle, namely immature monomers in the ER lumen, stable hydrophobic homodimers
able to interact with membranes, or secreted soluble hexamers harboring a large central 10 nm-diameter
open barrel filled with lipids [17–20]. In early stages of infection, the dimeric NS1 associates to the
viral RC on the ER membrane, probably interacting with the transmembrane proteins NS4A and
NS4B [21–24]. In late infection, the secreted hexamers interact with proteins of the complement system,
counteracting the cellular responses to infection [4,22,23,25,26].

NS3 behaves as a protease when it uses NS2B as a co-factor, cleaving the polyprotein at specific
sites and host proteins that would impair the establishment of the infection [27–29]. NS3 also plays
a role in viral RNA replication, acting as an RNA helicase, nucleoside 5’-triphosphatase (NTPase), and
RNA 5’-triphosphatase (RTPase) [24].

NS5 is the most conserved protein among flaviviruses’ NSPs, being responsible for the capping,
methylation, and replication of the viral genome [30–33]. A NS5 dimer associates with NS3 and NS2B,
to form the RC on ER-derived membranes. This trimeric complex is essential for the establishment of
the protein-protein and protein-RNA interactions necessary for the polymerization reaction, as also
observed for the polymerases of other viruses [34].

The functions carried out by the transmembrane proteins NS2A, NS2B, NS4A, and NS4B are
less understood and, for this reason, it is difficult to define the canonical roles of these proteins.
They do not have a known enzymatic activity, but act as scaffolds for RC formation [1,11]. For Kunjin
virus (KUNV), it was shown that NS2A co-localizes with double-stranded RNA formed during
genome replication, binding to the viral RNA 3’UTR, and to NS1, NS3, and NS5 to form the RC [31].
NS2A also participates in the rearrangement of cellular membranes observed during the replication of
flaviviruses [32]. NS2B acts as a cofactor for NS3 proteolytic activity. NS4A and NS4B are connected by
a transmembrane peptide named 2K, which is cleaved during NS4A maturation. 2K peptide maintains
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NS4B associated to ER, even after its cleavage from the polyprotein [33]. NS4A induces the rearranging
of ER membranes seen during the infection [35]. In addition, besides participating in viral replication,
NS4A promotes autophagy, preventing infection-induced cell death [36]. For WNV, it was observed
that NS4A controls the ATPase activity of NS3, while for DENV, NS4B was found to interact with the
NS3 helicase domain, assisting its dissociation from the RNA strand. Thus, it seems that NS4A and
NS4B work co-operatively during viral replication [37].

Figure 1. Schematic representation of the flaviviruses’ polyprotein. Viral RNA encodes a polyprotein
that is co- and post-translationally processed by host proteases (black scissors) or by the viral protease
NS2B/NS3 (red scissors) to generate the structural (C, PrM, and E) and non-structural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5), represented in different colors.

3. Participation of DENV NSPs in Dengue Physiopathology

DHF/DSS pathogenesis encompasses a series of events driven by a cytokine storm triggered
during infection that leads to an abrupt increase in endothelial permeability followed by plasma
leakage, disseminated intravascular coagulation, and hemorrhage, which may progress to a fatal
hypovolemic shock [9]. Among the possible molecular players that mediate these events, DENV NS1
is the more extensively studied. High levels of NS1 are found circulating in the blood of patients [38],
and this correlates with the development of DHF [39,40]. Additionally, the detection of NS1 in patients’
sera has driven the development of diagnostic tests for dengue [39,40]. Although there are a number
of questions regarding this issue that are still not completely answered, some findings start to shed
light in the roles of DENV NS1 during infection and disease.

The hexameric form of NS1 circulates associated triglycerides, cholesterols, and phospholipids,
a content similar to that present in high-density lipoproteins (HDL) [41]. This, together with the fact
that NS1 hexamers were shown to have tropism to the liver when injected in mice [42], and that NS1
internalization was observed in human-cultured hepatocytes, suggested that NS1 would carry lipids in
the plasma of dengue patients from tissues to the liver. The implications of these findings are still not
understood, but considering that lipoproteins participate in vascular homeostasis, it was hypothesized
that the transport of lipids by NS1 may play a role in dengue physiopathology [41].

Many other studies point to a direct role of NS1 in a crucial event of severe dengue physiopathology:
the plasma leakage. For instance, antibodies produced against NS1 during infection cross-react
with surface antigens of endothelial cells and platelets, possibly contributing to the plasma leakage,
dehydration and hypovolemic shock that are observed in the severe forms of dengue [43–45]. NS1 was
shown to bind to both prothrombin and thrombin in dengue patients’ sera. Thrombin formation is
the center of the coagulation cascade, which starts with the release of tissue factor from damaged
cells and subsequent activation of an amplifying cascade generating large amounts of factor X from
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a few initial signaling molecules [46]. Factor X activates prothrombin, generating thrombin, which
is able to cleave the fibrinogen to insoluble fibrin fibers, besides being able to cleave prothrombin
itself and activating factor XIII, accelerating the coagulation reaction. In vitro assays revealed that
recombinant NS1 did not interfere with thrombin activity, but it inhibited prothrombin activation
and prolonged the activated partial thromboplastin time (APTT). Thus, NS1 may be responsible for
abnormal APTT usually found in the first weeks of dengue onset, and possibly also contribute to
plasma leakage by antibody-independent mechanisms that occur in the severe forms of the disease [47].
Additionally, NS1 was found to activate mouse macrophages and human mononuclear cells, inducing
the production of proinflammatory cytokines/chemokines via activation of Toll-like receptor 4 (TLR4),
which promote the disruption of endothelial cell monolayer integrity and vascular leak, leading the
authors to consider NS1 a viral toxin that acts similarly to bacterial endotoxin lipopolysaccharide
(LPS) [48]. Accordingly, inoculation of NS1 in mice caused endothelial dysfunction leading to plasma
leakage [49]. Another mechanism proposed for NS1-mediated endothelial hyperpermeability includes
the induction of sialidases and heparanases expression and activation of the lysosomal protease
cathepsin L in endothelial cells, resulting in the degradation of the glycocalyx barrier, a key regulator of
vascular permeability [50]. The evidences presented above suggest that NS1-induced plasma leakage
is a complex phenomenon resulting from a series of events encompassing endothelial cells, cells from
the immune system, and platelets.

Cellular activation and production of large amounts of immune mediators (the “cytokine storm”)
are known to contribute to dengue pathogenesis and some evidence points to the contribution of
DENV NSPs to this scenario. Monomeric NS1 is hydrophilic, but its dimeric form associates to
membranes [17,21] and this seems to happen due to the presence of the glycosylphosphatidylinositol
(GPI) anchor in NS1 [51], a post-translational modification that targets proteins to membranes [52].
Antibody-induced signal transduction is a common feature of GPI-linked proteins [53–55] and this was
found to happen with NS1, being another possible determinant that contributes to cellular activation,
cytokine storm, and dengue pathogenesis [51]. Regarding other DENV NSPs, the expression of NS5
was shown to promote the induction of IL-8 expression and secretion in HEK293-transfected cells [56],
and both NS5 and NS4B induce the secretion of immunomediators in THP-1 monocytes, being this
action enhanced when NS4B is linked to the 2K peptide [57]. In addition, it was observed that the
conditioned media of 2K-NS4B-transfected THP1 cells contained IL-8 and TNFα in levels that induce
endothelial cell permeability and increased expression of adhesion molecules [58]. NS5 also interacts
with death-domain-associate protein (Daxx), a transcription repressor shown to be important to induce
expression of the cytokine RANTES [59]. In addition, the ability of NF-κB to bind RANTES promoter
is increased in cells expressing NS5 [60], suggesting that NS5 may contribute to DENV pathogenesis
by inducing increases of cytokine expression.

4. Evasion from Host Innate Immune Response

To establish a successful infection, viruses need to escape from the complex and robust host
immune defenses. The known mechanisms by which DENV evades the host immune system were
previously reviewed elsewhere [61,62]. Here, we intend to provide an update of the more recent
findings on this issue, focusing on the roles of NSPs. Many DENV NSPs interfere with the host immune
response by subverting complement activation, pathways triggered by pattern recognition receptors
(PRRs), as well as interferon (IFN)-mediated signaling pathways (Figure 2). It is interesting to note that
each DENV NSP acts on multiple points of cellular immune response, revealing the multifunctionality
of viral proteins and supporting the idea that viral apparatus evolved to constitute a robust and
efficient network against an equally complex system, such as the cellular innate immune system.

The complement system is an important component of the immune response, linking adaptive
and innate immunities. Activation of the complement system is triggered by different pathways,
as depicted in detail in Figure 2A. Flaviviruses’ NS1s are known to interfere with the complement
system at different points [2]. In the case of DENV, NS1 inhibits both the classical and the lectin
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pathways (Figure 2B). NS1 N-linked glycans interact with C4, C4b, C1s proenzyme, and C1s, especially
when NS1 is arranged in its hexameric form [3]. The formation of the C4-NS1-C1s/C1 complex
results in C4 degradation, impairing complement activation [2]. In addition, DENV NS1 binds and
recruits C4BP to the cellular membrane. C4BP is, a negative regulator of complement pathways that
promotes dissociation of C4bC2a C3 convertase and acts as a cofactor for cleavage of C4b, so that NS1
binding inactivates C4b on the cell membrane [4,63]. NS1 also interacts with C1q, but the effects of
this interaction on inactivation of complement cascade have not been explored so far [5]. Regarding
the lectin pathway, MBL has been identified as an NS1 target both in mammalian and mosquito
cells [64], protecting infected cells from immune recognition and impairing virus neutralization by
complement activation.

Innate immune response against viruses depends on the recognition of pathogen-associated
molecular patterns (PAMPs) by PRRs, which trigger signaling pathways that ultimately activate
the production of type I IFN and pro-inflammatory cytokines (Figure 2A). Viral RNA recognition is
mediated by proteins of the DExD/H-box RNA helicases family, such as the retinoic acid-inducible
gene I (RIG-I) and melanoma differentiation-associated gene 5 (MDA5) [65]. Briefly, the interaction
between these receptors and the viral RNA allows it to associate to the mitochondrial antiviral
signaling protein (MAVS), which activates TANK-protein kinase 1 (TBK1) and IκB kinases (IKK) [66].
These kinases mediate the activation of IFN regulatory factors (IRF), which migrate to the nucleus
inducing the expression of type I IFN and pro-inflammatory cytokines. Recently, an adaptor protein
named as “stimulator of the interferon gene” (STING) has also been identified as a downstream
effector of RIG-I [67]. Mitochondrial-associated membranes (MAM), regions of the ER that are closely
juxtaposed to mitochondria and constitute sites of communication and lipid exchange between these
organelles, are important for MAVS signaling during an infection, and processes that lead to MAM
disruption block the interaction between MAVS and STING, inhibiting the downstream antiviral
signaling [67]. With regard to activation of PRR-mediated pathways, our group has shown that DENV
infection induces the production of IFN-I and pro-inflammatory cytokines in a manner dependent on
the activation of RIG-I [68]. To alleviate host antiviral response, DENV interferes with this pathway at
multiple points. It was found that NS2B/NS3 interacts with IKKε, masking the kinase domain and
consequently preventing the phosphorylation of IRF3 [69]. Similarly, NS2A and NS4B were shown to
inhibit phosphorylation of TANK-binding kinase (TBK1) and its substrate IRF3 [70]. Another member
of the DExD/H box helicases family that has a less clear role in innate immune response, DDX21, is a
target of DENV NS2B/NS3 protease and its degradation was shown to facilitate DENV replication [71].
NS2B/NS3 also cleaves/inactivates STING, inhibiting the TBK1-mediated IFN expression [28,29].
DENV NS4B was shown to interact with C- and N-terminal domains of MAVS, including its CARD
domains, to which RIG-I binds, probably suppressing the oligomerization of MAVS, abrogating its
interaction with downstream adaptor proteins and inhibiting IFN production [72]. In addition to
participating in the induction of convoluted membranes (CM) in ER (see also the next topic), recently
it was shown that NS4B also induces mitochondria elongation at ER-mitochondria contact sites, which
was shown to favor DENV replication by impairing translocation of RIG-I to MAMs, impairing the
innate immune response [73].

Finally, DENV NSPs interfere with the IFN signaling pathway, an essential host defense against
many viruses, including the flaviviruses. Type I IFN (IFNα/β) mediates antiviral responses in an
autocrine and paracrine fashion by increasing the expression of hundreds of IFN-stimulated genes
(ISGs) [74]. Briefly, binding of type I IFNs to the heterodimeric IFNα receptor (IFNAR, which is
composed of the IFNAR1 and IFNAR2 subunits) activates Janus kinase 1 (JAK1) and tyrosine kinase 2
(TYK2), which phosphorylate the signal transducer and activator of transcription (STAT) proteins that,
when phosphorylated, dimerize and translocate to nucleus (Figure 2A). STAT1–STAT2 heterodimers
associate to IFN regulatory factor 9 (IRF9), and this trimeric complex binds to IFN-stimulated
response elements (ISRE), activating the transcription of ISGs. Type I and type II IFNs can also induce
homodimerization of STAT1 or STAT3, which translocate to the nucleus and bind to gamma-activated
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sequences (GAS), stimulating the production of either pro- or anti-inflammatory cytokines. DENV
NS1 was identified as a ligand of human STAT3 protein [75], but the implications of this finding
are still poorly understood. DENV NS4B, as well as NS4B of other flaviviruses, such as West Nile
and yellow fever viruses, has anti-IFN activity [76] by blocking STAT-1 phosphorylation in cells
stimulated with IFN [77]. At least for DENV, the 2K peptide is required for the anti-IFN function.
In addition, the co-expression of cleaved NS4A and NS4B (mediated by NS2B/NS3 protease) contribute
to further ISRE promoter inhibition [76]. So, NS4A, NS4B, and NS2B/NS3 together seem to promote
an efficient inhibition of IFN-stimulated signaling pathway during DENV infection. Furthermore,
a high-throughput yeast two-hybrid screening showed that flaviviruses’ NS5 (including of DENV NS5)
also inhibits IFN-mediated signaling [78]. In the case of DENV NS5, it was shown that it mediates
STAT2 degradation [79]. Thus, it seems that inhibition of the IFN pathway is important for flaviviruses’
infection and different DENV NSPs cooperate to perform anti-INF functions (Figure 2B).

(A)

Figure 2. Cont.
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(B)

Figure 2. Involvement of DENV NSPs in the evasion of host innate immune response. (A) Pathways
of immune response affected by DENV NSPs. (1) Activation of the complement system is triggered
by different pathways that converge to the cleavage of factor C3 by the protease C3 convertase.
This enzyme formed by the association of two other cleavage products: C4b, a fragment of C4, and
C2a, a fragment of C2. The cleavage of C4 and C2 may be catalyzed by two different pathways: the
classical pathway, triggered by C1 binding to antigen-antibody complexes, or by the lectin pathway,
in which a carbohydrate recognition receptor, such as mannose binding lectin (MBL), associates to
a serine protease after binding to carbohydrates. One of the products of C3 cleavage, C3b, binds
to C3 convertase changing its substrate specificity, so that the enzyme becomes a C5 convertase.
The fragment C5b, generated from the cleavage of C5, binds to the infected cell membrane, initiating
the assembly of a complex formed by C6, C7, C8, and C9, which promotes cell lysis. (2) Viral dsRNAs
produced during the replication of RNA viruses are recognized by PRRs. Binding of dsRNA leads
the cytosolic PPRs to associate with the mitochondrial antiviral signaling protein (MAVS) through its
caspase-recruitment domain (CARD), recruiting the TANK-protein kinase 1 (TBK1) and IκB kinase-ε
(IKKε). These kinases phosphorylate IRF-3, which forms homodimers or heterodimers with IRF-7,
which, in turn, translocate to the nucleus, inducing the expression of type I IFN and pro-inflammatory
cytokines. This pathway also includes the participation of the adaptor protein STING, which acts
in mitochondrial-associated membrane (MAM) to mediate RIG-I downstream signaling. (3) Type I
IFN-mediated antiviral responses occurs via the expression of several IFN-stimulated genes (ISGs).
IFN binding to its heterodimeric IFN-α receptor (IFNAR1/2) activates Janus kinase 1 (JAK1) or tyrosine
kinase 2 (TYK2), leading to the phosphorylation of the signal transducer and activator of transcription
(STAT) proteins, which dimerize and translocate to the nucleus. STAT1–STAT2 heterodimer binds to
IFN regulatory factor 9 (IRF9) and migrates to the nucleus, inducing the expression of ISGs through
its binding to the IFN-stimulated response elements (ISRE). Type I and type II IFNs can also induce
dimerization of STAT3, which translocate to the nucleus, where it binds to gamma-activated sequences
(GAS), stimulating the production of both pro- and anti-inflammatory cytokines; (B) Participation of
DENV NSPs in the evasion of the host immune response. (1) DENV NS1 inhibits complement activation
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by interacting with different components of the complement system, including C1
proenzyme, C1s, C4, C4b, and MBL. The formation of the complex C4-NS1-C1s/C1 results in
degradation of C4, impairing the formation of C3 convertase. NS1 binding to MBL protects
DENV against MBL-mediated virus neutralization by the lectin pathway of complement
activation. (2) DENV NSPs impair the innate immune response mediated by viral dsRNA
recognition. NS4B interacts with the CARD domain of MAVS, impairing its binding to
the cytoplasmic PRRs. Moreover, this protein, by inducing the formation of convoluted
membranes (CM) and promoting mitochondrial elongation, inhibits the translocation of
PRRs to MAMs. NS2B/NS3 interacts with IKKε and cleaves STING and NS2A together with
NS4B, inhibiting the phosphorylation of TBK1 and its substrate IRF3. These steps impair the
activation of transcription factors IRF-3 and IRF-7. (3) DENV NSPs inhibit INF-stimulated
signaling in different points. NS4B interacts with STAT1, blocking its phosphorylation,
and NS5 mediates STAT2 degradation, so both proteins inhibit the expression of ISGs
by interfering in ISRE activation. Additionally, NS1 interacts with STAT3, inhibiting the
formation of its homodimers, thus preventing GAS-induced gene expression. Red arrows
represent the events induced by NSPs, while dashed red arrows represent those ones that
are blocked by NSPs. ER, endoplasmic retculum; MT, mitochondria.

5. Metabolic Alterations

Alterations in host cell metabolism caused by virus infection have been studied for many
years. One of the first investigations in this sense was published in 1928 by Crabtree, where he
described changes in oxidative/glycolytic patterns of tissues infected by viruses when compared to
the non-infected tissues [80]. Now it is clearer that virus-induced host metabolic re-programming can
affect diverse pathways, including not only glycolysis and oxidative phosphorylation, but also the
pentose phosphate pathway, pyrimidine, fatty acids, and glutamine metabolisms [81]. These metabolic
alterations usually favor viral replication by increasing cellular energy charge and/or supplying
substrates required for production of viral progeny.

In the case of DENV, a crescent number of reports on virus-induced metabolic alterations is now
appearing in the literature. For instance, our group showed that human hepatocytes infected with
DENV displayed morphologically altered and uncoupled mitochondria, decreasing cellular energy
charge and causing metabolic stress [82]. Other studies have shown that DENV is able to induce
changes in specific metabolic routes in host cells, such as an increase in glycolysis in primary human
foreskin fibroblasts [83] and an increased autophagy-mediated mobilization of fatty acids in human
hepatocytes [84]. However, the molecular players that mediate these metabolic changes have only
started to be elucidated.

A typical cellular alteration observed during flaviviruses infection is the formation of virus-induced
ER membrane rearrangements, which, just like a virus factory, creates a subcompartimentalization
for the viral replication cycle steps—RNA translation and replication, as well as the virion
assembly—allowing proper environments for the coordinated performance of each process without
mutual interference. Each flavivirus induces a particular membrane rearrangement, and in the case
of DENV, at least three distinct ER membrane-derived structures are formed: single membrane
invaginations into the ER lumen (resembling vesicle packets), where the RC is assembled and genome
replication takes place; unstructured convoluted membranes (CM), where viral polyprotein is processed
and the resulting proteins accumulate to be later used for RC and virion assembly; and membranes
associated with the assembly of new viral particles [85,86]. For mounting such a complex structure,
which practically consists in an new organelle induced by infection, cellular metabolism should be
directed to the mobilization of different substrates, especially lipids, which are essential for membrane
formation, besides consisting of an important energy source for virus replication. In this context, an
interesting finding was that NS3 interacts with fatty acid synthase (FASN), recruiting this enzyme to
sites of viral replication [87] (Figure 3). In addition, interaction between recombinant NS3 and FASN
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was shown to stimulate FASN activity in vitro, suggesting that this would be a means of increasing
de novo FA biosynthesis during DENV infection. The role of NS3 in redistributing FASN to sites of
viral replication was later found to be dependent on NS3 interaction with the GTPase Rab18 [88], a
protein localized on lipid droplets (LD) which mediate the apposition of these organelles and the
ER-derived membranes, enhancing the formation of LD-associated membranes (LAM) [89]. On the
other hand, in agreement with the increased requirement of energy supplies during virus replication,
DENV infection was shown to increase fatty acid (FA) β-oxidation [84]. At first glace, this would seem
contradictory, but it can be explained by differences in subcellular localization of each process: while FA
biosynthesis occurs at viral replication sites, providing lipids for membrane synthesis, FA seems to be
mobilized from LD to be oxidized in mitochondria, providing energy for virus replication. In addition
to activating FA synthesis at the sites of viral replication, NS3/Rab18-induced LAM may facilitate the
removal of FA from LD for β-oxidation, which, as mentioned, is increased during infection [84]. So,
by managing subcellular localization of specific cellular components, DENV NSP can coordinately
stimulate opposite processes that are equally important for formation of new viral particles.

Figure 3. DENV NSPs-induced host metabolic alterations. During infection, DENV NS4B induces
the formation of the convoluted membrane (CM), the membranous structure where viral polyprotein
is processed and the resulting proteins accumulate. NS3 recruits the enzyme fatty acid synthase
(FASN) to the virus replication sites, besides stimulating its enzymatic activity, increasing de novo FA
biosynthesis, which provides lipids for inducing the formation of CM, as well as for the assembly of
the viral envelope. Fatty acids (FA) are mobilized from lipid droplets (LD) to undergo β-oxidation
mitochondria, providing energy to the high-energy demanding virus replication process. NS4B is
able to inhibit phosphorylation of cytoplasmic protein dynamin-related protein 1 (Drp1), preventing
the mitochondrial fission process. Fused mitochondria accumulate in infected cells, increasing the
efficiency of the oxidative metabolism. Red arrows represent the events induced by NSPs, while dashed
red arrows represent those ones that are blocked by NSPs. MFN1, mitofusin 1; MFN2, mitofusin 2;
Opa1, optic atrophy protein 1; ER, endoplasmic reticulum; MT, mitochondria.
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Mitochondria are dynamic organelles that undergo fusion and fission events that ultimately
control the rate of oxidative metabolism. Mitochondrial membrane proteins, such as mitofusin 1
(Mfn1), mitofusin 2 (Mfn2), and optic atrophy protein 1 (Opa1), mediate mitochondrial fusion,
while phosphorylation the cytoplasmic protein dynamin-related protein 1 (Drp1) promotes its
oligomerization on the mitochondrial membrane, inducing the fission of the organelle (Figure 3).
While elongated mitochondria are associated to a high respiratory activity, fragmented mitochondria
occur predominantly in resting cells or other situations of low energy demand [90].

Among the DENV NSPs, NS4B seems to be the major player in mediating the alterations in
mitochondrial morphology. It inhibits the phosphorylation of Drp1, preventing its translocation to
the mitochondrial membrane, ultimately inducing the accumulation of elongated mitochondria in
the infected cells [73,91]. Mitochondria elongation was shown to be essential for viral replication
since the induction of mitochondria fission by overexpression of Drp1 inhibited viral replication [91],
while silencing Mfn2 or Drp1 expression inhibited or stimulated DENV replication, respectively [73].
In addition, DENV-infected Huh7 cells, which harbor elongated mitochondria, display increased
respiratory rates associated with ATP production [91], indicating that the alterations in mitochondrial
morphology induced by infection ensures the high-energy supplies required for virus replication.
Then, DENV NSPs seems to promote the assembly of a complex cellular machinery next to sites of
virus replication, involving close apposition of the ER with elongated mitochondria and LDs, which
may facilitate virus production by providing large amounts of lipids required for viral RNA replication
and virion assembly, as well as the energy supply required for virus replication.

6. NSP-Induced Re-Localization of Host Proteins

In addition to recruiting FASN to the RC, DENV NSPs are also involved in the re-localization of
other cellular proteins. Positive- and negative-strand RNA viruses usually use nuclear components
in their replication [92]. So, localization of RC in the perinuclear region seems to be important in
this sense, facilitating the recruitment of nuclear proteins, which allow an efficient replication of the
viral genome. A question that is raised in this context is what stabilizes RC in the perinuclear site?
At least for DENV infection, this seems to be mediated by the interaction of NS4A with the vimentin
scaffold [93], a component of intermediary filaments important for vesicular/organelle transport and
positioning [94]. In addition to other evidence, it was shown that vimentin knockdown dissociates
DENV RC, which becomes dispersed throughout the cytoplasm, suggesting its role in anchoring RC in
the perinuclear region during infection [93].

Furthermore, it was found that the interaction of DENV NS1 with the ribosomal protein RPL-18 and
its recruitment to the perinuclear region is required for viral translation and replication [95]. In another
study, NS1 was also shown to promote changes in subcellular localization of GAPDH from cytoplasmic
to perinuclear regions, resulting in an increase in the enzyme activity [96]. The redistribution of GADPH
to sites of viral replication was also described for many other viruses, such as Japanese encephalitis
virus [97], parainfluenza virus [98], hepatitis A virus [99], hepatitis C virus [100], and others [101,102].
In all cases, this re-localized pool of GAPDH was shown to bind viral RNA, which seems to be involved
in the regulation of viral transcription and/or replication, and not an effect on glycolysis, which would
be expected since GAPDH is a glycolysis enzyme. Further studies need to be conducted to determine
if GAPDH plays a role in DENV replication, as happens with other viruses.

With a less understood function, DENV2 NS3 subverts nuclear receptor binding protein (NRBP),
a protein associated with trafficking between the endoplasmic reticulum (ER) and Golgi, recruiting it to
the perinuclear region [103]. It is possible that this is important to regulate the transport of lipids and
membranes to the RC, or even play a role in delivering viral particles to the Golgi/secretory pathway,
but this should be investigated further.
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Abstract: Zika is a rapidly emerging public health threat. Although clinical infection is frequently
mild, significant neurological manifestations have been demonstrated in infants born to Zika virus
(ZIKV) infected mothers. Due to the substantial ramifications of intrauterine infection, effective
counter-measures are urgently needed. In order to develop effective anti-ZIKV vaccines and
therapeutics, improved animal models and a better understanding of immunological correlates
of protection against ZIKV are required. This review will summarize what is currently known about
ZIKV, the clinical manifestations and epidemiology of Zika as well as, the development of animal
models to study ZIKV infection, host immune responses against ZIKV, and the current state of
development of vaccines and therapeutics against ZIKV.
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1. Introduction

As of March 2017, 84 countries and territories have reported evidence of mosquito-borne
Zika virus (ZIKV) transmission, including the United States of America [1]. Furthermore, many
of these countries have reported microcephaly and other central nervous system (CNS) malformations
potentially associated with ZIKV infection, or suggestive of congenital infection as well as increased
incidence of Guillain–Barré syndrome (GBS) and/or laboratory confirmation of ZIKV infection among
GBS cases [1]. The temporal association of ZIKV transmission with clusters of microcephaly and
GBS was declared a Public Health Emergency of International Concern (PHEIC) by the World Health
Organization (WHO) on 1 February 2016, a designation which was subsequently ended at the fifth
meeting of the Emergency Committee on ZIKV, microcephaly and other neurological disorders on
18 November 2016 [2,3]. According to the WHO, the decision was made to escalate the coordination
and response to ZIKV to a more sustained program to address the long-term nature of the disease
and its consequences [2]. As ZIKV continues to spread, many “unknowns” remain and considerable
research is needed to advance our understanding of this important pathogen. The current literature
pertaining to the clinical manifestations and epidemiology of ZIKV as well as, the development of
animal models to study ZIKV infection, host immune responses against ZIKV, and the current state of
development of vaccines and therapeutics against ZIKV will be discussed.

2. Isolation and Characterization

ZIKV was first isolated from a sentinel rhesus monkey in Uganda, near the Zika forest, in 1947 [4];
however, there was limited documentation of human infection prior to the 2007 outbreak on Yap Island
in the Federated States of Micronesia [5]. ZIKV belongs to the family Flaviviridae, genus Flavivirus and
is a mosquito-borne virus in the Spondweni group [6]. Flaviviruses are among the most medically
significant arboviruses and include, in addition to ZIKV, pathogens such as yellow fever virus (YFV),
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Japanese encephalitis virus (JEV), West Nile Virus (WNV), tick-borne encephalitis virus (TBEV), and
the four dengue viruses (DENV1–4).

Flaviviruses are enveloped RNA viruses that contain the viral genome complexed with multiple
copies of the capsid protein (C) and surrounded by an icosahedral shell composed of 180 copies
of the envelope (E) glycoprotein and the membrane (M) or precursor membrane (prM) proteins.
The E and M/prM proteins are anchored in a lipid membrane [7]. The full-length genome of ZIKV
is 10,794 nucleotides and encodes 3419 amino acids, which, in addition to the structural proteins
(C, prM, and E), constitute seven non-structural proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and
NS5) [6,7]. The non-structural proteins are involved in replication and assembly of the virus as well as
antagonizing the host innate immune response [7]. Specifically, NS3 and NS5 are large, multifunctional
proteins which contain several enzymatic activities involved in polyprotein processing (NS3) and
RNA replication (NS3 and NS5) [8]. Additionally, NS5 has been demonstrated to antagonize the
interferon (IFN) response [9].The crystal structure of ZIKV has been solved and demonstrates that the
mature ZIKV structure is similar to mature WNV and DENV structures [7]. However, there are notable
differences in the E protein structure which may be responsible for cellular tropism and contribute to
disease outcomes [7].

Phylogenetic analyses of ZIKV strains isolated from 1947 to 2016 identified two distinct clades
(lineages), African and Asian [10]. The causative agent of the current ZIKV epidemic belongs to the
Asian lineage, which, while not closely related to the African lineage, shares a common ancestor [10].
Comparisons of the E protein sequences from the two lineages found that the Asian lineage contains
insertions in the E protein glycosylation motif which are not present in the African lineage [10].
When the amino acid sequences of the E protein of ZIKV isolates from human (2015/2016 epidemic),
monkey (pre-epidemic), and mosquito (pre-epidemic) were compared, a total of sixteen amino acid
substitutions were identified, resulting in subtle structural changes [10]. These changes, although
subtle, may impact ZIKV virulence and host tropism [10].

3. Epidemiology

Despite relatively limited reports of human cases of ZIKV infection from 1947 until the 2007
outbreak on Yap Island, ZIKV has now spread dramatically to include over 80 countries and territories
with vector-borne transmission [1]. Following the introduction of ZIKV to Yap Island, sporadic cases
of ZIKV infection continued to be reported in Southeast Asia during the mid-2010s [11]. A major
epidemic of ZIKV infection ensued in French Polynesia in 2013–2014 and some severe cases were
associated with neurological complications such as GBS [12,13]. ZIKV was first reported in Brazil in
2015 with large numbers of suspected cases and the initial observation that the number of newborn
infants with microcephaly was increased in ZIKV-affected areas later that year [11]. ZIKV has since
spread to include much of Central and South America and the Caribbean. Furthermore, vector-borne
transmission of ZIKV has been documented in the US in both Texas and Florida [14].

The primary mode of ZIKV transmission is through the bite of infected mosquitoes, with
Aedes aegypti and Aedes albopictus being the predominant vectors [6,15]. While Ae. aegypti mosquitoes
are confined to tropical and sub-tropical regions, Ae. albopictus, are distributed throughout tropical,
sub-tropical, and temperate regions [16]. Since 2015, ZIKV has spread rapidly through the range
occupied by Aedes mosquitos in the Americas [15]. In addition to vector-borne transmission, sexual
transmission is a contributor to ZIKV spread [17–20]. Additional modes of transmission have also
been reported, including transmission from mother to child, blood transfusion-related transmission,
laboratory transmission, and transmission by physical contact [16].

It is likely that ZIKV will continue to spread; however, it is unclear at this time whether ZIKV
transmission will remain epidemic, eventually becoming episodic with intervening periods of relative
inactivity, or if it will become endemic with seasonal transmission patterns [21]. Characterization
of the epidemiology of ZIKV is complicated by inadequate diagnostic assays (discussed below) and
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co-circulation with viruses demonstrating similar clinical presentations (i.e., Chikungunya virus
(CHIKV) and DENV) [22].

4. Clinical Manifestations

Most individuals, ~80%, infected with ZIKV are asymptomatic [23]. When symptoms are present,
they are generally mild and may include pruritic maculopapular rash, fever (typically low-grade),
arthritis, arthralgia, non-purulent conjunctivitis, and edema of the extremities [5,23–25]. Additional
symptoms of headache, myalgia, retro-orbital pain, low-back pain, lymphadenopathy, and vomiting
have also been reported [5,24]. While disease is frequently mild, fatal cases have been reported,
particularly in individuals with underlying medical conditions [26–31].

4.1. Neurological Manifestations of ZIKV Infection

A major concern during the current ZIKV epidemic has been the association of ZIKV with
neurological complications. GBS is the most frequent neurological sequela reported [12,13,25,32].
Although GBS is commonly thought to have a good prognosis, up to 20% of GBS patients may
remain severely disabled and even with treatment, approximately 5% of GBS cases are fatal [33].
GBS is characterized by progressive bilateral and relatively symmetric weakness of the limbs
frequently with hyporeflexia or areflexia. There is considerable evidence suggesting GBS has an
autoimmune etiology [33]. GBS has previously been associated with preceding infections such
as Campylobacter jejuni, cytomegalovirus (CMV), Epstein–Barr virus (EBV), varicella zoster virus
(VZV) and Mycoplasma pneumoniae. Additionally, there has been a link to influenza vaccination [34].
The mechanism by which ZIKV infection is associated with GBS remains unknown. It is therefore of
critical importance to monitor for GBS in large scale vaccine trials as well as natural infection.

Other neurological complications associated with ZIKV infection including encephalitis,
meningoencephalitis, and acute myelitis have also been reported [30,35,36].

4.2. Congenital Zika Syndrome

The Brazil Ministry of Health reported an unusual increase in cases of microcephaly in
October and November 2015, the Pan American Health Organization (PAHO) and WHO requested
Member States to monitor for similar events [37]. The identification of an increased number of
cases of microcephaly potentially associated with ZIKV prompted the declaration of a PHEIC in
February 2016 [3]. Subsequently, multiple reports of microcephaly and other birth defects following
ZIKV infection during pregnancy have been made [38–43]. Following recognition of increases in the
number of infants with microcephaly in Brazil [44] and French Polynesia [40] which were spatially and
temporally associated with outbreaks of ZIKV infection, a causal link was suspected [45]. Subsequently,
Rassmussen et al. applied Shepard’s criteria for causality and suggested that sufficient evidence had
been accumulated to infer a causal relationship between ZIKV infection and microcephaly as well
as other brain anomalies [46]. Evidence to support the role of ZIKV infection during pregnancy in
causing microcephaly and other neurological malformations includes: (a) temporal association (with
a six-month delay) of increases in microcephaly with increased ZIKV transmission [44]; (b) data
modeling indicating the first trimester is the primary risk period of pregnancy [40]; (c) identification
of ZIKV in the brains of fetuses and infants (who died) with microcephaly [47,48]; (d) attenuation of
human neural progenitor cell growth following in vitro ZIKV infection [49]; (e) in vitro infection of
placental macrophages and cytotrophoblasts [50]; and (f) evidence of microcephaly associated with
ZIKV infection in mouse and non-human primate models [51–54].

5. Animal Models

Animal models play an important role in understanding viral pathogenesis, identifying promising
vaccine candidates, and testing therapeutics. The scientific community has exerted considerable effort
in developing animal models which recapitulate various aspects of human ZIKV infection and disease.
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For a comprehensive review of animal models for ZIKV infection and Zika disease, see Morrison and
Diamond [55].

5.1. Rodent Models

Initial attempts to infect wild-type (wt) mice with ZIKV resulted in infection only by the
intra-cerebral (ic) route [4]; however, passage through mouse brain resulted in adaptation to the mouse
model [56]. Similarly, guinea pigs and rabbits did not show signs of disease following inoculation
with ZIKV [56]. Although adult immunocompetent mice do not typically develop overt signs of
clinical disease, wt mice have been used to demonstrate intrauterine infection [52,57]. Additionally,
treatment of wt mice with antibodies blocking aspects of the interferon (IFN) response have been used
as described below [54,58,59]. More recently immunocompromised mouse models, mostly lacking IFN
responses, have been utilized to study systemic infection with ZIKV [54,59–62]. A variety of mouse
models which lack various components of the IFN response have been employed, including A129
(lack IFN α/β receptor and are, therefore, incapable of responding to Type I IFN) [61,62], AG129 (lack
Type I and II IFN responsiveness) [60,62], Irf3−/− Irf5−/− Irf7−/− (triple knockouts which produce
very little IFN α/β) [59], Ifnar1−/− (lack IFN-α/β receptor) [54,59]. Interestingly, while Lazear et al.,
reported severe neurological disease in Irf3−/− Irf5−/− Irf7−/− triple knock-out (TKO) and Ifnar1−/−

mice following subcutaneous inoculation with either a contemporary human isolate from French
Polynesia (H/PF/2013) or the original Ugandan ZIKV strain (MR766), they found no overt disease in
Irf3−/−, Irf −/−, and Mavs−/− single knock-out mice [59]. Despite the fact that both H/PF/2013 and
MR766 elicited neurological disease in these models, H/PF/2013 demonstrated greater pathogenicity
than the original Ugandan strain, MR766. Following intravenous inoculation, Irf3−/− Irf5−/− Irf7−/−

TKO were more susceptible to ZIKV infection than Ifnar1−/− mice indicating a potential role for
IRF-3-dependent, IFN-α/β-independent restriction mechanisms [59]. Furthermore, wt mice treated
with MAR1-5A3 (a monoclonal antibody (mAb) that blocks the IFN-α/β receptor (IFNAR)) were
susceptible to ZIKV infection but did not demonstrate a same neurological phenotype as Ifnar1−/−

mice [59]. Additionally, mice immunosuppressed by treatment with dexamethasone developed ZIKV
infection when inoculated with a clinical ZIKV isolate from Puerto Rico (PRVABC59) and treatment
with type I IFN resulted in improved clinical outcome [63]. Taken together, these studies indicate an
important role for the IFN response in protection against ZIKV infection.

Perhaps even more important than models of systemic ZIKV infection, are models of ZIKV
infection during pregnancy. Multiple mouse models for ZIKV infection during pregnancy have been
proposed. The Ifnar1−/− and MAR1-5A3 blocking models were used by Miner et al. to investigate
ZIKV replication and trans-placental transmission in pregnant dams following infection with a clinical
isolate from French Polynesia (H/PF/2013) [54]. Infection of Ifnar1−/− dams mated with wt males
resulted in fetal demise, while when pregnant wt dams were given anti-IFNAR mAb prior to and
during infection, there was mild intrauterine growth restriction (IUGR) and viral infection within
the fetal head during a key period of neurodevelopment [54]. Another study using wt mice (SJL
and C57BL/6 strains) found that infection of pregnant SJL mice with a Brazilian strain of ZIKV
intravenously (iv) resulted in IUGR and ZIKV RNA was identified in multiple fetal tissues, particularly
the brain [52]. Furthermore, surviving fetuses demonstrated cortical malformations with reduced
cell number and cortical layer thickness (both signs associated with microcephaly in humans) as well
as ocular abnormalities [52]. Adult C57 mice inoculated intra-peritoneally (ip) with a contemporary
clinical ZIKV isolate were also able to transmit virus to their unborn fetuses and resulted in infection
of primary neural progenitor cells responsible for cortex development as well as reduction of these
cortex founder cells in the fetuses [57]. Intravaginal exposure to a Cambodian ZIKV strain, FSS13025,
in both wt and Ifnar1−/− mice demonstrated replication of the virus in the vaginal mucosa (higher
levels were identified in Ifnar1−/− mice) which resulted in IUGR and fetal brain infection (wt mice)
and severe IUGR and fetal death (Ifnar1−/− mice) [64]. Direct infection of embryonic brains has also
been demonstrated, and an Asian ZIKV strain, SZ01, was found to infect neural progenitor cells and
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cause cell death resulting in microcephaly [53]. Additionally, transcriptomic analyses following ZIKV
infection demonstrated enrichment of up-regulated immune-response-related and apoptosis pathways
providing further evidence that cytokines may play a role in ZIKV pathogenesis [53]. In sum, studies
in mice have demonstrated that the interferon response is likely to play a critical role in protection
from or susceptibility to ZIKV infection. While these studies support a causal role for ZIKV infection
during pregnancy and microcephaly/neurological malformations, it is important to note that there are
considerable differences in the morphological, spatial, and temporal placentation between mice and
humans as well as differences in in utero brain development [65,66]. Further efforts to develop novel
and enhance existing animal models to better recapitulate human disease are needed.

5.2. Non-Human Primate (NHP)Models

While mice represent a relatively easy to study small animal model for ZIKV, the
previously mentioned differences between humans and mice necessitate additional models of
disease. Immunocompetent macaque monkeys have similar gestation and fetal development to
humans providing an animal model that more faithfully recapitulates human disease [51,67–69].
In non-pregnant rhesus macaques, the duration of detectable viral RNA in plasma is similar to that
in humans, 6–7 days post infection, and the decline in plasma levels of viral RNA is coincident with
increases in anti-ZIKV neutralizing antibody titers [69]. Dudley et al., have recently demonstrated
prolonged viremia following infection with an Asian lineage ZIKV in pregnant rhesus macaques
compared to non-pregnant animals [67]. Furthermore, they identified ZIKV-specific proliferation of
natural killer (NK) cells and adaptive immune responses, including proliferation of CD4+ and CD8+
T cells, circulating plasmablasts, and ZIKV-specific IFN-γ production (by Elispot) [67]. ZIKV RNA
has also been detected in placenta, fetal brain and liver as well as maternal tissues following infection
of a pigtail macaque with an Asian lineage ZIKV [51]. Additionally, Magnetic Resonance Imaging
(MRI) abnormalities in the fetal brain were identified 10 days after inoculation suggesting that fetal
brain injury begins shortly after infection [51]. In a recent study by Osuna et al., both rhesus and
cynomolgus macaques were shown to be highly susceptible to ZIKV infection following subcutaneous
(sc) inoculation with isolates of Thai and Puerto Rican origin [68]. Activation of T and B cells was
reported and multiple animals developed T cells specific for ZIKV peptides as evidenced by cytokine
production following in vitro stimulation [68]. Studies utilizing non-human primate models to test
anti-ZIKV vaccine candidates will be discussed below.

6. Immunology

6.1. Innate Immunity

Early responses by the innate immune system are the first line of host defense for the suppression
of viral infections. IFN production is a major component of the innate response and the transcriptional
regulation of numerous IFN-regulated genes leads to an antiviral environment [70]. As previously
discussed, mice deficient in various components of the IFN response have increased susceptibility to
ZIKV infection compared to wt mice [54,59–62,64]. It has been shown that human primary trophoblast
cells, isolated from full-term placentas, constitutively release antiviral type III IFNλ1 which acts in both
autocrine and paracrine fashion to protect cells from ZIKV infection [71]. These in vitro data suggest
that ZIKV may not access the fetal compartment by direct replication in placental syncytiotrophoblasts
during later stages of pregnancy [71]. However, it remains to be determined whether first-trimester
trophoblasts are more permissive to ZIKV infection than late pregnancy villous trophoblasts and/or the
antiviral effects of IFNλs [71]. Importantly, there are significant differences in the type III IFN pathway
between mice and humans potentially complicating the interpretation of mouse models of ZIKV
during pregnancy [71]. Flaviviruses have previously been shown to antagonize IFN signaling through
multiple mechanisms [72]. In vitro studies have demonstrated that ZIKV NS5 binds to and targets the
human IFN-regulated transcriptional activator STAT2 for proteasomal degradation; in contrast, mouse
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STAT2 is refractory to ZIKV NS5 [73]. NS5-mediated degradation of STAT2 has also been demonstrated
for DENV, but the mechanisms of degradation differ between DENV and ZIKV [73]. Interestingly,
although Type I and Type III IFN use different cell-surface receptors they both signal through the Janus
kinases-signal transducers and activators of transcription (Jak-STAT) pathway, including STAT2 [73,74].
For this reason, it is possible that while, Type III IFN are produced by villous trophoblasts [71], ZIKV
may be able to evade Type III IFN signaling by degrading STAT2 mediated by NS5 [73]. In a mouse
model of intravaginal ZIKV infection, it was demonstrated that antiviral Type I and III IFN and other
inflammatory mediators were poorly induced and that there was robust viral replication in the vaginal
mucosa [75]. Viral replication has also been shown in the vaginal mucosa of wt pregnant mice with
even higher levels of viral replication demonstrated in Ifnar1−/− mice [64]. Furthermore, Khan et al.
found that if the dampened innate immune response was augmented (either by systemic infection
with an unrelated pathogen or vaginal administration of acitretin) ZIKV replication was inhibited [75].
Taken together with studies using various strains of IFN-deficient mice, these data indicate a critical
role for IFN in resistance to ZIKV infection.

6.2. Humoral Immunity

Neutralizing antibodies are thought to be a major factor in the protection against ZIKV
infection [76–78]. In fact, broadly neutralizing human monoclonal antibodies directed against the
E protein were protective against ZIKV-infection in type I/II interferon receptor-knockout mice [78].
However, these mAb were initially derived from DENV-infected individuals, not ZIKV-infected
individuals. In another study, Sapparapu et al. isolated a panel of human mAb from individuals
infected with ZIKV and identified a potent neutralizing antibody recognizing a quaternary epitope of
the E protein dimer-dimer interface [76]. This mAb was also found to protect anti-IFNAR1 treated
C57BL/6 mice from challenge with a mouse-adapted strain of ZIKV [76]. Furthermore, passive transfer
of anti-ZIKV antibodies elicited by immunization has been shown to be protective in mice [79,80].

Antibodies against flaviviruses tend to be highly cross-reactive [81] and ZIKV is no exception. In
fact, serological diagnosis has been complicated by a lack of ZIKV-specific antibody based assays. Both
ELISA and Plaque Reduction Neutralization Tests (PRNT) demonstrate significant cross-reactivity with
related viruses, including DENV which co-circulates in many of the areas affected by the current ZIKV
epidemic [82]. Multiple groups have identified antibodies from DENV patients, which cross-react, and
in some cases, neutralize ZIKV [78,83–86]. Barba-Spaeth et al. identified a subset of ZIKV-neutralizing
antibodies that target a conformational epitope and reported the crystal structure of two of these
antibodies in complex with the ZIKV E protein to reveal an epitope conserved between DENV and
ZIKV [83]. These structural details of a conserved quaternary epitope may provide an important
antigenic target for the development of cross-protective vaccines [83].

Although neutralizing antibodies may provide protection against ZIKV infection, there is
also concern for antibody dependent enhancement (ADE) which may occur due to cross-reactive,
poorly neutralizing antibodies. ADE is an immunological phenomenon in which non-neutralizing
or weakly neutralizing antibodies facilitate viral entrance into Fc-receptor bearing cells such as
monocytes and macrophages and has been described extensively in the context of secondary DENV
infection [87–90]. While there has, to date, been no indication in epidemiological studies that prior
DENV infection results in ADE of ZIKV infection or disease, in vitro analyses of ZIKV cross-reactive
antibodies from DENV-infected individuals have demonstrated enhanced ZIKV infection through an
Fc receptor-mediated process [84,86]. In AG129 (immunocompromised) mice, a DENV cross-reactive
anti-ZIKV mAb enhanced DENV2 infection and disease; however, the LALA version of the mAb,
which lacks the ability to bind to the Fc receptor, did not enhance disease [77]. While evidence of ADE
has been demonstrated in vitro and in mouse models, extensive epidemiological studies are required
to determine the clinical significance of ADE in areas where ZIKV and DENV co-circulate.
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6.3. Cell Mediated Immunity

While significant information is emerging regarding humoral responses against ZIKV, there have
been relatively few studies that explore cell mediated immune (CMI) responses against ZIKV. Data
from DENV infection have demonstrated that T cell responses contribute to protection and/or disease
enhancement [91–95]. Similarly, strong CD4+ and CD8+ T cell responses against the live-attenuated
YFV vaccine, 17D have been established [96–98]. CMI responses against flaviviruses including JEV
and WNV have also been reported [99,100]. Rivino et al. presented the argument that due to the
high degree of sequence homology among DENV and ZIKV, some of the HLA-restricted CD8+ T cell
epitopes may be conserved [92].

ZIKV-specific T cell responses have been elaborated in animal models [67,68,80,101–103] and
humans [77]. In the NHP model, both CD4+ and CD8+ T cells were expanded as plasma viral
RNA loads decreased following infection of rhesus macaques with an Asian lineage ZIKV strain.
Additionally, IFN-γ secretion was detected in response to in vitro stimulation of peripheral blood
mononuclear cells (PBMC) isolated from infected animals with overlapping peptides from the ZIKV
NS5 [67]. Furthermore, increased expression of CD69 (a marker of early T cell activation) by T cells
occurred following ZIKV infection and peaked between Days 2 and 5 post-infection [68]. ZIKV-specific
cytokine production by CD4+ and CD8+ T cells was identified in both PBMC and lymph nodes
of ZIKV-infected NHP at multiple time-points post-infection with peak responses noted on day 28
post-infection [68]. Elong Ngono et al. recently used mouse models to begin to dissect the CD8+ T
cell responses against ZIKV[58]. They identified increases in antigen-experienced CD8+ T cells in
mice infected with both African (MR766) and Asian (FSS13025) strains of ZIKV [58]. Moreover, they
identified ZIKV-derived epitopes recognized by CD8+ T cells which encompassed peptides from
the majority of the ZIKV proteins with a predominance of E protein-derived epitopes [58]. These
ZIKV-responsive CD8+ T cells were multifunctional and also found to mediate cytotoxicity [58].
Furthermore, depletion of CD8+ T cells resulted in increased levels of infectious ZIKV in the serum
and multiple tissues, including the brain [58]. In humans, CD4+ T cell responses against the ZIKV
NS1 protein have been demonstrated [77]. These T cell responses were primarily in the CXCR3+
compartment and were poorly cross-reactive with DENV [77]. Although much remains to be learned
about the T cell responses against ZIKV, current data support an important role for T cells in protection
against ZIKV.

7. Diagnostics

The development of diagnostic tests for ZIKV has proven challenging due, in part, to serological
cross-reactivity among flaviviruses [104,105]. There are currently no US Food and Drug Administration
(FDA) approved ZIKV diagnostic tests; however, both serologic and nucleic acid amplification tests
(NAAT) including the immunoglobulin (Ig)M class capture enzyme-linked immunosorbent assay
(MAC-ELISA) and the Trioplex reverse transcription polymerase chain reaction (RT-PCR) have been
given Emergency Use Authorization (EUA) by the FDA [106]. In addition to these diagnostic tests
given EUA, there are numerous research-based assays; however, these assays do not provide validation
using the most recent viral strains and fully documented clinical specimens [104].

7.1. Serological Tests

Due to the complexities of serological diagnostic testing for ZIKV infection, interim guidance for
the interpretation of ZIKV antibody test results has been published [107]. Huzly et al. demonstrated
high specificity of the Eurimmun ZIKV ELISA in European individuals with previous flavivirus
exposure (either from infection or vaccination) including TBEV, DENV, and YFV [108]. However,
a very recent study demonstrated high levels of cross-reactivity using commercially available DENV
ELISA kits [109]. In this study, 100% of convalescent samples from NAAT confirmed ZIKV-infected
individuals demonstrated cross-reactivity with DENV [109]. Although there is still some risk of
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cross-reactivity, the plaque reduction neutralization test remains the most specific serological method
for diagnosing flaviviruses, including ZIKV [104]. An ELISA using the ZIKV NS1 antigen has been
proposed as a more specific serological test [110]. In an initial study of sera from individuals with
either RT-PCR confirmed or suspected ZIKV infection, sensitivity of combined IgG and IgM ELISA was
100% if samples were obtained ≥6 days post-symptom onset [110]. Furthermore, there was extremely
limited cross-reactivity with sera from known DENV, WNV, JEV infected or YFV vaccinated individuals
(specificity of 99.8%) [110]. The significant cross-reactivity demonstrated by most serological tests
has hindered diagnosis in areas were multiple flaviviruses co-circulate. Development of serological
tests with improved specificity is essential for assessing prevalence of ZIKV infection and aiding
in diagnosis.

7.2. NAAT

NAAT to detect ZIKV RNA in the serum, whole blood, urine, and cerebrospinal fluid (CSF)
are available [105]. While NAAT are more specific than serological tests, they are limited by the
short duration of RNAemia and RNAuria. In general, ZIKV RNA is detectable from serum for
approximately seven days post-infection and in urine for approximately 15–20 days post-infection [111].
The sensitivity of different NAAT varies. In a comparison of seven published and two new RT-PCR
assays, Corman et al. found that some published RT-PCR assays may be of limited value for diagnostics
in the current outbreak due to lack of sensitivity or difficulty in obtaining necessary reagents [112].
Currently, 12 molecular assays are available through EUA [106].

8. Vaccines

It is widely accepted that vaccines provide a cost-effective method of preventing infectious
diseases [113]. Given the rapid spread of and severe outcomes associated with ZIKV infection, the
development of a safe and efficacious vaccine is critical. The existence of successful vaccines against
other flaviviral diseases (YFV, JEV, DENV, and TBEV) indicates that it is possible to develop a vaccine
against ZIKV. Forty-five ZIKV vaccine candidates consisting of multiple vaccine platforms are currently
under consideration and at various stages of development as summarized in the WHO vaccine pipeline
tracker [114]. Five candidate vaccines, including inactivated whole organism, DNA, synthetic peptide,
and mRNA platforms are already in Phase I clinical trials (Table 1) and larger Phase II and III studies
are planned pending the results of the Phase I trials [21]. Due to the large number of vaccine candidates
under investigation, this review will focus on those in clinical trials or for which animal model data
is available.

Table 1. Summary of anti-Zika virus (ZIKV) vaccine candidates currently in clinical trials.

Type of Vaccine Developers/Collaborators
Candidate Vaccine

Name (If Available)
Stage of

Development
Clinical Trial

Registration Number

Inactivated whole
organism

WRAIR/BIDMC/Harvard/
NIAID/Sanofi Pasteur

Clinical (Phase 1)
NCT02963909
NCT02952833
NCT02937233

DNA GeneOne Life Science,
Inc/Inovio Pharmaceuticals GLS-5700 Clinical (Phase I) NCT02809443

NCT02887482

DNA VRC/NIAID VRC ZIKV DNA Clinical (Phase I) NCT02840487
NCT02996461

Synthetic peptide NIAID AGS-v Clinical (Phase I) NCT03055000

Measles-vectored Themis Bioscience MV-ZIKA Clinical (Phase I) NCT02996890

mRNA Valera (Moderna) mRNA-1325 Clinical (Phase I) NCT03014089

WRAIR: Walter Reed Army Institute of Research, BIDMC: Beth Israel Deaconess Medical Center, NIAID: National
Institutes of Allergy and Infectious Diseases, VRC: Vaccine Research Center.
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8.1. Inactivated Whole Organism (with or without Adjuvant)

Several developers are focusing on inactivated whole organism vaccine candidates [114].
Inactivated vaccines against flaviviruses including JEV and TBEV have been used successfully
providing support for this method [115,116]. Benefits of an inactivated whole organism vaccine
include multiple antigenic targets and non-replicating virus, which may improve safety. Purified
inactivated virus (PIV) derived from a Puerto Rican strain of ZIKV was tested in Balb/c mice which
received 1 μg of PIV vaccine with alum by either the intramuscular or subcutaneous route or sham
inoculated with alum alone [117]. The PIV vaccine was shown to induce ZIKV-specific neutralizing
antibodies after a single immunization and complete protection against ZIKV viremia was observed in
those mice that received intramuscular injection [117]. It is important, however, as mentioned above,
to note the limitations of this mouse model in recapitulating human disease. In recent studies by
Abbink et al., 16 rhesus monkeys were immunized subcutaneously with 5 μg of ZIKV PIV with alum as
an adjuvant or sham inoculated. It was demonstrated that all PIV inoculated animals developed both
E protein-specific antibodies as well as neutralizing antibodies [79]. Furthermore, all PIV-inoculated
monkeys were protected against challenge with wild-type ZIKV and had no detectable virus by RT-PCR
in blood, urine, CSF, colorectal, or cervicovaginal secretions [79]. All sham inoculated monkeys had
detectable viremia and in the majority, virus was detected in other body fluids as well [79]. In order to
improve vaccine accessibility and reduce manufacturing costs, Yang et al. very recently proposed a
cDNA clone-launched platform for high yield production of inactivated ZIKV vaccines [118]. Currently,
Phase I trials of anti-ZIKV PIV vaccine candidates are underway (Table 1) [114,119].

8.2. DNA

DNA vaccines have been in development since the early 1990s and consist of a selected gene
sequence cloned into a plasmid backbone. The plasmid is injected allowing DNA to be taken up
by antigen presenting cells, which then express the plasmid-encoded genes to generate the target
antigen(s) [120]. A candidate DNA vaccine against WNV was previously tested in humans and
demonstrated excellent safety and immunogenicity [121,122]. A monovalent (DENV1) DNA vaccine
candidate was also found to have an excellent safety profile in a Phase I clinical trial; however, it did
not induce high levels of neutralizing antibodies [123]. Multiple ZIKV DNA vaccine candidates are
in Phase I clinical trials (Table 1) [114,124]. These DNA vaccine candidates encode the prM/E genes
of ZIKV. The E protein, in particular, is thought to be a major antigen against which neutralizing
antibodies are produced and is considered important for protective efficacy in flaviviral vaccines [21].
In mice, a single immunization with DNA vaccine candidate encoding prM/E elicited higher E-specific
antibody titers than did a DNA vaccine candidate encoding only E indicating the importance of
prM in immunogenicity [117]. Furthermore, the prM/E DNA vaccine induced CD4+ and CD8+ T
lymphocyte responses against E as demonstrated by increased IFN-γ production by intracellular
cytokine staining [117]. Multiple anti-ZIKV DNA vaccine candidates induce both binding and
neutralizing anti-ZIKV antibodies in rhesus monkeys [79,80,125].

8.3. RNA

RNA vaccines contain an open reading frame encoding the antigen of interest which is then
translated by the host cellular machinery [126]. Because there is not the potential for genome integration,
RNA-based vaccines may have a safety advantage over DNA vaccines [102]. Immunogenicity of several
RNA vaccine candidates in animal models have been reported in the literature [102,103,127]. A lipid
nanoparticle encapsulated modified mRNA encoding prM/E from an Asian lineage ZIKV strain
was shown to protect both AG129 mice as well as C57BL/6 mice treated with blocking anti-IFNAR1
antibody (to create a lethal challenge model) [127]. Richner et al., further modified the mRNA to
delete an immunodominant epitope within the E domain II fusion loop and demonstrated that the
fusion loop mutant elicited serum antibody responses and protected against ZIKV challenge in mice.
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Furthermore, the antibodies elicited by the fusion loop mutant caused less ADE of DENV1 infection in
cell culture and less immune enhancement of DENV2 infection in AG129 mice [127]. Another recently
reported anti-ZIKV RNA nanoparticle vaccine candidate encoding the prM/E proteins of an Asian
lineage ZIKV induced both antibody and CD8+ T cell responses in C57BL/6 mice [102]. Furthermore,
in the rhesus macaque model a single immunization of a different ZIKV prM/E encoding mRNA lipid
nanoparticle vaccine demonstrated neutralizing antibody titers that were fifty times greater than those
induced by a single immunization of a DNA vaccine and more than twice as high as those induced by
two immunizations of a DNA vaccine measured using the same assay in the same laboratory [103,125].
These results indicate promise for RNA anti-ZIKV vaccine candidates. There is currently a Phase I
clinical trial of an mRNA vaccine candidate underway (Table 1) [114].

8.4. Recombinant Viral Vector

In rhesus monkeys, a rhesus adenovirus serotype 52 (RhAd52) vector-based vaccine elicited
ZIKV-specific neutralizing antibodies following a single immunization which demonstrated a
substantial breadth of antibody responses against linear ZIKV E protein epitopes (peptide microarray
assays) [79]. Furthermore, this vaccine candidate protected against challenge with wt ZIKV as
demonstrated by lack of detectable viral RNA in plasma [79]. Very recently, a recombinant vesicular
stomatitis virus (rVSV) anti-ZIKV vaccine was tested in mice and demonstrated maternal protective
immunity in challenged newborn mice born to vaccinated mothers [101]. Betancourt et al. investigated
multiple rVSV expressing ZIKV E or prM/E constructs in mice and identified an attenuated VSV
with mutated matrix protein expressing prM/E (VSVm-ZprME) that induced high neutralizing
anti-ZIKV antibody titers as well as IFN-γ production by CD8+ T cells [101]. Furthermore, in a
neonatal mouse challenge model, seven-day-old mice born to VSVm-ZprME vaccinated mothers were
partially protected against neurological manifestations of ZIKV infection following challenge [101].
Additional recombinant viral-vectored anti-ZIKV vaccine candidates are in the pre-clinical stages of
development [114].

Additional vaccine candidate platforms in pre-clinical studies include live-attenuated vaccines,
recombinant subunit vaccines, peptide vaccines, and ZIKV exosome vaccines [114].

9. Therapeutics

There are currently no drugs approved for the treatment of ZIKV-infection. The aim of drug
development is primarily to reduce viral load, reduce symptoms, and protect the unborn fetus from
neurological sequelae [128]. Multiple studies have focused on “re-purposing” existing compounds
for the treatment of ZIKV [129–134]. Zmurko et al. tested multiple compounds, including ribavirin
and polymerase inhibitor 7-deaza-2′-C-methyladenosine (7DMA), to identify potential anti-ZIKV
therapeutics [134]. Of the compounds tested, 7DMA inhibited ZIKV replication in vitro, and, when
administered for 10 consecutive days (beginning 1 h prior to infection), reduced viremia as well
as delayed time to disease progression in ZIKV-infected AG129 mice [134]. While 7DMA was well
tolerated by the mice, there was only modest reduction in viremia and the initiation of treatment prior to
infection is impractical in non-research settings. Rapid, high-throughput screening of drug/compound
libraries has also been utilized in an attempt to identify compounds with in vitro anti-ZIKV
activity [129,131]. In a large screen of 727 compounds using a high-throughput cell-based assay
to screen for anti-ZIKV activity, ZIKV was found to be sensitive to pyrimidine synthesis inhibitors (e.g.,
brequinar) [129]. Furthermore, Barrows et al. screened 774 FDA-approved drugs for anti-ZIKV activity
and identified over 20 compounds, including mycophenolate mofetil, daptomycin, and sertraline,
that reduced viral infection in vitro [131]. In an even larger screen, ~6000 compounds, including
approved drugs, clinical trial drug candidates, and pharmacologically active compounds, were tested
to determine their ability to either inhibit ZIKV infection or suppress infection-induced caspase-3
activity in neuronal cells [133]. Of the compounds screened in this study, emricasan, a pan-caspase
inhibitor, was the most potent anti-cell-death compound and it demonstrated neuroprotective activity
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for human neuronal progenitor cells, but did not suppress ZIKV replication [133]. Additionally, several
anti-malarial compounds were identified as having anti-DENV2 and anti-ZIKV properties using a
cell-based cytotoxicity assay [130]. Bullard-Feibelman et al. demonstrated that an FDA-approved
hepatitis C virus (HCV) anti-viral, sofosbuvir, inhibited ZIKV replication and infection in tissue culture
as well as protected mice from ZIKV-induced death [132]. However, it is important to note that in
this study mice were treated one day after inoculation with ZIKV, a time-line that is not practical in
human infections.

Although anti-ZIKV therapeutic agents would likely be a welcome addition to the armamentarium,
there are multiple challenges that face their development. Because clinical infection with ZIKV is
typically mild, the primary populations for whom treatment would be indicated are pregnant women
and those at increased risk for neurological complications, such as GBS. There are multiple ethical
considerations in the development of therapeutics to be used during pregnancy. In general, pregnant
women are excluded from clinical trials of new investigational compounds. In this setting, the inclusion
of pregnant women would be warranted; however, the agent would need to be low risk to the mother,
low risk to the fetus (not teratogenic), effective in preventing adverse fetal outcomes, and practical for
use in resource-limited settings [128].

10. Conclusions

ZIKV is a rapidly emerging virus with a complex clinical picture. To date, much progress has
been made in understanding the epidemiology and pathogenesis as well as developing vaccines
which are essential to addressing the spread of ZIKV. However, many questions remain and a
sustained global effort is required to battle this public health threat. Among the major issues requiring
attention are the need for: (a) an improved understanding of the epidemiology including the potential
interaction of ZIKV infection with other flaviviral infections; (b) an improved understanding of the
clinical risk factors and mechanisms of severe disease; (c) identification of immunological correlates
of protection which may aid in the rapid development of vaccines; and (d) the development of
additional animal models which faithfully recapitulate human disease to better understand ZIKV
pathogenesis and facilitate the development of countermeasures. In sum, an improved understanding
of the epidemiology, pathogenesis, clinical risk factors for severe manifestations, and immunological
correlates of protection are critical in developing effective countermeasures against this pathogen,
including vaccines and therapeutics.
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Abstract: Zika virus (ZIKV) is the cause of a significant viral disease affecting humans, which has
spread throughout many South American countries and has also become a threat to Southeastern
Asia. This commentary discusses the article “Crystal structure of unlinked NS2B-NS3 protease from
Zika virus” published recently in the journal Science by Zhang et al. of Nanyang Technological
University, Singapore. They resolved a 1.58 Å resolution structure of the NS2B-NS3 protease of ZIKV
and demonstrated how peptide and non-peptide inhibitors interact with this structure, along with
the different conformational states that were observed. This protease crystal structure offers new
opportunities for the design and development of novel antiviral drugs used for the treatment and
control of ZIKV.

Keywords: Zika virus; microcephaly; non-structural protein; protease; inhibitors

1. Introduction

Zika virus (ZIKV) is a mosquito-borne virus [1], initially isolated from a monkey in the Zika
forest of Uganda [2]. The Aedes aegypti (Ae. aegypti) mosquito species serves as the principal vector for
the virus. ZIKV is a member of the Flaviviridae family, which includes other highly pathogenic
viruses such as dengue virus, West Nile virus, yellow fever virus, Japanese encephalitis virus,
and tick-borne encephalitis virus [3–6]. ZIKV became endemic in 2015 in South and Central America,
with an especially high concentration in Brazil, and from there the virus quickly spread to other parts
of the Americas [7,8]. ZIKV crosses the placental barrier in pregnant women, and can cause teratogenic
effects, such as microcephaly in newborns, although the exact mechanism is still not fully understood.
Due to the dramatic rise in microcephaly cases caused by ZIKV, the World Health Organization (WHO)
declared the virus to be a public health emergency [7,9–12]. The main factors leading to the spread of
the virus—and thus increased incidence of microcephaly in newborns—are thought to be the increased
mobility of humans and the wide distribution of the Ae. aegypti mosquito vector [13,14].

2. NS2B-NS3 Protease of Zika Virus (ZIKV)

The genome of ZIKV encodes a single polyprotein that is co- and post-translationally cleaved
to generate three structural proteins and seven non-structural proteins [15,16]. Several of the
non-structural proteins function as enzymes for the virus [17]. Among these is the protease NS2B-NS3,
whose function is to cleave the virus polyprotein at proper sites, and is required for ZIKV replication.
Similar to most viruses, the non-structural proteins of ZIKV are suitable drug targets, and it is therefore
highly desirable to understand the crystal structure of these non-structural proteins [18].

Viruses 2017, 9, 7 79 www.mdpi.com/journal/viruses
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In their recent article, Zhang et al. resolved a 1.58 Å resolution structure of the NS2B-NS3
protease without a linker [19]. Prior to this, they had also published work on a slightly lower
resolution structure with a linker and with different ligands in different states [20,21]. The new unlinked
NS2B-NS3 structure has an established binding pocket that does not show prominent conformational
changes when a substrate or an inhibitor binds with it. This preformed binding cavity is shaped
like a cross and contains sub-compartments, where the different residues of the substrate peptide
can bind during catalysis. The NS3 N-terminal tetrapeptide group—which contains lysine 14,15,
glutamate 16, and glycine 17 (K14K15E16G17)—folds into a hairpin structure and occupies this active
site or binding cavity. This tetrapeptide forms several different kinds of interaction within the binding
pocket, which includes hydrogen bonding and a pi-stacking interaction. Several of the protein
intramolecular hydrogen bondings are with the backbone, and that is why it is called the reverse
peptide. The formation of the reverse peptide bond is believed to be an ideal area of exploitation for
drug design.

In order to understand the full catalytic activity of NS2B-NS3 protease, in vitro activities were
performed, and the C-terminal part of the ZIKV NS2B was observed to be quite flexible. When the
inhibitor is removed from the C-terminus of NS2B, it then becomes structurally disordered, and is thusly
labeled as an open conformation. On the other hand, the ligand-bound protease is a compact structure,
and through folding shows close contact with the NS3, and is labeled a closed form conformation.
The previously resolved crystal structure of NS2B-NS3 has a long glycine linker which prohibits ligand
binding due to steric clashes of different residues.

The structural dynamics of the NS2B-NS3 protease in solution form were also observed through
nuclear magnetic resonance (NMR) spectroscopy, which showed a properly folded form of the protein.
The different conformational states of the protease enzyme were explored by titrating it with a bipeptide
of acetyl lysine-arginine (AcKR) [19]. The AcKR has been previously shown to act as an inhibitor of
the West Nile virus (WNV) protease with an IC50 of more than 100 μM [19]. The 1H-15N-HSQC spectra
of ZIKV protease showed different conformational changes upon the dipeptide binding in the catalytic
triad and the protease in general [19]. The 15N-R1, R2 and heteronuclear Overhauser effect (NOE)
showed stable conformation for the N-terminal region and for the C-terminal β-hairpin region of NS2B.
Zhang et al. also showed that small molecule inhibitors can bind to the ZIKV protease [19] when they
resolved a crystal structure of the ZIKV NS2B-NS3 protease with the EN300 molecule ((1H-benzo
[d] imidazole-1-yl) methanol). Although the EN300 did not directly bind with NS2B, it made several
interactions of pi-stacking and hydrogen bonding in one of the pockets of the NS3 part of the protein,
and there were no major conformational changes in the protein.

3. Concluding Remarks

These results show that the ZIKV protease can be further explored for other active binding
pockets, which will be targets for inhibitor molecules. Although Zhang et al. focused on the need to
design peptide-based drugs (especially cyclic peptide molecules that act as inhibitors), every option
of drug design from small organic molecules to large peptide-based inhibitors should be evaluated
for inhibitory interactions with such an influential protease enzyme [19]. Secondly, computational
drug design, virtual screening, and molecular dynamic simulation-based approaches are required to
determine suitable drug candidates for NS2B-NS3 protease of ZIKV. Similarly, the vaccine development
for ZIKV should also be expedited, and the academic and industrial partnership regarding vaccine
and therapeutic development needs to be strengthened.
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Abstract: Zika virus (ZIKV) infection in utero might lead to microcephaly and other congenital defects.
Since no specific therapy is available thus far, there is an urgent need for the discovery of agents
capable of inhibiting its viral replication and deleterious effects. Chloroquine is widely used as an
antimalarial drug, anti-inflammatory agent, and it also shows antiviral activity against several viruses.
Here we show that chloroquine exhibits antiviral activity against ZIKV in Vero cells, human brain
microvascular endothelial cells, human neural stem cells, and mouse neurospheres. We demonstrate
that chloroquine reduces the number of ZIKV-infected cells in vitro, and inhibits virus production and
cell death promoted by ZIKV infection without cytotoxic effects. In addition, chloroquine treatment
partially reveres morphological changes induced by ZIKV infection in mouse neurospheres.

Keywords: Zika virus; chloroquine; antiviral; microcephaly; neural stem cell

1. Introduction

Zika virus (ZIKV) is an arthropod-borne virus, transmitted by Aedes mosquitoes, that belongs
to the Flavivirus genus, which also includes other pathogens such as West Nile virus (WNV), yellow
fever virus (YFV), Japanese encephalitis virus (JEV), and dengue virus (DENV). Zika virus was first
isolated from a sentinel monkey in the Zika forest in Uganda in 1947 [1]. Since then, ZIKV has been
isolated from humans and mosquitoes throughout Africa and Southeast Asian countries. Phylogenetic
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analysis of the nonstructural protein 5 encoding region has disclosed three ZIKV lineages: East African,
West African, and Asian [2]. Sequences from Uganda and Senegal belong to the East African cluster,
while sequences from Nigeria and also some sequences from Senegal are clustered on the West African
lineage [3]. Most of the viral sequences recovered from recent outbreaks, from 2007 until now, belong
to the Asian lineage, such as strains isolated in American, South Asian, and Pacific countries. In utero
exposure to Asian lineage ZIKV might lead to microcephaly and other developmental malformations
including calcifications, arthrogryposis, ventriculomegaly, lissencephaly, cerebellar atrophy, and ocular
abnormalities [4–8]. Although all ZIKV lineages can infect humans, these severe manifestations
reported after in utero infection have only been associated with Asian lineages, including Brazilian
isolates [6,9].

Asian ZIKV strains were detected in the brain and amniotic fluid of newborns and stillborns with
microcephaly [4–6,8,9] and the African MR766 strain was shown to kill human neuroprogenitor cells
in vitro as well as decrease the growth rate of brain organoids [10,11].

Symptoms of infections with the Asian ZIKV include low-grade fever, headache, rash,
conjunctivitis, arthritis, and myalgia [4,12]. Mild symptoms such as headache and low-grade fever were
reported by a human volunteer during infection with the African ZIKV strain [13]. However, in rare
instances, infection with the Asian ZIKV is associated with cases of Guillain–Barré syndrome [14] and
meningoencephalitis [15]. Currently, there is no vaccine or specific therapeutic approaches to prevent
or treat ZIKV infections. With the alarming increase in the number of countries affected and the
potential for viral spread through global travel and sexual transmission [16,17], there is an urgent need
to find a treatment capable of lessening the effects of the disease and inhibiting further transmission.

Chloroquine, a 4-aminoquinoline, is a weak base that is rapidly imported into acidic vesicles,
increasing their pH [18]. It is approved by the Food and Drug Administration (FDA) to treat malaria
and has long been prophylactically prescribed to pregnant women at risk of exposure to Plasmodium
parasites [19]. Chloroquine, through the inhibition of pH-dependent steps of viral replication, restricts
human immunodeficiency virus (HIV) [20], influenza virus [21], DENV [22], JEV [23], and WNV
infection [24]. Here we investigated the antiviral effects of chloroquine on both Asian (using a Brazilian
isolate) and African ZIKV infections in different cell types.

2. Materials and Methods

2.1. Cell Culture

Vero cells (ATCC, Manassas, VA, USA) are derived from the kidney of African green monkey
and were grown in DMEM High Glucose (GIBCO, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 5% fetal bovine serum (FBS) (GIBCO). Human brain microvascular endothelial
cells (hBMEC) were a kind gift from Dr. Julio Scharfstein (Federal University of Rio de Janeiro,
Rio de Janeiro, Brazil), and hBMEC isolation was performed as previously described [25]. These
cells were cultured in DMEM High Glucose supplemented with 20% FBS. The C6/36 cell line is
derived from Aedes albopictus. C6/36 cells (ATCC, Manassas, VA, USA) were grown in Leibovitz L-15
medium (GIBCO) supplemented with 2.95 g/L tryptose phosphate broth (Sigma Aldrich, Boston,
MA, USA), 2 mM glutamine (GIBCO), 0.075% sodium bicarbonate (GIBCO), 1X non-essential amino
acids (GIBCO) and 5% FBS. Neural stem cells (NSCs) were derived from human induced pluripotent
stem cells (iPSCs). iPSCs were provided by the Biobank of iPSCs of the Brazilian Ministry of Health
(CONEP B-027 # 25000.111598/2014-04). According to the supplier, fibroblasts were reprogrammed
using the protocol developed by Paulsen et al. [26], and transduced with the CytoTune-iPS Sendai
kit (Thermo Fisher Scientific, Waltham, MA, USA). iPSCs presented a normal karyotype and the
expression of pluripotency markers. These cells were cultured with E8 culture media (GIBCO) on a
Matrigel (BD Biosciences, San Jose, CA, USA) coated surface. iPSC colonies were manually passaged
every 5–7 days until they reached 70%–80% confluence and were maintained at 37 ◦C in humidified
air with 5% CO2. To produce NSCs, human iPSCs were exposed to the serum-free neural induction
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medium (GIBCO), containing Neurobasal medium (GIBCO) and the pluripotent stem cell neural
induction supplement (GIBCO), according to the manufacturer’s protocol [27]. Briefly, the medium
was changed every other day until day 7, when initial NSCs are split and grown on neural expansion
medium (Advanced DMEM/F12 and neurobasal medium (1:1) with neural induction supplement;
GIBCO). NSCs were used after four passages in neural expansion media. Mouse central nervous
system (CNS) cells were harvested from Swiss mouse embryos at embryo day 14 (E14) and grown
for 72 h as free floating neurospheres in neurobasal culture media (GIBCO) supplemented with 1X
B27 (GIBCO).

2.2. Compounds

Chloroquine diphosphate was kindly supplied by FarManguinhos (Fiocruz, Rio de Janeiro, Brazil).
The lyophilized powder was diluted in double distilled water to 20 mM. The chloroquine solution was
filtered through a 0.22 μm membrane and stored at −80 ◦C.

2.3. Viruses

ZIKV strain MR 766 (Uganda/Africa, accession no.: NC012532.1, kindly provided by Dr. Davis
Ferreira, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil) was isolated from a rhesus monkey
and injected intracerebrally on Swiss mice for several passages [1] and ZIKV BR (Recife/Brazil, ZIKV
PE/243, accession no: KX197192.1, kindly provided by Dr. Marli Tenório Cordeiro, Centro de Pesquisas
Aggeu Magalhães, Recife, Brazil) was isolated from a patient presenting classical symptoms of ZIKV
infection [28]. These viruses were propagated in Vero and C6/36 cells, respectively. Briefly, the cells
were infected with ZIKV at a multiplicity of infection (MOI) of 0.01 and incubated at 37 ◦C. After 1 h,
the inoculum was removed and replaced with DMEM high-glucose (Vero) and Leibovitz L-15 (C6/36)
growth media supplemented with 2% FBS. After 4 to 6 days, the conditioned medium was harvested,
centrifuged at 300× g, and sterile-filtered to remove cells and cellular debris. Virus stocks were stored
at −80 ◦C.

2.4. Plaque Assay

Virus titers were determined by plaque assay performed on Vero cells. Virus stocks or samples
were serially diluted and adsorbed to confluent monolayers. After 1 h, the inoculum was removed
and cells were overlaid with semisolid medium constituted of alpha-MEM (GIBCO) containing
1% carboxymethyl cellulose (Sigma Aldrich) and 1% FBS (GIBCO). Cells were further incubated for
5 days when cells were fixed in 4% formaldehyde. Cells were stained with 1% crystal violet in 20%
ethanol for plaque visualization. Titers were expressed as plaque forming units (PFU) per milliliter.

2.5. Quantification of ZIKV-Infected Cells by Flow Cytometry

Vero cells, hBMEC, and NSC were infected with ZIKV MR 766 or ZIKV BR strain at an MOI of 2.
After 1 h, the inoculum was removed and medium containing chloroquine (6.25 to 50 μM) was added
to the cells. After 4 to 5 days, cells were fixed with 4% paraformaldehyde (Sigma Aldrich) in phosphate
buffered saline (PBS) for 15 min at room temperature and washed with PBS. Cells were permeabilized
with 0.1% Triton X-100 (Sigma Aldrich) in PBS, washed with PBS, and blocked with PBS with 5% FBS.
Cells were incubated with 4G2, a pan-flavivirus antibody raised against the ZIKV envelope E protein
produced in 4G2-4-15 hybridoma (ATCC), diluted 1:5 in PBS with 5% FBS. Cells were labeled with
donkey anti-mouse Alexa Fluor 488 antibody (Thermo Scientific, Waltham, MA, USA) diluted 1:1000
in PBS with 5% FBS, and were analyzed by flow cytometry in a BD Accuri C6 (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA) for ZIKV infection.
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2.6. Immunofluorescence Assay

Vero, hBMEC, and NSC were seeded on black 96-well plates with clear bottoms and infected with
ZIKV MR 766 or ZIKV BR strain at an MOI of 2 for 1 h. Neurospheres were seeded on coverslips and
infected with ZIKV MR766 with 2.5 × 105 PFU After infection, the viral inoculum was removed
and cells were incubated with medium containing chloroquine (1.56 to 50 μM) for 4 to 5 days,
depending on cell type. Cells and neurospheres were fixed with 4% paraformaldehyde in PBS for
20 min at room temperature. The fixative was removed and the samples were washed three times
with PBS. Blocking of unspecific binding of the antibody and permeabilization were performed with
PBS supplemented with 3% bovine serum albumin (BSA, Sigma Aldrich) and 0.1% Triton X-100 for
40 min at room temperature. Incubation with anti-Map2 antibody was performed following the
manufacturer’s instructions (ABCAM, Cambridge, Cambridgeshire, UK, #32454; 1:1000) and the 4G2
antibody was diluted 1:4 in PBS with 3% BSA and incubated with cells for 1 h. After washing three
times with PBS, cells were incubated with secondary antibodies coupled to Alexa fluorochromes
(Thermo Fisher Scientific) for 40 min and washed five times. Coverslips with neurospheres were
mounted with Prolong Gold mounting medium (Thermo Fisher Scientific). Samples were imaged using
either Leica SP5 or Leica SPE (Leica Biosystems, Wetzlar, Hesse, DE) confocal microscopes and a Nikon
TE300 (Tokyo, Japan) inverted microscope coupled to a Leica DFC310FX camera (Leica Biosystems,
Wetzlar, Germany).

2.7. Virus Infection Inhibition Through Cell Viability Assay

Vero, hBMEC, and NSC were exposed to ZIKV MR 766 at an MOI of 2. After 1 h, inoculum
was removed and chloroquine-containing medium (6.25 to 50 μM) was added to the cells. Five days
post-infection, 20 μL of CellTiter Blue reagent (Promega, Madison, WI, USA) was added in each well,
incubated for 12–16 h, and fluorescence was measured (560/590 nm), except for NSCp14 cells when
CellTiter Blue was added at three days post-infection. Mean fluorescence intensity (MFI) and standard
deviation were displayed. In order to calculate the half maximum effective concentration (EC50)
that protects cells from death caused by ZIKV infection, MFI values from ZIKV MR766 control were
subtracted from every condition and then these values were normalized over the mock control.
These data were plotted and Hill 4 parameter sigmoidal regression was performed on Sigma Plot v.12.0
(Systat Software Inc., San Jose, CA, USA).

2.8. Drug Cytotoxicity Assay

Vero cells, hBMEC, and NSC were incubated with medium containing chloroquine (1.56 to
200 μM) for 3 days (NSC) or 5 days (Vero and hBMEC). CellTiter Blue reagent (Promega) was added in
each well, incubated for 12–16 h, and fluorescence was measured (560/590 nm). In order to calculate
the 50% cytotoxicity concentration (CC50), MFI values were normalized over the untreated control.
These data were plotted and Hill 4 parameter sigmoidal regression was performed on Sigma Plot v.12.0
(Systat Software Inc.).

2.9. Time-of-Addition Assay

Vero cells were inoculated with ZIKV MR 766 at an MOI of 10 for 1 h at 4 ◦C. Cells were washed
three times with cold PBS to remove unbound virus and treated with 50 μM chloroquine that was added
at different time points: 0, 0.5, 3, 12, and 24 h post-infection. Conditioned media were collected at 30 h
post-infection to analyze the production of virus particles through viral RNA content or the amount of
infectious virus particles. Viral RNA was extracted and quantitative reverse transcription polymerase
chain reaction (RT-qPCR) was performed. The titer of infectious virus particles was determined by
plaque assay.
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2.10. ZIKV Inhibition Assessed by Virus Production

Vero cells were infected with ZIKV MR766 or ZIKV BR strain at an MOI of 2 for 1 h at 4 ◦C. Virus
input was washed three times with cold PBS and cells were treated with chloroquine (6.25 to 50 μM)
for 48 h, and then the supernatant was collected and the RNA was extracted and analyzed by relative
quantification by RT-qPCR. The supernatant was also evaluated by plaque assay to quantitate the
infectious virus particles.

2.11. Viral RNA Extraction and RT-qPCR

Viral RNA was extracted from 200 μL supernatant of infected cells using QIAmp MiniElute
Virus Spin (QIAgen, Hilden, Düsseldorf ,DE), following the manufacturer’s recommendations.
ZIKV detection was performed using One Step Taqman RT-qPCR (Thermo Fisher Scientific) on a
7500 Real-Time PCR System (Applied Biosystems) with primers and the probe described elsewhere [2].
Threshold cycle (CT) was determined and ΔCT (CT chloroquine treated − CT untreated) was calculated.
The fold reduction of virus particles’ release, including defective viral particles, were calculated by 2ΔCt.

2.12. Statistical Analysis

Mean and standard deviation (SD) were calculated for each assay. One way analysis of variance
(ANOVA) was conducted using the non-parametric test (Kruskal–Wallis) followed by Dunn’s multiple
comparisons test. A p-value of <0.05 was considered significant. All analyses were performed on
GraphPad Prism v.7 (GraphPad Software, San Diego, CA, USA). The sample size is provided in the
respective figure legends.

3. Results

3.1. Chloroquine Inhibits ZIKV Infection in Vero Cells

We characterized the antiviral properties of chloroquine in Vero cells, a model widely used to study
viral infections. Vero cells were infected with ZIKV MR766 at an MOI of 2 (i.e., 2 PFU/cell) and were
then treated for 5 days with chloroquine in concentrations ranging from 6.25 to 50 μM. Viral infectivity
was assessed using the 4G2 antibody, which detects flavivirus envelope E protein. We observed that
chloroquine treatment decreased the number of ZIKV-infected cells in a dose-dependent manner.
Flow cytometry analysis showed a reduction of 35% and 65% in ZIKV-infected cells when cultures
were treated with 25 μM and 50 μM chloroquine, respectively, compared to untreated infected cells
(Figure 1A). Immunofluorescence staining corroborated these results (Figure 1B) and additionally,
chloroquine decreased the production of infectious (Figure 1C) and total (Figure 1D) virus particles,
including defective viral particles, by ZIKV-infected cells. To confirm that viral inhibition is
independent of chloroquine cytotoxicity, the viability of uninfected cells treated with chloroquine
(1.56 to 200 μM) for 5 days was analyzed. Chloroquine did not impact cell viability at concentrations
of 50 μM or lower (Figure 1E). We further analyzed whether chloroquine treatment could protect
Vero cells from ZIKV infection as assessed by cell viability. Chloroquine, ranging from 12.5 to 50 μM,
increased cell viability from 55% up to 100% (Figure 1F).
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Figure 1. Inhibition of Zika virus (ZIKV) infection by chloroquine in Vero cells. (A) Vero cells were
infected with ZIKV MR766 at a multiplicity of infection (MOI) of 2, treated with chloroquine for
5 days, and were then stained for the viral envelope protein and analyzed by flow cytometry; (B) Vero
cells were infected, treated for 2 days, and ZIKV infection was evaluated by immunofluorescence
staining with 4G2 antibody (green) and DAPI (blue); Infectious (C) or total (D) virus particles were
quantified on the supernatant 48 h post-infection. Titers are expressed as plaque forming units (PFU)
per milliliter. The dashed line represents no reduction in RNA levels; (E) Cell viability of uninfected cells
treated with increasing concentrations of chloroquine was evaluated by fluorescence measurement at
560/590 nm after viability dye incubation; (F) Protection against ZIKV infection was evaluated through
cell viability in ZIKV-infected Vero cells treated with chloroquine for 5 days. Data are represented as
mean fluorescent intensity (MFI) ± standard deviation (SD) from two to four independent experiments.
Statistical analysis was performed with the Kruskal–Wallis test and multiple comparisons with infected
and untreated control corrected by Dunn’s test (* p < 0.05; ** p < 0,005).

3.2. Chloroquine Inhibits Infection of Asian ZIKV Strains

Microcephaly cases and neurological disorders have only been associated with infection with
strains of ZIKV from the Asian lineage, detected in French Polynesia and in the Americas [6,9,29].
To determine the inhibition spectrum of chloroquine against ZIKV infection, Vero cells were infected
with the Brazilian isolate of the Asian lineage (ZIKV BR). Chloroquine decreases the percentage of
cells infected with the Brazilian isolate from 70% to 30% and 5% at 12.5 and 25 μM, respectively
(Figure 2A,C). Moreover, viral RNA levels in the supernatant of Vero cells were quantified as a direct
measurement of ZIKV infection. Treatment with 25 μM chloroquine led to a 16-fold reduction in the
level of viral RNA detected in the supernatant (Figure 2B).
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Figure 2. Chloroquine inhibits infection by Asian lineage. (A) Vero cells were infected with Brazilian
ZIKV strain at an MOI of 2, treated with chloroquine at the indicated concentrations for 5 days, and the
frequency of infected cells was evaluated by flow cytometry; (B) Vero cells were infected with Brazilian
strain at an MOI of 2 and exposed to chloroquine for 48 h. The supernatant was collected and viral
RNA was relatively quantified over the untreated infected control (B) or infectivity was analyzed
by immunofluorescence with 4G2 antibody (C). The dashed line represents fold reduction on virus
production of 1. Data are represented as mean ± SD from two independent experiments. Statistical
significance was assessed by Kruskal–Wallis test and multiple comparisons with infected and untreated
control corrected by Dunn’s test (* p < 0.05).

3.3. Chloroquine Inhibits Early Stages of ZIKV Infection

Inhibition of viral infection mediated by chloroquine can occur in both the early and later stages
of the viral replication cycle [30,31]. To evaluate which step of the viral cycle was susceptible to
inhibition, chloroquine was added to Vero cells at different time points post-infection with ZIKV
MR766. The supernatant was collected 30 h post-infection and virus production was evaluated by
relative quantification of viral RNA over the untreated control by RT-qPCR. Virus titers were also
determined by plaque assay in Vero cells. Incubation of Vero cells with chloroquine at 0 h post-infection
had a greater impact on the production of ZIKV particles, decreasing viral RNA 64-fold over the
controls (Figure 3A). The addition of chloroquine from 30 min to 12 h post-infection was able to
reduce virus release 9–20 fold over untreated, infected-cells. However, chloroquine added at 24 h
post-infection had only a minor effect on viral production (Figure 3A). These results were confirmed by
quantification of ZIKV infectious particles released after chloroquine treatment (Figure 3B). These data
confirm that chloroquine interferes with the early stages of the ZIKV replication cycle.
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Figure 3. Early stages of infection are inhibited by chloroquine. Vero cells were infected with ZIKV
MR766 at an MOI of 10 and 50 μM chloroquine was added at different times post-infection. At 30 h
post-infection, the supernatant was collected and viral RNA (A) or infectious particles (B) were quantified.
Viral RNA reduction is represented in fold change (2ΔCt). The dashed line represents no reduction in
RNA levels. Infectious particles are depicted as PFU/mL. Data are represented as mean ± SD from
two independent experiments. Statistical analysis was performed with Kruskal–Wallis test and multiple
comparisons with infected and untreated control corrected by Dunn’s test (* p < 0.05).

3.4. Chloroquine Reduces ZIKV Infection in hBMEC, an In Vitro Model of the Blood–Brain Barrier

Considering that ZIKV infects hBMECs [32], we investigated whether chloroquine could inhibit
viral infection of these cells. Chloroquine reduced 45% and 50% of the number of ZIKV MR766-infected
hBMECs at 25 and 50 μM, respectively (Figure 4A,D). These concentrations are non-cytotoxic
(Figure 4B), and protected approximately 80% of hBMECs from ZIKV infection as demonstrated
by the increase in cell viability (Figure 4C).

Figure 4. Chloroquine reduces the number of ZIKV-infected human brain microvascular endothelial cells
(hBMECs). (A) hBMECs were infected with ZIKV MR 766 at an MOI of 2 followed by chloroquine
treatment for 5 days. Cells were stained with the 4G2 antibody and analyzed by flow cytometry;
(B) Uninfected hBMECs were incubated with chloroquine for 5 days and cell viability was analyzed;
(C) Protection against ZIKV infection was measured through cell viability in chloroquine-treated
ZIKV-infected cells; (D) Immunofluorescence with 4G2 antibody (green) and DAPI (blue) of ZIKV-infected
cells treated with chloroquine for 5 days. Data are represented as mean ± SD from two independent
experiments. Statistical significance was assessed by Kruskal–Wallis test and multiple comparisons with
infected and untreated control corrected by Dunn’s test (* p < 0.05).
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3.5. Chloroquine Inhibits ZIKV Infection in Human Neural Progenitor Cells

Neural stem cells are key cells in the process of corticogenesis, giving rise to the three main cell
types of the central nervous system: neurons, astrocytes, and oligodendrocytes. Depletion of the
NSC pool is one of the main mechanisms responsible for primary microcephaly [33]. To evaluate if
chloroquine could protect these cells from ZIKV MR766 infection, NSCs were exposed to up to 50 μM
chloroquine for 4 days. Chloroquine treatment decreased the number of NSCs infected with ZIKV
MR766 by 57%, and, through cell viability assessment protected 70% of NSCs from ZIKV infection,
without cytotoxicity effects (Figure 5A–D). Similar results were observed when NSCs were infected
with the Brazilian strain (Figure 5E).

Figure 5. Chloroquine inhibits ZIKV infection in human neural stem cells (hNSCs). hNSCs were
infected with ZIKV MR766 at an MOI of 2 and incubated with increasing concentrations of chloroquine
for 4 days. (A) The frequency of ZIKV-infected cells was analyzed by 4G2 staining and flow cytometry;
(B) Chloroquine cytotoxicity was assessed by the viability of uninfected hNSCs treated with chloroquine;
(C) Chloroquine treatment protection from ZIKV infection was evaluated by cell viability measurement
at 4 days post-infection. Immunofluorescence NSCs infected with ZIKV MR766 (D) or ZIKV BR
(E) at an MOI of 2 and treated with chloroquine for 4 days with 4G2 antibody (green) and DAPI (blue).
Data are represented as mean ± SD from two to three independent experiments. Statistical analysis
was performed with Kruskal–Wallis test and multiple comparisons with infected and untreated control
corrected by Dunn’s test (* p < 0.05).

3.6. Chloroquine Inhibits ZIKV Infection in Mouse Neurospheres

Neuroprogenitor-enriched neurospheres, when subjected to differentiation culture conditions,
can generate neurons. Our group recently demonstrated that ZIKV infection affected neurosphere
size, neurite extension, and neuronal differentiation [34]. As we previously observed, neurospheres
infected with ZIKV strain MR766 showed convoluted and misshapen neurites. Neurite extension
was evaluated in chloroquine treated cultures by microtubule-associated protein 2 (Map2) staining
and phase contrast microscopy and although many neurospheres were severely impacted by the
infection, many others displayed the same general characteristics of mock-infected spheres indicating
that chloroquine treatment rescued the neurite extension phenotype (Figure 6A–C). Furthermore,
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ZIKV infection decreased when neurospheres were treated with 12.5 μM chloroquine, as evaluated by
4G2 staining (Figure 6D–F).

Figure 6. Chloroquine inhibits ZIKV infection in mouse neurospheres. Mouse neurospheres were
infected with ZIKV MR766 (2.5 × 105 PFU and were treated with chloroquine for 3 days. Neurospheres
were analyzed by phase contrast microscopy (A–C), and triple stained for envelope viral protein (green),
microtubule-associated protein 2 (Map-2, red), a neuron-specific protein, and DAPI (blue) (D–F).

4. Discussion

Chloroquine is known to be a non-specific antiviral agent, but its effect on the Zika virus replication
has not been evaluated yet. This is the first report of inhibitory effects of chloroquine on ZIKV
replication, which, given the ongoing epidemics, may become interesting both for the scientific
knowledge of the virus and for the clinical perspective.

Although Zika virus was first identified in Uganda in 1947, from January 2007 to April 2016, ZIKV
transmission has been reported in 64 countries and territories [35]. The Zika virus disease is in general
mild, but the recent positive correlation between infection, congenital malformations, and neurological
damage in adults has intensified the need for therapeutic approaches. Prophylactic treatments for
women intending to get pregnant in epidemic areas and travelers going to affected countries would
represent relevant tools to reduce ZIKV transmission and avoid the spread of the disease by travelers.
Moreover, a drug that blocks placental transfer of the virus could decrease the chance of vertical
transmission in viremic pregnant women as was shown for HIV-infected pregnant women treated
with antiretroviral therapy [36].
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Here we demonstrated that chloroquine decreases the number of ZIKV-infected cells and
protected cells from ZIKV infection as measured by cell viability at non-cytotoxic concentrations
(Figures 1, 4 and 5). The EC50 or concentration of chloroquine that protected 50% of the cells from
ZIKV infection assessed by cell viability, was 9.82–14.2 μM depending on the cell model and the CC50
ranged from 94.95 to 134.54 μM (Table 1). The values of EC50 obtained for ZIKV MR766 are lower
than those obtained for DENV inhibition (~25 μM) and HIV inhibition (100 μM) [20,22]. Furthermore,
we observed similar ZIKV inhibitory effects of chloroquine when tested on different ZIKV lineage
infections (Figures 2 and 5), supporting the idea that chloroquine could help to manage recent infections
caused by Asian ZIKV lineage.

Table 1. Pharmacological parameters of chloroquine in each cell type against ZIKV MR766.

Cell Type CC50 EC50 TI

Vero 134.54 ± 16.76 μM 9.82 ± 2.79 μM 13.70
hBMEC 116.61 ± 9.70 μM 14.20 ± 0.18 μM 8.21
hNSC 94.95 ± 9.38 μM 12.36 ± 2.76 μM 7.68

CC50: 50% cytotoxicity concentration; EC50: half maximal effective concentration; TI: therapeutic index
(CC50/EC50). Data are represented as mean ± SD.

Although chloroquine has shown antiviral activity against a large spectrum of viruses in vitro,
few clinical studies have been performed to evaluate chloroquine effects on patients with viral
infections. Two clinical trial studies of chloroquine have been conducted to assess chloroquine treatment
in patients infected with DENV [37,38]. One of the trials evaluated the benefits of chloroquine treatment
for 3 days in patients infected with DENV and showed no reduction in the duration or intensity of
DENV viremia or nonstructural 1 protein (NS1) antigenemia clearance [37]. However, a trend towards
a reduction in the number of dengue hemorrhagic fever cases was noticed in the chloroquine-treated
group [37]. A more recent clinical trial of chloroquine administration to DENV-infected patients,
also for 3 days, showed that 60% of the patients in the chloroquine-treated group reported feeling less
pain and showed improvement in the performance of daily chores during treatment [38]. Moreover,
the symptoms returned after medication withdrawal. However, chloroquine treatment did not reduce
the duration and intensity of the fever or duration of the disease [38]. The antiviral effect of chloroquine
may be insufficient to produce a decrease in viral load or improvement of the disease progression
when chloroquine/hydroxychloroquine is used in monotherapy. However, chloroquine may produce a
significant antiflaviviral effect when used in combination therapies, as recently shown in a clinical trial
of hydroxychloroquine plus ribavirin and interferon alpha in individuals infected with hepatitis C virus
(HCV) [39]. In regard to the potential antiviral therapeutic combinations for Zika, a freshly published
screening of drugs already approved for other clinical indications has resulted in the identification
of more than 20 candidate drugs [40]. Of note, one of these is mefloquine, a compound related to
chloroquine. In terms of safety for pregnant women, however, mefloquine is included in the B category,
i.e., a drug for which the animal reproduction studies have failed to demonstrate a risk to the fetus
and there are no adequate and well-controlled studies in pregnant women. Be that as it may, the
aforementioned study corroborates our results using chloroquine, and provides new anti-ZIKV drugs
that could be tested in combination with chloroquine.

Differing from mefloquine administration, the use of chloroquine during pregnancy was
thoroughly evaluated and when prophylactic doses of chloroquine were administered for malaria
(400 mg/week), no increment in birth defects was observed [41]. Higher concentrations of chloroquine
(250 mg to 500 mg/day) were administered to pregnant women with severe diseases, such as lupus or
rheumatoid arthritis. In these studies, few cases of abortion and fetal toxicity were observed. However,
fetal toxicity or death could not be discarded as direct consequences of the disease itself. In addition,
all term deliveries resulted in healthy newborns [19,42].
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Chloroquine has been successfully tested in animal models. Twice daily administration of
chloroquine (90 mg/kg) has been shown to increase the Balb/c mice survival rate to 80%–90%
after infection with Ebola virus (EBOV) [43]. In a C57BL/6 mice model for coronavirus infection,
chloroquine (50 mg/kg) protected 100% of 5-day-old suckling mice infected with human coronavirus
OC43 (HCoV-OC43) when administered to pregnant mice 1 day prepartum [44]. A survival rate of 70%
was observed in Balb/c mice infected with avian influenza H5N1 virus treated with chloroquine at
50 mg/kg/day [45]. These results suggest that chloroquine has the potential to inhibit ZIKV in in vivo
mouse studies.

Chloroquine is widely distributed to body tissues as well as its analogue hydroxychloroquine.
The concentration of hydroxychloroquine in the brain is 4–30 times higher than in the plasma [46].
The concentration of chloroquine in the plasma reached 10 μM when a daily intake of 500 mg was
prescribed to arthritis patients [47]. Chloroquine is able to cross the placental barrier and is supposed
to reach similar concentrations in both maternal and fetal plasma [48]. Concentrations of chloroquine,
similar to the EC50 values calculated here (Table 1), are achieved in the plasma in current chloroquine
administration protocols and might reach the brain.

Different mechanisms for the chloroquine inhibition of viral infection have been described [49–51].
We observed a strong reduction in the release of ZIKV particles when the drug was added at 0 h
post-infection (Figure 3), suggesting a higher impact on early stages of infection, possibly during
fusion of the envelope protein to the endosome membrane. Chloroquine inhibits acidification of the
endosome, consequently inhibiting the low pH-induced conformational changes required for the
fusion of the envelope protein of flaviviruses with the endosomal membrane [52]. Chloroquine was
also effective in decreasing virus release, although less pronouncedly and not statistically significant,
when added after the early stages of virus infection (from 0.5 to 24 h post-infection), suggesting that
later stages of the ZIKV replication cycle might also be affected (Figure 3).

ZIKV was detected in the cerebrospinal fluid of ZIKV-infected adult patients that manifested
meningoencephalitis, indicating that ZIKV invades the central nervous system through yet unknown
mechanisms. Transcytosis through the endothelial cells of the blood brain barrier is a known mechanism
of viral access to the central nervous system [53,54]. Here we demonstrated, by different methodologies,
that chloroquine protects hBMEC, an immortalized cell line widely used as in vitro model of the
blood–brain barrier [25], from ZIKV infection (Figure 4).

Recent studies showed that neural stem cells are highly permissive for ZIKV infection and
one of the mechanisms proposed for the cause of microcephaly would be the depletion of the stem
cell pool induced by ZIKV [10,11,55]. Our data showed that chloroquine inhibits the infection of
human neural stem cells (Figure 5). Using the mouse neurospheres model to study neural stem cell
differentiation into neurons, another process that might be disturbed in microcephaly, we observed that
chloroquine inhibited the infection of neuronal progenitors and partially protected the ability of these
cells to extend neurites (Figure 6). The protective effect of chloroquine on stem cells and committed
progenitors is potentially a groundbreaking feature of this compound, as it would be prescribed to
women at childbearing age that are traveling to affected countries and women planning pregnancy in
endemic areas. This would decrease the chances of infection and thus fetal damage, especially to the
developing brain.

Our results suggest that the chloroquine concentrations inhibiting ZIKV replication in vitro
may overlap the highest drug concentrations detected in humans [56]. We therefore suggest that the
therapeutic potential of chloroquine for Zika be subjected to further study.
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Abstract: The attenuated Japanese encephalitis virus (JEV) strain SA14-14-2 has been successfully
utilized to prevent JEV infection; however, the attenuation determinants have not been fully
elucidated. The envelope (E) protein of the attenuated JEV SA14-14-2 strain differs from that of
the virulent parental SA14 strain at eight amino acid positions (E107, E138, E176, E177, E264,
E279, E315, and E439). Here, we investigated the SA14-14-2-attenuation determinants by mutating
E107, E138, E176, E177, and E279 in SA14-14-2 to their status in the parental virulent strain and
tested the replication capacity, neurovirulence, neuroinvasiveness, and mortality associated with
the mutated viruses in mice, as compared with those of JEV SA14-14-2 and SA14. Our findings
indicated that revertant mutations at the E138 or E107 position significantly increased SA14-14-2
virulence, whereas other revertant mutations exhibited significant increases in neurovirulence only
when combined with E138, E107, and other mutations. Revertant mutations at all eight positions in
the E protein resulted in the highest degree of SA14-14-2 virulence, although this was still lower than
that observed in SA14. These results demonstrated the critical role of the viral E protein in controlling
JEV virulence and identified the amino acids at the E107 and E138 positions as the key determinants
of SA14-14-2 neurovirulence.

Keywords: attenuation mechanism; Japanese encephalitis virus; SA14-14-2; neuroinvasiveness;
neurovirulence

1. Introduction

The Japanese encephalitis virus (JEV) belongs to the Flavivirus genus and causes frequent endemic
and epidemic infections in Asia, with JEV infection leading to acute encephalitis in humans and
resulting in high mortality rates. The wild-type JEV SA14 strain was isolated from mosquitoes in
Xi’An, China in 1954, and the attenuated JEV SA14-14-2 strain was obtained by serial passages of the
JEV SA14 strain in mouse brain and primary hamster kidney (PHK) cells, followed by purification by
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plaque screening [1]. The purified SA14-14-2 strain was used to produce the attenuated live Japanese
encephalitis (JE) vaccine for humans, with >600 million doses of this vaccine being administered
in China and other countries in Southeast Asia, including Korea, Nepal, India, and Thailand, since
1989. The safety and efficacy of this vaccine have been well demonstrated by clinical data [2], and on
10 September 2013, it passed World Health Organization prequalification and was entered into the list
of vaccines available for international purchase. As with all attenuated live viral vaccines, its reversion
to virulent status remains a concern. This study explored the molecular mechanisms underpinning the
attenuated neurovirulence of the live JE vaccine (SA14-14-2) by reverting specific amino acids in the
SA14-14-2 envelope (E) protein to their counterparts in the parental virulent strain (SA14) and testing
the virulence of the revertant viruses.

Our findings indicated no neurovirulence observed in adult mice inoculated intracerebrally (i.c.)
with attenuated JEV SA14-14-2 at 106 plaque-forming units (PFUs), as compared with mice inoculated
with the parental strain, which caused 100% mortality in mice within 1 week. The marked virulence
attenuation of JEV SA14-14-2 is believed to result from specific substitutions at 24 amino acid positions,
including eight amino acid mutations in the E protein, throughout the viral genome [3–5], as well as
mutations in nonstructural proteins [6]. However, the specific mutations that determine the attenuated
SA14-14-2 phenotype remain unknown.

The attenuated yellow fever virus (YFV) 17D strain differs from its parental Asibi strain by
32 amino acid substitutions. Among these, 12 mutations are located in the E protein. Remarkably, as
few as one mutation (E303) in the E protein can change the attenuated phenotype of the Asibi strain [7].
The crucial role of amino acid mutations in the E protein, associated with attenuation, was reported
in other attenuated viral vaccines, including the chimeric yellow fever-dengue 1 vaccine virus [8].
That study hypothesized that the attenuated phenotype of the JEV SA14-14-2 strain might also be
attributed to specific mutations in the E protein. Here, we investigated the roles of five amino acid
residues (E107, E138, E176/177, and E279) in the E protein in the attenuated strains, as compared
with the virulent parental strain (Table 1), followed by an assessment of the neurovirulence and
neuroinvasiveness of these revertants in mice. Our results demonstrated that amino acids at the E138
and E107 positions played key roles in neurovirulence attenuation in the JEV SA14-14-2 strain.

Table 1. Amino acid differences in the viral E protein between Japanese encephalitis virus (JEV) strains
SA14, SA14-14-2, and SA14-5-3 [3,4].

Positions in
E Protein a

Virulent Strain Attenuated Strain

SA14/USA SA14/CDC SA14/JAP SA14-14-2/PHK SA14-14-2/PDK SA14-5-3

E107 L L L F F F
E138 E E E K K K
E176 I I I V V V
E177 T T T A T T
E264 Q Q Q H Q Q
E279 K K K M M M
E315 A V A V V V
E439 K R K R R R

a Amino acids that differ between the virulent JEV strain SA14 and the attenuated SA14-14-2 and SA14-5-3 strains
are highlighted in bold letters. E177 was studied along with E176 due to their close proximity.

2. Materials and Methods

2.1. Cells, Plasmids, and Viruses

BHK-21 cells (CCL-10; American Type Culture Collection, Manassas, VA, USA) were cultured
in an Eagle minimum essential medium (MEM; Gibco; Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% heat-inactivated fetal bovine serum. The multiple-cloning site of
the low-copy plasmid pACNR was modified to contain the restriction sites AscI, KasI, BglII, BspEI,
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BamHI, BclI, XbaI, and XhoI. The JEV SA14-14-2 strain was generated in PHK cells isolated from 9- to
10-day-old specific pathogen-free (SPF) hamsters at the Chengdu Institute of Biological Products Co.,
Ltd. (Chengdu, China).

2.2. DNA Cloning

The RNA of the JEV SA14-14-2 strain was extracted using a High Pure viral RNA kit (Roche,
Basel, Switzerland), and cDNA was synthesized by reverse transcription (RT) using SuperScript III
reverse transcriptase (Invitrogen, Carlsbad, CA, USA). Briefly, 20 ng RNA was mixed with 10 pmol
3′-terminal primers, heated for 5 min at 65 ◦C, cooled on ice for 1 min, and then incubated with
SuperScript III in the recommended buffer for 1 h at 55 ◦C, followed by heating to 70 ◦C for 15 min.
cDNA amplification was performed with the phusion polymerase (New England Biolabs, Ipswich,
MA, USA) using a touchdown polymerase chain reaction (PCR) program: one cycle at 98 ◦C for 1 min,
10 cycles at 98 ◦C for 15 s, 58.5 ◦C to 53.5 ◦C for 15 s, and 72 ◦C for 3 min, followed by 20 cycles at
an annealing temperature of 53.5 ◦C and elongation for 10 min at 72 ◦C. PCR products were purified
using a DNA purification kit (Qiagen, Hilden, Germany) and cloned into the pGEM-T easy vector
(Promega, Durham, NC, USA). The correct clones were identified by DNA sequencing.

All plasmids were constructed using two-plasmid systems as described previously [9,10].
One plasmid contained the 5′ terminal 3.4-kb cDNA and the other contained the 3′ terminal 7.6-kb
fragment of the SA14-14-2 strain. The first fragment (1–476 nt) contained AscI and KasI restriction
sites [11] and was cloned into the low-copy plasmid pACNR. The second fragment, from position
476 to 2654, and the third fragment, from position 2640 to 3446, were inserted into the KasI/BglII and
BglII/BspEI sites, respectively, to generate the plasmid pACNR-5′JEV (harboring the 5′ terminal 3.4-kb
fragment). The fourth fragment, from position 3444 to 5581; the fifth fragment, from position 5575 to
7092; the sixth fragment, from position 7086 to 9136; and the seventh fragment, from position 9130 to
10977, were cloned into the pACNR to create the plasmid pACNR-3′JEV (containing the 3′ terminal
7.6-kb fragment). This 7.6-kb fragment of JEV was then inserted into the plasmid pACNR-5′JEV to
create the plasmid pACNR-JEV containing the full-length cDNA of JEV SA14-14-2. Mutations in
the E protein gene were generated by PCR-based site-directed mutagenesis, and all plasmids were
sequenced to verify the engineered mutations.

2.3. In Vitro RNA Transcription, Transfection, and Viral Recovery

The pACNR-JEV plasmid was linearized by restriction digest using XhoI and used as a template for
in vitro transcription. The RNA used for transfection was synthesized using the RiboMAX large-scale
RNA production system Sp6 kit (Promega) in the presence of Ribo m7G cap analog (Promega). Reaction
products were treated with DNase I (RQ1 RNase-free DNase; Promega), followed by purification
with the RNeasy mini kit (Qiagen). BHK-21 cells were washed twice with cold phosphate-buffered
saline, then 4 × 106 cells in 200 μL were mixed with the synthesized RNA in vitro (1 μg) and pulsed
at 140 V for 25 ms using a Gene Pulser II apparatus (Bio-Rad, Hercules, CA, USA). Transfected
BHK-21 cells were cultivated at 37 ◦C in a 5% CO2 incubator, and the viruses were harvested at day 5
post-transfection upon observation of the cytopathic effect. The harvested viruses were passaged two
additional times in BHK-21 cells, titrated for the plaque assay, and stored at −80 ◦C until further use.

2.4. Nucleotide Sequencing of the Revertant Viruses

Briefly, viral RNA was extracted from the recovered viruses using the High Pure viral RNA kit
(Roche). cDNA from position 468 to 2667 containing the prM/E protein gene was synthesized by RT,
followed by the amplification of the prM/E fragment using the phusion polymerase (New England
Biolabs). The PCR products were purified using the QIAquick gel extraction kit (Qiagen) and sequenced
to determine the consensus sequence (Invitrogen).
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2.5. Growth Analysis of Revertants and Control Viruses

BHK-21 cells were infected with the revertants or control viruses at a multiplicity of infection
of 0.5. After 1 h of absorption at 37 ◦C, viral inocula were removed, and 20 mL MEM containing 2%
inactivated newborn calf serum was added. Culture supernatant (1 mL) was collected every 24-h
post-infection for 96 h. Titers of the collected viruses were determined as described for the plaque assay.

2.6. Mouse Experiments

To assess and compare neurovirulence, groups (n = 4) of 3-week-old SPF Kunming mice were
inoculated with 0.03 mL of 10-fold dilutions of the revertants or the control viruses by the i.c. route,
and inoculated mice were monitored for 14 days. All moribund mice were euthanized, and the median
lethal dose (LD50) was determined by the Reed and Muench calculation. Neurovirulence results
for each virus were recorded as LD50 (log10PFU; the viral dose capable of inducing 50% mortality).
Neuroinvasiveness was measured by inoculating 3-week-old SPF Kunming mice with 0.1 mL of 10-fold
dilutions of the revertants or the control viruses by the subcutaneous (s.c.) route, and the neuroinvasive
results were also recorded as LD50 (log10PFU). The average survival time (AST) was determined by
inoculating 0.03 mL of viruses containing equal plaque titers (5.18 log10PFU) in another group of mice
(n = 6) by the i.c. route. Mice in a moribund condition were euthanized and scored as deaths.

2.7. Statistical Analysis

Statistical analysis of the AST was performed using analysis of variance, and a p < 0.05 was
considered statistically significant. All analyses were performed using SPSS software version 17.0
(SPSS, Inc., Chicago, IL, USA).

2.8. Ethical Approval

The experimental protocols involving mice were approved by the Experimental Animal Welfare
and Ethical Committee of the National Institutes for Food and Drug Control, China.

3. Results

3.1. Construction of Infectious JEV Full-Length cDNA Clones Containing Specific Reverse Mutations in the
E Protein

All pACNR-JEV plasmids containing specific mutations were verified by sequencing, and the
viruses used for testing were amplified by three passages in the BHK-21 cells. The E protein-coding
region of each virus was sequenced an additional time, with the results confirming that the sequences
of all engineered plasmids and revertant viruses were correct and that no new mutations had
been introduced.

3.2. Growth Analysis of Revertants and Control Viruses

One mechanism of viral attenuation involves crippled viral replication [12]; therefore, the
effects of reverse mutations on JEV replication were measured by infecting BHK-21 cells, followed
by a determination of the production of revertants and control viruses at different time intervals
following infection. Growth-curve results showed that all viruses exhibited similar replication
capacities, although the SA14 virus replicated at a modestly faster rate, with 5.7 log10PFU/mL at 24-h
post-infection, which was higher than the other viruses tested. However, the peak SA14 titer was not
the highest among all viruses, which was likely due to the highest SA14 titer not being collected at the
denoted time points (Figure 1).

Additionally, analysis of the plaque sizes of all viruses revealed that those of SA14 (2–3 mm) were
larger than those of SA14-14-2 (1–2 mm) and the other viruses (1–2 mm). We observed no significant
difference in plaque size between SA14-14-2 and all the revertant viruses, except for that of rJEV4
(E279) (0.5–1 mm), which was significantly smaller than those of the other viruses (Figure 2).
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Figure 1. Growth curves of the revertants and the control viruses.

Figure 2. Plaque sizes of the revertants and the control viruses.

101



Viruses 2017, 9, 20

3.3. Mutation at Residue E138 in Combination with E107 Is Critical to the Attenuated Neurovirulence of
JEV SA14-14-2

To determine the amino acids in the E protein that attenuate JEV SA14-14-2 neurovirulence, we
measured the LD50 (log10PFU) values of all the revertant viruses (Table 2), with low LD50 (log10PFU)
values indicating high degrees of neurovirulence. Among revertants containing a single amino acid
substitution, rJEV1 (E107) and rJEV2 (E138) exhibited lower LD50 (log10PFU) values as compared
with that of the SA14-14-2 virus, whereas the revertant viruses rJEV3 (E176/E177) and rJEV4 (E279)
exhibited similar LD50 (log10PFU) values to that of SA14-14-2. Among these four revertants, rJEV2
(E138) exhibited the lowest LD50 (log10PFU) value, indicating the highest degree of neurovirulence,
followed by rJEV1 (E107). The reverse mutation of E138 in combination with E107 significantly
decreased the LD50 (log10PFU) value as compared with those of rJEV1 (E107) and rJEV2 (E138), and the
LD50 (log10PFU) value of rJEV10 (E107, E138, E176/177, and E279; 1.43) was slightly lower than that of
rJEV9 (E107, E138, and E176/177; 1.99). The rJEV11/SA14 virus, wherein the E protein of SA14-14-2
was replaced with the E protein of wild-type SA14, exhibited the lowest LD50 (log10PFU) value (0.66)
among all the revertants, although it was still higher than that of the virulent wild-type SA14 virus
(−0.92). These findings suggested, that among the five tested amino acid residues, E138 and E107
played the most important roles in the attenuation of SA14-14-2 neurovirulence.

Table 2. Neurovirulence of the mutated viruses in 3-week-old mice inoculated by the i.c. route.

Viruses LD50 (log10PFU) *

rJEV (SA14-14-2) ≥6.48
rJEV1 (E107) 3.97
rJEV2 (E138) 2.89

rJEV3 (E176/E177) ≥6.43
rJEV4 (E279) † ≥6.24

rJEV5 (E107/E138) 1.70
rJEV6 (E107/E176/E177) 5.69
rJEV7 (E138/E176/E177) 3.64

rJEV8 (E138/E279) 2.82
rJEV9 (E107/E138/E176/E177) 1.99

rJEV10 (E107/E138/E176/E177/E279) 1.43
rJEV11/SA14 0.66

SA14 −0.92

* LD50 (log10PFU) represents the plaque titers that cause death in 50% of tested mice; † Virus rJEV4 did not
cause neurovirulence.

3.4. Reverse Mutations in the E Protein Increased the Mortality and Decreased the AST of I.C.-Inoculated Mice

The virulence phenotype of the revertant viruses was further evaluated by determining the
mortality and AST of mice inoculated by the i.c. route with 5.18 log10PFU revertant virus (Table 3).
Mice inoculated with rJEV2, rJEV5, rJEV7, rJEV8, rJEV9, rJEV10, rJEV11, or SA14 exhibited 100%
mortality, whereas rJEV1 or rJEV3 inoculation resulted in 83.3% and 16.7% mortality, respectively,
and SA14-14-2 or rJEV4 (E279) inoculation resulted in 0% mortality. These results showed that
the E138 and E107 residues were more important than E279 and E176/177 at effecting SA14-14-2
virulence. The wild-type SA14 group exhibited the shortest AST (4 days), followed by the rJEV11
group (E107/E138/E176/177/E264/E279/E315/E439), with an AST of 5 days (p ≤ 0.05, compared
with SA14). The AST of mice inoculated with rJEV2 (E138) exhibited an AST of 6 days, and the
ASTs of the rJEV1 (E107) and the rJEV6 (E107/E176/177) groups were 6.6 and 9 days, respectively
(p ≤ 0.05, comparing rJEV1 to rJEV6). The rJEV3 group (E176/177) exhibited the longest AST of
11 days. These results demonstrated that the E138 residue was a greater determinant of attenuated
SA14-14-2 virulence, as compared with other residues in the E protein.
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Table 3. AST and mortality of mice inoculated with the viruses by the i.c. route.

Viruses
No. of Dead Mice/

Total No. of Mice (%)
AST (day)

Mean ± SD

rJEV (SA14-14-2) 0/6 (0) -
rJEV1 (E107) 5/6 (83.3%) 6.6 ± 0.9 $

rJEV2 (E138) 6/6 (100%) 6 ± 0 #,$

rJEV3 (E176/E177) 1/6 (16.7%) 11 ± 0
rJEV4 (E279) 0/6 (0) -

rJEV5 (E107/E138) 6/6 (100%) 6 ± 0 #

rJEV6 (E107/E176/E177) 3/6 (50%) 9 ± 0
rJEV7 (E138/E176/E177) 6/6 (100%) 6 ± 0 #

rJEV8 (E138/E279) 6/6 (100%) 6 ± 0 #

rJEV9 (E107/E138/E176/E177) 6/6 (100%) 6 ± 0 #

rJEV10 (E107/E138/E176/E177/E279) 6/6 (100%) 6 ± 0 #

rJEV11/SA14 6/6 (100%) 5 ± 0 *
SA14 6/6 (100%) 4 ± 0 *

# p = 1, compared with each other; * p ≤ 0.05, compared with each other; $ p ≤ 0.05, compared with each other.

3.5. Effects of Specific Reverse Mutations on JEV SA14-14-2 Neuroinvasiveness

The neuroinvasiveness of all the revertants was tested using the same protocol as that used
to test neurovirulence, except that the mice were inoculated by the s.c. route (Table 4). The LD50

(log10PFU) values of all the revertants containing single amino acid substitutions were similar
to that of the attenuated SA14-14-2 strain, whereas the other revertants showed lower LD50

(log10PFU) values than that of SA14-14-2. The LD50 (log10PFU) values of the mice inoculated
with rJEV5 (E107 and E138), rJEV7 (E138 and E176/177), or rJEV8 (E138 and E279) were ≥6.54,
5.76, and 6.01, respectively, suggesting that the E107 revertant mutation combined with E138 did
not show the same synergistic effect as observed in the neurovirulence test. The LD50 (log10PFU)
value of mice inoculated with rJEV10 (E107/E138/E176/E177/E279) was slightly higher than that
of rJEV9 (E107/E138/E176/E177)-inoculated mice, and rJEV9 (E107/E138/E176/E177)-, rJEV10
(E107/E138/E176/E177/E279)-, and rJEV11/SA14-inoculated mice exhibited low LD50 (log10PFU)
values of 5.40, 5.53, and 3.17, respectively. Furthermore, the LD50 (Log10PFU) value of mice inoculated
with rJEV11 (rJEV11/SA14) was higher than that of mice infected with virulent SA14, indicating that
other regions in the JEV genome also contributed to the neuroinvasive phenotype.

Table 4. Neuroinvasiveness of the revertant viruses in 3-week-old mice inoculated by the s.c. route.

Inocula LD50 (log10PFU)

rJEV (SA14-14-2) ≥6.14
rJEV1 (E107) ≥7.32
rJEV2 (E138) ≥6.20

rJEV3 (E176/E177) ≥6.93
rJEV4 (E279) ≥6.74

rJEV5 (E107/E138) ≥6.54
rJEV6 (E107/E176/E177) ≥6.71
rJEV7 (E138/E176/E177) 5.76

rJEV8 (E138/E279) 6.01
rJEV9 (E107/E138/E176/E177) 5.40

rJEV10 (E107/E138/E176/E177/E279) 5.53
rJEV11/SA14 3.17

SA14 1.86
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4. Discussion

Reverse genetics is a powerful tool for studying the replication, virulence attenuation, and gene
functions of positive-strand RNA viruses. The key step in this strategy involves constructing stable
cDNA clones containing the full-length viral sequence. However, constructing the full-length cDNA
clone of the JEV SA14-14-2 strain was hindered by the instability and toxicity of some gene products in
Escherichia coli [13–15]. Previous studies utilized two strategies to overcome these hurdles. One was
an in vitro ligation approach [16] and the second involved using low-copy plasmids, such as those
containing artificial bacterial chromosomes, to stabilize the full-length cDNA of JEV [17]. Here, a
different low-copy plasmid (pACNR) was employed to stably maintain the full-length cDNA of the
infectious JEV. To generate a marker in the recombinant viruses, a silent mutation was inserted at
nucleotide 473 (from A to C) that also created a new restriction site (KasI) for DNA cloning. This genetic
marker allowed confirmation that the recovered viruses were derived from the infectious cDNA.
Furthermore, this cDNA cloning system previously enabled the mechanistic study of the virulence
attenuation of Flaviviruses and the development of other Flavivirus vaccines [18].

Several studies reported nucleotide changes potentially underlying the attenuated phenotype of
the JEV SA14-14-2 strain through comparisons with its parental strain SA14 [3,4,19]. Major nucleotide
changes in Flavivirus E proteins responsible for viral neurovirulence were also revealed by
comparing the JEV AT31 strain with its attenuated derivative [20] and between YFV (the Asibi
train) and its attenuated 17D strain [21]. The results of mouse-infection studies showed that single
substitutions at amino acid positions E107, E138, E176/177, or E279 differentially modulated viral
virulence [22]. Our results showed that inoculation with the rJEV2 (E138) mutation increased SA14-14-2
neurovirulence to the highest level, followed by that of the rJEV1 (E107) mutation, whereas the single
revertant mutation of E279 had no effect on neurovirulence. A synergistic virulence effect was observed
when the E138 revertant mutation was combined with E107, but not E176/177 or E279, whereas
infection with rJEV5 (E138/E107) exhibited the lowest LD50 (log10PFU) value (1.70). These results
were consistent with observations that after five passages in the suckling mouse brain, the revertant
mutations at E138 and E107, from JEV SA14-14-2 to those of the parental SA14 strain, increased the
neurovirulence of the resulting virus [22].

Residue E107 is located within a highly-conserved hairpin motif spanning amino acids 98 to
111 in domain II [23]. This region contains a fusogenic peptide according to studies of the tick-borne
encephalitis virus, the Murray Valley encephalitis virus, and the dengue type 2 virus [24,25]. Mutations
in close proximity to this region alter the fusion properties of the E protein in cell culture and are
associated with changes in the neurovirulence of the dengue virus and the tick-borne encephalitis
virus [26,27]. Residue E138 is located in the ‘hinge’ region at the interface of domains I and II of the E
protein, and mutation at this position alters E protein conformation and function. Previous studies
of Flaviviruses indicated that mutations within this region modulate viral virulence in mice [28–32],
thereby supporting the results of this study.

The effect of the E176/177 cluster on viral neurovirulence is interesting. In contrast to other reverse
mutations that increased SA14-14-2 virulence, single substitutions in the E176/177 cluster elevated
viral virulence to a lesser extent than other substitutions; however, when combined with mutations at
E107 or E138, E176/177 mutations significantly decreased viral virulence. Additionally, the virulence
of rJEV6 (E107/E176/E177) was lower than that observed for rJEV1 (E107) (5.69 vs. 3.97), the virulence
of rJEV7 (E138/E176/E177) was lower than that observed for rJEV2 (E138) (3.64 vs. 2.89), and the
virulence of rJEV9 (E107/E138/E176/E177) was lower than that of rJEV5 (E107/E138) (1.99 vs. 1.77).
Therefore, we concluded that the E176/177 mutations significantly neutralized the function of E107
and E138.

Residue E279 is located in the hinge region of the E protein, suggesting a possible regulatory role
in E protein function, similar to that of E138. Previous studies showed that reverse mutation of residue
E279 from methionine to lysine significantly increased neurovirulence [33]. Additionally, mutations in
close proximity to E279 in the Murray Valley encephalitis virus impair hemagglutination and fusion
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properties of the E protein and reduce neuroinvasiveness in mice [28,34]. By contrast, reverse mutation
of E279 in this study did not affect SA14-14-2 neurovirulence. The neutral effect of the E279 mutation
might be explained by the decreased ability of the virus harboring the mutation to infect host cells,
given that inoculation with rJEV4 (E279) resulted in that formation of the smallest plaques among all
tested viruses, including SA14-14-2.

A previous study reported that the molecular determinants associated with the prM-E region
of the attenuated JE SA14-14-2 virus are insufficient to confer an attenuated phenotype upon the JE
Nakayama virus [6]. This suggested a role for determinants located in the 5′ untranslated region and/or
the capsid protein of the JE SA 14-14-2 viral genome in influencing the virulent properties of the JE
Nakayama virus in mouse models. Here, we observed that the revertant rJEV11 virus, having the same
eight amino acids in the E protein as the parental virulent SA14 strain, exhibited significantly lower
neurovirulence and neuroinvasiveness in mice as compared with JEV SA14 (Tables 2 and 4). These
data demonstrated that mutations in viral proteins (including nonstructural protein) other than the
E protein in JEV SA14-14-2 may also contribute to attenuated neurovirulence and neuroinvasiveness.

A previous report utilized a chimeric YFV/JEV SA14-14-2 virus to characterize the attenuation
mechanism [35]. This chimeric virus contained the backbone of YFV and the prM and E protein
sequences from the attenuated JEV SA14-14-2 strain. Consistent with our findings, Arroyo et al. [35]
reported the importance of the E138 amino acid together with amino acid residues at other positions in
neurovirulence attenuation; however, other results from that study differed from our findings. Arroyo
et al. [35] reported that inoculation with variants harboring single reverse mutations of E107, E138,
and E176/177 did not cause sickness or death in mice and that the single reverse mutation of E279
caused death in only 13% of mice. By contrast, we observed that inoculation with each of the three
single reverse mutations (E107, E138, and E176/177) resulted in sickness or death in some of the mice
and isolation of the revertant viruses in the brain. Additionally, the single reverse mutation of E279
did not cause sickness or death in mice. These discrepancies might be explained by the different
inoculation doses used between the two studies, given that our inoculated mice became sick or died
only when inoculated with >4.0 log10PFU of the revertants rJEV1 (E107), rJEV3 (E176/E177), and
rJEV6 (E107/E176/E177), whereas the previous study used inoculation doses via i.c. of <4.0 log10PFU
(10,000 PFU) [35]. Additionally, the results of that study did not suggest an important role for the single
mutation of E107 in JEV attenuation, whereas our results provided a more detailed account of the roles
of E176/177 and E279 in JEV attenuation, in combination with E138. Furthermore, Arroyo et al. [35]
reported that the single substitution at E176/177 greatly enhanced virulence in combination with other
mutations, whereas we observed decreased virulence associated with this mutation in combination
with others. One explanation for these discrepancies might be use of a chimeric virus with YFV as the
backbone in the previous study [35], whereas the JEV SA14 virus was used in this study to investigate
the attenuation mechanism.

Yun et al. [36] showed that the passage of the JEV SA14-14-2 strain in the mouse brain was selected
for mutations at the E244 position, which drastically altered the viral phenotype [36]. In this study, this
amino acid position was not tested because the E244 position in the SA14 viral population harbors two
different amino acids in the mouse brain (Figure 3), with glutamic acid at this position in wild-type
SA14/USA and glycine at this position in the SA14/CDC and SA14/JAP strains (Table 1 and Figure 3).

The mechanisms associated with viral attenuation are complicated and involve membrane
fusion [24,25], replication capacity [12], and heparin-binding activity [37]. In addition to the SA-14
E protein, our findings suggested that other regions of the viral genome likely also contribute to the
attenuated phenotype. This was supported by our results showing that the virulence of the revertant
rJEV11/SA14 strain remained lower than that of the parental SA14 strain, despite substitution with
the intact E protein from wild-type SA14.
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Figure 3. An equal proportion of two different amino acids exists at position E244 in the SA14 virus.

5. Conclusions

In summary, this study demonstrated that amino acids at positions E107, E138, E176/177, and
E279 differentially contributed to virulence attenuation in the SA14-14-2 virus. Our findings indicated
that the E138 position played the most important role in sustaining neurovirulence, but not the
attenuated neuroinvasive phenotype associated with JEV SA14-14-2. Additionally, the role of the E107
position in attenuating virulence was revealed by its synergistic effect with the E138 position, although
E107 alone also contributed to virulence attenuation. Compared with the E107 and E138 positions,
E176/177 and E279 exhibited relatively minor roles in virulence attenuation. These results identified
the key residues in the E protein involved in regulating attenuated JEV SA14-14-2 virulence, thereby
elucidating the molecular mechanisms of JEV attenuation. The data presented in this study supported
JEV vaccine guidelines stating that the stability of the E protein sequence should be used as the main
safety indicator for the attenuated live JE vaccine (SA14-14-2 strain).
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Abstract: Mx proteins are interferon (IFN)-induced dynamin-like GTPases that are present in all
vertebrates and inhibit the replication of myriad viruses. However, the role Mx proteins play in
IFN-mediated suppression of Japanese encephalitis virus (JEV) infection is unknown. In this study,
we set out to investigate the effects of Mx1 and Mx2 expression on the interferon-α (IFNα) restriction
of JEV replication. To evaluate whether the inhibitory activity of IFNα on JEV is dependent on Mx1
or Mx2, we knocked down Mx1 or Mx2 with siRNA in IFNα-treated PK-15 cells and BHK-21 cells,
then challenged them with JEV; the production of progeny virus was assessed by plaque assay,
RT-qPCR, and Western blotting. Our results demonstrated that depletion of Mx1 or Mx2 did not
affect JEV restriction imposed by IFNα, although these two proteins were knocked down 66% and
79%, respectively. Accordingly, expression of exogenous Mx1 or Mx2 did not change the inhibitory
activity of IFNα to JEV. In addition, even though virus-induced membranes were damaged by
Brefeldin A (BFA), overexpressing porcine Mx1 or Mx2 did not inhibit JEV proliferation. We found
that BFA inhibited JEV replication, not maturation, suggesting that BFA could be developed into a
novel antiviral reagent. Collectively, our findings demonstrate that IFNα inhibits JEV infection by
Mx-independent pathways.

Keywords: Mx1; Mx2; interferon-α (IFNα); Japanese encephalitis virus (JEV); antivirus; Brefeldin
A (BFA)

1. Introduction

Japanese encephalitis virus (JEV)—a member of the genus Flavivirus within the family
Flaviviridae—causes serious epidemics in tropical and subtropical areas with a high mortality rate of
approximately 25% in humans, and is a serious public health problem in southern and eastern Asia [1,2].
It is well known that JEV infects boars and sows, which are the major amplifying hosts of JEV in nature.
The treatment of JEV infection in pigs is important for controlling the prevalence of JEV in humans
and economic losses in pig production. Even though two kinds of vaccines—the attenuated vaccine
(SA14-14-2) and the inactivated vaccines (mouse brain-derived and Vero cell culture-derived)—are
widely used to vaccinate human and pigs, JE is widespread in the south, southeast, and the east regions
of Asia, with epidemics breaking out every few years [3,4]. Therefore, it is necessary to develop new
strategies against JEV.

Viruses 2017, 9, 5 109 www.mdpi.com/journal/viruses



Viruses 2017, 9, 5

Type I interferons (IFNs, including IFN-α) mediate a wide range of biological activities, including
antiviral activity, cell growth, differentiation, apoptosis, and immune response [5]. Type I IFNs bind a
heterodimeric transmembrane receptor termed the IFN-α receptor to activate interferon-stimulated
gene factor 3 (ISGF3) via the JAK-STAT signaling pathway and induce the coordinated upregulation
of hundreds of interferon-stimulated genes (ISGs) that orchestrate an antiviral state in the cells [6].
Of these ISGs, Mx (myxovirus-resistant), PKR (Double-stranded RNA-dependent protein kinase), and
OAS (2′,5′-oligoadenylate synthetases) are the three major mediators of innate antiviral mechanism
induced in the host cells, and have been studied extensively. Recently, it has been shown that porcine
IFN-α inhibits JEV replication [7]. Furthermore, transient overexpression of OAS isoforms inhibits
JEV replication [8]. However, whether the inhibitory activity of type I IFNs on JEV is mediated by
Mx proteins is largely unknown.

Mx proteins are interferon-induced dynamin-like GTPases that are present in all vertebrates [9–11].
These proteins have a broad range of antiviral activities against various viruses [12], such as vesicular
stomatitis virus (VSV) [13,14], influenza virus [15,16], classic swine fever virus (CSFV) [17], foot mouth
disease virus (FMDV) [18], and bovine viral diarrhea virus (BVDV) [19]. Mx proteins consist of an
N-terminal globular GTPase domain, a connecting bundle signaling element, and the C-terminal stalk
that mediates oligomerization and antiviral specificity [20]. It is well known that the dynamin-like
GTPase activity—including GTP binding and GTP hydrolysis—is required for Mx to function [5,10,21].
Human MxB—which previously had not been ascribed an antiviral function—was recently found to be a
suppressor of human immunodeficiency virus type 1 (HIV-1) [22,23]. Based on the nucleotide and amino
acid sequences, porcine Mx1 (poMx1) has 78% homology with human MxA (huMxA) and is located in the
cytoplasm of target cells, suggesting that they share similar antiviral activities against some RNA viruses.
Our previous study showed that a commercial recombinant human interferon-α (huIFNα) was used to
characterize the antiviral effect on JEV replication in BHK-21 cells. In this study, we sought to investigate
the roles of Mx1 and Mx2 during the inhibition of JEV infection, overexpression, and knockdown of Mx1
and Mx2 were performed to determine the antiviral activities of Mx. Our findings indicate that Mx
protein does not contribute to the antiviral effect of IFNα against Flavivirus.

2. Materials and Methods

2.1. Cells, Virus, and Interferon

The baby hamster kidney (BHK-21) cells were maintained in Dulbecco’s modified essential
medium (DMEM, GIBCO, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS) (GIBCO, Invitrogen), 0.2% NaHCO3, 100 μg/mL streptomycin, and 100 IU/mL penicillin
(GIBCO, Invitrogen) at 37 ◦C with 5% CO2. Porcine kidney (PK-15) cells were grown in RPMI 1640
(GIBCO, Invitrogen) supplemented with 10% FBS, 100 μg/mL streptomycin, and 100 U/mL penicillin.
JEV virulent strain NJ2008 (GenBank: GQ918133) used in this study was described previously [24]. JEV
attenuated vaccine strain (SA14-14-2) was purchased from Wuhan Keqian Biology Co., Ltd. (Wuhan,
China). CSFV virulent strain Shimen (GenBank: AF092448) was obtained from the National Institute
of Veterinary Drug Control (Beijing, China). The commercial human interferon α-1b (huIFNα) was
purchased from Shenzhen Kexing Biotech Co., Ltd. (Shenzhen, China).

2.2. Virus Infection and Titration

Viral infection and titration were performed as previously described [25]. Briefly, cells were
adsorbed with virus at the indicated multiplicity of infection (MOI) for 1 h at 37 ◦C, washed to remove
nonadherent virus, then incubated at 37 ◦C. The culture supernatants were collected, and virus titers
were determined by plaque-forming assay in BHK-21 cells.
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2.3. Antibodies

Mouse anti-JEV NS1 (2B8), NS5 (1G6), and E (2A5) mAbs were kindly provided by Professor
Shengbo Cao (Huazhong Agricultural University, Wuhan, China). Mouse anti-Mx1 mAb (ab79609),
rabbit anti-Mx2 antibody (ab196833) and rabbit anti-Viperin antibody (ab121042) were purchased from
Abcam (Cambridge, UK). Rabbit anti-green fluorescent protein (GFP) antibody was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Goat anti-mouse immunoglobulin G (IgG) (Alexa Fluor-568)
was purchased from Thermo Fisher (Cambridge, MA, USA). Rabbit anti-β-actin mAb (13E5), goat
anti-rabbit IgG-HRP (sc-2004) and goat anti-mouse IgG-HRP (sc-2005) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Stat-1 α/β rabbit polyclonal antibody was purchased
from Beyotime Biotech Co., Ltd. (Nanjing, China).

2.4. Plasmids

pEGFP-poMx1 expressing wild-type poMx1 fused to green fluorescent protein was reported
previously [17]. pcDNA3.0-poMx1 expressing wild-type poMx1 fused to HA tag was constructed
from pEGFP-poMx1 using a pair of primers (pcDNA3.0-poMx1-F/R). pcDNA3.0-poTMx1 expressing
a nuclear form of wild-type poMx1 [26] fused to HA tag was constructed from pEGFP-poMx1 using
a pair of primers (pcDNA3.0-poTMx1-F/R). pcDNA3.0-poMx1(ΔL4) expressing a poMx1 variant
(deletion of residues 534 to 573) [27] fused to HA tag was constructed by directed mutagenesis
(Vazyme Biotech Co., Ltd., Nanjing, China) based on pEGFP-poMx1. Porcine Mx2 cDNA (GenBank:
AB258432) was commercially synthesized by Nanjing Genscript Corporation (Nanjing, China) and
cloned in-frame with EGFP into the vector pEGFP-C1 at Hind III and Xho I sites using a pair of primers
(pEGFP-poMx2-F/R). pcDNA3.0-poMx2 was constructed from pEGFP-poMx2 using a pair of primers
(pcDNA3.0-poMx2-F/R). Human MxA (GenBank: P20591) and mouse Mx1 (GenBank: P09922) cDNA
were kindly provided by Dr. Song Gao (Sun Yat-sen University Cancer Center, Guangzhou, China)
and cloned in-frame with EGFP into the vector pEGFP-C1 at Xho I and BamH I sites using two pairs of
primers (pEGFP-huMxA-F/R, pEGFP-mmMx1-F/R). All of the primer pairs are listed in
tab:viruses-09-00005-t001. The corresponding genes were verified by sequencing.

Table 1. Primers used in this study.

Primer Sequence (5′ → 3′)
pEGFP-poMx2-F TGACAAGCTTACCATGCCTAAACCCCGCATGTCG

pEGFP-poMx2-R TGACCTCGAGTTACCCCTGTAATGACTGAGC

pcDNA3.0-poMx2-F TGACAAGCTTACCATGCCTAAACCCCGCATGTCG

pcDNA3.0-poMx2-R TGACCTCGAGTTAAGCGTAGTCTGGGACGTCGTATGGGTAC
CCCTGTAATGACTGAGC

pEGFP-huMxA-F TGACCTCGAGCTACCATGGTTGTTTCCGAAGTGGACATC

pEGFP-huMxA-R TGACGGATCCACCGGGGAACTGGGCAAGCCGGCG

pEGFP-mmMx1-F TGACCTCGAGCTACCATGGATTCTGTGAATAATCTGTGC

pEGFP-mmMx1-R TGACGGATCCATCGGAGAATTTGGCAAGCTTCTG

pcDNA3.0-poMx1-F TGACAAGCTTACCATGGTTTATTCCAGCTGTG

pcDNA3.0-poMx1-R TGACCTCGAGTTAAGCGTAGTCTGGGACGTCGTATGGGTAGC
CTGGGAACTTGGCGA

pcDNA3.0-poTMx1-F
TGACAAGCTTACCATGGACAAGGAGTTCCTGGAGGCTCCTAA
GAAGAAGAGAAAGGTTGAGTTCAGAATTGTTTATTCC

AACTGTGAAAGTAAAGAACCTGATTCAGTT

pcDNA3.0-poTMx1-R TGACCTCGAGTTAAGCGTAGTCTGGGACGTCGTATGGGTAGCC
TGGGAACTTGGCGA

2.5. Immunofluorescence Assay

Cells grown on glass coverslips were infected with JEV at an MOI of 0.05. At 24 hpi, cells were
washed with PBS, and fixed with 4% paraformaldehyde in PBS. Cells were then permeabilized with
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0.2% Triton X-100, washed again, then reacted with either anti-JEV E, NS1, or NS5 mAbs diluted 1:500.
After washing, the coverslips were reacted with goat anti-mouse IgG (Alexa Fluor-568). After washing,
cells were visualized by confocal microscopy (Leica Sp5 AOBS confocal system) with a 63 _HCX PL
Apo 1.4 oil immersion objective.

2.6. Western Blot Analysis

Cells were washed three times with PBS and lysed in cold lysis buffer (1% Triton X-100, 1 mM
PMSF in PBS) for 10 min. The lysates were clarified by centrifugation at 12,000× g for 10 min.
Total cell extracts were separated by SDS-PAGE, transferred to nitrocellulose membranes, and then
probed with the indicated antibodies (anti-JEV E, NS1, or NS5 mAbs), followed by goat anti-mouse
IgG-HRP conjugate antibody or goat anti-rabbit IgG-HRP conjugate antibody. β-actin was used as a
loading control.

2.7. Brefeldin A (BFA) Treatment

BHK-21 cells (1.2 × 106) were transfected with 2 μg pEGFP-poMx1 or pEGFP-poMx2. Twenty-four
hours post transfection, cells were infected with JEV at an MOI of 0.05. At 12 hpi, BFA (5 μg/mL)
was added to the culture medium, and incubation continued for an additional 12 h as described
previously [28]. The effect of poMx1 or poMx2 in these cells was analyzed by Western blot analysis
and plaque assay. In order to establish the parameters for BFA treatment, the following experiments
were conducted. (i) the cytotoxic effect of BFA on BHK-21 cells was established by viability assay, as
described previously [29]. Briefly, sub-confluent cell cultures grown in 96-well plates were incubated
with various concentrations (0–8, 10, and 15 μg/mL) of BFA for 24 h. An MTS-based viability assay
(CellTiter 96 aqueous nonradioactive cell proliferation assay from Promega (Madison, WI, USA)
was conducted as recommended by the manufacturer; (ii) the dose-dependent activity of BFA was
characterized, 1.2 × 106 BHK-21 cells were seeded into six-well plates and infected with JEV NJ2008 at
an MOI of 0.05. After virus adsorption and washing, cells were maintained in medium containing BFA
at various concentrations (2.5, 5, 7.5, and 10 μg/mL) or an equivalent volume of the DMSO carrier.
At 24 hpi, cell supernatants were used to determine the levels of infectious virus by plaque assay.
Whole cell-culture lysates were used to determine the viral protein levels by Western blot analysis;
(iii) to assess the antiviral activity of BFA over time, 1.2 × 106 BHK-21 cells were seeded into six-well
plates and infected with JEV strain NJ2008 at an MOI of 0.05. After virus adsorption and washing,
cells were maintained in medium containing 5 μg/mL BFA or an equivalent volume of the DMSO
carrier. At 13, 15, 18, and 24 hpi, cell supernatants were used to determine the levels of infectious
virus by plaque assay, and whole cell-culture lysates were used to determine the viral protein levels by
Western blot analysis; (iv) the antiviral activity of BFA was assessed by immunofluorescence. Briefly,
the JEV-infected cells were maintained in medium containing 5 μg/mL BFA or an equivalent volume of
the DMSO carrier. At 24 hpi, cells were fixed and reacted with anti-JEV E or NS5 mAbs. After washing,
cells were visualized by confocal microscopy (Leica Sp5 AOBS confocal system) with a 63_HCX PL
Apo 1.4 oil immersion objective.

2.8. Knockdown Experiments

siRNA experiments were carried out in six-well plates containing BHK-21 cells or PK-15 cells
starting at 2.5 × 105 cells/well. siRNAs for siMx1 (sc-45260), siMx2 (sc-45261), and the negative-control
siRNA (sc-37007) (Santa Cruz Biotechnology) were transfected at a concentration of 100 nM into cells
using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions. Six hours after
transfection, the medium was aspirated, fresh complete medium containing 200 ng/mL huIFNα was
added, and incubation continued for an additional 12 h [30]. Cells were washed with PBS, and infected
with JEV at an MOI of 0.05. Cell supernatants were used to determine the levels of infectious virus
by plaque assay. Whole cell-culture lysates were used to determine viral protein levels by Western
blot analysis.
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2.9. RT-qPCR

Viral RNA was extracted from each sample using TRIzol reagent (Invitrogen). JEV and CSFV
RNA loads were measured using RT-qPCR assay, as described previously [7,31].

2.10. Statistical Analysis

All data were presented as means ± standard deviation (S.D.) as indicated. Student’s t-test
was used to compare the data from pairs of treated or untreated groups. Statistical significance was
indicated as ns (p > 0.05), * (p < 0.05), and ** (p < 0.01). All statistical analyses and calculations were
performed using GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA, USA).

3. Results

3.1. Mx Proteins Were Not Detectable in JEV-Infected Cells

Flaviviruses have evolved specific strategies to avoid and/or attenuate induction of IFN and its
effector responses. In JEV, the N-terminal 83 residues of NS5 inhibit JAK-STAT signaling through a
protein-tyrosine phosphatase-dependent mechanism, resulting in suppressed expression of a wide
variety of interferon-stimulated genes [32]. Here, the innate immune response of the host cells against
JEV infection was determined by Western blot analysis using the antibodies against ISG proteins Mx1,
Mx2, and Viperin. As shown in Figure 1, endogenous Mx1, Mx2, and Viperin proteins were produced
in huIFNα-treated BHK-21 and PK-15 cells (lane 3); in contrast, no endogenous Mx1, Mx2, or Viperin
proteins were detectable in cells infected with virulent (NJ2008) or attenuated JEV (SA14-14-2). STAT1
expression was observed after viral infection, suggesting that the IFN-induced JAK-STAT signaling
was not blocked. These data are consistent with previous studies [32] demonstrating that JEV NS5
expression hijacks STAT1 protein and blocks its nuclear translocation, causing loss of endogenous
interferon-induced proteins.

Figure 1. Japanese encephalitis virus (JEV) inhibits the production of interferon-stimulated gene (ISG)
proteins. Cells were infected with JEV NJ2008 or SA14-14-2 strain at a multiplicity of infection (MOI) of
0.05. Alternatively, cells were treated with 200 ng/mL human interferon-α (huIFNα) for 12 h at 37 ◦C.
After these treatments, ISG proteins in cell lysates were probed with the indicated antibodies using
Western blot analysis.

3.2. Exogenous Mx Proteins Have No Anti-JEV Activity in Infected Cells

Previous reports have shown that exogenous Mx proteins inhibit the replication of a wide range
of viruses [12]. In this study, poMx1 and poMx2 were over-expressed in BHK-21 or PK-15 cells, and
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JEV replication was assessed. First, BHK-21 cells were transfected with various concentrations of
pEGFP-poMx1 and infected with JEV at an MOI of 0.05. At 24 hpi, the effect of GFP-poMx1 on JEV
replication was analyzed by Western blot analysis and plaque assay. Although the expression level of
the GFP-poMx1 fusion protein increased with increasing construct concentration, the level of viral
proteins E, NS1, and NS5 were comparable in all transfected cells, and roughly equal amounts of
progeny virus were produced (Figure 2A). The Mx protein family is highly conserved, and similar
results were obtained with JEV-infected cells over-expressing pEGFP-huMxA or pEGFP-mmMx1.
As shown in Figure 2B by plaque assay and Western blot analysis, viral titers and NS5 protein
expression were roughly equal for each construct-transfected sample. These data demonstrate that JEV
replication is not inhibited by over-expression of GFP-poMx1, huMxA, or mmMx1. Similar experiments
were performed to evaluate Mx2 antiviral activity. BHK-21 cells were transfected with the pEGFP-poMx2
construct and infected with JEV at MOI 0.001, 0.01, and 0.1. As shown in Figure 2C, JEV replication
in pEGFP-poMx2-transfected cells was the same as that in pEGFP-C1-transfected cells, suggesting
that GFP-poMx2 has no direct anti-JEV activity. Immunofluorescence assays were performed to assess
JEV replication in pEGFP-poMx1- or pEGFP-poMx2-transfected cells. As shown in Figure 3, red
fluorescence—indicating viral proteins—was observed in GFP-poMx1 and GFP-poMx2-positive cells
(indicted by green fluorescence). These data demonstrate that exogenous porcine Mx1 and Mx2, human
MxA, and mouse Mx1 proteins fused to GFP had no obvious anti-JEV activity.

To address the possible influence of GFP on the function of Mx proteins, we constructed
another set of plasmids as follows: pcDNA3.0-poMx1, pcDNA3.0-poMx2, pcDNA3.0-poTMx1 and
pcDNA3.0-poMx1(ΔL4). PK-15 cells were transfected with these constructs and infected with JEV at
an MOI of 0.05. At 12 and 24 hpi, JEV replication was analyzed by Western blot analysis, RT-qPCR, and
plaque assay. As shown in Figure 4, at 12 and 24 hpi, JEV RNA levels were roughly equal among the
cells overexpressing the different isoforms of porcine Mx, suggested that none of the isoforms affected
JEV replication. Plaque assay data showed that viral titers in cells overexpressing Mx proteins were
the same as that in the control cells. However, as a positive control, we saw that CSFV replication was
inhibited in cells overexpressing poMx1, poMx2, and huMxA, but not mmMx1. This is consistent with
previous studies [17,33]. Overall, exogenous poMx1 or poMx2 had no demonstrable anti-JEV activity.

Figure 2. Cont.
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Figure 2. Exogenous Mx proteins fused to green fluorescent protein (GFP) have no anti-JEV activity.
Three separate experiments were performed to assess the anti-JEV activity of the fused Mx1 and Mx2
protein. Cells were transfected with the constructs and then infected with JEV. At 24 hpi, lysates of
the harvested cell culture were used to determine viral protein levels by Western blot analysis, the cell
supernatants were used to determine the levels of infectious virus by plaque assay. (A) Cells transfected
with the various concentrations of pEGFP-poMx1 and then infected with JEV at an MOI of 0.05; (B) Cells
transfected with pEGFP-huMxA (human MxA), pEGFP-mmMx1, pEGFP-poMx1 (porcine Mx1), or
pEGFP-C1 then infected with JEV at an MOI of 0.05; (C) Cells transfected with pEGFP-poMx2 or
pEGFP-C1 and then infected with JEV at an MOI of 0.001, 0.01, and 0.1. All data are presented as means
± standard deviation (S.D.) as indicated. Statistical significance is indicated as ns (p > 0.05).

Figure 3. JEV replication in pEGFP-poMx1 or pEGFP-poMx2-transfected BHK-21 cells. Transfected
cells grown on glass coverslips were infected with JEV at an MOI of 0.05. At 24 hpi, cells were washed
with PBS and subjected to immunofluorescence assay. The cell nucleus was counterstained with DAPI
(blue). White arrows indicate cells with high GFP-poMx1 or GFP-poMx2 expression levels along with
high JEV viral proteins (NS1, NS5, or E).
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Figure 4. The different isoforms of porcine Mx proteins have no anti-JEV activity. (A) Western blot
analysis of the lysates of PK-15 cells transfected with the indicated constructs. Overexpression of
the different porcine Mx proteins was determined using anti-HA Flag mouse monoclonal antibody;
(B,C) PK-15 cells were transfected with these constructs and infected with JEV at an MOI of 0.05. At 12
and 24 hpi, JEV replication was analyzed by RT-qPCR; (D,E) At 24 hpi, JEV replication was analyzed
by plaque assay; (F) Classic swine fever virus (CSFV) replication (positive control) was inhibited by
some exogenous Mx proteins. All data are presented as means ± standard deviation (S.D.) as indicated.
Statistical significance is indicated as ns (p > 0.05) and ** (p < 0.01).

3.3. Mx1 or Mx2 Depletion Did Not Affect the Antiviral Activity of IFN

To determine whether Mx expression is necessary to inhibit JEV replication, endogenous Mx1 or
Mx2 was knocked down in interferon-treated BHK-21 cells and PK-15 cells prior to virus infection.
Cells were transfected for 6 h with the commercial Mx1, Mx2 siRNA, or negative control siRNA
(siCtrl), then treated with 200 ng/mL of huIFNα for 12 h. Mx1 expression was reduced by 66% in
cells transfected with Mx1 siRNA compared to the negative control (Figure 5A). Subsequently, these
siRNA-transfected-huIFN-treated cells were infected with JEV at an MOI of 0.05, and viral protein
expression levels and virus titers were assessed. NS5 levels were roughly equally suppressed in siCtrl-
and siMx1-transfected cells and non-transfected control cells, and significantly suppressed compared
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to untreated controls. Likewise, virus titers in these samples were roughly equal and significantly
reduced compared to untreated controls (Figure 5B). These data demonstrate that knockdown of
endogenous Mx1 does not impair the antiviral ability of IFN. Mx2 expression was reduced by 79% in
cells transfected with Mx2 siRNA compared to the negative control (Figure 5C), and results similar to
those described above were observed in huIFNα-treated cells with Mx2 knockdown. NS5 levels were
suppressed in siCtrl- and siMx2-transfected cells similar to that in huIFNα-treated cells transfected with
siCtrl and siMx1, and significantly suppressed compared to untreated controls. Virus titers in these
samples were roughly equal and significantly reduced compared to untreated controls (Figure 5D).
These data demonstrate that knockdown of endogenous Mx2 does not impair the antiviral ability
of IFN.

Figure 5. IFNα inhibits JEV replication in Mx-knockdown BHK-21 cells. Cells were transfected with
siRNA targeting Mx1, Mx2, and a siRNA control (siCtrl). Six hours after transfection cells were treated
with huIFNα for 12 h, then infected with JEV at an MOI of 0.05. At 24 hpi, cell supernatants were
used to determine the levels of infectious virus by plaque assay, and the cell culture lysates were
used to determine the viral protein levels by Western blot analysis. Percent knockdown of (A) Mx1
and (C) Mx2. JEV replication determined by plaque assay and Western blot analysis in (B) siMx1- or
(D) siMx2-transfected and control cells. Quantification of the blotted proteins was performed using
Image J software. All data are presented as means ± standard deviation (S.D.) as indicated. Statistical
significance is indicated as ns (p > 0.05) and ** (p < 0.01).
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Similar siRNA experiments were performed in PK-15 cells. After the successful knockdown
of endogenous porcine Mx1 or Mx2 as described above, the levels of NS5 (Figure 6A) and virus
titers (Figure 6B) were significantly reduced in huIFNα-treated cells compared to the controls, which
suggests that IFN can effectively inhibit JEV replication by an Mx-independent pathway.

Figure 6. IFNα inhibits JEV replication in Mx-knockdown PK-15 cells. Mx1 and Mx2 knockdown in
PK-15 cells was performed as described above. At 24 hpi, lysates of cell culture were used to determine
the viral protein levels by Western blot analysis (A), and cell supernatants were used to determine the
levels of infectious virus by plaque assay (B). All data are presented as means ± standard deviation
(S.D.) as indicated. Statistical significance is indicated as ** (p < 0.01).

3.4. Mx Does Not Inhibit JEV Replication in Cells Treated with BFA

BFA is a Golgi apparatus-disrupting agent which prevents the development of virus-induced
membranes when added before the end of the latent period of Flavivirus infection [34]. A previous
report showed that West Nile Virus (WNV) replication was significantly reduced in BFA-treated Vero
cells overexpressing huMxA, compared to BFA-treated Vero cells, suggesting that WNV-induced
membranes may provide partial protection against huMxA [28]. Here, we performed a series
of experiments to examine whether a similar mechanism exists in JEV infection. Initially, we
confirmed that BFA treatment disrupted the Golgi apparatus by visualizing giantin (Golgi marker)
in BFA-treated and untreated cells using the anti-giantin antibody. Subsequently, GFP-poMx1
(or poMx2)-overexpressing BHK-21 cells and mock-transfected cells were infected with JEV at an MOI
of 0.05. At 12 hpi, BFA (5 μg/mL) was added to the culture medium for an additional 12 h, as described
previously. As shown in Figure 7A,C, in the absence of BFA, GFP-poMx1- (or poMx2)-overexpressing
cells, and mock-transfected cells showed comparable levels of NS5 expression, as expected. However,
in the presence of BFA, NS5 and E expression was reduced significantly, with no statistical difference
between GFP-poMx1- (or poMx2) transfected cells and mock-transfected cells. Virus titers were also
decreased significantly (Figure 7C,D). These data indicated that BFA—not Mx—inhibits JFV replication.
Collectively, these results demonstrated that poMx1 or poMx2 inhibit JEV replication in the presence
of BFA, suggesting that JEV is resistant to IFN-induced Mx protein via an unknown pathway.
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Figure 7. Mx1 or Mx2 overexpression has no impact on JEV replication in cells treated with Brefeldin A
(BFA). GFP-poMx1 (or poMx2)-overexpressing BHK-21 cells and control cells were infected with JEV at
an MOI of 0.05. At 12 hpi, BFA (5 μg/mL) was added to the culture medium for an additional 12 h.
The lysates of cell culture were used to determine the viral protein levels by Western blot analysis, and
cell supernatants were used to determine the levels of infectious virus by plaque assay. Western blot
analysis (A) and virus titer (B) of infectious virus of GFP-poMx1-overexpressing infected cells treated
with or without BFA. Alternatively, Western blot analysis (C) and virus titer (D) of infectious virus of
the GFP-poMx2-overexpressing infected cells treated with or without BFA. All data are presented as
means ± standard deviation (S.D.) as indicated. Statistical significance is indicated as ns (p > 0.05) and
** (p < 0.01).

3.5. BFA Effectively Inhibits JEV Replication

To further explore the antiviral activity of BFA, we performed a series of experiments as follows.
Cells were treated with 0 to 15 μg/mL BFA for 24 h, and the cytotoxic effect was evaluated to ensure
the sub-toxic doses of BFA. As shown in Figure 8A, cells tolerated up to 10 μg/mL BFA. The cell
viability was reduced only slightly in the presence of 15 μg/mL BFA. To test the effects of BFA on JEV
production, cells were infected with JEV and then treated with various concentrations of BFA. At 24 h
post treatment, the viral protein levels of E, NS1, and NS5 in BFA-treated cells were significantly
reduced compared to that in DMSO-treated cells, which is consistent with the decreasing of virus
titer. The results showed that virus titer was reduced by about 209-fold, suggesting that BFA up to
2.5 μg/mL inhibits JEV replication in a dose-independent manner (Figure 8B). To test whether BFA
inhibits JEV replication in a time-dependent manner, cells were infected with JEV at an MOI of 0.05
and then treated with 5 μg/mL BFA. At 13, 15, 18, and 24 hpi, the viral protein levels in lysed cells
were determined by Western blot analysis, and the amount of infectious virus in cell supernatants
was determined by plaque assay. The results showed that NS5 protein level in the BFA-treated cells
reduced significantly by 18 hpi when compared to untreated cells (Figure 8C). Plaque numbers were in
accord with the results above, and virus titers at 18 and 24 hpi were reduced by 20-fold and 8175-fold,
respectively (Figure 8D), suggesting that BFA strongly inhibits JEV replication in a time-dependent
manner. The inhibitory effect of BFA was analyzed by immunofluorescence assay. The results showed
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that viral protein levels were significantly decreased at 24 hpi (as indicated by red fluorescence)
compared to untreated cells (Figure 8E), suggesting that JEV replication was strongly inhibited by BFA.

Figure 8. Antiviral activity of BFA. (A) Cytotoxic effect of BFA. BHK-21 cells at 80% confluence
in 24-well plates were treated with various concentrations of BFA for 24 h. After treatment, a cell
proliferation reagent was added to each well, and 2 h later, the absorbance at 490 nm was recorded.
(B–E) BHK-21 cells were seeded into six-well plates and infected with JEV at an MOI of 0.05. After virus
adsorption and washing, cells were maintained in medium containing BFA at various concentrations
or an equivalent volume of DMSO. At 24 hpi, cell culture lysates were used to determine viral protein
levels by Western blot analysis, cell supernatants were used to determine levels of infectious virus
by plaque assay (B); Infected cells were maintained in medium containing BFA at 5 μg/mL or an
equivalent volume of DMSO. At 13, 15, 18, and 24 hpi, cell culture lysates were used to determine viral
protein levels by Western blot analysis (C); Cell supernatants were used to determine levels of infectious
virus by plaque assay (D); The inhibitory effect of BFA was detected using anti-JEV NS5 or E mAbs
by confocal microscopy (E). JEV was strained with red fluorescence, and nucleus was strained with
DAPI. All data are presented as means ± standard deviation (S.D.) as indicated. Statistical significance
is indicated as ** (p < 0.01).
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4. Discussion

Type I interferon (IFN) is abundantly produced in virus-infected cells soon after infection, as well
as a myriad additional virus-initiated modulatory effects, including induction of cellular inhibitors
or repressors of transcription, and activation of IFN-I stimulated genes (ISG) and proteins, all in
order to antagonize an antiviral host response [35]. Thus, IFNs have been used as antiviral agents
in the treatment of several pathogens, including Flaviviridae [36]. Previous reports have shown
that IFNα has activity against JEV in PK-15 cells [7,8] and BHK-21 cells [37]. In addition, IFNα and
IFN can both efficiently prevent WNV infection, though IFNα demonstrated the greater antiviral
efficacy [38]. Furthermore, the ISGs induced by interferons inhibit WNV and DENV replication at
different stages through different mechanisms [39–41]. Although type I IFNs—IFN-α/β—are important
innate immune regulators for resisting viral infections, it has been demonstrated that flaviviruses
produce effective immune modulatory proteins and utilize multiple immune evasion mechanisms that
limit host immune responses and advance viral replication. Previous reports have shown that JEV and
DEV NS5 protein is an IFN antagonist and that it may play a role in blocking IFN-stimulated JAK-STAT
signaling via activation of PTPs during JEV infection, resulting in suppression of the expression of
a wide variety of ISGs which can establish antiviral, anti-proliferative, and/or immune-regulatory
states in host cells [32,42]. In this study, BHK-21 cells and PK-15 cells were infected with JEV virulent
strain NJ2008 or attenuated vaccine strain SA14-14-2. Figure 1 showed that JEV-infected cells did not
produce endogenous Mx1, Mx2, or Viperin above background levels, suggesting that the production
of IFN-induced ISGs were suppressed by JEV. Our findings are consistent with the recent report that a
low-level induction of IFNα mRNA expression was observed after JEV infection [8].

ISGs are the key antiviral factors in the tug-of-war between interferons and JEV, and the different
ISGs have been demonstrated to be induced by different stimuli [43]. To date, previous reports have
shown that ISG15, Viperin, and OAS have anti-JEV activities in the respective manners. Overexpression
of ISG15 significantly reduced the JEV-induced cytopathic effect and inhibited JEV replication by
activating the expression of STAT1-dependent genes including IRF-3, IFN-β, IL-8, PKR, and OAS
before and post-JEV infection [44]. In addition, although the antiviral activities of porcine OAS1,
OAS2, and OSAL against JEV were demonstrated in PK-15 cells, their antiviral mechanisms need
further investigation [8]. Overexpression of Viperin significantly decreased the production of JEV in
the presence of the proteasome inhibitor MG132 that sustained Viperin levels [45]. Mx proteins—the
IFN-induced GTPase—are key components of the antiviral state induced by interferons in many
species. Our previous work showed that overexpression of porcine Mx1 could inhibit CSFV replication
in vitro and in vivo [13,17], as well as VSV replication [31]. Here, we explore the role of Mx proteins
during IFNα-inhibited JEV infection. Unexpectedly, even though IFNα effectively blocks JEV infection,
Mx proteins play no apparent role inhibiting JEV replication. Overexpression of Mx isoforms including
porcine Mx1 and Mx2, human Mx1, and mouse Mx1 did not inhibit JEV replication as determined
by Western blot analysis, plaque assay, and immunofluorescence assay. Furthermore, we found that
huIFNα still inhibited JEV replication where Mx1 or Mx2 was knocked down using RNA interference,
suggesting that Mx is not a critical factor in the pathway whereby IFN inhibits JEV infection. Previous
studies of the overexpression of MxA in Vero cells showed WNVKUN replication, maturation, and
secretion was uninhibited [28]. However, retargeting MxA expression from cytoplasmic inclusions to
the endoplasmic reticulum during WNVKUN replication did significantly hamper the formation and
spread of infectious WNVKUN virions [46]. We speculated that JEV may be resistant to Mx protein
through a similar mechanism.

BFA has been widely used to study membrane trafficking and protein processing in eukaryotic
cells [47,48]. After the treatment of mammalian cells with BFA, ER to Golgi transport is rapidly inhibited.
Previous reports have shown that BFA acts in a variety of ways as an antiviral, such as arresting the
maturation and egress of herpes simplex virus particles during infection [49] and inhibiting Pestivirus
release from infected cells without affecting its assembly and infectivity [50]. In addition, short-term
(1 h) BFA treatment inhibits VSV gene expression, while long-term (12 h) treatment blocks VSV
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entry [51]. BFA completely inhibits poliovirus RNA synthesis by preventing the formation of secretory
vesicles [52,53]. This is the first report that BFA harbors anti-JEV activity. We found that BFA treatment
at low concentration effectively inhibits JEV proliferation in a dose-independent and time-dependent
manner. Because overexpression of human MxA inhibits WNV replication in the presence of BFA [28],
we hypothesized that BFA targets a similar mechanism in JEV-infected cells. Unexpectedly, we found
overexpression of porcine Mx1 or Mx2 did not inhibit JEV replication in the presence of BFA, clearly,
understanding its antiviral mechanisms against JEV at the cellular level needs further study. Our data
suggests that it would be feasible to develop BFA as a potential reagent against JEV infection.

Taken together, the data from overexpression and knockdown of Mx proteins have indicated
that IFNα inhibits JEV replication by Mx-independent pathway. Moreover, JEV-induced membranes
did not provide any protection against Mx protein in the presence of BFA. That BFA can inhibit JEV
replication suggests that BFA could be developed into an antiviral reagent.
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Abstract: West Nile virus (WNV) is prevalent in Africa, Europe, the Middle East, West Asia,
and North America, and causes epidemic encephalitis. To date, no effective therapy for WNV
infection has been developed; therefore, there is urgent need to find an efficient method to prevent
WNV disease. In this study, we prepared and evaluated the protective efficacy of immune serum IgG
and pepsin-digested F(ab′)2 fragments from horses immunized with the WNV virus-like particles
(VLP) expressing the WNV M and E proteins. Immune equine F(ab′)2 fragments and immune horse
sera efficiently neutralized WNV infection in tissue culture. The passive transfer of equine immune
antibodies significantly accelerated the virus clearance in the spleens and brains of WNV infected
mice, and reduced mortality. Thus, equine immunoglobulin or equine neutralizing F(ab′)2 passive
immunotherapy is a potential strategy for the prophylactic or therapeutic treatment of patients
infected with WNV.

Keywords: West Nile virus; equine immunoglobulin; F(ab′)2 fragments; mice

1. Introduction

In recent years, the incidences of West Nile virus (WNV) infection from Culex to humans have
increased greatly due to global travel, which raises the public health concern that the 1999–2002 WNV
pandemic in North America could recur [1,2]. Some vaccines and treatments have been developed,
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including imino sugar derivatives [3], DNA vaccines [4], interferon treatment, and human monoclonal
antibodies [5]. The clinical evaluation of hE16 and other mAb therapeutics for flavivirus infections
should monitor for the selection or emergence of resistant variants, especially in immunocompromised
patients who are a likely target population for the treatment of severe WNV infections [6]. The use of
a large dose of ribavirin inhibited WNV replication in vitro [7]; however, it was less efficient in vivo—the
mortality of the hamsters infected with WNV increased after the ribavirin injection [8]. The WNV
RNA replication process is inhibited in vitro by mycophenolate (another candidate inhibitor) [9], which
showed no protective effect in vivo. Another clinical study indicated that interferon alpha (IFN-α)
could be protective against WNV infection [10]; however, only limited evidence has shown that IFN-α
could cure patients with serious WNV encephalitis.

Several WNV vaccines have been recently developed, including inactivated, subunit, and live
attenuated vaccines [11]. However, vaccine immunizations might not protect patients who have
already developed WNV neuroinvasion. As of now, there are no licensed vaccines or therapeutics
for human use. In the study of Engle and Diamond, they found that immune mouse antibodies
cannot be directly used in humans due to the heterogeneity of intact mouse IgG, which has the risk of
inducing an allergic response in humans; human IgGs are not readily available in large quantities [12].
Passive immunotherapy has been proven useful for many infectious diseases. The administration
of polyclonal immunoglobulins from hyperimmune animals or humans has controlled hepatitis B
virus (HBV) [13] and human immunodeficiency virus (HIV) [14]. The equine antibodies—especially
the F(ab′)2 fragments with reduced heterogeneity—are polyclonal, easy to purify in large quantities,
and relatively inexpensive and successfully used to prevent Rabies virus infection [15] and snake
venom in humans [16,17]. They can serve as a useful preparedness for WNV pandemic.

Here, we prepared serum IgG from horses immunized with WNV virus-like particles (VLP).
To avoid potential allergic responses, pepsin was used to digest the antibodies and to generate the
F(ab′)2 fragments. The protective efficacy of the serum IgG and F(ab′)2 fragments against WNV was
evaluated in vitro and in vivo. The serum IgG and F(ab′)2 fragments neutralized WNV infection in
tissue culture, as determined by a plaque reduction assay. Furthermore, prophylactic and therapeutic
treatment of mice with purified IgG or F(ab′)2 fragments significantly decreased the viral loads in the
spleens and brains of WNV-infected mice, and reduced mortality. These results indicate that equine
immunoglobulin and equine neutralizing F(ab′)2 passive immunotherapy could be potentially useful
for the treatment of patients infected with WNV.

2. Materials and Methods

2.1. Antigen Preparation

Sf9 cells were infected with recombinant baculoviruses co-expressing the WNV structural proteins
M and E at a multiplicity of infection (MOI) of 0.5. The culture supernatant was harvested 72 h post
infection, and was centrifuged at 5000 rpm for 20 min to remove the cell debris. The supernatant
was ultra-centrifuged at 38,000 rpm for 1.5 h at 4 ◦C. The VLP pellets were resuspended in
phosphate-buffered saline (PBS) and loaded on a 10%–30%–50% discontinuous sucrose gradient. After
1.5 h of ultra-centrifugation at 30,000 rpm at 4 ◦C, the WNV-VLP-containing bands between the 10%–30%
sucrose were collected.

2.2. Inoculation of Horses

Two 4–6-year-old healthy brown horses (300–350 kg in weight) that had no detectable antibodies
against WNV were provided by the Military Hongshan Stud Farm (Changchun, China), and were
intramuscularly multi-point injected in the submandibular region and backside with 0.5, 1.5, 2.0, 3.0,
and 5.0 mg of WNV-VLP with Freund’s adjuvant (complete/incomplete) (Sigma, St. Louis, MO, USA)
on days 0, 7, 14, 28, and 42 (5 times), respectively. The sera were collected from the jugular vein 2 weeks
after each immunization, and were stored at −20 ◦C for further analysis.
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2.3. WNV-Specific Antibody Measurement

WNV-specific antibodies in the serum were measured by an indirect enzyme-linked
immunosorbent assay (ELISA) using purified WNV EDIII (structural domain III of the E protein).
The 96-well microtiter plates (Corning Costar, cat# 42592, Corning, NY, USA) used for ELISA were
EIA/RIA 1 × 8 Stripwell plates. The featured polystyrene 96-well microtiter plates are flat bottomed
and certified for high capacity binding of proteins. Briefly, 96-well microtiter plates were pre-coated
with 100 μL of purified EDIII antigen diluted in 0.02 mol/L carbonate sodium buffer (pH 9.6) at
a final concentration of 10 μg/mL, and were incubated at 4 ◦C overnight. After blocking with skim
milk for 2 h at 37 ◦C, 100 μL of two-fold serially diluted serum samples were added to the wells,
which were then incubated at 37 ◦C for 1.5 h. The plate was washed three times with PBS containing
0.5% Tween-20 (PBST), and then 100 μL of an HRP (horseradish peroxidase)-labeled goat antibody
against horse IgG (Bios, China) was added (diluted 1:20,000), and the plate was incubated at 37 ◦C for
1 h. After washing with PBST, 100 μL of the substrate 3,3’,3,5’-tetramethyl benzidine (TMB) (Sigma)
was added to each well and incubated for 30 min. The reaction was stopped by adding 50 μL of
0.5 M H2SO4. The optical density (OD) values were measured using a 96-well ELISA plate reader
at a wavelength of 450 nm (Bio-Rad, Los Angeles, CA, USA). The titer results were indicated as the
reciprocal of the serum maximum dilution multiple, as the ratio of positive OD value to negative OD
value was more than 2.

2.4. Immunoglobulin Purification

Horse anti-WNV serum was diluted with equal volumes of saline, and 1/2 volume of a saturated
ammonium sulfate solution was then added. The solution was mixed gently at room temperature
for 30 min and then centrifuged at 5000 rpm for 20 min. The precipitates were dissolved in saline
before 1/3 volume of ammonium sulfate was added. After incubation at room temperature for 30 min,
the solution was centrifuged at 5000 rpm for 20 min. The precipitates were dissolved in saline and
dialyzed overnight at 4 ◦C to remove the salt.

2.5. Preparation of F(ab′)2 Fragments

The pH of the horse anti-WNV serum was adjusted to 3.3 with 1 mol/L HCl. Pepsin was activated
by a NaAc solution (pH 3.3) and then added to the diluted horse antiserum and digested at 30 ◦C for
2.5 h. The reaction was stopped by adjusting the pH to 7.2 with 1 mol/L NaOH. Then, the solution was
applied to a Protein-A column, followed by a Protein-G column. The purified protein was subjected to
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) followed by Coomassie blue
staining. The F(ab′)2 purity was analyzed with a thin slice scan, and the protein was stored at 4 ◦C
until use.

2.6. Mice, Virus, and Cells

Mavs−/− mice on a C57BL/6 background were initially obtained as a generous gift from
S. Akira (Osaka University, Osaka, Japan) [18–20]. C57BL/6mice were purchased from Charles
River Laboratories. All mice were maintained in the specific-pathogen-free Animal Care Facility at
the University of Iowa. All protocols were approved by the University of Iowa Institutional Animal
Care and Use Committee. The WNV strain TX 2002-HC (WNV-TX) was propagated as previously
described [18]. The working stocks of WNV-TX were generated by a single round of amplification
in Vero cells. The titers of virus stocks were determined by a standard plaque assay using Vero cells,
as previously described [21]. The Vero cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS). All work with WNV was conducted in the
University of Iowa bio-safety level 3 (BSL 3) laboratory.
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2.7. WNV Plaque Reduction Neutralization Assay

The serum samples, purified IgG, or F(ab′)2 were serially diluted in DMEM and mixed 1:1 with
80 PFU (Plaque Forming Unit) WNV. After incubation at 37 ◦C for 1 h, the mixture was added to Vero
cells, and the plates were incubated at 37 ◦C in 5% CO2 for an additional 1 h. After absorption, the cells
were overlaid with 1.2% agarose. After further incubation for 3 days, the agarose plugs were removed.
The plaques were visualized by 0.1% crystal violet (contains 2% ethanol and 20% methanol) staining.

2.8. Mouse Challenge and Antibody Treatment

Eight to 12-week-old wild type C57BL/6 mice or Mavs−/− mice were treated with 500 μg of
purified horse immune IgG or purified horse immune F(ab′)2 via the intraperitoneal (i.p.) route one
day before and/or after subcutaneous (s.c.) footpad infection with 100 PFU WNV. The mice were
monitored for morbidity and mortality daily. The spleens and brains were harvested at the indicated
time points and titered using Vero cells.

3. Results

3.1. Immunization and Evaluation of Equine Antibodies

WNV-VLP were produced and purified as previously described [22], and 4–6-year-old healthy
horses were intramuscularly immunized with WNV-VLP with Freund’s adjuvant and boosted every
2 weeks for 4 cycles. Serial serum samples were collected. The IgG titers against WNV EDIII were
measured by ELISA (Figure 1). The EDIII-specific IgG titers in the serum were all above 1:20,480 after
five immunizations (Figure 1).

Figure 1. ELISA titers of West Nile virus (WNV) EDIII (structural domain III of the E protein)-specific
antibody in immunized horse sera. Horses (n = 2, labeled as 21# and 56#) were intramuscularly
immunized with WNV-VLP (virus-like particles) and boosted every two weeks for an additional four
cycles. The sera were collected 2 weeks after each immunization.

3.2. Generation and Purification of IgG and F(ab′)2

Immunoglobulins were precipitated using saturated ammonium sulfate and digested by pepsin.
The F(ab′)2 fragments were purified by Protein-A/G chromatography. The integrity of IgG and F(ab′)2

fragments was evaluated using SDS-PAGE (Figure 2A). The purity of the F(ab′)2 fragments after
Protein-A/G chromatography was higher than 93.5% (Figure 2B).
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Figure 2. Generation and purification of IgG and F(ab′)2. A saturated solution of ammonium sulfate
was added to the serum to precipitate the IgG, and F(ab′)2 was generated by digesting the IgG with
pepsin followed by Protein-A/G chromatography. (A) SDS-PAGE and Coomassie blue staining of the
purified IgG and F(ab′)2; (B) The purity of the F(ab′)2 fragment was determined by a thin slice scan.

3.3. Equine Antibodies Neutralized WNV in Cell Culture

Using a plaque reduction-neutralizing assay, we confirmed that the immune sera efficiently
neutralized WNV infection in vitro, with half effect maximal dilutions of 10−4.3 for the 21–25 serum
and 10−4.6 for the 56–25 serum (Figure 3A,B). Furthermore, we found that the purified equine IgG and
F(ab′)2 also neutralized WNV infection with half effective maximal concentrations (EC50) of 4.1 μg/mL
and 16.5 μg/mL for the IgG and F(ab′)2 fragments, respectively (Figure 3C,D). Of note, the EC50 of the
F(ab′)2 fragments was lower than that of the IgG in vitro. These results suggest that equine antibody
products exhibit highly potent neutralizing activity against WNV in tissue culture.
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Figure 3. Neutralization assay for WNV using immune horse serum, purified IgG, and F(ab′)2 in vitro.
The “21” and “56” are the horse ID numbers. The “21–7”, “56–7” and the “21–25”, “56–25” represent
the sera that were collected after the fourth or fifth immunization, respectively. (A,B) Serum or
(C,D) antibody samples from “56–25” were serially diluted in Dulbecco’s modified Eagle medium
(DMEM) and mixed 1:1 with 80 PFU (Plaque Forming Unit) WNV. After a 1-h incubation at 37 ◦C,
the mixture was added to Vero cells for an additional 1 h. After absorption, the cells were then overlaid
with 1.2% agarose. After a further incubation for 3 days, the agarose plugs were removed. The plaques
were visualized by 0.1% crystal violet staining; (B) The dilutions; and (D) Concentrations for 50% of
the maximal neutralizing effect are shown. * p < 0.05. Normal horse IgG was used as the control.

3.4. Passive Transfer of Equine Antibodies Protected WNV-Infected Mice

To validate the protective effect of the equine antibodies in vivo, we transferred purified horse
immune IgG or purified horse immune F(ab′)2 intraperitoneally into mice one day before or after
infection, or on both days. After WNV infection, all wild type (WT) mice receiving the immune IgG or
F(ab′)2 survived, whereas 30%–40% of WT mice receiving the control horse IgG died, regardless
of whether the antibodies were administered before or after the infection. The mitochondrial
antiviral-signaling protein (MAVS) is a key adaptor molecule in the RIG (Retinoic Acid-inducible
Gene)-I-like receptor RNA-sensing pathway [23]; Mavs−/− mice were highly susceptible and uniformly
succumbed to WNV infection, with death occurring by 11 days (Figure 4C–E) [18]. However, 50% of
the Mavs−/− mice that received the horse IgG one day before the infection survived. In contrast,
in the in vitro neutralizing assays (Figure 3C,D), the mice that received the F(ab′)2 fragments showed
delayed mortality; however, 100% of these mice died within 15 days (Figure 4C). An immune antibody
transfer one day after the infection was not protective in the Mavs−/− mice (Figure 4D). Furthermore,
to determine whether two doses of the equine antibody treatment could enhance the prophylactic
function in Mavs−/− mice, we treated mice both one day before and one day after WNV infection.
All Mavs−/− mice from the control group died, whereas 90% of mice that received the horse immune
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IgG survived; the F(ab′)2 treatment protected only 30% of the mice. Next, we asked whether a passive
transfer of the equine immune antibodies could decrease the WNV load in vivo. WT and Mavs−/−

mice were infected with WNV at the indicated time points, and the spleens and brains were harvested
for titers. As expected, antibody treatment decreased the virus load in both the WT and Mavs−/− mice
(Figure 5).

Figure 4. Immune purified IgG and F(ab’)2 transfer protected WNV infected mice. Eight to
twelve-week-old wild type (WT) C57BL/6 mice (A,B) or Mavs−/− mice (C–E) were infected with
100 PFU WNV in the footpad (s.c.), and 500 μg of the purified horse immune IgG (hIgG) or the purified
horse immune F(ab’)2 (hF(ab’)2) was injected (i.p.) into infected mice one day before (A,C) or after
infection (B,D), or on both days (E). The mice were monitored for morbidity and mortality daily.
The mice that received normal horse IgG were used as the controls. (A) n = 10, Control; n = 5, hIgG;
n = 5, hF(ab′)2; (B) n = 10, Control; n = 5, hIgG; n = 5, hF(ab′)2; (C) n = 7, Control; n = 8, hIgG; n = 5,
hF(ab′)2; (D) n = 7, Control; n = 6, hIgG; n = 5, hF(ab′)2; (E) n = 5, Control; n = 10, hIgG; n = 8, hF(ab′)2.
For Figure 4C, p = 0.009 when Control group compared to hIgG group. p = 0.0123 when Control group
compared to F(ab′)2 group. For Figure 4E, p = 0.0009 when Control group compared to hIgG group.
p = 0.0291 when Control group compared to F(ab′)2 group.
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Figure 5. Immune purified IgG and F(ab′)2 transfer reduced the WNV load in the mice. Eight to
twelve-week-old WT (A,B) and Mavs−/− mice; (C,D) were infected with 100 PFU WNV in the footpad
(s.c.), and 500 μg of the purified horse immune IgG (hIgG) or the purified horse immune F(ab′)2

(hF(ab′)2) was transferred (i.p.) one day before and one day after infection. To obtain the virus titers,
the spleens (A,C) and brains (B,D) were homogenized at the indicated time points and titered using
Vero cells. The titers are expressed as PFU/g tissue. n = 3–4 mice/group/time point. * p < 0.05.
The mice that received normal horse IgG were used as the controls.

4. Discussion

Previous studies have shown that the WNV is spread by air transportation or the migration
of birds [24]. Currently, WNV is circulating in not only North America but also Russia, India,
and Australia [24]. No effective treatment or licensed vaccine exists that has been proven for human use.

In this study, we demonstrated that EDIII-specific IgG titers in the serum were up to 1:40,960 after
five immunizations, and we also verified that the purity of the F(ab′)2 fragments after Protein-A/G
chromatography was higher than 93.5%. Then, we found that the equine antibody products exhibit
highly potent neutralizing activity against WNV in tissue culture. Importantly, we confirmed that
equine anti-WNV immunoglobulin and neutralizing F(ab′)2 decreased the virus load and protected
mice from a lethal WNV infection.

We used C57BL/6 mice and Mavs−/− mice on C57BL/6 background for this study. C57BL/6 mice
are immunocompetent and are broadly used in WNV studies with a mortality rate of around 20%–40%.
Mavs−/− mice are immunocompromised with the deficiency of MAVS gene which is important for
viral RNA sensing. These mice were uniformly succumbed to WNV infection. These models perfectly
mimic WNV infection in humans. In human infections, most of infected patients with intact immune
system get mild disease, while the immunocompromised patients and the elderly tend to develop
severe neuroinvasion.

WNV-VLP were used to immunize healthy horses and generate the equine anti-WNV IgG and
F(ab′)2. The results showed that it is technically feasible to rapidly generate large amounts of equine
neutralizing antibodies against WNV. The F(ab′)2 fragments help alleviate immune hypersensitivity,
making the antibodies safer for human use. More importantly, the equine anti-WNV antibodies are
polyclonal and can recognize more antigen determinants on WNV glycoproteins and membranes than
a monoclonal antibody, which could potentially avoid antibody escape.
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Highly purified equine F(ab′)2 fragments have been shown to be safe in humans and have been
used to treat many diseases for decades. Equine F(ab′)2 fragments surmount the bottleneck of antibody
yield, possess broader antigenic coverage, and avoid the emergence of escape mutants [25–27]. Of note,
equine antibodies are relatively economical and are readily available. Although convalescent plasma
from patients has shown some protective efficacy, the neutralizing antibody titers in patients are
generally low, and the limited number of survivors makes this approach impractical [28–30].

The quality of the neutralization antibody can influence the treatment efficacy, which may depend
on the quantity and quality of the F(ab′)2 fragments. According to our assays, the purity of the F(ab′)2
fragments was 93.5%, which met the requirement of the bio-preparation in China. The results of this
study show that F(ab′)2 fragments are not as efficient as IgG, both in vitro and in vivo, and a possible
factor contributing to this outcome is that F(ab′)2 has a shorter half-life than IgG.

In summary, by immunizing healthy horses with WNV-VLP, we successfully developed the
first equine IgG-derived F(ab′)2 fragments that could neutralize WNV both in vitro and vivo.
Both prophylactic and therapeutic treatments with equine anti-WNV immunoglobulin or neutralizing
F(ab′)2 decreased the viral loads in the spleens and brains, and protected mice from a lethal WNV
infection. Therefore, horses immunized with WNV-VLP could serve as a useful initial source for
developing protective F(ab′)2 fragments, which may be useful for preparedness and serve as a strategic
reserve for a potential WNV epidemic and other emergent pathogens.

5. Conclusions

We successfully developed the first equine IgG-derived F(ab′)2 fragments that could neutralize
WNV both in vitro and vivo. Both prophylactic and therapeutic treatments with equine anti-WNV
immunoglobulin or neutralizing F(ab′)2 decreased the viral loads in the spleens and brains,
and protected mice from a lethal WNV infection. These results indicate that equine immunoglobulin
and equine neutralizing F(ab′)2 passive immunotherapy could be potentially useful for the treatment
of patients infected with WNV.
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Abstract: West Nile virus (WNV) is a (+) sense, single-stranded RNA virus in the Flavivirus
genus. WNV RNA possesses an m7GpppNm 5′ cap with 2′-O-methylation that mimics host mRNAs
preventing innate immune detection and allowing the virus to translate its RNA genome through the
utilization of cap-dependent translation initiation effectors in a wide variety of host species. Our prior
work established the requirement of the host mammalian target of rapamycin complex 1 (mTORC1)
for optimal WNV growth and protein expression; yet, the roles of the downstream effectors of
mTORC1 in WNV translation are unknown. In this study, we utilize gene deletion mutants in the
ribosomal protein kinase called S6 kinase (S6K) and eukaryotic translation initiation factor 4E-binding
protein (4EBP) pathways downstream of mTORC1 to define the role of mTOR-dependent translation
initiation signals in WNV gene expression and growth. We now show that WNV growth and protein
expression are dependent on mTORC1 mediated-regulation of the eukaryotic translation initiation
factor 4E-binding protein/eukaryotic translation initiation factor 4E-binding protein (4EBP/eIF4E)
interaction and eukaryotic initiation factor 4F (eIF4F) complex formation to support viral growth and
viral protein expression. We also show that the canonical signals of mTORC1 activation including
ribosomal protein s6 (rpS6) and S6K phosphorylation are not required for WNV growth in these same
conditions. Our data suggest that the mTORC1/4EBP/eIF4E signaling axis is activated to support
the translation of the WNV genome.

Keywords: West Nile virus; RNA; translation; protein synthesis

1. Introduction

West Nile virus (WNV) is a prototypical (+) sense, single-stranded RNA virus from the family
Flaviviridae. The viral nonstructural protein 3 contains methyltransferase [1] and 5′ RNA triphosphatase
activity [2,3] to generate a 5′ capped genomic viral RNA. WNV genomic RNA possesses a canonical
7-methylguanosine (m7GpppNm)5′ cap with a 2′-O-methylation that mimics host mRNAs preventing
innate immune detection [4] and allowing the virus to translate its RNA genome through the utilization
of cap-dependent translation initiation effectors in a wide variety of hosts [5,6]. However, it is unclear
whether flaviviruses are obligated to utilize specific host cap-dependent translation initiation factors in
a canonical manner [7].

Flaviviruses do not shut down the translation of host mRNA during infection, so work to
understand the mechanisms that flaviviruses manipulate to compete with host mRNA for access
to the translational apparatus will provide important insight into the function of the viral RNA.

Viruses 2016, 8, 287 136 www.mdpi.com/journal/viruses



Viruses 2016, 8, 287

We have previously shown that WNV activates mammalian target of rapamycin (mTOR) and that
inhibition of mTOR results in a significant WNV growth defect associated with decreased viral protein
production [8]. mTOR is a major regulator of cellular RNA translation initiation and gene expression
and is highly conserved from yeast to mammals [9]. Initiation of translation is a major checkpoint of
cellular control of host cell gene expression and is likely to be a major checkpoint for the control of
viral gene expression. Thus, the study of viral interactions with the TOR pathway provides insight into
the central features of the viral lifecycle and processes that promote the translation of viral RNA [10].

mTOR is a highly evolutionarily-conserved serine/threonine kinase that forms two distinct
multi-protein complexes in higher eukaryotes: mTORC1 and mTORC2. mTORC1 includes the cofactor
regulatory-associated protein of mTOR (Raptor) resulting in mTOR catalytic activity for specific targets
(Figure 1). Raptor interacts with 70 kDa S6 kinase 1 (p70S6K) and the eukaryotic initiation factor 4E
binding proteins (4EBP) [11–14].

Figure 1. The mammalian target of rapamycin complex 1 (mTORC1) pathway and translation initiation.
Cellular mTORC1 activity is regulated in part by phosphatidylinositol-3-kinase/protein kinase B
(PI3K/Akt) signaling. Phosphorylation of mTOR on residue serine 2448 leads to activation of mTOR
and phosphorylation of mTORC1 effector proteins, 70 kDa ribosomal protein S6 kinase 1 (p70S6K) and
eukaryotic initiation factor 4E binding protein (4EBP). Phosphorylation-induced activity of p70S6K
phosphorylates ribosomal protein S6 (rpS6) and eukaryotic initiation factor 4B (eIF4B) resulting in
initiation of specific cap-dependent translation events. mTORC1-dependent phosphorylation of 4EBP
leads to dissociation of 4EBP from eIF4E. Free eIF4E binds to the 5′ cap of host mRNAs and forms the
eIF4F pre-initiation complex.

P70S6K is a member of the S6 kinase family, which includes two constitutively-expressed genes,
S6K1 and S6K2 [15,16]. Due to alternative splicing events, a larger protein called p85S6K1 is produced,
but has an unknown function, while the smaller p70S6K protein is thought to be the functional
protein for translational control [17,18]. Activation of p70S6K by mTORC1 via phosphorylation at
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threonine 389 promotes phosphorylation and activation of ribosomal protein S6 (rpS6) and eukaryotic
initiation factor 4B (eIF4B). The phosphorylation of rpS6 enhances translation initiation by promoting
the recruitment of rpS6 to the 7-methylguanosine cap complex and facilitating the assembly of the
pre-initiation complex [19]. When phosphorylated, eIF4B promotes translation initiation by enhancing
the helicase activity of eIF4A during scanning in the mRNA 5′ untranslated region (UTR) [20,21].

mTOR also regulates cap-dependent translation initiation rates through phosphorylation of the
eIF4E binding proteins: 4EBP1, 4EBP2 and 4EBP3. 4EBP1 and 4EBP2 are ubiquitously expressed in
higher eukaryotes and function by binding the 5′ cap binding protein eIF4E, a core component of
the eukaryotic pre-initiation eIF4F complex. When hypophosphorylated, as in conditions of nutrient
starvation (a known repressor of mTORC1 activity), 4EBP1 binds to eIF4E, sequesters eIF4E in the
cell and limits cap-dependent translation initiation events. With the addition of nutrients, mTORC1
phosphorylates 4EBP in an ordered event, beginning with threonine 37 and threonine 46, followed by
threonine 70 and serine 65 and resulting in dissociation of 4EBP from eIF4E [22,23]. The 4EBP family
of proteins also regulates the activity of eIF4E by altering the cellular localization of eIF4E [24,25].
The host factor eIF4E is a key component in the eIF4F pre-initiation complex and is required for
cap-dependent translation initiation (Figure 1).

The eIF4F complex is commonly targeted by viruses that shutoff host protein synthesis to promote
viral translation, but few data exist for the role of eIF4E during WNV infection [10,26,27].

Our previous work suggested that the mTOR-dependent activation of S6K1 and/or 4EBP play
important roles in (+) strand RNA virus gene expression [8]. In this study, we used cellular gene
deletion studies of the S6 kinase (S6K) and 4EBP pathways to define the role of mTOR-dependent
signaling in WNV gene expression and growth. We now show that S6K/rpS6 activity does not impact
WNV growth or protein expression, while loss of 4EBP function and disruption of eIF4F complex
activity has a significant impact on WNV growth and protein expression. These data suggest that
mTORC1/4EBP/eIF4E signaling plays an important role in modulating the intracellular environment
to support WNV gene expression.

2. Materials and Methods

2.1. Virus Propagation and Titration

West Nile virus stocks were obtained from the clone-derived 385-99 (NY99) strain and propagated
in C6/36 Aedes albopictus (American Type Culture Collection, ATCC® CRL-1660™, Manassas, VA,
USA) cells as previously described [28]. Chikungunya virus (CHIKV) stocks were derived from the
La Reunion 2006 OPY-1 (CHIKV-LR) strain and propagated on C6/36 cells as previously described [29].
Encephalomyocarditis virus (EMCV), strain EC9, was generated in HeLa cells (ATCC®, CCL-2™)
transfected with pEC9 (gift from David Barton, University of Colorado, Aurora, CO, USA) to produce
infectious virus stocks [30]. Syrian golden hamster kidney cells (BHK-21 [C-13]; ATCC®, CCL-10™)
were used to measure viral titer by standard plaque assay [31]. For infection, cells were inoculated with
WNV, CHIKV or EMCV and incubated at 37 ◦C and 5% CO2 for 1 h. All time points were measured
from the end of the 1-h adsorption period and reported as hours post-infection (hpi).

2.2. Cell Lines

All cell lines were maintained at 37 ◦C and 5% CO2, except C6/36 cells, which were maintained
at 28 ◦C. Vero (ATCC® CCL-81™), C6/36 and BHK-21 cells were maintained in Dulbecco’s Modified
Eagle Medium (Gibco, Grand Island, NY, USA) supplemented with 1% penicillin/streptomycin
(Pen/Strep; Gibco), 10% heat-inactivated fetal bovine serum (Gibco), 1% non-essential amino acids
(Gibco) and 1% sodium pyruvate (Gibco). Murine embryonic fibroblasts (MEFs, gift of Dr. Michael Hall,
Freidreich Meischer Institute, Switzerland) were maintained in Dulbecco’s Modified Eagle Medium
supplemented with 1/% Pen/Strep and 10% heat-inactivated fetal bovine serum.
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2.3. Inducible Raptor Murine Embryonic Fibroblasts

Inducible Raptor knockout (iRapKO) MEFs were gifts from Michael Hall of the Freidreich Meischer
Institute and have been previously described in detail [32]. For induction, 2 mM 4-hydroxytamoxifen
(Sigma-Aldrich, St. Louis, MO, USA) suspended in 95% ethanol was diluted in MEM to a final
concentration of 1 μM. At 24 h post-induction, cells were treated with trypsin (Gibco), counted and
plated at 80,000 cells/well in a 6-well plate format or 5000 cells/well in an 8-well chamber slide
format. Cells were allowed 48 additional hours before experimental manipulation to allow for full
induction of Raptor gene knockout. Cells were infected with 1 × 106 plaque-forming units (pfu) of
WNV/CHIKV/EMCV per well (6-well plate format, multiplicity of infection (MOI) = 3) or 5 × 104 pfu
WNV/well (8-well chamber slide format, MOI = 3) for 1 h at 37 ◦C and 5% CO2.

2.4. Western Blots

Cells were harvested by dissociating with trypsin at indicated times post-infection, suspended
in ice-cold 1X phosphate buffered saline (PBS; Gibco) centrifuged at 3000× g for 5 min, and pellets
suspended in lysis buffer (Cell Signaling Technology, Boston, MA, USA), plus Halt protease and
phosphatase inhibitor cocktail (Thermo Scientific, Rockford, IL, USA) and disrupted using an ultrasonic
processor VCX130 (Sonics & Materials, Newtown, CT, USA) for one cycle × 10 s. Whole cell extracts
were run on standard 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels
(Criterion system; Bio-Rad, Hercules, CA, USA). The separated proteins were electrically transferred
to polyvinylidene fluoride 0.45-μm pore membranes (Millipore, Billerica, MA, USA) at 100V for 1 h.
For all Western blot (WB) analyses, membranes were activated for 10–15 s in methanol, blocked for 1 h
with 5% Blocking Grade Buffer (Bio-Rad) post-transfer, and probed with primary antibodies: rabbit
monoclonal antibody to ribosomal protein S6, Raptor, 4EBP1, phospho-4EBP1 (T37/46), mTOR and
β-actin; rabbit polyclonal to phospho-p70 S6 kinase (T389), phospho-ribosomal protein S6 (S235/236),
p70 S6 kinase, phospho-eIF4B (S422) and eIF4B (Cell Signaling Technology). Additional polyclonal
rabbit WNV NS3 antibody was a generous gift from Aaron Brault (Centers for Disease Control
(CDC), Ft. Collins, CO, USA). For CHIKV antibody, we obtained mouse immunoglobulin from
ascites to CHIKV antigen (V-548-701-562; ATCC® VR-1241AF™). After washing, membranes were
probed with appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (Jackson
ImmunoResearch, West Grove, PA, USA) and images obtained after incubation with Western Lightning
ECL Pro (Perkin Elmer, Waltham, MA, USA) and visualized with the ChemiDoc XRS+ system (Bio-Rad).
Band density was calculated using ImageJ analysis (version 1.47, Rasband, W.S., ImageJ, U. S. National
Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2016) and corrected
for β-actin band density to provide mean band density for each Western blot replicate.

2.5. RNA Isolation and qRT-PCR

Cells were harvested at the indicated time post-infection and RNA isolated using the RNeasy Mini
Kit (Qiagen, Hilden, Germany) per the manufacturer’s instructions and stored at −80 ◦C until cDNA
library generation. cDNA libraries were generated from total RNA isolates using the Super Script
III First-Strand Synthesis System (Life Technologies, Carlsbad, CA, USA) as per the manufacturer’s
protocol using random hexamer primers. CHIKV quantitative reverse-transcription polymerase chain
reaction (qRT-PCR) was accomplished using previously described methods [33].

2.6. MTT Assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays were conducted as
per the manufacturers’ protocols (Sigma-Aldrich, Cat. No. M5655). In brief, the MTT assay was
conducted in 6-well plates, formazan crystal solubilized in acidified isopropanol and read in 96-well
plates using the VictorX5 plate reader (Perkin Elmer). Uninfected, non-treated Vero cells were utilized
as a viable-cell control, and a cell-free media control was included to correct for background absorbance.
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2.7. Biochemical Inhibitor Studies

The eIF4F complex-formation inhibitor 4EGI-1 was obtained from Tocris Biosciences (Avonmouth,
Bristol, UK) (CAS No. 315706-13-9/0). The compound was suspended in dimethyl sulfoxide (DMSO;
Sigma) to make a 1000X stock at a concentration of 100 mM and diluted to final concentrations in
DMEM (Gibco). Fresh solutions of the compound were prepared for individual experiments. A DMSO
vehicle control was included in all studies.

2.8. Statistical Analysis

All data were analyzed using Prism software (GraphPad Prism6, La Jolla, CA, USA) using the
indicated statistical analysis tests. Statistical significance was determined with an alpha less than 0.05.

3. Results

3.1. Raptor Deletion Reduces the Growth of 5′-Capped Viruses, but Not an IRES-Translated Virus

We previously demonstrated that WNV activates mTORC1 activity in several cell types and
that mTORC1 activity supports viral growth and protein expression [8]. To investigate the role of
cap-dependent signals in viral protein expression, we used an iRapKO MEF model that was previously
described [32,34]. By knocking out the cofactor Raptor, we were able to specifically eliminate mTORC1
activity with no effect on mTOR or mTORC2 activity. Using the iRapKO system, we determined the
effect of mTORC1 activity on multiple rounds of WNV replication using a low multiplicity of infection.
Next, we determined whether the effect of Raptor deletion on viral growth and protein expression was
specific for just WNV or played a role in pathogenesis for other capped RNA viruses. Thus, we used
CHIKV (a 5′-capped RNA virus) and EMCV as additional controls. CHIKV utilizes a cap-dependent
translation system for the translation of nonstructural proteins and uses a capped-subgenomic mRNA
to express structural proteins. EMCV initiates translation using an internal ribosome entry site (IRES).

First, we completed a multi-step growth curve with WNV infection to evaluate the role
of Raptor expression during multiple WNV replication cycles. iRapKO cells were treated with
4-hydroxytamoxifen (4-OHT) to induce knockout or mock-induced with ethanol as a control.
Cells were then inoculated with WNV (MOI 0.001) at 72 h post-induction, and the virus-containing
supernatant was collected and titered. WNV growth was significantly reduced in iRapKO cells
at 12 h (5 pfu/mL ± 1.6 (mean ± standard error of the mean (SEM)), 24 h (52.3 pfu/mL ± 19.8)
and 48 h (20 pfu/mL ± 5.2) post-infection, compared to the ethanol-treated control cells at 12 h
(205.3 pfu/mL ± 42.8), 24 h (1.4 × 104 pfu/mL ± 3619) and 48 h (6.7 × 104 pfu/mL ± 1.5 × 104)
post-infection (p < 0.0001, n = 6 per group, two-way ANOVA; Figure 2A).

Next, we evaluated the role of Raptor expression on CHIKV growth to define the role of mTORC1
on a different positive-strand RNA virus. iRapKO MEFs were treated with the inducing agent 4-OHT or
ethanol vehicle control as above, were inoculated 72 h post-induction with CHIKV-LR (MOI = 3), and
the supernatant was collected for the standard viral titer determination. In iRapKO cells, CHIKV-LR
growth was significantly (p = 0.005) inhibited at 12 h (3 × 102 pfu/mL (mean) ± 1.23 (SEM)) and
24 h (p < 0.0001, 8 × 10 pfu/mL ± 1.6) post-infection compared to ethanol-treated, control cells
at 12 h (1.6 × 103 pfu/mL ± 16) and 24 h post-infection (1.6 × 104 pfu/mL ± 1.2, n = 3, two-way
ANOVA; Figure 2B). In CHIKV-LR-inoculated, iRapKO cells, the virus did not show evidence of
growth following the t = 0 h titer of 4 × 102 pfu/mL.

Since CHIKV-LR did not exhibit evidence of viral growth in iRapKO cells, we next evaluated
iRapKO cells for the ability to support viral growth of an IRES-driven EMCV isolate. Using the same
treatment as described above, we inoculated control and iRapKO MEF cells with EMCV (MOI = 3)
and harvested the supernatant at specific time points post-infection. We found no evidence of
a growth defect in EMCV-inoculated iRapKO cells at 6 h (2.6 × 105 pfu/mL ± 8.1 × 104), 12 h
(2.6 × 106 pfu/mL ± 5.5 × 108) or 24 h (3.5 × 106 pfu/mL ± 7.5 × 105) post-infection when compared
to EMCV-inoculated ethanol-control treated MEF cells at 6 h (2 × 106 pfu/mL ± 6 × 105), 12 h
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(3.3 × 106 pfu/mL ± 2.4 × 105) and 24 h (8.9 × 106 pfu/mL ± 1.3 × 106) post-infection (p = 0.5988,
n = 3, two-way ANOVA; Figure 2C). These data demonstrated that EMCV, a virus that depends on
IRES-initiated translation, exhibits no significant growth defect when mTORC1 signaling is disrupted
through Raptor knockout.

Figure 2. Raptor expression supports the growth and protein expression of 5′-capped RNA viruses.
(A) Multi-step growth curve (MOI = 0.001) of West Nile virus (WNV) in control and Raptor
knockout (RapKO) cells. N = 6 replicates per time point, * p < 0.0001; a single-step growth curve
(MOI = 3) is shown for (B) Chikungunya virus La Reunion 2006 OPY-1 (CHIKV-LR) and (C)
encephalomyocarditis virus (EMCV) in control and RapKO cells as determined by standard plaque
assay of the supernatant. The viral titer is presented as log10 pfu/mL at indicated times (hours
post-infection (hpi)). N = 6 replicates per time point, * p < 0.005; (D) Cell-associated CHIKV-LR
genome copies in RapKO and control murine embryonic fibroblast (MEF) cells at 0 hpi determined by
quantitative reverse-transcriptoin PCR (qRT-PCR). Data are presented as log10 CHIKV-LR genomes/μg
of RNA; (E) Western blot (WB) analysis of CHIKV-LR protein synthesis in RapKO cells. Cellular lysates
were harvested at the indicated time (hpi), normalized for total protein and subjected to WB analysis
using antibodies to CHIKV capsid protein and a β-actin loading control. Images are representative
of two independent experiments. Densitometry values are provided for CHIKV capsid corrected for
β-actin expression; (F) Expression of phospho-eIF4E (serine 209), total eIF4E and β-actin in control and
RapKO cells as determined by Western blot analysis. Total protein lysate was collected from cells either
mock, WNV or CHIKV-LR infected (MOI = 3), separated by gel electrophoresis and probed for the
indicated antibody targets. Images are representative of two independent experiments. Densitometry
values are provided for p-eIF4E expression corrected for β-actin expression.
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To further evaluate the CHIKV-LR growth defect in iRapKO cells, we determined if iRapKO
cells were infected at the same level as control cells. iRapKO MEFs were treated with 4-OHT or
ethanol vehicle control as above, and then inoculated 72 h post-induction with CHIKV (MOI = 3);
cells were washed twice with PBS after one hour absorption as above, and harvested at t = 0
post-infection to evaluate CHIKV RNA using quantitative-reverse transcriptase PCR. We found
a mean of 1.3 × 106 copies of CHIKV RNA/1 μg of RNA in both iRapKO cells and vehicle control
cells (Figure 2D). This experiment was repeated in triplicate using a low pH wash instead of PBS to
remove bound virus that had not entered the cell. We found no difference in the entry of CHIKV when
comparing CHIKV copies/μL at t = 0 post-infection in iRapKO cells (3.5 × 104 (mean)) to vehicle
control cells (3.42 × 104).

While CHIKV-LR-inoculated iRapKO cells were RNA-positive, the virus seemed unable to
replicate in these cells. To determine if this was related to an effect on CHIKV protein production,
we inoculated the same treatment groups described above with CHIKV-LR (MOI = 3) and harvested
cells at 12 h and 24 h post-infection for total protein analysis. Western blot analysis of whole cell lysates
revealed that CHIKV-inoculated, iRapKO cells were not expressing CHIKV capsid protein following
infection (Figure 2). However, control cells expressed high levels of CHIKV capsid protein. These data
suggest that targeted Raptor gene deletion to eliminate mTORC1 activity in MEF cells diminished
CHIKV protein production.

Previous reports suggest differing roles of mTORC1 activity in CHIKV growth and eIF4E
phosphorylation, so we examined the phosphorylation status of eIF4E in iRapKO MEFs [35,36].
Inhibition of mTORC1 may enhance eIF4E phosphorylation at serine 209 in certain cell types and
may play a role in viral RNA translation [35,37]. To assess whether eIF4E phosphorylation occurred
under our experimental conditions, we harvested cellular lysates from control and iRapKO MEFs
infected with CHIKV-LR and WNV (MOI = 3) at 12 hpi. We found that eIF4E phosphorylation occurs
in iRapKO conditions at 12 hpi as previously reported and is independent of infection status [35];
but phosphorylation of eIF4E in iRapKO cells did not compensate for the lack of mTORC1 signaling to
promote CHIKV protein production in our studies (Figure 2F).

3.2. Impact of Raptor Knockout on mTORC1 Effectors

Our data show that mTORC1 has a significant impact on viral growth and viral protein production.
We next defined the role of the primary mTORC1 downstream targets, S6K and 4EBP, in viral protein
production. We inoculated ethanol-induced control cells and iRapKO cells as above with mock or
WNV (MOI = 3) inoculums and harvested whole cell lysates at 0, 3, 12, 24 and 48 h post-infection.
Western blot analysis for Raptor protein expression and eIF4E expression revealed that knockdown of
Raptor expression in iRapKO cells had no significant impact on total eIF4E expression in WNV-infected
cells compared to mock-inoculated cells (Figure 3A).

We previously reported that WNV infection induced p70S6K activation in serum-starved cells [8].
We extended these data by determining the role of downstream effectors of mTORC1 activity.
Control and iRapKO cells were inoculated with mock or WNV (MOI = 3) as above, and cells were
harvested for Western blot analysis at 12, 24 and 48 h post-infection (Figure 3B–D). On Western blot
analysis, control cells exhibit phosphorylation of mTORC1 effector p70S6K at T389, while iRapKO cells
exhibit loss of p-p70S6K expression, but unchanged total p70S6K expression in both the mock- and
WNV-infected groups (Figure 3B). Thus, infection with WNV does not stimulate phosphorylation of
p70S6K via an alternative pathway.

Following WNV infection of control MEF cells, total rpS6 expression was increased at 24 and
48 h post-infection, while phosphorylated rpS6 at S235/236 was increased at 48 h post-infection when
compared to mock-infected cells (Figure 3C). In WNV-inoculated iRapKO cells, phosphorylated rpS6
expression was decreased at all time points, and total rpS6 expression increased across all time points
and treatments (Figure 3C). While S6K and rpS6 are exclusively phosphorylated by mTORC1, eIF4B
is phosphorylated by mTORC1 and other cellular kinases. Thus, we evaluated the phosphorylation
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status of eIF4B at serine 422 in the previously-described treatment groups and time points. We found
that total and phosphorylated eIF4B expression was not significantly altered by WNV infection or
Raptor expression (Figure 3D). These data show that iRapKO has targeted effects on the expression of
downstream S6K-dependent signaling events with little off-target effects.

Figure 3. Raptor knockout results in a loss of p70S6K and 4EBP phosphorylation. Cells were either
mock- or WNV-inoculated (MOI = 3) in control and iRapKO MEF cells, total cellular protein lysates
were collected at the indicated hpi, and probed using antibodies for the indicated target proteins by
western blot analysis. (A) Expression of Raptor and eIF4E; (B) Expression of phospho-p70S6K (tyrosine
389) and total p70S6K; (C) Expression of phospho-rpS6 (serine 235/236) and total rpS6. (D) Expression
of phospho-eIF4B (serine 422) and total eIF4B; (E) Expression of phospho-4EBP1 (serine 65) and total
4EBP1. All images are representative of two independent experiments. β-actin was used as the loading
control for all experiments. Densitometry values are provided for phospho-protein expression and
corrected for β-actin expression.

We next defined the role of Raptor expression and WNV infection on 4EBP expression, the other
primary target of mTORC1 activity. Control and iRapKO cells were inoculated with mock or WNV
(MOI = 3) and whole cell lysates harvested at 0 h and 12 h post-infection (Figure 3E). Western blot
analysis revealed loss of 4EBP phosphorylation signal at 0 h and 12 h post-infection in WNV-inoculated
iRapKO cells, while total 4EBP levels remained stable between the two conditions (Figure 3E).
In WNV-inoculated control cells, we also found evidence of increased phosphorylation of 4EBP
at serine 65. Since this is the terminal phosphorylation event in sequential 4EBP phosphorylation,
these data suggest that WNV-induced mTORC1 activity results in increased 4EBP phosphorylation
with a subsequent increase in unbound eIF4E, cap-binding protein. Overall, these data show that loss
of mTORC1 activity in this system results in decreased signaling events through the S6K/rpS6 and
4EBP pathways in iRapKO cells.

3.3. Loss of S6K/rpS6 Activity Does Not Impact WNV Growth

Next, we defined the role of the mTORC1/S6K/rpS6 signaling pathway in WNV protein expression.
We first determined the role of rpS6 phosphorylation at serine 235 and serine 236 by using a MEF cell
line that expresses an alanine substitution at positions 235 and 236 in the rpS6 (rpS6p−/−) protein [38].
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RpS6p−/− and matched, wild-type MEFs (rpS6p+/+) were infected with mock or WNV (MOI = 3);
supernatants and whole cell lysates were collected for viral titer analysis and Western blot at 6, 24 and
48 h post-infection. Viral titer analysis revealed no significant difference in WNV growth over a 48-h
period (p = 0.30, two-way ANOVA, n = 11; Figure 4A). Western blot analysis of whole cell lysates at the
same time points revealed no significant change in WNV envelope (ENV) protein expression despite
loss of phosphorylation of rpS6 at both residues 235 and 236 (Figure 4B).

Figure 4. Loss of rpS6 phosphorylation does not impact WNV growth or protein expression.
(A) Single-step growth curve of WNV (MOI = 3) in rpS6p−/− and wild-type control MEFs as determined
by standard plaque assay of the cell supernatant; (B) expression of the WNV envelope (WNV ENV),
phospho-rpS6 (serine 235/236) and total rpS6 as determined by Western blot analysis of mock- and
WNV-infected (MOI = 3) rpS6p−/− and wild-type cells. Total cellular protein lysates were collected at
the indicated hpi and probed using antibodies against the indicated targets. β-actin was used as the
loading control. Images are representative of two independent experiments.

Although rpS6 is involved in the initiation complex, these results indicated that rpS6
phosphorylation is dispensable for the support of WNV protein expression [19].

Next, we obtained S6K1/2−/− MEFs as previously described to determine the contribution of
S6K1 and S6K2 signaling to WNV protein expression [39]. We used an S6K1 and S6K2 double knockout
MEF cell line (S6K1/2−/−) because S6K1 and S6K2 are capable of compensatory upregulation [16].
Syngeneic control MEF cells and S6K1/2−/− MEFs were inoculated with WNV (MOI = 3) and
supernatants obtained at 12, 24 and 48 h post-infection for viral titer analysis. We found no significant
difference in WNV growth comparing S6K1/2−/− and S6K1/2+/+ control MEF cells (p = 0.17, two-way
ANOVA, n = 6, Figure 5A).
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Figure 5. P70S6K activity does not support WNV growth or protein expression. (A) Single-step growth
curve of WNV (MOI = 3) in S6K1/2−/− and wild-type control MEFs; (B) Multi-step growth curve
(MOI = 0.001) of WNV in S6K1/2−/− and wild-type control MEFs. Supernatants were harvested
at the indicated hpi for standard plaque assay. N = 6 replicates per time point; (C) WB analysis of
mock- and WNV-infected (MOI = 3) S6K1/2−/− and wild-type cells for WNV protein expression.
Cellular lysates were collected at the indicated hpi and probed using antibodies for WNV ENV,
WNV NS3, and β-actin loading control. Representative of 2 independent experiments; (D) WB
analysis of mock- and WNV-infected (MOI = 3) S6K1/2−/− and wild-type cells for rpS6 and p70S6K
expression and phosphorylation. Cellular lysates were collected at the indicated hpi and probed using
antibodies against p-p70S6K [T389], total p70S6K, p-rpS6 [S235/236], total rpS6, and β-actin loading
control. Representative of two independent experiments; (E) WB analysis of mock- and WNV-infected
(MOI = 3) S6K1/2−/− and wild-type cells for 4EBP expression and phosphorylation. Cellular lysates
were collected at the indicated hpi and probed using antibodies for p-4EBP [T37/46], total 4EBP,
and β-actin loading control. Representative of two independent experiments.
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Next, we evaluated the role of S6K expression in WNV growth following multiple steps of virus
entry, replication, and egress using a multi-step growth curve. Syngeneic control MEF cells and
S6K1/2−/− MEFs were inoculated with WNV (MOI = 0.001) and supernatants obtained at 24, 48 and
72 h post-infection for viral titer analysis. We found no significant difference in WNV growth comparing
S6K1/2−/− and S6K1/2+/+ control MEF cells (p = 0.2, two-way ANOVA, n = 6, Figure 5B). Next,
we inoculated S6K1/2−/− and S6K1/2+/+ MEF cells with mock or WNV (MOI = 3) and harvested
whole cell lysates for Western blot analysis at 3, 24 and 48 h post-infection. We analyzed the expression
of both nonstructural protein 3 (NS3) and ENV proteins from WNV. Both proteins are translated
from the same polyprotein, but the individual fate of these proteins is different, with NS3 remaining
intracellular; and ENV structural protein is packaged during viral egress. This approach allows for
an additional control by comparing ENV, a protein exported out of the cell, to NS3, a protein that
accumulates within the cell. We found that control and S6K1/2−/− MEFs exhibited similar levels of
WNV NS3 and ENV protein expression at 24 and 48 h post-infection (Figure 5C). We also completed
Western blot analysis for S6K and 4EBP signaling events in mock- and WNV-infected (MOI = 3) control
and S6K1/2−/− MEFs at 3, 24 and 48 h post-infection. We found that knockout of S6K1 and S6K2
eliminated the expression of phosphorylated p70S6K, total p70S6K and phosphorylated rpS6 at all
time points and in all treatment groups (Figure 5D). Total rpS6 expression was unchanged by S6K1/2
knockout. In the absence of S6K protein expression, we also determined if 4EBP phosphorylation
was increased due to decreased competition for mTORC1-dependent phosphorylation of 4EBP from
S6K. In the same treatment groups, we found no evidence of increased 4EBP phosphorylation in the
S6K1/2−/− MEFs compared to controls (Figure 5E).

3.4. Knockout of 4EBP Expression Leads to Decreased WNV Growth and Decreased Viral Protein Production

We have shown that mTORC1 activity supports the expression of WNV proteins; however, loss of
the mTORC1 effectors S6K and phosphorylated rpS6, both of which regulate translation initiation rates,
had no significant impact on WNV growth or protein expression. Next, we inoculated 4EBP1/2−/−

MEF cells and matched 4EBP1/2+/+ control cells with WNV (MOI = 3) and collected the supernatant for
viral titer analysis. Input virus was assayed using reverse transcription PCR (RT-PCR) and found to be
equivalent at t = 0 (data not shown). WNV growth was significantly (p < 0.0001) decreased in WNV-infected
4EBP1/2−/− MEF cells at 12 h (4.3 × 103 pfu/mL ± 3.8 × 102), 24 h (4.4 × 105 pfu/mL ± 7 × 104), 36 h
(8.6 × 105 pfu/mL ± 2 × 105) and 48 h (2.2 × 106 pfu/mL ± 1.7 × 105) compared to control cells at 12 h
(5.2 × 104 pfu/mL ± 9.6 × 103), 24 h (5.4 × 106 pfu/mL ± 1.2 × 106), 36 h (1.4 × 107 pfu/mL ± 2.5 × 106)
and 48 h (1.8 × 107 pfu/mL ± 2.5 × 106, n = 6, two-way ANOVA; Figure 6A).

Thus, WNV-infected 4EBP1/2−/− MEF cells exhibit an 8–16-fold reduction in viral growth at all
time points compared to wild-type control MEF cells. To evaluate the effect of 4EBP expression on
WNV growth over multiple cycles of viral entry, replication and egress, we used a multi-step growth
curve analysis. We inoculated 4EBP1/2−/− MEF cells and matched 4EBP1/2+/+ control cells with
WNV (MOI = 0.001) and collected supernatant for viral titer analysis. We found that WNV growth was
significantly (p < 0.0001) decreased at the 48-h and 72-h time points of infection with a mean difference
of 2.8 × 106 pfu/mL ± 5 × 105 and 2.9 × 106 pfu/mL ± 5 × 106, respectively (two-way ANOVA,
n = 6; Figure 6B).

Next, we inoculated 4EBP1/2−/− and control MEFs with WNV (MOI = 3) or mock treatments as
above and harvested cellular lysates at 24 h post-infection for Western blot analysis. We found that
4EBP1/2−/− MEF cells exhibit loss of terminal phosphorylation (serine 65) of 4EBP and loss of total
4EBP expression with no change in the expression of eIF4E (Figure 6C). Interestingly, these data imply
that 4EBP binding has no effect on the turnover of total eIF4E. Despite ongoing expression of eIF4E,
we found significantly decreased expression of the WNV envelope protein and to a lesser extent NS3
in 4EBP knockout cells compared to control cells (Figure 6D). Despite significant changes to 4EBP
signaling, 4EBP1/2−/− MEFs exhibit no significant alterations in the expression of phosphorylated
p70S6K at threonine 389, total p70S6K, phosphorylated rpS6 at serine 235 and 236 and total rpS6
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(Figure 6E). These data suggest that mTORC1-dependent interactions with 4EBP/eIF4E support WNV
growth in host cells.

Figure 6. Expression of 4EBP1 and 4EBP2 support WNV growth and protein expression. (A) Single-step
growth curve of WNV (MOI = 3) in 4EBP1/2−/− and wild-type control MEFs; (B) Multi-step growth
curve of WNV (MOI = 0.001) in 4EBP1/2−/− and wild-type control MEFs. Supernatants were
harvested at indicated hpi for standard plaque assay analysis. n = 6, * p < 0.0001; (C) Confirmation
of 4EBP1/2−/− (knockout) phenotype. Cellular lysates were harvested at 24 hpi and WB analysis
completed using antibodies for total 4EBP, phospho-4EBP (serine 65) and eIF4E. (D) WNV protein
synthesis in 4EBP1/2−/− and matched control MEF cells. Cellular lysates were harvested at 24 hpi
and subjected to WB analysis using antibodies against WNV NS3 and WNV ENV. (E) S6K pathway
activity in 4EBP1/2−/− and matched control MEF cells. Cellular lysates were harvested at 24 hpi for
WB analysis using antibodies against total p70S6K, p-p70S6K (threonine 389), total rpS6, and p-rpS6
(serine 235/236). All images representative of two independent experiments. β-actin is shown as
a loading control for all western blots. Densitometry values provided for indicated viral proteins
corrected for β-actin expression.

3.5. eIF4F Complex Formation Supports WNV Virus Growth and Protein Expression

Since 4EBP is a major regulator of initiation complex (eIF4F) formation, we determined the role
of eIF4F complex formation on WNV growth and protein expression by using the inhibitor 4EGI-1.
4EGI-1 blocks the interaction between eIF4E and eIF4G, thereby preventing the formation of the
pre-initiation complex on mRNA [40]. This compound is a valuable tool for defining how viruses
interact with eIF4E and the eIF4F complex to facilitate translation [41].

Vero cells were inoculated with WNV, CHIKV-LR or EMCV at an MOI of three, and viruses
were allowed to adsorb on the monolayer for 1 h at 37 ◦C. After incubation, cells were washed
with warmed 1× PBS and media containing 4EGI-1 at concentrations of 100, 75, 50 and 10 μM,
a DMSO vehicle control (0 μM) or an untreated control infection. Supernatants were harvested
at 0, 6 and 12 hpi and analyzed to determine viral titer. We found that treatment with 4EGI-1,
in a dose-dependent manner, significantly (p < 0.0001) decreased WNV growth at 12 h with 4EGI-1
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concentrations of 75 μm (2.1 × 103 pfu/mL ± 482) compared to untreated controls at 12 h treated
with PBS (5.1 × 105 pfu/mL ± 6.7 × 104) and DMSO (6.7 × 105 pfu/mL ± 1.3 × 105, n = 12, two-way
ANOVA with multiple comparisons; Figure 7A).

Figure 7. eIF4F complex formation supports 5′-capped positive-strand RNA viral growth and protein
expression. Single-step growth curves (MOI = 3) for (A) WNV, (B) CHIKV-LR and (C) EMCV in
4EGI-treated Vero cells as determined by standard plaque assay of supernatants. 4EGI-1 was added
at the indicated micromolar (μM) concentrations at t = 0 hpi, and supernatants were analyzed by
plaque assay at the indicated times. Viral titer data are presented as log10 plaque forming units per
mL of supernatant (log10 pfu/mL). N = 9–12 replicates per time point, * p < 0.05; (D) MTT assay for
cellular viability of 4EGI-treated Vero cells. MTT cleavage products were solubilized and measured
by spectrophotometry at 570 nm. Dimethyl sulfoxide (DMSO) was used as a solvent control, and
all groups were normalized to a media control of 1.0 arbitrary units; (E) Western blot analysis of
viral protein synthesis in mock, WNV-infected (MOI = 3) and CHIKV-infected (MOI = 3) Vero cells
treated with the 4EGI-1 inhibitor. Vehicle control denoted by 4EGI-1 concentration of 0 μM. Images are
representative of two independent experiments. Densitometry values provided for indicated viral
proteins corrected for β-actin expression.
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Thus, there was a 242-fold decrease in WNV growth in the 75 μm 4EGI-1 treatment group.
As described above, we used CHIKV infection as an additional control for capped-RNA virus growth
to ensure that the broad effect of 4EGI-1 was not specific to WNV. We found that treatment with 4EGI-1,
in a dose-dependent manner, significantly (p < 0.05) decreased CHIKV-LR growth at 6 h and 12 h
with a 4EGI-1 concentration of 75 μm (2.3 × 106 pfu/mL ± 4.7 × 105) compared to controls at 12 hpi
that were treated with PBS (4.3 × 107 pfu/mL ± 1.1 × 107) and DMSO (5.4 × 107 pfu/mL ± 1 × 107,
n = 9, two-way ANOVA with multiple comparisons; Figure 7B). Next, we utilized EMCV infection
as a control for toxicity and cap-dependent translation since EMCV protein production is regulated
by IRES-dependent initiation and 4EGI-1 should have no effect on EMCV growth. We found that
EMCV growth was independent of 4EGI-1 treatment and exhibited no significant (p > 0.05) decrease
in viral growth between treatment groups (n = 12, two-way ANOVA; Figure 7C). Previous work has
suggested that EMCV growth is independent of eIF4F complex formation [42]. Since the 6-h time
point appeared to exhibit decreased EMCV growth at the 100-μm dose of 4EGI-1, we completed
a multiple comparisons test of our two-way ANOVA and found no significant difference between
the vehicle-treated control and the 100-μm dosed 4EGI-1 inhibitor despite 12 replicate experiments.
However, the decrease in EMCV growth at this time point may be related to toxicity at the higher dose
of 4EGI-1. Thus, we completed toxicity assays for the 4EGI-1 inhibitor.

To evaluate cellular viability following 4EGI-1 treatments, we completed MTT assays at
12 h post-treatment with indicated doses of inhibitor. As shown in Figure 7D, 4EGI-1 had no
statistically-significant impact on cellular viability at concentrations below 100 μM in our Vero cell
system. Cells treated with the highest levels of 4EGI-1 (100 μM) exhibited 65% viability compared to
untreated controls at 12 h post-treatment. Based on this toxicity data, we analyzed only 4EGI-1 doses
below the 100 μM dose for viral growth studies. These data show that following 4EGI-1 treatments
below the 100-μm dose, cells were viable and capable of biosynthetic processes. This conclusion
is supported by evidence of EMCV growth following 4EGI-1 treatment at doses of inhibitor below
100 μM.

Next, we determined the effect of 4EGI-1 treatment on WNV and CHIKV protein production.
Cells were inoculated with mock inoculum, WNV (MOI = 3) or CHIVK (MOI = 3) and incubated for
1 h as above. After washing cells, medium was added with the indicated concentrations of 4EGI-1
inhibitor (Figure 7E). Cells were harvested at 12 h post-infection and lysates processed for Western
blot analysis using antibodies to WNV NS3 protein, CHIKV capsid and total eIF4E. We found that
treatment with 4EGI-1 results in a dose-responsive loss of viral protein production for both WNV-
and CHIKV-inoculated cells (Figure 7E). This effect was independent of the effects on total eIF4E
production indicating that the 4EGI-1 inhibitor disrupted initiation complex formation without altering
the expression of cap-binding proteins like eIF4E. These data are in agreement with viral growth data
that show 4EGI-1 dose-responsive inhibition of CHIKV and WNV growth.

4. Discussion

Flaviviruses have limited genomic coding capacity and, thus, have evolved mechanisms designed
to utilize the host RNA translation machinery to successfully express viral proteins. The mechanisms
by which (+) sense, capped RNA viruses recruit translation initiation factors to the viral RNA to
promote translation has remained incompletely defined. Moreover, arboviruses, such as CHIKV and
WNV, must translate their genomes in evolutionally-distant vertebrate and invertebrate hosts and,
therefore, must be able to manipulate the translational apparatus in very disparate systems [6]. We now
show that WNV growth and protein expression is dependent on specific host-cell initiation events that
involve interactions with the 4EBP and the eIF4F complex. We think these interactions are specific for
the virus because other cellular translation events downstream of S6 kinase are not required for WNV
gene expression. These data show that WNV utilizes specific translation initiation signals to support
viral protein production. From an evolutionary standpoint, some RNA viruses, like the arboviruses,
may modulate the TORC1/4EBP/eIF4E pathway because this system regulates cellular cap-binding
events and is highly conserved in eukaryotic cells from yeast to mammals [9,43].
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Previously published results have demonstrated that WNV infection induces the activation of
the mTORC1/S6K signaling pathway as early as 3 h post-infection, but the cap-dependent translation
initiation effectors downstream of TORC1 responsible for viral growth were not known [8]. In this
study, we demonstrate that WNV depends on mTORC1/Raptor activity for viral growth over multiple
life cycles of the virus. This effect may apply broadly to 5′-capped-RNA viruses, such as CHIKV,
since we found that CHIKV is unable to sustain growth in the absence of mTORC1 activity. However,
we show that viruses like EMCV that initiate viral RNA translation using an IRES replicate in the
absence of TORC1 activity. Recent work studying the interactions between CHIKV and mTOR
signaling have revealed differing conclusions for the role of mTORC1 activity in CHIKV growth [35,36].
Our studies build upon this existing body of work and demonstrate that capped RNA viruses, such as
WNV and CHIKV are dependent on mTORC1 signaling to support viral growth independent of eIF4E
phosphorylation status. We found evidence of phosphorylation of eIF4E in iRapKO MEF models;
however, phosphorylation of eIF4E occurred in all Raptor knockout cells whether infected with virus
or mock infected. Thus, we conclude that phosphorylation of eIF4E is not sufficient to overcome loss
of mTORC1 activity in the Raptor knockout MEF system. Differences in the experimental results
between groups may be due to approaches used to inhibit mTORC1. We use an inducible Raptor
gene deletion system that results in a total loss of mTORC1 activity while other studies used small
interfering RNA (siRNA) approaches and biochemical inhibitors, which may have different effects
on cellular translation initiation for the duration of an experiment. For example, P70S6K and 4EBP
compete for Raptor binding prior to phosphorylation by mTORC1 [13], and phosphorylation of 4EBP1
recovers from mTORC1 inhibition much more rapidly and effectively than p70S6K phosphorylation.
Thus, treatment with an mTOR catalytic site inhibitor blocks phosphorylation for both species, but
4EBP is more resistant to mTOR inhibition because it recovers quickly [14]. This implies that studies
that use transient pharmacologic inhibition of mTOR signaling may disproportionately inhibit p70S6K
activity more than 4EBP activity.

Our data also show that canonical markers of mTORC1 activation, phosphorylation of p70S6K
and rpS6 have no impact on WNV growth and no effect on viral protein production for positive strand
viruses, such as WNV. We used an MEF cell line with gene knockout of S6K1 and S6K2 with resulting
loss of p70S6K activity. Based on these studies, S6K signaling downstream of mTORC1 is dispensable
for WNV growth despite the established role of S6K in promoting protein translation [20]. This is
important since p70S6K is a major, central signaling kinase, and these findings support two important
conclusions. First, different mRNAs require different support from host translational signaling, and
RNA viruses like WNV utilize specific host signals to support translation, while other host signals,
such as S6K and rpS6, are dispensable for the virus. Second, the reason for decreased WNV growth in
the Raptor knockout cells cannot be attributed to loss of central, signaling kinases since knockout of
S6K had no effect on WNV growth or protein expression.

Conversely, we found that WNV growth and protein production were dependent on 4EBP
expression and eIF4F complex formation. Without 4EBP expression to regulate the availability of
eIF4E in host cells, we found a significant WNV growth defect and decreased viral protein production.
This was an unexpected result as 4EBP is considered a negative regulator of eIF4E function, and loss of
the negative regulator should result in a larger free pool of eIF4E. Instead, we found no change in total
eIF4E expression and found that knockout of 4EBP decreased viral growth and viral protein synthesis
in both a single-step and a multi-step viral growth curve. We propose several possible explanations for
these findings. Interactions between mTORC1, 4EBP and eIF4E may result in different localization
of the eIF4E pool to support translation events at different cellular sites such as cytoplasmic or
membrane-bound ribosomes. Alternatively, the results with 4EBP may be complicated by involvement
with changes in host translation events of innate immune transcripts. In fact, translation of specific
subsets of mRNA defined by the 5′ UTR structure may be partially determined by specific interactions
with eIF4E and 4EBP [38,44–46].

Using multi-step WNV growth curves, we also found that Raptor knockout MEF cells exhibited
a more profound effect on WNV growth (Figure 2A) when compared to the WNV multi-step growth
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curve in 4EBP knockout cells (Figure 6B). These data imply that 4EBP may be an important output of
control for WNV-induced mTORC1 activity, but may not be the only outcome of mTORC1 activity.
Our prior data show that WNV activates mTORC1 activity independent of autophagy and cell
cycle [8,31]. Thus, the loss of mTORC1-dependent phosphorylation and inhibition of 4EBP has a more
profound effect on WNV growth than loss of 4EBP. This is most likely due to decreased availability of
eIF4E in the Raptor knockout system, especially as infection progresses. This potential mechanism is
supported by the WNV multi-step growth curve in Raptor knockout MEF cells. While limiting eIF4E
is available, WNV growth occurs early in Raptor knockout MEFs. However, as infection continues,
sequestration of eIF4E by unphosphorylated 4EBP results in a quick plateau and then fall in WNV
growth. This effect is even more profound following CHIKV infection, which is likely due to virus
reliance on eIF4E binding for both genomic and subgenomic RNA translation.

Since deletion of 4EBP in our studies is not equivalent to preventing mTORC1-dependent
phosphorylation of 4EBP, we evaluated the role of direct interactions between eIF4E and eIF4G
at the cap using the 4EGI-1 inhibitor. We found that eIF4F complex formation supports (+) strand
RNA virus growth and protein production in a dose-dependent fashion. Thus, we conclude that the
mTORC1, 4EBP and eIF4E pathway supports viral protein production and viral growth. Based on
our work to date, we propose a model for WNV-induced changes in host cell translation initiation
signaling (Figure 8).

Figure 8. Working model for WNV activation of mTOR and the effect on viral RNA translation
initiation events. WNV infection of host cells leads to activation of mTORC1 resulting in increased
phosphorylation of the translation-initiation repressor 4EBP and dissociation from eIF4E. Free eIF4E
binds to the 5′ cap on WNV genomic RNA and assembles the eIF4F pre-initiation complex required for
cap-dependent translation of viral RNA, resulting in viral protein expression and viral growth.
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Our observations suggest that the loss of mTORC1 impacts WNV replication at the level of
translation, but not genomic replication and that these are two distinct, but linked processes in the
flavivirus replication cycle. As the (+) sense RNA is the template for both genomic packaging and
viral RNA translation, viral (+) sense RNA must be actively recruited for each function independently,
as these disparate functions cannot occur concurrently on the same template. Based on our
experimental observations, the deletion of Raptor and inactivation of mTORC1 may be impacting WNV
growth in two ways. Deletion of mTORC1 activity may inhibit recruitment of the 40S pre-initiation
complex and initiation of (+) sense RNA scanning or loss of mTORC1 cap-dependent initiation signals
may result in a reduced pool of viral RNA in heavy polysomes. The polysome recruitment model
would provide a definitive competitive advantage for viral RNA translation in a cellular environment
in which viral RNA actually represents the minority of total RNAs species. At early stages of WNV
infection, a single viral RNA in a heavy polysome could produce more functional protein than
the equivalent genome load when limited to monosomes under conditions of reduced translation
initiation. Further studies will be necessary to determine if mTORC1 activity is driving the formation
of polysomes on 5′-capped (+) sense RNA viruses, such was WNV, and if loss of polysome formation
on the viral genome is the mechanistic basis for our observed growth defects in this model.

Maintenance of proteostasis via mTORC1/4EBP/eIF4F is a key point of disruption in diverse
disease mechanisms; whether it be virally induced, oncogenic or neurodegenerative [47–53]. Many of
these pathogenic states are marked by the hyperactivation of Akt and mTORC1 and the downstream
effectors S6K and 4EBPs [26,47,49,51,54–56]. The initiation of canonical cap-dependent translation
depends on eIF4E and eIF4F complex formation, making the mTORC1/4EBP/eIF4E signaling cascade
a potential target for future therapeutics for diverse viral infections [26,48,57]. This approach is aided
by the development of new technologies, such as transcriptome-wide analysis, which has allowed
researchers to probe the requirement for different parts of the eIF4F complex to translate RNAs with
specific sequences or structures in the 5′ UTR [58].

We used EMCV as a control in our studies for cap-dependent virus translation since this virus
uses an IRES. Prior work has shown that 4EGI may still inhibit EMCV and other IRES-controlled RNA
viruses despite the fact that the mechanism of 4EGI-inhibition is thought to be specific to cap-binding
events [41]. However, our data show that EMCV viral growth is largely resistant to the effects of the
4EGI inhibitor, but EMCV may exhibit decreased growth at higher doses of 4EGI-1 due to cell toxicity.
We believe that our studies add to the existing literature on this topic since we used live virus infections
and assayed viral titer, while prior studies have used reporter systems. These data may imply that
other elements in the RNA genome of EMCV may be required to support IRES-independent activity to
escape the effects of the 4EGI inhibitor. Additional studies with viruses that utilize different initiation
strategies are required to understand the complex interactions between cis-acting RNA elements with
translation initiation events for RNA viruses.

There are important weaknesses of the current study that must be taken into account. First,
our studies as reported do not directly assay for RNA translation events. The logical extension of
this work is to utilize new technologies such as ribosome profiling and other technical approaches
to evaluate the effect of specific host signaling events during viral infection on viral and host RNA
translation directly. Second, the effect of the 4EGI-1 inhibitor on the eIF4F complex may occur distal
from the cap by competing with 4EBP. Thus, the effect of the 4EGI-1 inhibitor may be related to the
viral requirement for 4EBP activity. This is an important consideration in these studies, and future
studies defining the effect of 4EGI-1 on cap formation in vivo are required to determine the effect of
this inhibitor on eIF4F formation.

We used CHIKV in several experiments as an additional 5′ cap-dependent RNA virus control
to show that the effects of cellular manipulation on viral growth are not specific to just WNV. It is
important to note that many of the features of CHIKV growth following knockout of mTORC1 signaling
are very different from WNV. For example, CHIKV viral growth and protein production are virtually
nonexistent in Raptor knockout cells, while WNV seems to grow at a reduced rate with reduced

152



Viruses 2016, 8, 287

protein production. It is important to note that CHIKV has different requirements for cap-dependent
translation since the structural proteins are expressed from a subgenomic transcript. Thus, it is
plausible that CHIKV has different interactions with specific host-translational events, since CHIKV
growth in our system exhibits increased sensitivity to mTORC1-dependent signaling. Additional
studies examining the interactions between 5′-capped RNA viruses and host translational control
systems will lead to novel insight into translational control mechanisms and provide novel insights
into potential broad-spectrum, host-targeted therapies that specifically inhibit viral translation while
protecting host immune regulation.
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Abstract: Tick-borne flaviviruses (TBFVs) cause a broad spectrum of disease manifestations ranging
from asymptomatic to mild febrile illness and life threatening encephalitis. These single-stranded
positive-sense (ss(+)) RNA viruses are naturally maintained in a persistent infection of ixodid ticks
and small-medium sized mammals. The development of cell lines from the ixodid ticks has provided
a valuable surrogate system for studying the biology of TBFVs in vitro. When we infected ISE6 cells,
an Ixodes scapularis embryonic cell line, with Langat virus (LGTV) we observed that the infection
proceeded directly into persistence without any cytopathic effect. Analysis of the viral genome at
selected time points showed that no defective genomes were generated during LGTV persistence by
10 weeks of cell passage. This was in contrast to LGTV persistence in 293T cells in which defective
viral genomes are detectable by five weeks of serial cell passage. We identified two synonymous
nucleotide changes i.e., 1893A→C (29% of 5978 reads at 12 h post infection (hpi)) and 2284T→A (34%
of 4191 reads at 12 hpi) in the region encoding for the viral protein E. These results suggested that the
mechanisms supporting LGTV persistence are different between tick and mammalian cells.

Keywords: Langat virus genome; tick-borne flavivirus; persistent infection; Ixodes scapularis;
ISE6 cells; deep-sequencing

The tick-borne flaviviruses (TBFVs) are associated with a variety of clinical diseases in humans,
ranging from asymptomatic to mild febrile illness or severe, sometimes fatal meningoencephalitis
or hemorrhagic fever [1–5]. In spite of the fact that there is an effective vaccine [6,7], there are
10,000–15,000 TBFV infections each year with mortalities as high as 20%, depending on the particular
virus [2,8]. Although much of the TBFV morbidity and mortality results from acute infections, there is
increasing evidence that chronic or persistent infection may lead to long-term illness and sequelae [9].

TBFV infection typically results from the bite of an infected ixodid or hard-bodied tick, and
because the viruses have a global distribution, the principal vector species varies from region to region.
For example, the principal vectors for Powassan virus in North America are Ixodes scapularis and
Ixodes cookei, whereas Haemaphysalis longicornis transmits the virus in East Asia [10]. However, the
Alkhurma virus utilizes a soft-bodied or argasid tick, Ornithodoros savignyi, as a vector, so perhaps
TBFV vector competence is broader than generally appreciated [11]. Nevertheless, once the ticks
are infected, the virus persists across the various life stages, and can be passed transovarially to
progeny [12]. Co-feeding of infected and uninfected ticks on the same host animal demonstrates that
horizontal transmission of the virus among ticks also occurs [2,13–15].
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Clearly, the interactions of TBFV with invertebrate hosts present a complex vector-pathogen
relationship, and the biology of virus persistence is an important facet. The study of these relationships
has been greatly aided by the development of cell lines derived from ixodid ticks [16,17]. We have
recently initiated studies to characterize viral persistence and determine its role in the biology of TBFV
infections [18,19]. Infection of mammalian cells in vitro with TBFVs and some encephalitic mosquito-borne
flaviviruses leads to an acute lytic crisis mediated by apoptosis [18,20,21]. However, a persistent
infection is initiated in the few surviving cells and persistence is maintained indefinitely [19,22–25].
Using extensive unbiased next-generation sequencing, we demonstrated that defective genomes, which
would be packaged to become defective interfering particles (DIPs) are not present at the initiation
of viral persistence in mammalian cell lines, but are a prominent feature during the maintenance of
viral persistence [19]. In marked contrast to mammalian cells, infection of cell lines derived from
Ixodes, Boophilus, Hyaloma, Ornithodoros or Rhipicephalus tick species does not lead to apparent cell
death or obvious cytopathological changes [23,26]. Furthermore, we showed that infection of ISE6
cells derived from Ixodes scapularis embryos [27] with a TBFV leads directly to viral persistence [23].
However, in that previous work we did not examine TBFV genomes in detail. Given the results of our
studies on TBFV persistence in mammalian cells, we wanted to evaluate the viral genome stability
of persistent TBFV infection in ISE6 cells with the same methodology. Therefore, in this publication,
we have established a model system for TBFV persistence in ISE6 cells and have used unbiased
deep-sequencing to investigate potential genomic evolution and alterations. During persistent TBFV
infection of these cells, the TBFV genome was remarkably stable and no evidence of truncated genomes
or DIPs was observed.

In order to do these studies, we infected 1.5 × 106 ISE6 cells in 25 cm2 CellStar® flasks
(Greiner Bio-One, Kremsmünster, Austria) with Langat TP21 virus [28] derived from a full length
molecular clone [19] at a multiplicity of infection (MOI) of 5 for 1 h at 37 ◦C with rocking. The infecting
medium was removed and cells were washed three times with phosphate-buffered saline (PBS)
and maintained in a L-15C300 medium supplemented with 5% tryptose phosphate broth, 5% fetal
bovine serum (FBS) (Invitrogen; Life Technologies, Carlsbad, CA, USA), and 0.1% bovine lipoprotein
concentrate (MP Biomedicals, Santa Ana, CA, USA) at 34 ◦C. Cultures were studied at selected time
points after infection.

Following infection, the infected ISE6 cells were observed closely for evidence of cytopathology
or a lytic crisis, as was noted in our previous studies on mammalian cells [19]. At no time was evidence
of cytopathology or crisis observed, a result consistent with our earlier studies [23].

Immunofluorescence was used to evaluate the extent of Langat virus (LGTV) infection in the ISE6
cultures. 105 ISE6 cells in 4-well Labtek chamber slides (Nunc®, Sigma-Aldrich, Atlanta, GA, USA)
were infected at a MOI of 5, and prepared for immunofluorescent microscopy at 12, 96, and 1680 h post
infection (hpi). At each time point, cells were washed twice with PBS, fixed with 4% paraformaldehyde,
probed with a mouse monoclonal anti-E (11H12) antibody (a kind gift from Dr. Connie Schmaljohn,
USAMRID, Fort Detrick, Frederick, MD, USA) and counterstained with 4',6-diamidino-2-phenylindole
(DAPI). Examination of these preparations revealed that few cells were infected at 12 hpi. However, a
higher number of cells were infected at 96 hpi as shown by positive staining for the LGTV E protein
(Figure 1A). Furthermore, the fraction of ISE6 cells positive for E appeared to remain stable out to
1680 h (Figure 1A). These results indicated that most cells in the cultures were expressing LGTV
proteins by 96 hpi and maintained expression for an extended period.

In order to confirm that E protein expression corresponded to a persistent infection, we determined
the course of LGTV titer and genome copies. Supernatants were harvested at 12, 48, 96, 336 and 1680
hpi for virus titration using an immunofocus assay as described before [19,23]. Virus titer peaked to
2.0 × 105 ffu/mL at 96 hpi. At two weeks post infection (336 hpi), virus titer declined to 5.1 × 103 ffu/mL,
but showed a modest increase to 3.7 × 104 ffu/mL at 1680 hpi (Figure 1B). Thus, a persistent infection
had been initiated and was maintained.
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Figure 1. Langat virus (LGTV) replication kinetics in ISE6 cells. (A) Detection of the expression of
LGTV E protein by confocal microscopy. Few cells were infected at 12 h post infection (hpi) as indicated
by viral E protein staining in a low number of cells, but almost all of the cells were infected at 96 and
1680 hpi. The scale bar represents 10 μm; (B) LGTV TP21 titer obtained by an immunofocus assay using
an anti-E antibody; (C) LGTV RNA genome copy numbers measured by quantitative PCR (qPCR).
DAPI: 4',6-diamidino-2-phenylindole.

To determine LGTV genome copy numbers, total cellular RNA was extracted at 12, 48, 96,
336 and 1680 hpi using an RNeasy kit (Qiagen, Los Angeles, CA, USA) as per the manufacturer’s
instructions. Complementary DNA (cDNA) was synthesized from 1 μg of total RNA using a VILO
cDNA kit (Invitrogen) according to the manufacturer’s instructions. 2 μL of the cDNA synthesis
reaction was added to a quantitative PCR (qPCR) reaction mix containing LGTV-specific primers/probe
(forward primer: GGATTGTTGCCCAGGATTCTC; probe: FAM-CATTGGCACCGGCCTACGCT-NFQ;
and reverse primer: TTCCAGGTGGGTGCATCTC), IX Platinum qPCR Supermix UDG with Rox
(Invitrogen, Life Technologies, Carlsbad, CA, USA). The qPCR assay was performed using a 7900HT
fast real time PCR system (Applied Biosystems, Foster City, CA, USA).

The number of genome copies showed a similar pattern, but was several logs higher, again
confirming persistent infection. Interestingly, we noted a decline in viral titer at 336 hpi that was
associated with a corresponding dip in genome copy numbers (Figure 1C), suggesting that the
replication rate was low at this time point. The 2-week time point corresponds to the time at which
we normally split the cells, and this could have contributed to the lower rate of virus replication.
Overall, these titers were comparable to those in our previous observations in ISE6 cells [23], as well as
studies with tick-borne encephalitis virus (TBEV) in IDE2 cells, also derived from Ixodes scapularis [26],
suggesting that the replication kinetics of these viruses was similar in cells from this tick species.

As mentioned, our recent studies in HEK 293T cells show that DIPs were not present at the
initiation of persistent infection, but were a feature once persistence was established [19]. Consequently,
we were curious to see if DIPs were present in persistently infected ISE6 cells. Therefore, we
deep-sequenced the LGTV genome extracted from total cellular RNA on a HiSeq 2500 sequencer
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(Illumina, San Diego, CA, USA) as described before [19]. The sequence reads were aligned and
visualized with Integrated Genomics Viewer software (version 2.2.10, Broad Institute, Cambridge,
MA, USA) [29,30], and 253,809 sequence read pairs were aligned at 12 hpi resulting in a depth of
coverage of 2300-fold. 2,884,383 sequence pairs were obtained at 96 hpi to achieve a sequencing
depth of 26,000-fold. At 1680 hpi, we obtained 881,289 sequence pairs to achieve an average depth
of coverage of 8000-fold. Interestingly, analysis of the LGTV genome alignments failed to identify
truncated genomes at any of these time points (Figure 2). This contrasted with our observations of
293T cells, in which truncations could be detected as early as 5 weeks of passaging persistently infected
cells [19]. These results suggested that DIPs are not generated during persistent TBFV infection of
ISE6 cells.

Figure 2. Integrative Genomic Viewer alignment of LGTV TP21 sequence reads obtained at 12, 96 and
1680 hpi. The horizontal gray bars represent sequence read alignments and the colored bars were read
pairs of unexpected size or orientation. Genome truncations would have appeared as clear regions
interspaced between horizontal gray bars [9]. The LGTV genome map was added as a schematic above
the panels.

We also compared the sequences at 12, 96 and 1680 hpi for any nucleotide sequence changes to an
LGTV reference sequence (GenBank accession No. EU790644). The same nucleotide sequence changes,
that we attributed to the rescue of LGTV in Vero cells [19], were also observed in the viral genome at
all time-points studied. However, we identified two synonymous nucleotide changes i.e., 1893A→C
(29% of 5978 reads at 12 hpi) and 2284T→A (34% of 4191 reads at 12 hpi) in the region encoding for
the viral protein E. Interestingly, the synonymous nucleotide change 4299C→T in the region encoding
for NS2B, which we detected in late LGTV persistence in 293T cells [19], was also detected only at
1680 hpi. The significance of this nucleotide change during viral persistence is unclear.

In summary, LGTV readily initiated a persistent infection in ISE6 cells with no evidence of an
acute lytic phase. In contrast to mammalian cells, viral persistence was not associated with DIPs.
These results suggested that the mechanisms supporting viral persistence may differ between tick and
mammalian cells.
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Abstract: Duck Tembusu virus (DTMUV) causes substantial egg drop disease. DTMUV was first
identified in China and rapidly spread to Malaysia and Thailand. The antigenicity of the DTMUV
E protein has not yet been characterized. Here, we investigated antigenic sites on the E protein using the
non-neutralizing monoclonal antibodies (mAbs) 1F3 and 1A5. Two minimal epitopes were mapped to
221LD/NLPW225 and 87YAEYI91 by using phage display and mutagenesis. DTMUV-positive duck sera
reacted with the epitopes, thus indicating the importance of the minimal amino acids of the epitopes for
antibody-epitope binding. The performance of the dot blotting assay with the corresponding positive
sera indicated that YAEYI was DTMUV type-specific, whereas 221LD/NLPW225 was a cross-reactive
epitope for West Nile virus (WNV), dengue virus (DENV), and Japanese encephalitis virus (JEV) and
corresponded to conserved and variable amino acid sequences among these strains. The structure
model of the E protein revealed that YAEYI and LD/NLPW were located on domain (D) II, which
confirmed that DII might contain a type-specific non-neutralizing epitope. The YAEYI epitope-based
antigen demonstrated its diagnostic potential by reacting with high specificity to serum samples
obtained from DTMUV-infected ducks. Based on these observations, a YAEYI-based serological test
could be used for DTMUV surveillance and could differentiate DTMUV infections from JEV or WNV
infections. These findings provide new insights into the organization of epitopes on flavivirus E
proteins that might be valuable for the development of epitope-based serological diagnostic tests
for DTMUV.

Keywords: duck Tembusu virus; E protein epitopes; type specific and cross-reactive epitopes;
E protein 3D structure; diagnosis

1. Introduction

Flaviviruses are positive-sense RNA viruses that are classified in the genus Flavivirus, family
Flaviviridae [1]. Duck Tembusu virus (DTMUV) is a newly identified flavivirus that was first isolated
in southeastern China in 2010 [2] and then subsequently spread to Malaysia and Thailand [3,4].
Genomic sequencing revealed that the virus was a mosquito-borne Ntaya group flavivirus [2,5–7].
DTMUV-infected ducks develop devastating egg production drop disease, and multiple bird species
have been suggested as DTMUV hosts [5,8,9]. Postmortem examination demonstrated that infected
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ducks exhibited severe ovarian hemorrhage, ovaritis, and regression. The unknown transmission
routes, quick spread and zoonotic nature have raised the concern of the public concerning the potential
of DTMUV as a human pathogen.

In a manner similar to that of other flaviviruses, the DTMUV genome encodes three structural
proteins (C, prM/M, and E) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5) [1,5,10]. Flavivirus structural proteins are reportedly involved in cellular attachment,
membrane fusion and virion assembly, whereas the nonstructural proteins are responsible for genome
replication [11]. The glycosylated E protein is located on the virion surface in most flaviviruses and
plays an important role in virulence, antigenicity, host range, and tissue tropism [12–14]. The flavivirus
E protein consists of three structurally distinct domains (D): DI, DII, and DIII. DI contains predominantly
type-specific non-neutralizing epitopes [15]. DII is involved in virus-mediated membrane fusion and
contains many cross-reactive epitopes that elicit neutralizing and non-neutralizing antibodies [16].
DIII contains multiple type- and subtype-specific epitopes that elicit only virus neutralizing
antibodies [15–17].

Birds are the natural reservoirs or amplifying hosts for some flaviviruses, such as West Nile virus
(WNV) and Japanese encephalitis virus (JEV). Laboratory diagnosis of WNV and JEV infection is
predominantly serological [18,19], but caution is advised due to the high degree of cross-reactivity
among flaviviruses [20,21]. An epitope-blocking enzyme immunoassay has been successfully used
for the detection of virus-specific antibodies in bird serum samples [22]. Therefore, serotype-specific
B cell epitopes should be identified and used to diagnose DTMUV infections in birds or to differentiate
DTMUV from other flaviviruses.

In this study, we identified two E protein epitopes and assessed their cross-reactivity to other
flaviviruses and their localization on the E protein 3D structure. These findings will extend our
understanding of the structure-function relationships and the cross-reaction functions in the immune
response. Moreover, our results provide insights into the improvement of the flavivirus serodiagnosis
and the understanding of the viral pathogenesis.

2. Materials and Methods

2.1. Virus, E-Specific Monoclonal Antibodies, and JEV-, DENV-, and WNV-Positive Sera

DTMUV TA strain was grown on duck embryo fibroblasts (DEF) or embryonated eggs as
previously described [6]. The E-specific monoclonal antibodies (mAbs) 1F3 and 1A5 were developed
in our lab and characterized previously [23]. JEV and WNV-positive rabbit sera were donated by
Dr. Ronghong Hua, (Harbin Veterinary Research Institute of Chinese Academy of Agricultural Sciences
(CAAS), Harbin, China) and DENV-positive sera was donated by Dr. Xian Qi (Nanjing Municipal
Centers for Disease Control and Prevention, Nanjing, China).

2.2. Affinity Purification of Monoclonal Antibodies

The mAbs were purified from mouse ascites fluid using Protein G Agarose (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions. The purified immunoglobulin (Ig) G antibody
concentrations were determined by measuring the absorbance at 278 nm.

2.3. Epitope Mapping

The epitopes were mapped with purified 1A5 and 1F3 using the Ph.D-12™ Phage Display Peptide
Library Kit (New England BioLabs Inc., Ipswich, MA, USA) as previously described [24,25]. Briefly,
each well of a 96-well plate was coated with 10 μg/mL of purified mAb and then blocked with
blocking buffer. The phage library was added to the plate and incubated for 1 h. After five washes
with Tris-buffered saline (TBS) (50 mM Tris-HCl, 150 mM NaCl; pH 7.5), 1 M Tris-HCl (pH 9.1)
was added to the plate [24,25]. The eluted phages were amplified and titered on lysogeny broth
(LB)/isopropyl β-D-1-thiogalactopyranoside (IPTG)/5-bromo-4-chloro-3-indolyl-D-galactoside (X-Gal)
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plates for selection. Three rounds of biopanning were performed. The ratio of output to input was
calculated as the titer of the amplified output phages/the titer of the input phages.

2.4. Phage Enzyme-Linked Immunosorbent Assay and Phage Clone Sequencing

After the three rounds of biopanning described above and elsewhere [24,25], individual phage
clones were selected for target binding in the enzyme-linked immunosorbent assay (ELISA). Briefly,
96-well plates were coated with 100 ng of the mAbs (1F3 and 1A5) or an anti-porcine interferon (IFN)-c
mAb (Sigma, St. Louis, MO, USA) as a negative control. After the coated wells were blocked, the
phages (1010 pfu/100 μL/well) were added. The coated plates were washed ten times with phosphate
buffered saline (PBS) + 0.5% (v/v) Tween-20 (PBST), and the bound phages were reacted with an
horseradish peroxidase (HRP)-conjugated sheep anti-M13 antibody (Pharmacia, Piscataway, NY, USA)
as previously described [24,25]. Colored precipitation was achieved by adding substrate solution
containing o-phenylenediamine (OPD). The positive phage clones were sequenced using a previously
reported sequencing primer [24,25].

2.5. Identification of the Essential Amino Acids in the Epitopes by Dot Blotting and Western Blot Analysis

To precisely define the epitopes, we designed and synthesized two groups of fragments
corresponding to the roughly mapped epitopes. Complementary oligonucleotide primers specific for
each peptide fragment were designed as previously described [26]. Nucleotide segments with Eco
RI/Xho I site sticky ends were produced after direct annealing and then cloned into the pGEX6p-1
vector (GE Healthcare, Beijing, China) as previously described [26]. The expressed truncated fragments
were purified using the Glutathione S-transferase (GST) Purification Kit (TaKaRa, Dalian, China). Dot
blotting was performed by spotting purified peptide solution onto a nitrocellulose (NC) membrane
(Millipore, Bedford, MA, USA) Approximately 1 μg of purified synthesized peptide or the unrelated
control peptide YIRTPACWD (from the duck reovirus σB protein) [26] diluted with Tris sodium
chloride EDTA buffer (TNE) (10 mM NaCl, 10 mM Tris-Hcl,1 mM EDTA; pH 7.4) was spotted onto
the NC membrane. Then, the NC membrane was incubated with the mAbs (diluted 1:2000 in PBS)
at 37 ◦C for 1 h. After three washes with PBST, the NC was probed with a 1:500 dilution of an
HRP-conjugated goat anti-mouse IgG (KPL, Gaithersburg, MD, USA) at 37 ◦C for 1 h. Western blot
was performed by subjecting the purified GST peptides to electrophoresis in 10% acrylamide gels,
followed by electro-transfer to a NC. The membrane was probed with a duck anti-DTMUV antibody
diluted 1:150 in PBST, followed by a reaction with a horseradish peroxide-conjugated goat anti-duck
antibody (1:500) (KPL) for 90 min at room temperature.

2.6. Sequence Analysis

To assess the level of conservation of the epitopes among the DTMUVs and other representative
flaviviruses, we constructed a sequence alignment of the epitopes and determined the corresponding
locations in the E proteins of the DTMUV strains and other flaviviruses using the DNASTAR Lasergene
program (DNASTAR Inc., Madison, WI, USA) [27].

2.7. Cross-Reactivity of the Epitopes to WNV-, JEV-, and DENV-Positive Sera

Mapped epitope cross-reactions with other flaviviruses were determined by the dot blotting assay
as described above. Briefly, approximately 1 μg of each synthesized epitope peptide or the control
peptide YIRTPACWD diluted with TNE buffer was spotted onto the NC. Then, the NC membrane
was incubated with WNV-, JEV-, and DENV-positive sera at 37 ◦C for 1 h. After three washes with
PBST, the NC membrane was probed with a HRP-conjugated antibody targeting the corresponding
IgG (KPL) at 37 ◦C for 1 h.
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2.8. Protein E Modeling and Prediction

To analyze the epitope locations, we built a structure model of the DTMUV E protein. Because the
DTMUV E protein shared 62% sequence identity with the JEV E protein, we chose the JEV E protein
crystal structure (PDB ID: 3P54) [28] as the modeling template using MODELLE [29]. ProSA [30] and
PROCHECK [31] were used to validate the stereochemical qualities of the final model. GlycoEP [32]
and NGlycPred [33] were used to predict the N-glycosylation sites on the DTMUV E protein. The final
structure was visualized and analyzed with PyMOL [34].

2.9. Competitive Inhibition Binding Assay of Monoclonal Antibody 1A5 to a Synthetic Peptide

To test for synthetic peptide inhibition of mAb 1A5 binding to the E protein, 100 μL of E
antigen (10 μg/mL) was used to coat 96-well plates at 4 ◦C overnight. Then, the plates were blocked
with 1% bovine serum albumin (BSA) as previously described. The peptides were synthesized in
the multiple-antigen peptide (MAP) form [35]. YAEYI (in final peptide concentrations of 0, 10, 20,
40, 80, 160, and 640 μg/mL) or the unrelated control peptide YIRTPACWD was mixed with the
blocking mAb 1A5 (0.2 μg/mL diluted in PBST) and incubated at room temperature for 45 min; these
peptide/antibody mixtures were added to the E antigen-coated 96-well plates and incubated at room
temperature for 1 h. After the plate was washed with PBST, HRP-conjugated goat anti-mouse IgG was
added and the binding was assessed. The mean optical density at 405 nm (OD405) plus three times the
standard deviation was used to determine the cutoff value.

2.10. Detection of DTMUV Infection in Duck Serum Samples

ELISA plates were coated with 50 μL/well of 640 μg/mL of synthetic peptide antigen and
incubated at 4 ◦C overnight. After washing with PBST, the plates were blocked with PBST containing
5% (w/v) skimmed milk for 1 h at 37 ◦C. The diluted duck DTMUV-positive/negative sera and the
WNV- and JEV-positive sera diluted in blocking solution were added and incubated for 1 h at 37 ◦C.
After washing, 100 μL/well of the diluted goat anti-duck IgG conjugate (1:400 dilution) in blocking
solution was added and incubated for 1 h at 37 ◦C. The plates were washed three times and then
incubated with 50 μL of p-nitrophenyl phosphate (PNPP) substrate (Shanghai Biomedicine, Shanghai,
China) for 20 min. The reactions were stopped by adding 3 M NaOH, and the plate was read on a
microplate reader (Bio-Rad, Beijing, China) at 405 nm. An aliquot (100 μL/well) of the 1:400 diluted
conjugate was added after washing.

3. Results

3.1. Epitope Prediction

To map the locations of the E epitopes, we screened a phage-displayed 12-mer random peptide
library using mAbs. After three rounds of biopanning, phage clones were selected and their
reactivity with the mAbs and the negative control anti-porcine IFN-c mAb was evaluated. Sixteen
of twenty-one clones (A1–A16) reacted with mAb 1F3, and 12 of 15 clones (B1–B12) reacted with
1A5 (OD450 nm ≥ 1.20); the other clones were less reactive with 1F3 and 1A5 (OD450 nm < 0.36),
respectively. None of the selected clones reacted with the anti-porcine IFN-c mAb (OD450 nm
< 0.27) (Figure 1). Sequencing of the phage clones with high OD values revealed the consensus
sequences DLD/NLPWT (mapped with 1F3) and YAEYI (mapped with 1A5) (Table 1). These amino
acid sequences are identical to the DLNLPWT (aa 220 to 226) and YAEYI (aa 87 to 91) sequences of the
DTMUV TA strain E protein.
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Figure 1. Detection of selected phages for monoclonal antibody (mAb) binding in the phage
enzyme-linked immunosorbent assay (ELISA). The selected phage clones were detected by 1F3 and
1A5 or the anti-porcine interferon (IFN)-c mAb (negative control) after three rounds of biopanning.
OD, optical density.

3.2. Mapping of the Minimal Epitopes by Dot Blotting and Western Blot

To confirm that the identified epitopes were recognized by the corresponding 1F3 and 1A5 mAbs,
we expressed and purified fragments representing DLD/NLPWT and YAEYI (Table 2). Dot blotting
showed that the DLD/NLPWT and YAEYI E protein fragments were recognized by the 1F3 and 1A5
mAbs, respectively (Figure 2A,B), whereas the control peptide YIRTPACWD did not react with the
mAbs. This result suggests that the DLD/NLPWT and YAEYI fragments may be B cell epitopes of
the DTMUV E protein. To define the epitopes more precisely, we synthesized substitutions or C- or
N-terminal deletion mutants of the DLD/NLPWT and YAEYI peptides (Table 2). The amino acid
substitution of 222N with 222D in 220DLD/NLPWT226 did not abolish the 1F3 antibody binding activity
(Figure 2A), suggesting that 222D or 222N in 220DLD/NLPWT226 were mutual replicable amino acids
in this position. Deletion of the amino acid 220D or 226T at the N- or C-terminus of 220DLNLPWT226

did not affect 1F3 antibody binding activity but deletion of the amino acid 225W abolished 1F3 binding
activity, suggesting that LD/NLPW was the minimal epitope mapped by 1F3. Deletion of the amino
acid 87Y or 91I at the N- or C-terminus of 87YAEYI91 abolished 1A5 binding activity, which suggested
that YAEYI was the minimal epitope recognized by 1A5 (Figure 2B). The identified minimal epitopes
LD/NLPW (Figure 3A) and YAEYI (Figure 3B) were confirmed by Western blot analysis with duck
DTMUV-positive serum.
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Table 2. Primers for the truncated epitope fragments.

Primers Sequence Truncated Peptide

1F3-1-F 5′-aattcgatctcaacttaccatggacac-3′
GST-DLNLPWT1F3-1-R 5′-tcgagtgtccatggtaagttgagatcg-3′

1F3-2-F 5′-aattcgatctcgacttaccatggacac-3′
GST-DLDLPWT1F3-2-R 5′-tcgagtgtccatggtaagtcgagatcg-3′

1F3-3-F 5′-aattcgatctcaacttaccatggc-3′
GST-DLNLPW1F3-3-R 5′-tcgagccatggtaagttgagatcg-3′

1F3-4-F 5′-aattcctcaacttaccatggc-3′
GST-LNLPW1F3-4-R 5′-tcgagccatggtaagttgagg-3′

1F3-5-F 5′-aattcctcaacttaccac-3′
GST-LNLP1F3-5-R 5′-tcgagtggtaagttgagg-3′

1F3-6-F 5′-aattcaacttaccatggc-3′
GST-NLPW1F3-6-R 5′-tcgagccatggtaagttg-3′

1A5-1-F 5′-aattctacgctgaatacatac-3′
GST-YAEYI1A5-1-R 5′-tcgagtatgtattcagcgtag-3′

1A5-2-F 5′-aattcgctgaatacatac-3′
GST-AEYI1A5-2-R 5′-tcgagtatgtattcagcg-3′

1A5-3-F 5′-aattctacgctgaatacc-3′
GST-YAEY1A5-3-R 5′-tcgaggtattcagcgtag-3′

GST, Glutathione S-transferase.

Figure 2. Identification of the E protein epitopes based on mAbs IF3 (A) and 1A5 (B) reactivity with
the synthesized peptides in the dot blotting assay. YIRTPACWD and the E protein were used as the
negative and positive control, respectively.

Figure 3. The reactivity of the synthesized mutations of the LD/NLPW (A) and YAEYI (B) peptides to
duck anti-duck Tembusu virus (DTMUV) serum by Western blot. YIRTPACWD and the E protein were
used as the negative (N) and positive (P) controls, respectively. M: Protein marker; N: GST negative
control; (A) lane 1, GST-DLNLPWT; lane 2, GST-DLDLPWT; lane 3, GST-DLNLPW; lane 4, GST-LNLPW;
lane 5, GST-LNLP; lane 6, NLPW; (B) lane 1, GST-YAEYI; lane 2, GST-AEYI; lane 3, GST-YAEY.
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3.3. Sequence Analysis of the Identified Epitopes among the DTMUV Strains and Other Flaviviruses

To determine the conservation of LNLPW and YAEYI in the E proteins, we aligned the
epitope region sequences of DTMUV with sequences from other flaviviruses. Information for the
DTMUV, WNV, DENV, and JEV E protein sequences obtained from GenBank is provided in Table 3.
This sequence alignment revealed that the amino acids in the 221LDLPW225 (Figure 4A) and 87YAEYI91

(Figure 4B) epitope regions were identical among the DTMUV strains, indicating that these motifs
represented conserved epitopes in the DTMUV E protein. LNLPW was conserved in both DTMUV and
WNV (Figure 5A) but was divergent compared to DENV and JEV. The YAEYI epitope was completely
conserved in the DTMUV species but was highly divergent compared to the WNV, DENV, and JEV E
protein sequences (Figure 5B), suggesting that YAEYI is a DTMUV type-specific epitope.

Table 3. Flavivirus strains used in the sequence analysis in this study.

Species Strain GenBank No. Location/Year of Isolation

DTMUV TA JQ289550.1 China 2010
DTMUV DK/TH/CU-1 KR061333.1 Thailand 2013
DTMUV GDHD2014-3 KT159713.1 China 2014
DTMUV WFZ-2012 KC990545.1 China 2012
DTMUV SH001 KP742476.1 China 2015
DTMUV AH2011 KJ958533.1 China 2012
DTMUV GDLH01 KT824876.1 China 2015
DTMUV WZDu AB917089.1 China 2012
DTMUV ZJ GH-2 JQ314465.1 China 2010
DTMUV SDLC KJ740747.1 China 2013
DENV-1 HNRG24827 KC692511.1 Argentina 2010
DENV-2 DENV-2/Pk/Swat-02KJ701507.1 Pakistan 2013
DENV-3 D83-144 KJ737430.1 Thailand 1983
DENV-4 EHI310A129SY10 JX024758.1 Singapore 2010

WNV USA AY646354.1 USA 2002
WNV FtC-3699 KR868734.1 USA 2012
JEV HEN0701 FJ495189.1 China 2007
JEV CC27-S6 AY303797.1 Taiwan 2003

DTMUV, duck Tembusu virus; DENV, dengue virus; WNV, West Nile virus; JEV, Japanese encephalitis virus.

Figure 4. Sequence alignment of the epitope-coding regions LNLPW (A) and YAEYI (B) in the DTMUV
strain E proteins. The amino acid positions for each sequence are numbered on both sides. The DTMUV
TA strain sequence is shown at the top; the dashes indicate identical amino acids. The identified epitope
region is boxed in grey.
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Figure 5. Sequence alignment of the epitope-coding regions LNLPW (A) and YAEYI (B) in the flavivirus
strain E proteins. The amino acid positions for each sequence are numbered on both sides. The DTMUV
TA strain sequence is shown at the top; the dashes indicate identical amino acids. The identified epitope
region is boxed in grey.

3.4. YAEYI and LNLPW Peptide Fragment Reactivity to WNV-, JEV-, and DENV-Positive Sera

To demonstrate the epitope cross-reactivity with other flaviviruses, purified YAEYI and LNLPW
fragments were used to test their cross-reactivity with WNV-, JEV-, and DENV-positive sera in the
dot blotting assay. The WNV-, JEV-, and DENV-positive sera reacted with the LNLPW peptide and
E protein but did not react with YAEYI and the negative control peptide (Figure 6).

Figure 6. The cross-reactivity of the epitopes to the Japanese encephalitis virus (JEV)-, West Nile virus
(WNV)-, and dengue virus (DENV)-positive sera in the dot blotting assay. YIRTPACWD and the
E protein were used as the negative and positive controls, respectively.
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3.5. Location of Two Epitopes on the E Protein 3D Structure

The resulting structure was evaluated by ProSA [30] and PROCHECK [31] to determine the
stereochemical quality. These validation results revealed that the model structure of the DTMUV
E protein shown in Figure S1 was reliable for further study. The overall structure of the DTMUV
E protein resembled the structure of the previously reported flavivirus E protein [28] and had three
distinct domains: a central β-barrel (domain 1), an elongated finger-like structure (domain II), and
a C-terminal immunoglobulin-like module (domain III) (Figure 7). Based on the protein sequence,
GlycoEP [32] suggested that the DTMUV E protein might have two potential N-glycosylation sites
(154N and 314N), with prediction scores of 0.838 and 0.438, respectively. However, according to the
structural and residue pattern information, NGlycPred [33] predicted 154N as the only glycosylation
site with a score of 0.427. Therefore, the possibility of 314N serving as a glycosylation is questionable.
The 3D structure of the E protein showed that two epitopes possessed loop conformations (Figure 7).
Epitope YAEYI was located near the lateral ridge of domain II, and LNLPW was located close to the
domain II central interface.

Figure 7. The locations of epitopes on the DTMUV E protein dimer. The DTMUV E protein structure
is modeled based on the JEV E crystal structure protein using MODELLER [34]. Domains I, II and
III in are colored in magenta, yellow and blue, respectively, in one monomer. The other monomer is
colored grey. The locations of the two epitopes are depicted as spheres and labeled. The locations of
two epitopes are depicted as spheres and labeled. Two predicted N-glycosylation sites by GlycoEP [32]
and NGlycPred [33] are colored as cyan.

3.6. Competitive Inhibition of Synthetic Peptide YAEYI Binding to Monoclonal Antibody 1A5

The peptides were synthesized in the MAP form because the binding efficiency of an eight-chain
MAP is greater than the binding efficiency of a single-chain peptide [35]. Competitive binding assays
were performed to confirm that the E protein peptide YAEYI was an E protein epitope. These assays
showed that the reactivity of mAb 1A5 with the E protein was markedly inhibited by the synthetic
antigen peptide YAEYI in a dose-dependent manner (p < 0.05; Figure 8) after Student’s t-test statistical
method analysis.
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Figure 8. Competitive inhibition of synthetic peptide YAEYI binding to mAb 1F3. A competitive ELISA
was performed using the antigen peptide YAEYI as the competitor for the E protein. Values represent
three independent experiments with triplicate determinations included in each experiment (p < 0.05,
Student’s t-test).

3.7. Sensitivity and Reactivity of an Epitope-Based Peptide Applied for the Diagnosis of DTMUV in
Serum Samples

Mean optical density at 405 nm (0.235) plus three times the standard deviation (0.0465) was used
to determine the cutoff value (0.375). The synthetic antigen peptide YAEYI was able to detect DTMUV
infections in 24 serum samples collected from 25 DTMUV infections confirmed by ELISA (Figure 9).
One serum (D15) was detected negative by peptide YAEYI (0.374). In contrast, 25 SPF duck sera,
anti-WNV sera, and anti-JEV sera were seronegative using the same epitope-based peptide serologic
test. The specificity of this test was 100% for the SPF duck sera without DTMUV infection (Figure 9).
The sensitivity of this epitope-based peptide serologic test for DTMUV infection was 96%.

Figure 9. ELISA reactivity of the DTMUV synthetic peptide against serum samples from 25
DTMUV-infected duck (A) versus sera from 25 healthy ducks (B). The cutoff value (dashed lines)
was calculated as 0.375. Solid line, mean OD405.

4. Discussion

Monoclonal antibodies against flaviviruses are powerful tools for mapping flavivirus epitopes and
investigating antigenic structures. The flavivirus E protein was confirmed to be a strong immunogen
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for antibody production. The aims of this study were to investigate the antigenic sites on the DTMUV
structural envelop E protein using mAbs against E protein fragments and to define the B cell epitopes
recognized by these antibodies. Epitopes for two mAbs were mapped precisely to clusters in two
locations (i.e., 220DLD/NLPWT226 (1F3) and 87YAEYI91 (1A5)) on the E protein using a 12-mer random
peptide phage display system. The dot blotting assay with mAbs and deleted peptide fragments from
each group showed the minimal epitopes for IF3 and 1A5 on LNLPW and YAEYI. Anti-DTMUV duck
sera recognized the two epitopes in the Western blot assay, indicating the importance of the minimal
antigenic domains of the epitopes for antibody-epitope binding reactivity.

The sequence alignment revealed that epitope YAEYI was completely conserved among the
various DTMUV strains but was highly divergent from the WNV, DENV, and JEV strains, which
suggested the YAEYI was a DTMUV type-specific epitope mapped by mAb 1A5. This domain did
not exhibit cross-reactivity with WNV, DENV, and JEV, suggesting that it might have an application
for the specific serological detection of DTMUV infection. Moreover, the structure model of the
DTMUV E protein showed that the YAEYI epitope was near the lateral ridge of DII and protruded
from the surface of the E protein, which supported the hypothesis that the YAEYI peptide could be
easily exposed and used as an antigen to detect DTMUV type-specific infection. The mAb 1A5 is
expected to react broadly with various DTMUV strains; however, the YAEYI-based ELISA reactivity for
the detection of DTMUV-infected duck serum samples was not as high as the detection obtained
using whole virus or viral proteins, which had multiple epitopes. Therefore, identifying more
DTMUV-specific epitopes and combining more epitope-based peptide antigens for DTMUV-positive
sera detection will increase the sensitivity of this serologic diagnosis method. Using this epitope-based
peptide antigen to detect DTMUV-positive sera is relatively simple and specific and does not require
the paired serum samples needed for conventional tests. Furthermore, the WNV-/JEV-positive serum
samples showed no ELISA reactivity with the YAEYI-based antigen, which suggested that the assay
was capable of differentiating between DTMUV and WNV/JEV in duck serum samples. Further study
on the application of this YAEYI-based ELISA with a large number of samples is in progress.

A previous report showed that the JEV epitope reacted with both JEV-positive and WNV-positive
sera [36], suggesting that JEV and WNV were two members of the JEV serocomplex; this association
caused the cross-reactivity among these flaviviruses. The sequence alignment showed that the LNLPW
epitope was highly conserved in both DTMUV and WNV, indicating that DTMUV and WNV contained
the same immunodominant epitope. This hypothesis was confirmed by the dot blotting assay, which
showed that anti-WVN sera could bind LNLPW, suggesting that DTMUV and WNV were also part of
a serocomplex.

The 3D structure of the E protein suggested that the LNLPW epitope did not protrude from the
E protein surface. Previous studies in the DENV virion particle demonstrated that the binding of some
E reactive antibodies relied on the dynamic motion of protein molecules (“breathing”), leading to
transient exposure of buried epitopes [37–39]. Accordingly, whether the “breathing” of the DTMUV
E protein will expose the two epitopes and allow mAb binding or inhibit the activity remains to be
experimentally resolved.

5. Conclusions

In summary, we identified for the first time two novel epitopes of the DTMUV E protein: one
DTMUV type-specific epitope and one widely cross-reactive epitope. We also reported for the first
time the 3D structure of the E protein and epitope locations. This information has provided new
insights into the structure and organization of epitopes on the DTMUV E protein and valuable epitope
information for the development of diagnostic assays for the specific detection of DTMUV infection.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4915/8/11/306/s1,
Figure S1: The stereochemical quality of the structure evaluated by ProSA and PROCHECK.
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Abstract: Human Pegivirus-1 (HPgV-1) may have a beneficial impact on disease progression in human
immunodeficiency virus-1 (HIV-1) infection. However, analysis of the genotypic diversity of HPgV-1
and its relevance to the progression of HIV-1 disease remains limited. A total of 1062 HIV-1-infected
individuals were recruited in all sixteen prefectures of Yunnan province, China. The reverse
transcription nested polymerase chain reaction (RT-nPCR), phylogenetic analyses, and clinical
data analyses were used to detect HPgV-1 infection, determine genotype, and analyze HPgV-1
genotype impact on HIV-1 disease progression. The overall positive rate of HPgV-1 RNA was 23.4%
(248/1062), and the frequency of HPgV-1 infection in injecting drug users (IDUs) (28.5%, 131/460)
was significantly higher than in heterosexuals (19.4%, 117/602). Multiple genotypes were identified
in 212 subjects with successful sequencing for the E2 gene, including genotype 7 (55.7%), genotype 3
(34.9%), genotype 4 (4.7%), genotype 2 (3.3%), and an unclassified group (1.4%). Moreover, genotype
7 predominated in IDUs, whereas genotype 3 was the most common in heterosexuals. Our results
revealed that HPgV-1 genotype 7 groups exhibited significantly lower HIV-1 viral load and higher
CD4+ cell counts. This finding suggests that HPgV-1 genotype 7 may be associated with a better
progression of HIV-1 disease.

Keywords: HPgV-1; HIV-1; HCV; co-infection; injecting drug users; heterosexuals; genotypic diversity;
clinical effect

1. Introduction

Human pegivirus-1 (HPgV-1), also known as GB virus C (GBV-C) or hepatitis G virus (HGV),
is a positive-sense single-stranded RNA (ssRNA) virus that has recently been classified under the
Pegivirus (pe, persistent; g, GB or G) genus of the Flaviviridae family [1–4]. HPgV-1 possesses a genome
of approximately 9.4 kb nucleotides in size that encodes a polyprotein of 2900 amino acids with
characteristic structural proteins (E1 and E2) and non-structural motifs (NS2, NS3, NS4A, NS4B, NS5A,
and NS5B) which is organized similarly to the genome of the hepatitis C virus (HCV) [4,5]. To date,
seven HPgV-1 genotypes have been identified by phylogenetic analysis of the full-length and partial
regions of the genome 5′ untranslated region (5′-UTR) and envelope protein 2 (E2) [6]. These genotypes
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display a specific geographical distribution; for instance, the HPgV-1 genotype 1 is predominant in
West African, genotype 2 in the United States and Europe, genotype 3 in East Asia, genotype 4 in
Myanmar and Vietnam, genotype 5 in South Africa, genotype 6 in Indonesia. More recently, genotype 7
has been found in Yunnan, China [7].

HPgV-1 is a nonpathogenic human virus that is transmitted efficiently via parenteral, vertical, and
sexual routes [4,8,9]. As a result of the shared modes of transmission with the human immunodeficiency
virus (HIV) and HCV, HPgV-1 infection is more prevalent among HIV-1- and/or HCV-positive
individuals. It has been reported that up to 40% of HCV- and/or HIV-1-infected patients are
HPgV-1 positive [10,11]. Consistent with these findings, our previous study revealed that 35.8%
of HIV-1-infected injecting drug users (IDUs) in Yunnan, China were positive for HPgV-1 RNA [7].

Notably, several studies have confirmed that HPgV-1 does not cause any liver related disease in
humans [4,8,12]. However, co-infection with HIV-1 may result in favorable outcomes such as lower
mortality rate, slower disease progression, and longer survival [7–9]. In addition, a recent study showed
that in these HCV/HIV-co-infected patients, HPgV-1 RNA was associated with a significant reduction
in the severity of HCV-related liver disease [13–15]. However, several studies have failed to confirm a
positive impact of HPgv-1 co-infection on HIV disease [14,16,17]. An explanation for this finding is that
the genotypic diversity of HPgV-1 may play a role in modulating disease progression in HIV-1-infected
individuals. Furthermore, HPgV-1 genotypes 2 and 5 have been associated with delayed progression
of AIDS [7,14,18,19]. Therefore, it is necessary to study HPgV-1 genotypic diversity and examine its
clinical impact in larger cohorts with HIV-1 infection. This present study investigates the prevalence
and genotypic diversity of HPgV-1 and its impact on disease progression in 1062 HIV-1-positive
patients in Yunnan, China.

2. Materials and Methods

2.1. Ethical Statements

All subjects gave their informed consent for inclusion before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the Ethics Committee of Yunnan Provincial Hospital of Infectious Disease, AIDS Care
Center (Approval No. YNACC [2015]-12).

2.2. Study Population and Sample Collection

In this study, plasma samples were collected from a total of 1062 HIV-positive individuals from
Yunnan Provincial Hospital of Infectious Disease, AIDS Care Center (YNACC) between August 2011
and August 2015; these individuals were from each of the 16 prefectures of the Yunnan Province
(Figure 1). Blood samples from the individuals were eligible if they were residents of the Yunnan
province, self-reported ever having HIV high-risk drug use and sexual behaviors, consent to use patient
information in studies of viral epidemics, and able to provide informed consent. Each participant
completed a face-to-face interview with trained interviewers to obtain the following information:
(1) demographic data, including age, ethnicity, education and marital status etc.; (2) high risk sexual
behaviors, including sexual orientation, sexual debut, number of male and/or female sex partners,
and experiences of buying or selling sex with other partners in the past 6 months; (3) illicit drug use
behaviors, including lifetime history of drug use, age at first injection, and needle sharing. After the
interview, an HIV counselor met with the participant for pretest counseling. The interviewer was
conducted by trained public health personnel with extensive experience interviewing facial features
regarding sexual and drug-use behaviors, and the route of HIV transmission was determined based on
analysis of interview data. The samples collected from the participants having multiple risk behaviors
and only 18 samples from homosexuals with small sample sizes were excluded from analyses in this
study. HIV-1 infection status was determined using an enzyme-linked immunosorbent assay (ELISA)
(Abnova, Taibei, Taiwan) and confirmed by western blot assay (MP Biomedicals, Santa Ana, CA, USA).
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The presence of HCV RNA was detected by RT-nPCR based on the NS5b sequence [20], HCV RNA
loads were assessed using the Roche Cobas Amplicor 2.0 assay (Roche, Amsterdam, The Netherlands),
and HCV genotype was determined by LIPA 2.0 assay (Siemens Healthcare, Berkeley, CA, USA).
Demographic data relating to age, gender, and route of transmission were recorded via self-report
questionnaires. The clinical parameters of disease progression, including the alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels, HIV-1 RNA load, and CD4+ T cell counts were
determined at sampling time.

Figure 1. Maps of the study region and geographical distribution of subjects from all sixteen prefectures
of the Yunnan province of southwestern China. The Yunnan province of southwestern China is marked
in gray. The geographical location of the sixteen regions within this province and the number of
samples (IDUs, injecting drug users; HS, heterosexual contact) from each region are shown. This map
is modified by the authors according to the free map templates [21] using MapInfo Professional 11.0
(Pitney Bowes Inc., Troy, NY, USA).
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2.3. RNA Extraction, HPgV-1 Gene Amplification and Sequencing

HPgV-1 RNA was isolated from 200-μL plasma samples using the High Pure Viral RNA Kit
according to the procedure described in the manual (Roche, Basel, Switzerland)). Then, the 5’-UTR
(U36380:119-497) and E2 (U36380:950-1844) sequences were amplified by nested PCR; the PCR primers
(supplement Table S1) and conditions were as reported in previous study [7,9]. Owing to the high
degree of conservation and amplification efficiency of the 5’-UTR, this region was used to evaluate the
HPgV-1 infection rate.

The E2 region was used to determine the HPgV-1 genotype, as this sequence could analyze the
different genotypes with the same consistency as the complete genome [7–9]. The first PCR reaction
was performed using One Step reverse transcription PCR (Takara, Dalian, China) and the second
using 2 × Taq PCR MasterMix (Tiangen, Beijing, China). The PCR products were firstly detected
by agarose gel (1.0%) electrophoresis and visualized under ultraviolet (UV) illumination for the
presence of an 895-nucleotide band and then purified by using a DNA purification kit (Tiangen, Beijing,
China); subsequently, the purified products were sent to Shenzhen Invitrogen Biotechnology Co., Ltd.
(Shenzhen, Guangdong, China) for sequencing by using an ABI 3730XL automated DNA sequencer
(Applied Biosystems, Carlsbad, CA, USA).

2.4. Sequence Analyses

The sequencing data were initially checked via a NCBI BLAST search [22]. The resulting sequences
were edited using BioEdit 7.2.5 software [23]. The reference sequences available in GenBank [24] were
downloaded to conduct a comparative analysis of all the HPgV-1 E2 genomic sequences. Multiple
alignments of the selected sequences were performed by Clustal Omega [25]. Subsequently, the data
generated were processed using the BioEdit 7.1.5 software. Phylogenetic trees were constructed based
on the obtained datasets using MEGA version 6.0.6 [26] with maximum-likelihood method using
the general time reversible + gamma distribution + invariant sites (GTR + τ + I) model. Bootstrap
values were calculated based on 1000 replications of the alignment. Principal coordinate analysis was
performed using a principal coordinate analysis (PCOORD). All the HPgV-1 E2 genomic sequences
obtained in this study have been deposited in GenBank under accession numbers KX430523-KX430734.

2.5. Statistical Analysis

Statistical analyses were conducted using the SPSS 21.0 statistical analysis software package (IBM,
Armonk, NY, USA). For descriptive analyses, the means and standard deviations, frequency, and
percentage values were reported. The tests of differences between the HPgV-1-infected group and
HPgV-1-uninfected group were performed using a t test for the difference in means (for age, ATL, AST,
CD4+ counts, log HIV-1 RNA, and log HCV RNA) and Fisher exact test for gender, HIV-1 risk behavior,
and HCV genotypes. All the p values below 0.05 were considered to indicate statistical significance.

3. Results

3.1. Epidemiologic and Demographic Characteristics

Blood samples were collected from a total of 1062 HIV-1-positive individuals from all
16 prefectures of the Yunnan province, from August 2011 to August 2015. Among these, 56.69%
(602/1062) had become infected mainly via heterosexual contact and 43.31% (460/1062) by injecting
drug user. The epidemiological characteristics of the 1062 subjects included in the present study
are summarized in Figure 1. The mean age of the participants was 38.57 ± 10.22 years, and the
ratio of males to females was 696:366. The following clinical characteristics were identified: the
mean ALT (41.31 ± 47.22 IU/L), the mean AST (44.70 ± 64.59 IU/L), the mean CD4+ cell count
(301.54 ± 187.58 cells/uL), and HIV-1 RNA (4.05 ± 0.67 log copies/mL). In addition, the gender,
ALT, and AST showed highly significant differences among different HIV-1 risk behaviors (IDU vs.
heterosexual contact) (Supplement Table S2).
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3.2. HPgV-1 Infection Status

Out of the 1062 patients with HIV-1 infection, the overall prevalence of HPgV-1 infection was
23.4% (248/1062) via 5’-UTR (378bp) amplification by nested RT-PCR. Among these, 117 (19.4%) of
602 heterosexuals were classified as HPgV-1 RNA-positive and 131 (28.5%) of 460 IDUs tested positive
for HPgV-1 RNA. The HPgV-1 positive rate of HIV-1-infected IDUs is significant higher than that of
heterosexuals (p < 0.05).

Notably, HPgV-1 infection rates among the HIV-1-infected individuals differed based on age
and HIV-1 RNA load as follows: age (in years) 16–30 (29.5%), 31–50 (22.5%), > 50 (16.4%) (p = 0.019);
HIV-1 RNA load 2.98–4.00 (27.2%), 4.00–5.00 (19.8%), >5 (15.8%) (p = 0.005). These results revealed that
HPgV-1 infection is associated with increasing age and HIV-1 RNA.

In the sampled prefectures, the HPgV-1 RNA-positive rates among HIV-1-infected individuals
were higher than 30%; the rate of HPgV-1-positive individuals was 37.3% in Baoshan, 32.6% in
Nujiang, and 30.0% in Kunming. There were no significant differences between these prefectures.
However, the HPgV-1 RNA-positive rates among individuals from these prefectures were significantly
higher than in those from Xishuangbannan (12.5%), Yuxi (13.1%), and Lijiang (13.3%) (p < 0.05)
(Supplemental Figure S1A). For the remaining prefectures, the HPgV-1 RNA-positive rate was
intermediate (16.2%–27.0%) (Figure S1A). Only three HIV-1-positive subjects were from Diqing; among
these, HPgV-1 RNA was not detected.

3.3. HPgV-1 Genotypes Distribution

Out of a total of 248 HPgV-1 RNA-positive samples, 212 partial E2 gene fragments were successfully
amplified and sequenced with a success rate of 85.5% (212/248). The failure of amplification in the
36 cases was possibly due to low viral load and weak primer specificity. Phylogenetic analyses
were performed based on E2 fragments of HPgV-1. Of these, 118 (55.7%), 74 (34.9%), 10 (4.7%), and
7 (3.3%) sequences were identified as corresponding to genotypes 7, 3, 4 and 2, respectively (Figure 2A).
The remaining three strains (DL27S, DL73621 and LC5718S) formed a distinct monophyletic branch
with a bootstrap value of 99%, distantly related to all known HPgV-1 genotypes, indicating that
these may represent a novel genotype especially when recombination was excluded by bootscanning
analyses (no breakpoint was found). Further, the coordinate result obtained by a principal coordinate
analysis (PCOOD) indicated that the three strains formed a single group.

Based on the transmission route of HPgV-1, the genotypic distribution among the 116 IDUs was
as follows: 85 (73.3%, 85/116), genotype 7; 22 (19.0%, 22/116), genotype 3; 6 (5.2%, 6/116), genotype 2;
2 (1.7%, 2/116), genotype 4; and 1 (0.9%, 1/116), an unclassified group. Among the 96 heterosexuals,
genotype 3 was the most common genotype (54.2%, 52/96), followed by genotype 7 (34.4%, 33/96),
genotype 4 (5.2%, 5/96), genotype 2 (4.2%, 4/96), and the unclassified group (2.1%, 2/96). Notably, the
distribution of genotype 7 among the IDUs (73.3%, 85/116) was significantly higher than among the
heterosexuals (34.4%, 33/96) (p < 0.05). The percentage of genotype 3 prevalence among heterosexuals
(54.2%, 52/96) was significantly higher than in the IDUs (19.0%, 22/116) (p < 0.05) (Figure 2C).

In the sampled prefectures, HPgV-1 strains circulating in Baoshan, Dehong, Lincang, Puer,
Xishuangbannan and Dali exhibited extremely higher genotypic diversity compared with those in the
other prefectures (Figure S1B).
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Figure 2. Genotypic analyses of human Pegivirus-1 (HPgV-1) and its distribution between injected
drug users and heterosexual individuals in Yunnan, China. (A) A circular phylogenetic tree based on
the partial E2 sequences amplified from the 212 human immunodeficiency virus-1 (HIV-1)-infected
individuals. The different genotypes are shown in different colors, as indicated on the left of the tree
(other means the unclassified group) and the open and closed triangles indicate injecting drug users
(IDUs) and heterosexual contact (HS), respectively. The pie chart inside the tree shows the percentages
of the various HPgV-1 genotypes; (B) Multivariate principal coordinate analysis (PCOORD) of partial
E2 sequences of HPgV-1 (filled circles); (C) Comparison of HPgV-1 genotype distributions among IDUs
and heterosexuals in Yunnan, China. The distribution significance of genotype 7 and 3 among the IDUs
and heterosexuals were presented with asterisks (p < 0.05).

3.4. Co-infection of HPgV-1 with HIV/HCV and Its Clinical Effect

Out of the 1062 HIV-1-infected patients, HCV RNA was detected in plasma samples from
287 (27.02%, 287/1062) subjects using RT-nPCR based on the HCV NS5B region. In combination
with the results for HPgV-1 detection, 621 (58.47%, 621/1062) subjects were found to be infected with
HIV-1 alone, 193 (18.17%, 193/1062) were co-infected with HIV-1 and HCV, 154 (14.50%, 154/1062) were
co-infected with HIV-1 and HPgV-1, and 94 (8.85%, 94/1062) with HIV-1, HCV, and HPgV-1. Taken
together, the individuals were further grouped into two comparative groups; group 1 of HIV/HCV
co-infected subjects with or without HPgV-1 infection and group 2 of HIV-infected subjects with or
without HPgV-1 infection (Figure 3).
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Figure 3. A graphical representation of HIV-1 mono-, HIV-1/Hepatitis C Virus (HCV) co-, and
HIV-1/HCV/HPgV-1 triple-infection cases in our cohort in Yunnan, China. 621: the numbers of HIV-1
mono-infection, 193: HIV-1 and HCV co-infection, 154: HIV-1 and HPgv-1 co-infection, and 94: HIV-1,
HCV and HPgv-1 triple-infection. Different groups are shown in different colors, as indicated at the
bottom of the graphic.

Clinical characteristics for patients with and without HPgV-1 infection in the two groups above
are summarized in Table 1. The mean (Standard deviation, SD) HIV-1 viral load of HPgV-1-infected
patients was lower than patients negative for HPgV-1 (Group 1: log = 3.88 ± 0.47 vs. 4.02 ± 0.61,
p = 0.040; Group 2: 3.93 ± 0.52 vs. 4.04 ± 0.69, p = 0.048, respectively) and the mean (SD) T CD4+

lymphocyte cell counts was higher than patients negative for HPgV-1 (Group 1: cells/μL = 322 ± 193
vs. 280 ± 148, p = 0.046; Group 2: 322 ± 184 vs. 288 ± 154, p = 0.048, respectively). In contrast, there
was no significant difference in terms of mean (SD) gender, ALT, AST, transmission route, HCV viral
load, and HCV genotype (p > 0.05) between the HPgV-1-infected and uninfected patients.

Interestingly, in the two groups (only the most common genotype of 3 and 7 were compared and
genotype 2 and 4 were not included for lacking enough number of individuals), HPgV-1 infection with
genotype 7 was significantly associated with lower HIV-1 viral load (Group 1: log = 3.85 ± 0.49 vs.
4.02 ± 0.61, p = 0.042 ; Group 2: 3.83 ± 0.64 vs. 4.04 ± 0.69, p = 0.038, respectively) and higher CD4+

cell counts (Group 1: cells/μL = 332 ± 204 vs. 280 ± 148, p = 0.037; Group 2: 341 ± 164 vs. 288 ± 154,
p = 0.015, respectively) compared with the HPgV-1 negative group (p < 0.05) (Table 2). These findings
suggest that infection with HPgV-1 genotype 7 may be associated with slower disease progression in
HIV-1-positive individuals. In addition, when HPgV-1 genotype 7 compared with genotype 3, there
was no significant difference showed.
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Table 1. Differences between HPgV-1-infected and HPgV-1-uninfected patients among HIV-1-infected
individuals with or without HCV.

Variable

Group 1: HIV-1/HCV (n = 287) Group 2: HIV-1 (n = 775)

HPgV-1-
Infected

HPgV-1-
Uninfected

p HPgV-1-
Infected

HPgV-1-
Uninfected

p

Patients, n (%) 94 (32.75) 193 (62.25) N/A 154 (19.87) 621 (80.13) N/A
Gender, male:female 2 79:15 150:43 0.273 86:71 386:240 0.145
Mean (SD) age, y 1 37.99 (5.80) 38.33 (6.05) 0.639 36.90 (11.5) 39.14 (11.34) 0.029
Mean (SD) ALT, IU/L 1 51.45 (37.42) 55.48 (43.29) 0.227 31.15 (26.71) 33.03 (29.94) 0.834
Mean (SD) AST, IU/L 1 55.26 (36.20) 56.22 (40.03) 0.843 34.46 (23.33) 35.06 (26.24) 0.237
Mean (SD) CD4+ count, cells/Ul 1 322 (193) 280 (148) 0.046 322 (184) 288.5 (154) 0.048
Mean (SD) HIV-1 RNA log copies/mL 1 3.88 (0.47) 4.02 (0.61) 0.040 3.93 (0.52) 4.04 (0.69) 0.048
HIV-1 transmission route no. (%) 2 0.530 0.278

Injection drug users 78 (82.98) 154 (79.79) 51 (33.12) 181 (28.91) N/A
Heterosexual 16 (17.02) 39 (20.21) 103 (66.88) 445 (71.09) N/A

Mean (SD) HCV RNA logcopies/mL 1 4.98 (0.21) 5.12 (0.31) 0.378 N/A N/A N/A
HCV genotype no. (%) 2 0.563 N/A

1 17 (18.09) 40 (20.73) N/A N/A
2 0 (0.00) 2 (1.04) N/A N/A
3 61 (64.89) 112 (58.03) N/A N/A
6 16 (17.02) 39 (20.20) N/A N/A

N/A, not applicable; n, number; y, years; SD, standard deviation; ALT, Alanine aminotransferase; AST, Aspartate
transaminase; 1 t test; 2 Fisher exact test.

Table 2. Differences between HPgV-1-infected and HPgV-1-uninfected patients among HIV-1-infected
individuals with or without HCV.

Variable
HPgV-1-

Uninfected

HPgV-1-
Infected

G3 P1 G7 P2 P3

Group 1: HCV+, n (%) 193 (62.25) 11 (3.83) N/A 66 (23.00) N/A N/A
Gender, male:female 2 150:43 8:3 0.714 57:9 0.156 0.363
Mean (SD) age, y1 38.33 (6.05) 37.91 (7.35) 0.822 38.11 (5.33) 0.783 0.915
Mean (SD) ALT, IU/L 1 55.48 (43.29) 55.48 (43.29) 0.703 50.93 (38.8) 0.463 0.968
Mean (SD) AST, IU/L 1 56.22 (40.03) 50.62 (22.56) 0.647 54.61 (36.25) 0.781 0.726
Mean (SD) CD4+ count, cells/uL 1 280 (148) 352 (199) 0.144 332 (204) 0.037 0.503
Mean (SD) HIV-1 RNA log10 copies/mL 1 4.02 (0.61) 3.97 (0.37) 0.827 3.85 (0.49) 0.042 0.481
HIV-1 transmission route IDUs:HS 2 154:39 10:1 0.696 56:10 0.467 0.999
HCV genotype no. (%) 2 0.757 0.535 0.753

1 40 (20.73) 2 (18.18) 10 (15.15)
2 2 (1.04) 0 (0.00) 0 (0.00)
3 112 (58.03) 8 (72.73) 44 (66.67)
6 39 (20.20) 1 (9.09) 12 (18.18)

Group 2: HCV-, n (%) 621 (84.37) 63 (8.56) N/A 52 (7.07) N/A N/A
Gender, male:female 2 386:240 33:30 0.999 31:21 0.769 0.457
Mean (SD) age, yrs 1 39.14 (11.34) 34.73 (12.04) 0.004 38.27 (11.60) 0.596 0.113
Mean (SD) ALT 1 33.03 (29.94) 34.5 (4.04) 0.248 33.71 (28.37) 0.879 0.324
Mean (SD) AST 1 35.06 (26.24) 34.42 (25.90) 0.855 34.57 (19.62) 0.899 0.896
Mean (SD) CD4+ count, cells/uL 1 288.5 (154) 310 (195) 0.366 341 (164) 0.015 0.387
Mean (SD) HIV-1 RNA log10 copies/mL 1 4.04 (0.69) 3.97 (0.57) 0.258 3.83 (0.64) 0.038 0.349
HIV-1 transmission route IDUs:HS 2 181:445 16:47 0.661 24:28 0.012 0.030

P1, HPgV-1 G3 vs. HPgV-1-uninfected; P2, HPgV-1 G7 vs. HPgV-1-uninfected; P3, HPgV-1 G3 vs. HPgV-1 G7;
1 t test; 2 Fisher exact test.

4. Discussion

In the present study, we evaluated the frequency, genotypic distribution, and clinical impact
of HPgV-1 infection on HIV-1 disease progression in 1062 HIV-1-infected individuals in Yunnan,
China. The overall positive detection rate of HPgV-1 RNA was 23.4% in our cohort (28.5% in IDUs
and 19.4% in heterosexuals), which is in accordance with other previous reports stating that HPgV-1
RNA prevalence is about 17%–41% among HIV-positive individuals [19]. Our data indicated that the
frequency of HPgV-1 infection in IDUs was significantly higher than in heterosexuals, implying that
intravenous injection may represent a more efficient transmission route of HPgV-1 than heterosexual
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contact. The observation agreed with the finding that intravenous drug use constitutes an important
risk behavior for the transmission of blood-borne viruses such as HIV-1, HCV, HBV, and so on [27–29].

Moreover, we found that the rate of HPgV-1 infection was significantly higher in younger patients
(age: 16-30 years) (p = 0.029), and that the frequency of HPgV-1 infection declines with increasing
age (p = 0.019). Similar trends have been identified in several previous studies [30,31]. This may be
attributed to younger individuals being more sexually active and exhibiting higher incidence of drug
use than older patients [31–33]. Another possible explanation is that E2 antibodies against HPgV-1
reinfection are found more frequently in older people [30,31]. Unfortunately, in the present study,
the HPgV-1 E2 antibody levels could not be estimated due to the lack of a commercially available
serology assay [34]. In addition, with the increase of HIV-1 RNA viral load, a significant decline in
the overall HPgV-1 infection rate was observed, indicating that HPgV-1 infection exhibits an inverse
relationship with HIV-1 load. However, we could not draw the conclusion that a negative correlation
exists between HPgV-1 and HIV-1 RNA levels. Therefore, further studies are needed to determine the
HPgV-1 RNA viral load.

Our results indicate that genotypic diversity and complexity of HPgV-1 circulating in Yunnan,
China is high. Multiple genotypes, namely 2, 3, 4, 7, and an unclassified group, were identified in
this study; these findings differ from those of previous reports which suggest the predominance of
genotype 3 in Beijing [35], and the Hubei province of China [6]. However, our results are consistent
with observations in Singapore [36], and Indonesia [37] where high prevalence of HPgV-1 multiple
genotypes have been described in patients with HIV-1 infection. These findings may be explained
by the special geographic location of Yunnan province. Yunnan is located in southwestern China
and borders the opium-producing “Golden Triangle” region composed of Myanmar, Laos, Thailand,
and Vietnam [7,38,39]. The transmission of several human viruses is closely associated with illegal
drug trafficking [40,41]. Additionally, large numbers of commercial sex workers from Myanmar and
Vietnam are active at the Yunnan border [42,43]. These high-risk factors have facilitated the spread
of numerous human viruses in Yunnan; for example, HIV-1 subtypes B and C were introduced into
Yunnan from Myanmar and India by IDUs [44], and CRF01_AE was identified among commercial
sex workers returning from Thailand to Yunnan. In addition [44], such factors have resulted in
the transmission of HPgV-1 genotype 4 and 7 in Yunnan. In contrast, genotype 2 predominates in
Europe and America [8,9]. A small number of genotype 2 infections detected in Yunnan may have
been imported as a result of the frequent exchange of personnel between China and the USA, which
has arisen due to the close economic ties between the two countries. Interestingly, we found that
HPgV-1 genotype 7 predominated in IDUs, whereas genotype 3 was the most common genotype in
heterosexual populations. This pattern and prevalence of HPgV-1 infections may be closely related to
the origin of the two kinds of genotypes. HPgV-1 genotype 7 originated in IDUs from Southeast Asia
described in our previous study. Genotype 3 may have been derived from China or Japan. To date,
little is known about the evolution, origin, and migration of HPgV-1 genotype 3 and 7. Therefore,
further molecular epidemiological surveys are needed to monitor the epidemiology and phylogenetic
linkages implicated in the HPgV-1 epidemic in Asia.

Several epidemiological studies have indicated a beneficial effect of HPgV-1 viremia on disease
progression of HIV-1-infected individuals. HPgV-1 infection has been associated with higher CD4+

cell counts and lower HIV-1 loads [7–9]. These findings are further supported by increasing evidence
for an attenuating effect of HPgV-1 on HIV-1 replication in vitro [45–47]. Furthermore, studies of
the genetic diversity of HPgV-1 revealed the existence of seven distinct genotypes worldwide; these
genotypes present clear differences in regional distribution [8,9]. Interestingly, several reports have
suggested that genotypes 2 and 5 are associated with delayed AIDS progression to a greater extent
than the other genotypes [7,14,18,19]. Another hypothesis suggests that HPgV-1 may influence the
progression of HIV-1 disease; this is the subject of numerous epidemiological surveys [8,9]. However,
similar results have been rarely found in cohorts of HIV-1- and/or HCV-positive patients [8,14,16].
This may be attributed to the small number of subjects investigated in these studies, which results
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in lower accuracy of statistical analyses. In the present study, an investigation of a large cohort of
HIV-1-infected patients (1062 subjects) suggested that the recently identified genotype 7 may be more
strongly associated with slow HIV-1 disease progression than negative, supporting the hypothesis
outlined above.

Our study lacked a long-term follow-up epidemiological survey aimed at HPgV-1 strains with
different genotypes. Another limitation of the study is that some demographic and clinical variables,
such as race, HPgV-1 E2 antibody levels, HPgV-1 RNA viral load, HIV-1 subtype, and treatment
regimen, were not evaluated.

5. Conclusions

In summary, our data suggest that HPgV-1 infection among HIV-1-infected populations is
extremely common; the HPgV-1 epidemic in Yunnan was characterized by infection with multiple
genotypes. We additionally found that HPgV-1 genotype 7 may be associated with slower disease
progression in HIV-1-infected individuals. These present findings provide novel insights into the
genotypic diversity of HPgV-1 in co-infected HIV-1-positive individuals and are potentially useful for
the development of HPgV-1-based bio-therapies for AIDS.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4915/9/2/28/s1, Table S1:
Oligonucleotide primer sequences used to amplify HPgV-1, Table S2: The distribution of HPgV-1 infection
rates and genotypes for each prefecture in Yunnan. Figure S1: Demographic and clinical characteristics among
HIV-1-infected population.
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