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Emergence, global distribution & 
cocirculation of clinically important 
viruses belonging to the Japanese 
encephalitis serocomplex
The Japanese encephalitis (JE) serocomplex is 
comprised of nine genetically and antigenically 
related viruses [1] within the flavivirus genus of 
the Flaviviridae family. Flaviviruses are a group 
of small, enveloped, positive-strand RNA viruses 
with yellow fever virus as the prototype mem-
ber (reviewed in [2]) and the dengue viruses as 
the most clinically relevant members in terms of 
worldwide incidence of human disease (reviewed 
in [3]). Four JE serocomplex viruses are associ-
ated with epidemic outbreaks of encephalitis in 
humans: Japanese encephalitis virus (JEV), West 
Nile virus (WNV), Murray Valley encephali-
tis virus (MVEV) and Saint Louis encephali-
tis virus (SLEV) (reviewed in [4]). Their geo-
graphic distribution includes all continents 
except Antarctica (Table 1). All members of the 
serocomplex are maintained in a zoonotic cycle 
between primarily Culex mosquitoes and avian 

hosts. Although not part of the natural trans-
mission cycle, human and equine infection 
with viruses of the JE serocomplex can result 
in severe and sometimes fatal neurological dis-
ease. JEV is the most important member of the 
serocomplex in terms of disease incidence: it is 
the leading cause of viral encephalitis in Asia, 
where approximately 30,000 clinical cases and 
approximately 10,000 deaths are reported annu-
ally, with a high incidence of neuropsychiatric 
deficits among survivors (reviewed in [4,5]). JEV 
is also a significant pathogen of horses, causing 
death from encephalitis in up to 40% of clinical 
cases, making immunization of horses against 
JEV with mouse brain-derived inactivated vac-
cine mandatory in several Asian countries [6]. 
WNV causes sporadic cases of febrile disease and 
encephalitis in Africa, India and Australia, with 
the majority of infections being asymptomatic. 
However, since the mid-1990s a series of out-
breaks of West Nile encephalitis have occurred 
in the Middle East and eastern Europe due to the 
emergence of more virulent virus strains, with 
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the most severe outbreak in North America, where in the decade 
since its first appearance in 1999 more than 30,000 human cases 
and approximately 1400 deaths have been reported [201]. MVEV 
can cause severe, sometimes fatal, disease in humans and is the 
most common cause of viral encephalitis in tropical Australia 
(reviewed in [7]). The virus sporadically spreads to central and 
southern regions of the continent, which occasionally gives rise 
to epidemic outbreaks of disease. The incidence of human disease 
due to infection with MVEV remains low, which is probably due 
to the low population density in the northern parts of Australia 
with endemic MVEV activity, given that the estimated ratio of 
apparent to inapparent infection with MVEV is similar to that 
with JEV [4]. Most clinical cases of encephalitis due to infection 
with SLEV in the USA occur in the southern states from Texas 
across to Florida. It is estimated that since 1933, when the virus 
was first identified, there have been >10,000 severe infections and 
>1000 fatal human cases of Saint Louis encephalitis (reviewed 
in [8]).

In the past two decades, there has been an expansion of the 
geographic distribution of JE serocomplex viruses. Most notable 
are the emergence of WNV and its subsequent establishment as an 
endemic pathogen in most temperate regions of North America, 
and the spread of JEV into southwestern India, Pakistan and the 
Australasian region [9]. As a consequence, the geographic over-
lap of virus activity of the medically important members of the 
serocomplex has substantially increased. Currently, WNV co-
circulates with SLEV in North America, JEV in India and MVEV 
in Australia, while JEV cocirculates with MVEV in Indonesia, 
Papua New Guinea and the Torres Strait Islands of northern 
Australia (Table 1). While JEV has been isolated on several occa-
sions from mosquitoes on the Cape York Peninsula (Australia) and 
a human case of JE has been recorded, the virus is yet to become 
established in natural transmission cycles on the Australian main-
land; nevertheless, the latter possibility remains a concern, given 
the abundance of suitable hosts and vectors (reviewed in [10]). A 
potentially more important threat to public health would be the 

introduction of JEV into the Americas. The 
WNV experience in North America over 
the past 10 years, combined with uncer-
tain consequences of global warming on 
arbovirus transmission [11] and the ongoing 
geographic spread of JEV, suggest that the 
likelihood of JEV emergence in new target 
areas is high [12]. Spread of JEV into North 
America or Australia and establishment of 
transmission would probably trigger vacci-
nation against JEV of ‘at risk’ populations, 
given the availability of an internationally 
licensed JE vaccine. However, overlap of 
virus activity of two or more clinically 
important members belonging to the JE 
serocomplex poses challenges to vaccina-
tion that require urgent assessment. These 
range from the possibility of protection 
against multiple members of the JE sero-

complex with one (cross-protective) vaccine to unknown risks 
of vaccination on infection with a heterologous flavivirus, which 
might include vaccine-associated disease enhancement. These 
issues are reviewed in the following sections.

Cross-protective immunity against JE serocomplex 
flaviviruses: evidence from live virus infections
It has been known for many years that live virus infection with 
a member of the JE serocomplex will elicit protective immunity 
against other viruses belonging to this group, at least in animal 
models. For instance, Hammon and Sather showed protection 
in hamsters against WNV, JEV, SLEV and MVEV [13], while 
in mice one injection of WNV or SLEV afforded protection 
against lethal challenge with JEV [14]. A more recent study in 
hamsters confirmed that infection with SLEV or a live JEV vac-
cine (SA14-14-8 strain) also protected animals against a lethal 
challenge with virulent lineage I WNV, and WNV viremia was 
much lower in hamsters that were preinfected with a heterolo-
gous virus [15]. Effective cross-protective immunity between 
SLEV and virulent lineage I WNV, and WNV and JEV have 
also been described in studies in birds [16,17]. Experiments in 
pigs found that preinfection with MVEV or WNV (Kunjin 
strain) prevented viremia following subsequent challenge with 
JEV [18]. The only investigation in nonhuman primates on cross-
protective immunity employed an extensive vaccination schedule 
and severe (intranasal) challenge route, and reported protec-
tion against WNV following preinfection with JEV, but only 
partial protection when the reciprocal combination was tested 
[19]. Collectively, the reports spanning research in different spe-
cies over a period of >50 years establish that immunity to one 
JE serocomplex virus member provides a survival advantage to 
animals challenged with a heterologous virus of this group. They 
also indicate that heterologous virus challenge of preinfected 
animals broadens the immune response with a trend of boost-
ing neutralizing antibodies against the immunizing virus to a 
higher level than that against the challenge virus. However, in 

Table 1. Japanese encephalitis serocomplex flaviviruses.

Virus Geographic distribution Human disease

Alfuy virus Australia Not known

Cacipacore virus Brazil Not known

Japanese encephalitis virus South and southeast Asia, 
China, Indonesia, northern 
Australia

Encephalitis

Koutango virus Senegal Fever, rash

Murray Valley encephalitis virus Australia, Papua New Guinea Encephalitis

Saint Louis encephalitis virus Americas Encephalitis

Usutu virus Africa, Europe Fever, rash

West Nile virus including Kunjin 
virus

Africa, Middle East, Europe, 
Americas, south and  
southeast Asia, Australia

Meningitis, encephalitis, 
fever, rash, flaccid 
paralysis

Yaounde virus Central Africa Not known
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combinations where a major difference in virulence between two 
viruses exists, the immune response against the more virulent 
virus tends to be of greater magnitude, consistent with the greater 
antigenic load produced. Accordingly, the experimental evidence 
does not support a strong ‘original antigenic sin’ effect between 
the JEV serocomplex flaviviruses, in contrast to that postulated 
for sequential challenge by heterologous dengue virus [20]. What 
remains uncertain in existing animal models or human sub-
jects is the durability of the cross-protective response induced 
by infection with one JE serocomplex member. While flavivirus 
infection probably conveys long-lived protection against homolo-
gous viruses, it remains unclear how rapidly the cross-protective 
response wanes.

Cross-protective immunity against JE serocomplex 
flaviviruses by vaccination
Studies in humans
The aforementioned findings have encouraged researchers to 
evaluate whether vaccination against JE serocomplex flavivi-
ruses also elicits a cross-reactive immune response that provides 
some benefit in recovery from infection with a heterologous 
member of the serogroup. This is an important question in 
terms of public health in many countries, because the spread 
of viruses belonging to the JE serocomplex, or the emergence 
of variants with enhanced virulence for humans, can be rapid, 
allowing limited time for the production of specific vaccines, 
and it would potentially allow for vaccination against viruses 
that cause less-frequent disease and therefore for which there 
are no commercial interests in vaccine development. Prompted 
by the outbreak of WNV encephalitis in the USA, two small 
human vaccine studies investigated whether an internation-
ally licensed, inactivated JE vaccine (JE-VAX®, Biken Institute, 
Japan) provided a protective advantage against WNV based 
on the detection of cross-neutralizing antibody in vaccinated 
individuals: while the first study yielded negative results [21], 
the second study, in which JE-VAX was codelivered with (live) 
yellow fever 17D vaccine, reported effective levels of cross-
neutralizing antibody against WNV; cross-reactive humoral 
immunity against WNV waned in parallel with that against 
JEV over time, but increased sharply following a booster vac-
cination with JE-VAX [22]. The main difference between the two 
investigations was the codelivery of the live yellow fever vaccine 
during priming with JE-VAX, which most probably provided a 
potent adjuvant effect to the inactivated JE vaccine by stimu-
lating innate immune factors critical for immunogenicity [23]. 
While the report by Yamshchikov et al. involved codelivery of 
yellow fever and JE-VAX vaccines [22], others have noted that 
preimmunity to yellow fever vaccine can enhance the level of 
durable cross-reactive neutralizing antibody against the four 
dengue virus serotypes in human recipients of a dengue-2 live 
vaccine [24]. Surprisingly, a live-attenuated JE vaccine widely 
used in China (SA14-14-2 strain) over the past 20 years, but 
not approved for international use (reviewed in [25]), showed no 
cross-reactive antibodies against WNV in human recipients [26]. 
Failure to elicit cross-reactive immunity against WNV with the 

live vaccine was unlikely to be a consequence of the genotype of 
the attenuated JEV, which was the same (genotype III) as that 
of the inactivated vaccine (JE-VAX) shown to produce cross-
neutralizing responses in codelivery with yellow fever vaccine. 
In summary, this small number of human studies indicates that 
the immune responses elicited with current JE vaccines may be 
of insufficient magnitude and/or quality to promote adequate 
cross-protective immunity against heterologous viruses of the 
serocomplex; however, they also indicate that by potentiating 
vaccine immunogenicity (e.g., by codelivery of yellow fever vac-
cine), cross-neutralizing antibody titers of a magnitude thought 
to confer protective immunity against WNV can be achieved 
in human vaccine recipients.

Studies in animals
Vaccine trials in animals also support the view that relative 
immunogenicity is key to the induction of cross-protective 
immunity by vaccination; this was clearly shown in a com-
parison of the cross-protective value of inactivated (JE-VAX) 
and live (ChimeriVax™-JE, Acambis Inc., MA, USA) JE vac-
cines in mouse models of WNV and MVEV encephalitis [27]. 
ChimeriVax-JE is constructed from yellow fever virus 17D vac-
cine cDNA by replacement of the viral structural premembrane 
(prM) and envelope (E) proteins with those of an attenuated 
JEV strain; it has undergone Phase II and Phase III trials for 
safety and efficacy in humans (reviewed in [25,28,29]). While a 
three-dose immunization schedule with inactivated JE-VAX 
showed only marginal protection against lethal MVEV chal-
lenge, a single dose of ChimeriVax-JE provided complete and 
durable (>5 months) protective immunity against both MVEV 
and WNV [27]. The experiments were performed in type I 
interferon receptor-deficient mice, which in view of their high 
susceptibility to encephalitic flavivirus infection [30], present a 
stringent challenge model. The magnitude of the neutralizing 
antibody response elicited with the vaccines correlated directly 
with their effectiveness in cross-protection: this is exemplified 
by higher titers to the heterologous virus in ChimeriVax-JE-
immunized mice than to the homo logous virus in JE-VAX-
immunized mice. A T-cell-mediated contribution to vaccine-
induced cross-protection was also noted [27], although detailed 
antigen-specific and mechanistic studies were not performed 
to address the protective effects of individual CD4+ or CD8+ 
T-cell subsets. 

Superiority of the live chimeric flavivirus vaccine approach in 
eliciting cross-protective immunity compared with immuniza-
tion with inactivated virus has been observed in other stud-
ies. Hamsters injected with a single dose of ChimeriVax-WNV 
veterinary vaccine (PreveNile®, Intervet/Schering Plough, NY, 
USA; recalled in 2010 owing to safety concerns [202]) devel-
oped sterilizing immunity against JEV, whereas two doses of 
canarypox virus-vectored WNV prM/E vaccine (Recombitek, 
Merial Ltd, GA, USA) promoted only a marginal reduction 
in viremia following heterologous challenge [31]. By contrast, 
immunization of mice with high doses of JE-VAX provided 
partial cross-protection against virulent WNV in the absence of 
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detectable cross-neutralizing antibody at the time of challenge 
[32,33]. This apparent difference in cross-protective efficacy of 
live and inactivated flavivirus vaccines, in conjunction with 
the efficient cross-protective immunity observed following live 
virus infections, raises the following questions: is induction 
of protective immunity against heterologous viruses of the JE 
serocomplex a property associated with broad immune activa-
tion following a viral infection; and can the superior immuno-
genicity of live vaccines be replicated with inactivated vaccines 
by inclusion of novel adjuvants? The traditional inactivated JE 
vaccine (JE-VAX) is produced from infected mouse brain, and 
is nonadjuvanted; it is relatively poorly immunogenic, which 
is reflected by the three-dose immunization regimen that is 
required to produce time-limited immunity in approximately 
90% of individuals, with further regular boosters required for 
those living in nonendemic regions (reviewed in [34]). However, 
when formulated with an adjuvant, inactivated JE vaccines can 
display cross-neutralizing and cross-protective effectiveness of 
similar magnitude to that of the chimeric live vaccines [35]. In 
preclinical vaccine trials in mice and horses, adjuvanted JE-VAX 
or replacement cell culture-grown JE vaccine elicited neutral-
izing antibody titers against MVEV that were equal to or greater 
than those elicited with nonadjuvanted vaccine against JEV; 
the adjuvanted vaccines also induced neutralizing antibody tit-
ers against the more distantly related WNV, albeit at lower 
levels than those against MVEV, but nevertheless exceeding 
the threshold titer thought to be required for protection [35]. 
Accordingly, the protective value of the adjuvanted JE vaccine 
against MVEV and WNV is predicted to be similar to that of 
nonadjuvanted vaccine against the homologous virus. In the 
study, a polysaccharide-based adjuvant (Advax, Vaxine Pty Ltd, 
Australia) was used, which potently stimulates immunogenicity 
without the increased reactogenicity seen with other adjuvants, 
and induces balanced Th1/Th2 immune responses against the 
vaccine antigen [36]. Overall, the findings suggest that promising 
live and inactivated candidate vaccines exist that can protect 
humans and other susceptible animals against multiple viruses 
belonging to the JE serocomplex. Their utility over a longer 
duration, however, remains an area of active investigation; as 
it is plausible that responses against heterologous members of 
the JE serocomplex may wane more rapidly than against the 
homologous virus.

Risks associated with vaccination against heterologous 
viruses of the JE serocomplex
In contrast to the protective value against heterologous fla-
viviruses, cross-reactive immunity has also been associated 
with enhanced infection and disease in natural and laboratory 
settings [37–40]. Antibody-dependent enhancement (ADE) of 
infection is thought to account for the more severe disease that 
is infrequently (~0.5%) associated with secondary, heterolo-
gous dengue virus infections, and is the main obstacle for the 
development of a dengue vaccine (reviewed in [41]). However, in 
contrast to dengue viruses, there are no reports suggesting that 
natural infection with a JE serocomplex flavivirus predisposes 

the host to a risk of enhanced infection with a second member 
of the serocomplex. By contrast, cross-reactive antibodies are 
believed to restrict overlap in natural transmission of two or 
more members belonging to the group [42]. Only in specific 
laboratory settings has limited evidence for in vivo ADE with 
JE serocomplex members ever been described. For the JEV–
MVEV pair, immunization of mice with inactivated vaccine 
[27,43] or passive transfer of immune serum [44,45] gave rise to 
a more severe infection upon subsequent challenge with the 
heterologous virus. The relevance for vaccine safety of a find-
ing of disease enhancement following passive immunizations 
with sub-neutralizing concentrations of antiserum in highly 
susceptible (weanling) mice is unclear, given that the animals 
lack vaccine-primed memory B and T cells. However, the obser-
vation that immunization with JE-VAX can increase viremia 
and accelerate entry of MVEV into the brain in adult mice 
warrants consideration [27]. Vaccine failure with JE-VAX, which 
was recapitulated in the mouse experiments by using a low-dose 
immunization schedule (1/100th of the recommended human 
vaccine dose), is found in a small proportion of human vaccine 
recipients [34]. This suggests that in a vaccinated population a 
spectrum of cross-reactive immunity exists, which ranges from 
strong cross-protection against other members of the serocom-
plex to the potentially detrimental property of enhancement 
of infection with a heterologous virus. Nevertheless, ADE and 
associated enhanced disease severity among the JE serocomplex 
viruses probably reflects an extreme laboratory manifestation of 
a relatively poorly immunogenic vaccine. The phenomenon was 
not reproduced with an experimental MVEV prM/E-encoding 
DNA vaccine, which showed a high level of cross-protection 
against JEV [43], nor was it seen in vaccinations with a wide 
dose range (10–105 PFU) of ChimeriVax-JE [27], or immuniza-
tions with very low doses of Advax-adjuvanted inactivated JE 
vaccine [35]. 

The mechanism for disease enhancement by cross-reactive 
antibody is thought to depend on the cross-linking of virus/
antibody or virus/activated complement components through 
interaction with cell surface molecules such as Fcγ or comple-
ment receptors, leading to enhanced infection of permissive 
cells such as monocytes and macrophages (reviewed in [46]), 
although binding of cross-reactive antibody to dengue virus may 
also promote the formation of virus aggregates, which could 
engage Fcγ receptor IIB and inhibit ADE [47]. Alternatively, Fcγ 
receptor-mediated uptake of flavivirus–antibody immune com-
plexes has been suggested to modulate antiviral immune path-
ways by decreasing production of type I interferon, TNF-α and 
nitric oxide, and increasing release of IL-10 (reviewed in [48]). 
However, these effects could also be associated with increased 
viral entry and antagonism of host immune responses irrespec-
tive of signaling through Fcγ receptors [49,50]. Finally, ADE can 
lead to the establishment of Th2-biased immune responses. 
Th2 bias is a correlate of increased disease severity in second-
ary dengue infection (reviewed in [48]) and was associated with 
vaccine-enhanced paramyxovirus disease in children in the 
1960s. In atypical measles and enhanced respiratory syncytial 
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virus disease, patients had been immunized with inactivated 
vaccines, which failed to elicit long-lived antibody and CD8+ 
T-cell immunity. Following virus exposure they developed 
Th2-biased responses with characteristic immune complex 
deposition in affected tissues and eosinophilia [51]. Th2 bias 
also impacts humoral immune responses with the preferen-
tial switching to antibody isotypes with suboptimal effector 
function (see below). The inactivated measles and respiratory 
syncytial virus vaccines were adjuvanted with Alum, which 
induces a strong Th2 bias [52]. Given the above considerations, 
the choice of adjuvant is a critical issue in vaccine design, where 
a potential risk of vaccination-induced disease enhancement 
exists. To increase vaccine safety, Alum formulations may be 
supplemented or replaced with adjuvants that promote more 
balanced Th1/Th2 responses. 

It remains unclear whether cross-reactive cellular immune 
responses elicited by vaccination can predispose recipients to 
enhanced disease following infection with a second JE serocom-
plex virus. While there is evidence of increased and potentially 
pathological T-cell activation and proinflammatory cytokine 
production in patients with heterologous dengue infection who 
develop hemorrhagic fever (reviewed in [53]), similar manifesta-
tions associated with cross-reactive T cells have so far not been 
documented for the JE serocomplex flaviviruses.

Immunological correlates for protective & cross-
protective immunity against JE serocomplex 
flaviviruses
The innate and adaptive immune responses that contribute to 
recovery from primary infection with WNV and JEV have been 
extensively investigated in mouse models that recapitulate natural 
infection route and virus dose, and that produce clinical signs of 
encephalitic disease comparable to those manifested in human 
infections (reviewed in [54–57]). Most critical for recovery from 
acute infection is an intact type I interferon pathway [30,58] and a 
vigorous B-cell immune response with early and sustained neu-
tralizing antibody production against the viral E protein, which 
requires T-cell help for switching from IgM to IgG antibody iso-
types and affinity maturation [59–62]. A key role of innate and early 
B-cell immune responses is to restrict virus growth in extraneural 
tissues, and prevent virus entry into the CNS, which in turn can 
lead to severe encephalitic disease. While in the case of viru-
lent WNV, CD4+ and CD8+ T cells can successfully clear virus 
from the infected brain [63–67] , the contribution of CD8+ T cells 
in recovery from JEV infection is subsidiary [60], and a disease-
enhancing effect of cytotoxic T cells has been documented for 
MVEV in mice [68].

Antibody is also of paramount importance in vaccine-induced 
protection against JEV and WNV challenge. Using immuniza-
tion approaches in mice that selectively induced neutralizing anti-
body against E protein or CD8+ T-cell immunity against other 
regions of the viral polyprotein, humoral immunity afforded 
complete protection against lethal homologous virus challenge 
whereas virus-specific CD8+ T-cell memory at best provided 
partial protection [69,70]. Similarly, a two-dose immunization 

schedule with an inactivated WNV vaccine licensed for vet-
erinary use (West Nile Innovator®, Pfizer, NY, USA) induces 
neutralizing antibody in mice, which almost completely pro-
tects against stringent lethal intracranial WNV challenge; the 
humoral immunity induced with the vaccine was sufficient for 
protection, given that depletion of CD8+ T cells before chal-
lenge did not reduce survival rate, and vaccinated CD8+ T cell-
deficient mice were equally protected in comparison to wild-type 
mice [71]. While these experiments highlight the importance 
of neutralizing antibody in vaccination-mediated protection, 
and suggest that protection from severe challenge with homolo-
gous virus can be achieved in the absence of a CD8+ T-cell 
contribution, they do not exclude the possibility that antiviral 
CD8+ T-cell memory responses may enhance vaccine efficacy, 
as well as contribute to durable resistance against re-infection 
following natural virus exposure. Indeed, immunization with 
single-chain HLA-A2 MHC trimer molecules that incorporate 
an immundominant WNV peptide elicited protective T cell 
immunity in the absence of an antibody response against lethal 
WNV infection [72].

The relative contribution of antibody and T cells to vaccine-
induced cross-protective immunity among viruses belonging to 
the JE serocomplex is still unclear. Vaccine platforms that have 
shown cross-protective efficacy, such as prM/E protein chimeric 
flaviviruses [27,31], adjuvanted inactivated virus vaccine [35] and 
prM/E protein-based DNA vaccination [43], predominantly 
elicit B-cell rather than CD8+ T-cell immune responses; in the 
case of the ChimeriVax technology, the CD8+ T-cell responses 
are primarily directed against peptide determinants in the yel-
low fever virus backbone, which constitutes more than three 
quarters of the polyprotein expressed, and are not expected to 
significantly protect against JE serocomplex viruses (reviewed 
in [29]), although CD8+ T-cell determinants mapping to the 
prM and E proteins or cross-reactive peptides could provide 
cross-protection in individuals with the corresponding MHC 
I haplotypes [73,74]. In preliminary experiments, the Advax-
adjuvanted cell culture-grown JE vaccine efficiently protected 
against a lethal challenge with virulent (lineage I) WNV in 
mice lacking CD8+ T cells, underscoring the role of vaccine-
induced B-cell memory and excluding a requirement for CD8+ 
T cells in cross-protection against WNV with the JEV vaccine 
[Larena M, Prow N, Hall R, Petrovsky N, Lobigs M, Unpublished Data]. 
Clearly, further research designed to identify the immunologi-
cal correlates for cross-protection for the different vaccination 
approaches is needed.

E protein epitopes important in protection against JE 
serocomplex flaviviruses & mechanisms for in vivo 
virus neutralization & clearance
Virion structure
Flaviviruses are small, approximately 50 nm spherical virus par-
ticles. Virion assembly occurs within the endoplasmic reticulum, 
with the capsid protein and genomic RNA associating with prM 
and E proteins (reviewed in [2]). Virus particles bud into the 
lumen of the endoplasmic reticulum as immature virions in 
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which E and prM proteins interact to form 60 heterotrimeric 
spikes with icosahedral symmetry [75]. Transit of the immature 
virion through the trans-Golgi network triggers an extensive 
rearrangement on the virion surface. A low pH-induced tran-
sition causes the E proteins on immature virions to lie flat as 
antiparallel dimers on the surface of the virion [76], which in 
turn increases the susceptibility of prM to cleavage by a furin-
like serine protease in the trans-Golgi network [77,78]. Release 
of prM occurs in the neutral pH of the extracellular space [78]. 
Mature flavivirus virions are relatively smooth particles that 
display 90 E protein dimers arranged in a herringbone pattern. 
While cleavage of prM is a required step in the viral lifecycle, for 
some flaviviruses it is an inefficient process. Moreover, partially 
mature flavivirus virions containing some uncleaved prM also 
retain infectivity [79,80].

The viral E protein functions in multiple steps of the virus life-
cycle, including assembly, budding, attachment to target cells and 
viral membrane fusion (reviewed in [81]) and is also the primary 
target of neutralizing antibodies (reviewed in [82]). Flavivirus E 
protein is an elongated, type II viral fusion protein composed 
of three distinct domains connected by short flexible hinges 
(Figure 1). Domain I (DI) is an eight-stranded β-barrel located 
in the center of the E protein molecule. Domain II (DII) is an 
elongated structure that mediates dimerization of E proteins on 
the mature virion. A highly conserved glycine-rich loop of 13 
amino acids located at the tip of DII is believed to insert into the 
membranes of target cells [83,84]. Domain III (DIII) adopts an 
immunoglobulin-like fold and is the portion of the E protein that 
projects farthest away from the surface of the mature virion, and 
is speculated to contain binding sites for cellular factors involved 
in virus attachment and entry [85–87]. 

E protein epitopes & functional properties of the humoral 
immune response important in cross-protection
Antibody neutralization occurs by blocking attachment to host 
cells, penetration of virions into cells, and the low pH-dependent 

fusion of the viral and host cell membranes (reviewed in [82]). 
The generation and characterization of large panels of mouse 
and human monoclonal antibodies (mAbs) against epitopes 
spanning the E protein of JE serocomplex members (e.g., 
WNV) has enhanced our understanding of the structural cor-
relates of the functional antibody response (Figure 1). Although 
mouse mAbs that bind to each of the three domains of WNV E 
protein have been described, the most potently inhibitory mAbs 
recognize the lateral ridge (LR) epitope on DIII (DIII-LR) 
[88–90]. However, because of the significant amino acid sequence 
variation in the DIII-LR epitope among JE serocomplex fam-
ily members [91], DIII-LR-specific neutralizing antibodies are 
primarily type specific, and can neutralize homologous viruses 
but not closely related heterologous JE serocomplex viruses. 
As an example, the therapeutic DIII-LR mAb E16 neutral-
izes virtually all WNV strains, yet fails to bind or neutralize 
JEV or SLEV [89]. In comparison, the human anti-E repertoire 
appears more skewed to a weakly neutralizing highly cross-
reactive epitope in the fusion loop of DII [92,93]. Cross-reactive 
polyclonal antibodies directed against the DII fusion loop 
epitope and derived from dengue-immune humans and ham-
sters confer protection against WNV in passive transfer studies 
in mice despite poor cross-neutralization activity in cell-based 
in vitro assays [94].

Humoral immunity contributes significantly to the host 
response to flavivirus infection. While neutralizing antibody 
titers correlate with protection by several flavivirus vaccines 
[95–97], the relationship is imperfect [98]. Antibodies may also 
exert protective effects via effector functions mediated by the 
Fc portion of the antibody molecule, including complement 
fixation, antibody-mediated cellular cytotoxicity and facilitat-
ing virus clearance [99,100]. These in vivo pathways for virus 
clearance can account for the protective value of cross-reactive 
antibodies against the fusion loop on DII and the observation 
of cross-protective humoral immunity in vaccinated animals in 
the absence of detectable neutralizing activity of immune sera 

by in vitro cell-based assays. Thus, while 
a cross-neutralization titer of greater than 
or equal to 10 between viruses belonging 
to the JE serocomplex predicts cross-pro-
tective immunity [101] and is most proba-
bly mediated by antibodies that recognize 
epitopes in DI or DIII that are conserved 
between the closely related viruses, the 
contribution of DII fusion loop-specific 
antibodies to cross-protection may be of 
greater importance but are overlooked by 
the in vitro measurements for vaccine effi-
cacy. This has implications for flavivirus 
vaccine design, because in vivo protec-
tive value and durability of the humoral 
immune response may not be accurately 
reflected in neutralization titers in cell 
culture assays used traditionally as sur-
rogate markers of protection. 

Dll fusion loop DIll lateral ridgeDll fusion loop DIll lateral ridge

Figure 1. Structure of the West Nile virus envelope protein. Domain I (red), DII 
(yellow), and DIII (blue) of the monomeric envelope protein and location of key epitopes. 
The fusion loop (residues 98–110, green) is located at the distal end of DII. A single 
carbohydrate (gray) extends from Asn154 in Domain I. The DIII-lateral ridge epitope (based 
on the structure of monoclonal antibody West Nile virus E16) is highlighted in magenta: the 
amino-terminal region (residues 302–309), the BC loop (residues 330–333), the DE loop 
(residues 365–368) and the FG loop (residues 389–391). The six disulfide bonds are shown 
in orange.
DII: Domain II; DIII: Domain III.
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Effector functions mediated by the Fc portion of the anti-
body molecule are critically influenced by antibody isotype, as 
human IgG1 and IgG3 (mouse IgG2a and IgG2b) efficiently 
interact with complement factor C1q [100,102] and Fcγ receptors 
[103], which enhance in vivo protection of antibodies, whereas 
binding of human IgG2 and IgG4 (mouse IgG1 and IgG3) 
is weaker. The cytokine milieu during induction of humoral 
antiviral immunity strongly affects antibody isotype switching; 
a balanced Th1/Th2 response promotes IgG subclass selection 
for subtypes that potently activate C1q and Fcγ receptor effec-
tor functions [104,105]. Therefore, live vaccines and inactivated 
vaccines that are formulated with adjuvants inducing balanced 
Th1/Th2 responses may be more effective at inducing protec-
tive immunity against homologous and heterologous flavivi-
rus infections. Consistent with this, a recent study on human 
immune γ-globulin with neutralizing activity against WNV 
showed that IgG1 is the main subclass in naturally acquired 
WNV infection, and provides superior protection against WNV 
challenge in mice relative to the other subclasses [106].

Expert commentary & five-year view
Despite extensive experimental evidence from animal studies 
showing cross-protection against viruses belonging to the JE 
serocomplex with only rare indications of associated immu-
nopathological complications, there remains reluctance to 
exploit antigenic cross-reactivity in vaccination against this 
group of closely related and clinically relevant flaviviruses [107]. 
A main reason against consideration of a cross-protective vac-
cine approach has been the relatively poor immunogenicity 
of the internationally licensed mouse brain-derived inacti-
vated JE vaccine (JE-VAX), which was discontinued in 2005 
owing to perceived safety problems and excess reactogenicity 
(reviewed in [25]). However, in view of the recent development 
of more potent candidate JE vaccines, notably those using the 
ChimeriVax platform or cell culture-grown inactivated JEV 
formulated with adjuvant (reviewed in [25,28,29,108]), the con-
cept of cross-protective vaccination against heterologous viruses 
of the JE serocomplex should be revisited. There remains a 
major unmet need for human and veterinary vaccines against 
JE serocomplex viruses including: vaccines against pathogenic 
members of the group for which no commercial interests in 
vaccine development exist; vaccines for use in regions where 
two or more members of the group co-circulate and cause 
encephalitis; vaccines for use in travelers and military person-
nel who are exposed to infections with different members of 
the serocomplex; and vaccines for safeguarding against rapidly 
emerging and potentially more virulent outbreaks of infection 
with JE serocomplex viruses. While the unpredictable nature 
of epidemic outbreaks of encephalitic flavivirus disease is dra-
matically illustrated by the North American experience with 
WNV over the past decade, population growth in geographic 
regions of endemic activity of JE serocomplex viruses will inevi-
tably increase disease incidence; for example, remote regions of 
tropical Australia, which are the enzootic foci for MVEV activ-
ity, will experience major industrial, agricultural and tourism 

development in the coming years [203], which in turn will prob-
ably result in an increase of human cases of Murray Valley 
encephalitis and calls for immunization of ‘at risk’ populations, 
although a specific MVEV vaccine is not available. A single 
‘new generation’ JE serocomplex vaccine with more potent and 
broader immunogenicity relative to the traditional ‘first gen-
eration’ JE vaccines could meet these diverse immunization 
requirements. As a critical next step to address the feasibility of 
cross-protective immunization of humans and veterinary hosts, 
it will be important to evaluate cross-neutralization activity 
of clinical trial sera against different heterologous viruses of 
the serocomplex as an in vitro measurement of cross-protective 
efficacy and durability of the responses elicited with the novel 
vaccine candidates. Neutralizing antibody is an accepted sur-
rogate for the efficacy of flavivirus vaccines where a reasonable 
threshold antibody level for protection is a 1:10 dilution in 
the 50% plaque-reduction neutralization test [101], although 
this value has not yet been clearly established for WNV and 
MVEV. Noninferiority of heterologous responses measured 
as percentage of seroconversion and neutralization titers rela-
tive to those obtained with the traditional licensed JE vaccine 
against the homologous virus could be considered as a pri-
mary end point for cross-protective efficacy testing of vaccine 
candidates. However, the findings should be considered with 
the proviso that the in vitro assay does not take into account 
alternative in vivo mechanisms for virus clearance mediated 
by the Fc portion of the antibody molecule. Recent evidence 
suggests that the latter may play a significant role, particularly 
in humans, in cross-protective immune responses against JE 
serocomplex viruses. While in vitro quantitation of the effector 
functions of antibody involving the interaction of the Fc por-
tion with complement factors and Fc receptors on monocytes 
and macrophages is not simple, determination of the T-helper 
type immunity elicited by vaccination would provide an addi-
tional indirect read-out of cross-protective value, given that a 
balanced Th1/Th2 response is critical for efficient antibody-
mediated protection and induction of antiviral CD8+ T-cell 
memory, with the relative importance of the cellular immunity 
in cross-protection requiring further investigation.
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