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Several human-pathogenic flaviviruses (including yellow fever, dengue, Japanese encephalitis, West Nile
and tick-borne encephalitis viruses) have a significant public health impact in different parts of the world
and the potential of emerging in previously non-endemic regions. For some viruses, the structure of the
most important immunogen, the envelope protein E, has been determined to atomic resolution by X-ray
crystallography, and the architecture of virus particles has been resolved by cryo-electron microscopy.
Through the combination of structural and immunological investigations, we now have a detailed under-
standing of the mechanisms of virus neutralization and antibody-dependent enhancement (ADE) of
infectivity at a molecular level. The latter phenomenon has been proposed to play an important role in
the immunopathology of severe forms of dengue virus infections (hemorrhagic dengue fever and dengue
shock syndrome) and is therefore of special relevance in the context of dengue vaccines.

Effective human vaccines are in use for the prophylaxis of yellow fever (live attenuated), Japanese
encephalitis (live attenuated and inactivated whole virus), and tick-borne encephalitis (inactivated whole
virus). Although dengue is the most important flavivirus with respect to global disease incidence, the
development and use of vaccines has been hampered so far by the theoretical risk of vaccine-related
adverse events such as immune enhancement of infection and the requirement to induce a long-lasting
protective immune response against all four dengue serotypes simultaneously. Currently, several kinds
of dengue vaccines are in development, but only one of these candidates (a chimeric dengue-yellow fever
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live attenuated vaccine) has reached the stage of phase 3 clinical trials.

© 2011 Elsevier Ltd. All rights reserved.

1. The worldwide impact of flaviviruses

Flaviviruses comprise more than 70 different viruses, many of
which are arthropod-borne and transmitted by either mosquitoes
or ticks [1]. Taxonomically, they form a genus in the family Fla-
viviridae which in addition includes the genera hepacivirus and
pestivirus [2]. With respect to disease impact, the most impor-
tant human pathogenic flaviviruses are yellow fever virus (YFV),
dengue virus (DENV), Japanese encephalitis virus (JEV), West Nile
virus (WNV) and tick-borne encephalitis virus (TBEV). Several oth-
ers can also cause severe and even lethal disease in humans but
potential exposure to these viruses is apparently limited and the
reported case numbers are relatively small. Examples are St. Louis
encephalitis virus, Murray valley encephalitis virus, Rocio virus,
Kyasanur forest disease/Alkhurma virus, Omsk hemorrhagic fever
virus and Powassan virus [1].

Because of their dependence on specific vectors and different
natural hosts, flaviviruses have distinct geographical distributions.
YFV is endemic in tropical and subtropical regions in Africa and
South-America and causes an estimated 200,000 cases with 30,000
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deaths annually [3]. Geographically, the endemic regions of DENV
overlap with those of YFV in Africa and South-America. However,
DEN extends not only to Middle America and southern parts of
North America but also to large parts of South-East Asia, where
YFV is not found [4]. Infections with DENV are usually mild but
extremely frequent, with about 100-200 million infections every
year [5,6]. In a small proportion of patients, the disease can exac-
erbate and lead to dengue hemorrhagic fever (DHF) and/or dengue
shock syndrome (DSS). Annually, about 500,000 such cases with
more than 20,000 deaths are recorded [7]. The endemic areas of JEV
overlap with those of DENV in South-East Asia, but JEV is transmit-
ted by different mosquitoes and has different natural hosts [8,9]. JEV
causes severe encephalitis and 25-30% of the 50,000 cases occur-
ring every year are fatal [9]. In contrast to these mosquito-borne
viruses, TBEV is not found in the tropics/subtropics but in many
parts of Europe as well as Central and Eastern Asia [10]. In these
areas, it accounts for one of the most important CNS infections
in adults with more than 10,000 cases per year [11]. WNV is an
example of the potential of flaviviruses to emerge suddenly in pre-
viously unaffected geographical areas. It was known to be endemic
in parts of Africa, Europe, Asia, and Australia — causing sporadic
cases or small outbreaks of CNS disease - before it first appeared
at the East coast of the USA in 1999 and rapidly spread over
the North-American continent, to Central-America and finally to
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Fig. 1. (A) Schematic model of a flavivirus particle. Left: immature virus, right: mature virus. The spherical capsid contains the viral RNA and multiple copies of the capsid
protein C. The surface of immature particles is made up of 60 spikes composed of trimers of heterodimers between the membrane-associated prM and E proteins. The
smooth-surfaced mature particles are formed after prM cleavage and contain a tightly packed shell of 90 E homodimers. The structure of E was determined for soluble forms
of E (sE) - schematically lifted off in the panel of mature virions - that lack the so-called stem- and transmembrane (TM) anchor-regions. (B) Ribbon diagram of the crystal
structure of the TBEV sE protein (PDB: 1svb). sE is composed of three distinct domains (DI, DII, and DIII). (C) Arrangement of E protein dimers at the surface of mature virions
as determined by cryo EM. 30 rafts of three parallel E dimers (one raft is highlighted in the figure) form a specific herringbone-like icosahedral structure. The coordinates
were obtained from the VIPERdb Virus Particle Explorer (viperdb 1thd; http://viperdb.scripps.edu).

South-America [12]. In the peak year of 2003, 9862 human cases
and 264 deaths due to WNV infections were documented in the
US [13] and in the light of continued expansion, the need for an
effective vaccine appeared to gain high priority [14]. Since then,
the annual numbers of cases in the US have declined significantly
[15], with a parallel decrease in the interest for commercial vaccine
development.

2. Molecular antigenic structure and life cycle

Like all members of the Flaviviridae family, flaviruses are small
enveloped positive stranded RNA viruses. Mature viruses have a
diameter of 50 nm and contain only three structural proteins, des-
ignated C(capsid), E (envelope) and M (membrane) (Fig. 1). Particle
assembly takes place in the endoplasmic reticulum and first leads
to the formation of immature viruses that contain the precursor
of M (prM) (Figs. 1 and 2) [16] which is proteolytically cleaved in
the trans-Golgi network during exocytosis by a cellular protease
before the virions are released from infected cells (Fig. 2) [17-19].
Immature viruses have spiky projections of 60 trimers of prM-E
heterodimers [20], whereas mature virions have a smooth surface
made up of a herringbone-like arrangement of 90 E homodimers,
organized in rafts of 3 parallel dimers (Fig. 1C) [21,22]. The orig-
inally assembled immature virions are non-infectious, and prM
cleavage allows E to adopt the conformational state required for its
entry functions, i.e. receptor-binding and acidic-pH-induced mem-
brane fusion after uptake by receptor-mediated endocytosis (Fig. 2)
[23,24]. Recently, it was shown that fully immature virions can be
rendered infectious in the course of antibody-mediated uptake into
Fc-receptor-positive cells through the post-entry cleavage of prMin
the endosome [25]. The possible contribution of completely imma-
ture viruses to the infection process remains to be determined.

Atomic structures of soluble forms of E (lacking the double
transmembrane anchor and about 50 additional amino acids in the
so-called ‘stem’; Fig. 1A) have been determined for TBEV, DENV,
and WNV [26-31]. These structures are very similar, being com-
posed of 3 distinct domains (DI, DIl and DIII) in an elongated
molecule that forms an antiparallel dimer at the surface of mature
virions (Fig. 1B). The tip of DII carries a highly conserved loop
(Fig. 1B) that functions as an internal fusion peptide and initiates

endosomal membrane fusion (Fig. 2) after acid pH-induced disso-
ciation of the E dimer [32-34].

Because of its dual role in cell entry - attachment to cellular
receptors and membrane fusion - the E protein is the major tar-
get of virus neutralizing antibodies that inhibit these functions and
thus prevent infection. There is overwhelming evidence that neu-
tralizing antibodies mediate long-term protection from disease and
their measurement therefore provides the best correlate of fla-
vivirus immunity [35]. Epitopes involved in neutralization have
been mapped to each of the three domains and to sites all over the
exposed surface of E, but evidence from work with mouse mon-
oclonal antibodies suggests that those against DIII have a higher
neutralizing potency than those to other sites of the molecule
[35,36]. Structural and mutational studies revealed epitopes that
are (i) confined to single domains [37,38], (ii) located at the junc-
tion of domains [38-42], (iii) subunit overlapping (i.e. comprise
amino acid residues from both monomers in the dimer) [40,43-45]
or (iv) dependent on the specific herringbone-like arrangement of E
in the virion [46]. Most interestingly, strongly neutralizing antibod-
ies have been identified that gain access to their partially cryptic
epitopes through temperature-dependent conformational move-
ments of E at the virion surface [47], indicating that the particle
structure may not be as rigid as previously assumed.

Experiments in animal models have shown that protection from
disease can not only be mediated by antibodies to E but also to the
non-structural protein NS1, which is produced and secreted from
infected cells (Fig. 2). In this case, the mechanism of protection is
believed to be dependent on antibodies recognizing NS1 that bind
to cell surface-associated NS1 and facilitate phagocytosis and clear-
ance of infected cells through Fc-y receptors [36]. NS1 has therefore
been proposed as a component of new flavivirus vaccines [48,49].

All flaviviruses are antigenically related, as originally shown in
hemagglutination-inhibition tests with polyclonal sera [50] but as
also revealed in ELISA. Cross-neutralization, however, is confined
to more closely related flaviviruses that have been grouped into
so-called serocomplexes [51] (Fig. 3). The minimum amino acid
sequence identity in the E protein of all flaviviruses is 40-44% and
within serocomplexes it is 60-70. Although cross-neutralization
and cross-protection are observed within serocomplexes, its extent
and duration are strongly dependent on the degree of amino acid
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Fig. 2. Schematic of a flavivirus life cycle. Viruses are taken up by receptor-mediated endocytosis and acidic-pH-induced fusion occurs in the endosome. The positive-stranded
RNA is translated into the three structural and seven non-structural proteins that are essential for polyprotein processing and RNA replication. Virus assembly takes place
in the endoplasmic reticulum (ER) leading to the formation of non-infectious immature particles that are transported through the exocytotic pathway of the cell. The acidic
pH in the trans-Golgi network (TGN) causes a rearrangement of the envelope proteins and the proteolytic cleavage of prM into pr and M by the cellular protease furin. pr
remains associated with these particles and falls off after the release of infectious virions by exocytosis. NS1 is the only non-structural protein that is released from infected

cells.

similarity in E. For instance, infection with any one of the four DENV
serotypes induces life-long protection against the same serotype
but only for few months against the other serotypes [6].

The epitopes recognized by broadly cross-reactive antibodies
have been mapped to the fusion peptide loop at the tip of DII
[39,44,45,52] (Fig. 1) which is highly conserved among all fla-
viviruses. Because of the cryptic nature of this epitope in the context
of mature virions, such antibodies usually do not contribute to virus
neutralization [52,53]. The accessibility of the fusion loop, however,
may be higher in partially immature virions [53,54] that are infec-
tious and released in significant amounts by DENV-infected cells
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Fig. 3. Dendrogram based on E protein amino acid identity (%) of the most impor-
tant human pathogenic flaviviruses. DENV, dengue virus; JEV, Japanese encephalitis
virus; WNV, West Nile virus; YFV, yellow fever virus; TBEV, tick-borne encephalitis
virus.

[55]. FP-specific antibodies may therefore contribute to neutraliza-
tion of partially immature infectious viruses.

3. Successful flavivirus vaccines

The development of the YFV 17D live-attenuated vaccine was a
landmark in the history of viral vaccines, and in 1951 Max Theiler
was awarded the Nobel prize in Medicine for his achievements
in attenuating the wild-type virus by serial passaging in mouse
and chicken tissue [3]. Since its development in 1937, more than
500 million people have been vaccinated and over 98% of vacci-
nees are believed to be protected for at least 10 years [56]. Despite
its great record in protecting from YF, evidence for a significant
degree of severe vaccine-associated adverse events has been accu-
mulating in the last ten years. These include YF vaccine-associated
viscerotropic disease and YF vaccine-associated neurotropic dis-
ease (with a higher incidence in elderly and immunocompromised
individuals) at a rate exceeding that of other live virus vaccinations
[56,57]. Also, due to a largely unchanged manufacturing process
since 1945, the vaccine contains substantial amounts of chicken
embryo proteins, and allergic reactions contribute to the adverse
events observed with its use [56]. To provide a safer alternative, a
purified inactivated vaccine produced in Vero cells has been devel-
oped and the results of a recently published phase I clinical trial
suggest good immunogenicity and tolerability [57,58].

Effective vaccines are also available for the immunoprophy-
laxis of Japanese encephalitis, including both inactivated whole
virus and live attenuated vaccines. Originally, the substrates for
inactivated vaccines were either infected mouse brains or primary
hamster kidney cells (China) and vaccine efficacies of 76-95% were
reported [9]. Recently, a new inactivated vaccine was developed
by Intercell (IXIARO) that is based on the attenuated SA14-14-2
strain grown in Vero cells [59]. Several studies have demonstrated
excellent immunogenicity, tolerability as well as non-inferiority
to mouse brain-derived inactivated vaccines and this product is
now available on the market in many countries, including the US,
Europe, Japan, and Australia [60-62]. The attenuated SA-14-14-2
strain was developed in China and is licensed in this country as a
live vaccine since 1988 [9]. The field effectiveness is comparable to



4304 F.X. Heinz, K. Stiasny / Vaccine 30 (2012) 4301-4306

5'Cap WFE-'I [ns1[2a]28] Ns3 [aA[4B] NS5 |—3

Fig.4. Schematic representation of the Chimerivax principle. The sequences encod-
ing the prM and E proteins of the vaccine target virus (e.g. JEV or DENV) are
engineered into the genome of the yellow fever 17D vaccine strain to replace the
authentic prM and E sequences, resulting in the production of chimeric virus parti-
cles that are covered by the corresponding heterologous envelope proteins.

that of the inactivated vaccines (88-96%) and more than 300 million
doses have been administered since its licensure [9]. A new gener-
ation live JE vaccine was developed by Sanofi Pasteur that is based
on a chimeric virus containing the prM and E proteins (Fig. 4) of JEV
whereas all of therest is derived from the attenuated YFV 17D strain
as a backbone (Chimerivax/IMOJEV) [63]. Clinical studies revealed
excellent immunogenicity without safety concerns and the vaccine
is now licensed in Australia [64].

TBE can be effectively prevented by highly purified inactivated
whole virus vaccines that are produced in Europe and Russia, using
primary chicken embryo cells as a substrate [11,65,66]. Their use in
endemic regions differs widely, with the highest vaccination cov-
erages reached in Austria (85%) [67] and the Sverdlovsk district of
Russia (81%) [68]. The field effectiveness of both the European and
Russian vaccine is very high. It reaches 98% [67,68] when the proper
vaccination schedule is applied and has led to a dramatic decline of
disease incidence in the vaccinated population.

4. The dengue vaccine problem

The dengue serocomplex of flaviviruses consists of 4 serotypes
(Fig. 3), each of which is made up of several genotypes [69]. Con-
sistent with substantial differences in the amino acid sequence
of their E proteins, the degree of cross-neutralization and cross-
protection between members of different serotypes is limited.
After human infection with one serotype, heterologous protec-
tion lasts only for few months and epidemiological observations
indicate that previous infection with one serotype can predispose
to the severe forms of dengue (DHS/DSS) upon re-infection by
another serotype [70]. Since endemic regions with co-circulating
different serotypes have enormously expanded (establishment of
hyperendemic areas) also the incidence of DHF/DSS has increased
dramatically in the last decades [5,71]. The precise mechanisms
leading to severe forms of dengue are still a matter of investigation,
but it is clear that both viral virulence and host factors - including
immunopathological mechanisms - can contribute to the exac-
erbation of the disease [71,72]. Fc receptor-bearing cells such as
monocytes, macrophages, and dendritic cells have been shown to
be major targets of dengue virus infections in humans [73-75] and
increased Fc receptor-mediated uptake of incompletely neutralized
virus can lead to the phenomenon of antibody-dependent enhance-
ment of infection (ADE). Cross-reactive non-neutralizing antibodies
(such as those present after infection with a heterologous serotype
in sequential infections) but also neutralizing antibodies at sub-
neutralizing concentrations (e.g. when maternal antibodies drop

Table 1
Tetravalent dengue virus vaccines in clinical trials.
Developer Vaccine Clinical trial
Sanofi Pasteur Chimeric live vaccine (yellow Phase III
fever 17D back-bone)
(Chimerivax)
CDC-Inviragen Chimeric live vaccine (dengue Phase |
back-bone) (DENVax)
NIH Chimeric and specifically Phase |
engineered live vaccine strains
Walter Reed Army Conventional live attenuated Phase II (on
Institute of vaccine hold)
Research/

GlaxoSmithKline
Modified from Ref. [84].

to sub-neutralizing levels several months after birth) can all con-
tribute to ADE [72,76,77]. In addition, secondary infections have
been shown to activate pre-existing cross-reactive T cells that
possess higher affinity for the previously encountered but lower
affinity for the newly infecting virus [78]. Because of these proper-
ties, it has been proposed that the activated T cells are less efficient
in viral clearance but through the cytokines they release contribute
to the development of severe disease [79]. In current models of
dengue immunopathogenesis, the increase in virus load caused
by ADE combined with strong anamnestic cross-reactive T cell
responses are believed to result in a ‘cytokine storm’ that finally
causes capillary leakage and the symptoms of DHF/DSS [78-81].

The risk of inducing an immunological condition in vaccinees
that not only does not protect but may even lead to enhanced
disease was the major obstacle for the development and use of
a dengue vaccine so far. The two most important points of con-
cern are the need to induce an equally protective immunity against
all 4 serotypes simultaneously, and the risk of waning immunity
associated with the potential of immunological enhancement years
after vaccination. An ideal dengue vaccine should therefore induce
life-long immunity against all 4 serotypes and have an excellent
profile of tolerability, also in children. Despite these hurdles, a num-
ber of approaches were pursued for the development of several
different types of dengue vaccines [7,82-84]. These include conven-
tionally attenuated live vaccines, genetically engineered chimeric
dengue-dengue and dengue-yellow fever live vaccines, inactivated
whole virus vaccines, recombinant E protein subunit vaccines, DNA
vaccines, and viral vector vaccines expressing either E or only DIIIL.
Ongoing human clinical trials with tetravalent candidate dengue
vaccines are listed in Table 1. Currently, the most advanced of
these developments is the chimeric dengue-yellow fever live vac-
cine (Chimerivax; Fig. 4) manufactured by Sanofi Pasteur [85].Itis a
tetravalent vaccine that contains chimera of all 4 dengue serotypes,
and so far it is the only candidate dengue vaccine that has entered
phase III clinical trials [84,85]. Previous studies had indicated that
the majority of adverse events observed were mild to moderate and
transient in nature [85,86]. The phase III clinical trials in combina-
tion with many years of observation will finally reveal whether this
vaccine can reduce the burden of severe dengue infections without
adverse effects such as enhancement of disease.

5. Concluding remarks

Important new insights into the mechanisms of immune-
mediated protection - especially of virus neutralization by
antibodies - have been obtained through the elucidation of
molecular details of the major flavivirus antigens and their inter-
actions with the immune system [35]. At the same time, however,
flaviviruses provide excellent examples of how successful conven-
tional vaccines can be that have been developed in the absence
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and/or without the need of such detailed information. This is cer-
tified by the effectiveness of the traditional live vaccines against
YF and JE as well as the whole inactivated virus vaccines against JE
and TBE. Despite these successes, a vaccine against dengue — the
most abundant flavivirus infection with the highest disease impact
worldwide - is still not available. The application of new technolo-
gies and the advancement of a recombinant candidate live vaccine
to phase III clinical trials raise hope that an efficient means of
immunoprophylaxis against dengue will indeed become available
in the foreseeable future.
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