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PREFACE TO THE FLAVIVIRUSES

The Flavivirus family continues to provide great fascination for
virologists, immunologists, entomologists, epidemiologists, and scien-
tists in various other disciplines. Research over the past few decades
has yielded considerable progress in many of these areas, but there
remain a number of challenges surrounding our understanding of the
behavior of flaviviruses in natural conditions and in the laboratory. At
a time when continued global emergence of flaviviruses calls for the
development and improvement of vaccines and antiviral agents, it is
appropriate that a broad compendium of knowledge be made available
that presents recent conceptual advances and reviews current infor-
mation on the many different facets of these viruses. Certainly there
have been some noteworthy scientific achievements. For instance, the
molecular details of virus structure have been greatly advanced as a
result of high-resolution analysis of the envelope protein and its
organization at the level of the virion particle, which, together with
functional studies, have revealed the uniqueness of this viral protein
during replication and pathogenesis. The characterization of an
increasing number of flavivirus strains at the sequence level has led
to an improved taxonomic classification of the genus, enhanced our
understanding of evolution, geographic variation, and epidemiology,
and stimulated research on variation in viral virulence. Use of
molecular clone technology has advanced from basic studies that have
identified the functions and properties of viral proteins during RNA
replication and virus assembly to the evaluation of candidate virulence
determinants, engineering of live attenuated vaccines, and related
applications.

Studies on the immunobiology of flaviviruses have led to the
realization that these viruses interact with the host immune system in
ways that differ from other small RNA viruses. The importance of
neutralizing antibody responses for immunity continues to be an area
of focus, and the basis for this protection at the epitope-specific level
is gradually being dissected. However, there remain enigmatic
aspects, such as the wide cross-reactivity elicited by these viruses
and the phenomenon of antibody-dependent enhancement, both of
which have important implications for pathogenesis and vaccine

ix



development, and require better molecular characterization. It is
becoming clear that T-cell responses to flavivirus infections also have
unusual properties that may contribute to pathogenesis through
immunopathologic and/or immune-subverting events. Further char-
acterization of these responses and their relationship to immune
protection are avenues of research needed to optimize the use of the
increasing range of vaccine modalities that are being pursued.

In conjunction with advances in flavivirus molecular virology and
immunology, more and more attention is being directed to investi-
gation of the pathogenesis of flavivirus diseases. Progress in this area
has been heralded by the long-awaited identification of the molecular
basis for genetic susceptibility of mice to flaviviruses. This will
undoubtedly increase interest in the role of innate defenses in these
infections and promote research into the genetic basis of flavivirus
susceptibility in humans. Together with the use of modern techniques
to identify critical target cells of infection, research in this area will
expand our understanding of the cellular and molecular basis for
flavivirus tropism. In this regard, the cell-surface molecules that
interact with these viruses during entry have yet to be fully
characterized, but progress continues to be made on this front. It
remains somewhat frustrating that suitable animal models for some
flavivirus diseases, particularly dengue hemorrhagic fever, are not
available. However, data accumulated from human clinical studies are
yielding insight into the pathogenesis of this disease, and similar
studies with other pathogenic flaviviruses are anticipated in the
future.

The interactions between flaviviruses and their arthropod hosts
have been the subject of many classical studies that have now
progressed to the molecular level as well. There are many secrets to
these interactions that must be discovered to understand the process
of virus persistence in molecular terms. These will be forthcoming
with the use of modern technologies by creative investigators
interested in vector biology. The improvement in molecular technolo-
gies has had concomitant impact on the ability to conduct molecular
epidemiology at the ‘‘macro’’ and ‘‘micro’’ levels. In response to
progressive emergence in recent years of dengue, Japanese encephal-
itis, West Nile, and tick-borne viruses, the application of such
technologies for detection and surveillance in arthropod and verte-
brate reservoirs has provided insight into the factors that support the
global movements of flaviviruses. Yet, there is a tremendous amount of
such data concerning virus evolution in the natural environment that
is still needed to understand this process and possibly predict future
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trends. Additional molecular studies of these viruses as they are
transmitted among vectors, reservoirs, and humans are needed to
further our conceptual understanding of virus emergence.

The development of vaccines for flaviviruses has also benefited
greatly from the availability of modern technologies, and new as well
as next-generation vaccines for some viruses are on the horizon. As a
better understanding of the immune responses to these viruses in the
context of disease as well as vaccine-induced protection becomes
available, the ability to control the growing worldwide burden of
disease from these agents will likely be improved.

Clearly a comprehensive research approach in many scientific
disciplines is needed to unravel the complexities of the virus-host
interactions that these viruses have had the benefit of manipulating
for centuries. In this three-volume edition on the flaviviruses, our goal
has been to assemble a base of knowledge that encompasses these
complexities, describes technologies that have contributed to this
knowledge, and identifies the major problems faced in attempting to
further understand the virus-host interactions that result in disease,
and in using vaccine strategies for preventing them. We are grateful to
the many contributors who have generously assisted in the prepar-
ation of this book series. We must also acknowledge that there are
many other colleagues who are active in the field whose expertise has
not been represented here.

Thomas J. Chambers,
St. Louis, Missouri, 2003

Thomas P. Monath
Cambridge, Massachusetts, 2003
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PREFACE TO VOLUME 60
THE FLAVIVIRUSES:

PATHOGENESIS AND IMMUNITY

Flaviviruses have a very broad host range, infecting a wide variety
of arthropod and vertebrate hosts and exhibiting different tissue
tropisms in these organisms. Interactions with human hosts com-
monly result in symptomatic outcomes that include either febrile
illness or such syndromes as hemorrhagic fever and acute encephal-
itis, reflecting the high neurotropism and viscerotropism common to
many members of the family. The molecular basis for these tropisms
remains to be fully explained. The E protein is generally acknowledged
as a principal factor in this process, although data are accumulating to
implicate nonstructural and untranslated regions of the viral genome
as well. Despite many studies identifying such determinants, little is
known about how mutations in viral proteins and RNA structures
affect virulence at the mechanistic level. Further genetic studies of the
viruses and their interactions with receptor molecules and intracellu-
lar proteins in target cells of the CNS and the periphery in appropriate
animal models are needed to understand the pathogenesis of these
viruses.

The processes by which flaviviruses cause disease involve de-
generative cytopathic effects and apoptosis, in some cases asso-
ciated with immunopathologic responses. As for the alphaviruses,
there is now some evidence to link flavivirus neurovirulence with
apoptosis. However, neuronal responses to viral injury are very
intricate, and effects of innate immune responses and adaptive
responses recruited from the periphery add additional layers of
complexity to the pathogenic process. Pathogenesis and immune
control of flavivirus infections in the CNS may be similar to those of
other neuronotropic viruses, but further research is needed to
substantiate this. The propensity of flaviviruses to modulate immune
responses through effects on immunoregulatory cell-surface molecules
suggests that important differences may well exist. Mechanisms by
which flaviviruses that cause hemorrhagic fever elicit cellular damage
and death in lymphoid and visceral compartments in the periphery
and physiological changes are still poorly understood, and research in

xiii



this area is limited by lack of readily available animal models that are
capable of reproducing the diseases.

Questions that remain for future research include: What is the
basis for innate resistance to flaviviruses, and what role does it play in
the susceptibility of human hosts to systemic infection? What are the
mechanisms of neuroinvasion and what factors control differential
susceptibility of neuronal populations to viral injury? What pathogenic
cascades lead to flavivirus hemorrhagic fevers, and are they the same
or different from those of other viruses capable of causing this
syndrome? What role do T lymphocytes, particularly CD8+ T cells, play
in virus clearance vs. immunopathologic responses, and how does
immunomodulation by these viruses influence the properties of the
adaptive immune response? What is the significance of virus
persistence for long-term consequences of flavivirus infections? Better
understanding of these issues should facilitate the development of
approaches to treat or prevent current and emergent flavivirus
infections that result in severe encephalitic or hemorrhagic diseases
in humans.

Thomas J. Chambers
Thomas P. Monath
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THE STRUCTURAL AND FUNCTIONAL BASIS

FOR FLAVIVIRUS ATTENUATION
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I. INTRODUCTION

In recent years, the molecular and genetic basis for flavivirus at-
tenuation has received increased attention. With the advent of molecu-
lar clone technology and reverse genetics, much work has focused on
the impact of mutations in structural protein genes, such as the pre-
membrane (prM) and envelope (E) proteins. For the most part, this
work has been facilitated by the solution of the X-ray crystallographic
structure of the E protein ectodomain from tick-borne encephalitis
virus (TBE) (Rey et al., 1995), a structure that is widely regarded as
being representative of E proteins throughout the Flavivirus genus.
Similar information is also emerging regarding the effect of mutations
in nonstructural protein genes, such as the viral protease NS3 (for
which an X-ray crystallographic structure is also available; Murthy
et al., 1999), the viral polymerase NS5, and the 50- and 30-untranslated
regions (UTRs) of the viral genome.

Many flaviviruses, including dengue virus (DEN), yellow fever
virus (YF), and members of the Japanese encephalitis (JE) and TBE

1 Copyright 2003, Elsevier Inc.
All rights reserved.
0065-3527/03 $35.00

ADVANCES IN VIRUS RESEARCH, VOL 60



serocomplexes, cause encephalitis in laboratory rodents after peripheral
or intracerebral inoculation, providing an excellent model of arbovirus-
mediated encephalitis in humans (Monath, 1986). The ability of a virus
to replicate in peripheral tissues, induce viremia, and invade the
central nervous system (CNS) of these animals is referred to as neu-
roinvasiveness, whereas the ability of a virus to infect cells of the
CNS, initiate cytopathic infection, and cause encephalitis is referred
to as neurovirulence. Mutations scattered throughout the flaviviral
genome have the capacity to attenuate either neuroinvasiveness alone
or both neuroinvasiveness and neurovirulence, and much of this
attenuation appears to be due to a delay in virus spread from the site
of infection to the CNS.

This review focuses on molecular determinants of virulence in flavi-
viruses, with an emphasis on the implications of these and other muta-
tions for protein structure and function. Mutations affecting protein
structure, such as the formation of biologically relevant salt bridges be-
tween amino acids in the three-dimensional structure of the E protein,
are addressed. Similarly, mutations that affect protein function, such
as those occuring in the catalytic His-Asp-Ser triad of the serine prote-
ase NS3, are reviewed. The structural and functional implications of
mutations in the 30 and 50 UTRs are also discussed. In many cases,
the effect of these mutations on virulence has not been directly
assessed in an animal model; however, the observed reduction in viral
replication kinetics seen in vitro may be predictive of a delay in virus
spread from the site of inoculation in vivo. This is likely to attenuate
neuroinvasiveness and/or neurovirulence by allowing the host immune
system time to clear an infection before it can become established and/
or reducing the immunopathological damage done to infected tissues
during a productive infection.

II. MORPHOLOGY AND GENOME STRUCTURE

Flavivirus virions are spherical in shape and have a diameter of
between 40 and 50 nm. They contain a positive sense, single-stranded
(ss) RNA genome that is surrounded by an electron-dense nucleocap-
sid (reviewed in Chambers et al., 1990a). The nucleocapsid is �30 nm
in diameter and is predicted to have T = 3 icosahedral symmetry
(Kuhn et al., 2002; Stiasny et al., 1996). It is composed of capsid (C)
protein, which is further enclosed in a host cell-derived lipid bilayer
containing two virally encoded type I membrane proteins: E and
M (Brinton, 1991). Intracellular virions contain unprocessed prM
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protein, which is cleaved to the more mature M protein on release from
the cell (reviewed in Lindenbach and Rice, 2001). The E protein is the
major component of the viral envelope and forms head-to-tail dimers,
which rearrange into trimers after fusion activation (Allison et al.,
1995). E dimers are slightly curved and are oriented parallel to the
viral membrane, contrasting with most other viral fusion proteins,
which assemble to form trimeric spikes (Allison et al., 1999; Rey et al.,
1995).

The ssRNA genome of flaviviruses is approximately 11 kb in length
and has a type I cap structure at its 50 terminus (m7GpppAmp; see
Chambers et al., 1990a). RNA from both mosquito-borne and tick-
borne flaviviruses lacks a poly(A) tail, contains conserved dinucleotide
sequences at the 50 (AG) and 30 (CU) termini, and possesses a single
open reading frame (ORF) of greater than 10 kb. This ORF is flanked
by a 50 UTR of approximately 100 nucleotides and a 30 UTR of between
100 and 700 nucleotides (reviewed in Lindenbach and Rice, 2001).

The flavivirus ORF encodes a single polyprotein that is cleaved
posttranslationally by viral and cellular proteases into 10 separate
proteins. These proteins have a common coding order and include the
three structural proteins C, prM, and E, as well as the seven nonstruc-
tural proteins NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5. The
30-terminal 100 nucleotides of all flaviviruses, although variable in
terms of their primary sequence, are predicted to form a conserved
secondary structure that may be important in regulating transcription
and/or translation (Blackwell and Brinton, 1997; Shi et al., 1996; Zeng
et al., 1998).

III. MOLECULAR DETERMINANTS OF VIRULENCE

Mutations scattered throughout the flaviviral genome, including
mutations in the structural and nonstructural proteins and the 30

UTR, have been implicated as molecular determinants of virulence.
Early work in this field involved comparisons of the genome sequences
of high and low virulence strains of a number of viruses. These in-
cluded comparisons of YF strains Asibi and 17D-204 (Hahn et al.,
1987a), JE strains SA-14 and SA-14-14-2 (Nitayaphan et al., 1990),
DEN-2 strains 16681 and 16681-PDK53 (Blok et al., 1992), and TBE
strains Neudorfl and Hypr (Wallner et al., 1996). Such studies identi-
fied a number of mutations, scattered throughout the respective
genomes, which potentially contributed to observed differences in
phenotype. For example, 67 nucleotide and 31 amino acid differences
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were identified between YF strains Asibi and 17D-204 (Hahn et al.,
1987a), whereas 45 nucleotide and 15 amino acid differences were
identified between JE strains SA-14 and SA-14-14-2 (Nitayaphan
et al., 1990). Unfortunately, the number and distribution of these mu-
tations made speculation about their individual effects on viral attenu-
ation difficult. Subsequent work on different strains of these viruses
has, however, narrowed down the list of mutations that may contribute
to attenuation. For example, it appears that 13 of the observed 31
amino acid differences between YF-Asibi and YF-17D-204 are respon-
sible for the differences in phenotype based on cross-comparison with
other YF strains, including 17DD and 17D-213 (dos Santos et al.,
1995; Jennings et al., 1993).

More specific information about virulence determinants has been
obtained by the characterization of viruses derived by a variety of
differentmethods. Suchmethods include plaque purification of uncloned
virus populations, neutralization escape selection with monoclonal
antibodies, limited passage in cell culture or mice, and �-irradiation
mutagenesis. More recently, site-directed mutagenesis of viral cDNA
and construction of intratypic and heterotypic chimeras using infec-
tious cDNA clones has enabled the identification of a great number of
mutations and/or substitutions that affect the replicative ability of re-
combinant viruses. In many cases, however, the virulence of these vir-
uses has not been assessed in vivo, hindering an assessment of the
relative contribution of such mutations to virulence. Despite this, rea-
sonable conclusions can be drawn as to the likely impact of these
mutations on the attenuation of in vivo phenotype based on their struc-
tural and functional significance and their likely effect on delaying
viral replication and subsequent spread during viral infection.

A. The Dynamics of Virulence: The Relationship between

Attenuation and Disease Outcome

After subcutaneous inoculation, encephalitogenic flaviviruses are
transported to, and replicate within, regional draining lymph nodes
(Albrecht, 1962; Huang and Wong, 1963; Malkova and Frankova,
1959; McMinn et al., 1996a). Studies of DEN virus infection in humans
(Wu et al., 2000) and MVE infection in mice (McMinn and Sammels,
1997) indicate that dendritic cells are the primary cellular targets of
viral infection, both at the inoculation site and within regional
draining lymph nodes. Furthermore, efficient replication in dendritic
cells may be an important determinant of neuroinvasiveness. For
example, a nonneuroinvasive neutralization escape variant of MVE
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(BHv1), altered from serine to isoleucine at position 277 in the E pro-
tein (S277I; McMinn et al., 1995) and defective in fusion function
(McMinn et al., 1996b), is unable to replicate within lymph node den-
dritic cells in vivo, in contrast to the neuroinvasive parental strain
BH3479 (McMinn and Sammels, 1997). Defective replication of BHv1
in lymph node dendritic cells results in a 2-day delay and a 50-fold re-
duction in viremia, and a 3-day delay in invasion of the CNS, allowing
mice to develop an immune response that clears virus from the CNS
and leads to full recovery. The free movement of virus to the blood-
stream via efferent lymphatics is also critical in determining the neu-
roinvasiveness phenotype. Surgical disruption of efferent lymphatic
pathways causes a significant delay and reduction of TBE (Malkova
and Frankova, 1959) and MVE (McMinn and Sammels, unpublished
data) viremia and in attenuation of neuroinvasiveness in mice.

Virus entry into the brain typically occurs 4–5 days after peripheral
inoculation (Huang and Wong, 1963; Malkova and Frankova, 1959;
McMinn et al., 1996a; Monath, 1986). Clinically apparent encephalitis
then develops approximately 2 days later (�6–7 days postinoculation),
when brain virus titers surpass �107 plaque-forming units (pfu) per
gram and CNS neurons contain large quantities of viral antigen
(Albrecht, 1962) or RNA (McMinn et al., 1996a). The mechanism by
which encephalitogenic flaviviruses cross the blood–brain barrier
remains uncertain. The direct relationship between the magnitude of
viremia and the development of encephalitis (Malkova and Frankova,
1959; Reid and Doherty, 1971; Weiner et al., 1970) and the simulta-
neous appearance of viral antigen at multiple sites within the CNS
in some animal models (reviewed in Albrecht, 1962) has suggested that
encephalitogenic flaviviruses enter the CNS by direct hematogenous
spread. However, there is little direct experimental support for this
hypothesis. Flavivirus antigen has rarely been observed in endothelial
cells in experimentally infected animals (Albrecht, 1962) or in post-
mortem studies of fatal human cases (Johnson et al., 1985). Further-
more, flaviviruses replicate poorly (WNV, YF) or not at all (MVE) in
mouse brain endothelial cells in vitro (Dropulic and Masters, 1990),
suggesting that flaviviruses do not cross the blood–brain barrier by
replication in cerebral endothelial cells.

The olfactory nerve has long been recognized as a possible pathway
for neurotropic virus entry into the CNS (reviewed in Johnson, 1982).
Two studies have established the importance of the olfactory nerve in
the entry of encephalitogenic flaviviruses into the CNS of laboratory
rodents after peripheral inoculation.Monath et al. (1983) demonstrated
the presence of SLE antigen in the olfactory neuroepithelium of
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FIG 1. Diagrams of sagittal sections of mouse brain showing the mode of spread of
Murray Valley encephalitis virus within the central nervous system of Swiss outbred
mice after subcutaneous inoculation of 100 plaque-forming units of wild-type virus into
the footpad. Specific structures within the mouse central nervous system were identified
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peripherally inoculated hamsters and showed a clear progression of
infection from extraneural tissues to sensory neurons. Virus spread
via olfactory nerve axons to the mitral neurons of the olfactory bulb
was also documented by electron microscopy. The authors argued that
the olfactory neuroepithelium became infected during the viremic
phase, allowing virus to infect olfactory neurons and thus enter the
olfactory bulb of the CNS by retrograde axonal spread.

McMinn et al. (1996a) showed that both the virulent MVE strain
BH3479 and its attenuated variant BHv1 entered the CNS of peripher-
ally inoculated mice via olfactory bulb mitral neurons. BH3479 entered
the CNS at 4 days pi and progressed by cell-to-cell spread along neu-
ronal pathways linking the olfactory bulb, the hippocampal formation,
and the major motor centers of the CNS to reach the spinal cord over a
period of 4–5 days (McMinn et al., 1996a; McMinn and Sammels, un-
published data). The spread of MVE within the hippocampal formation
is of particular interest, as it appears to utilize a well-documented
neuronal circuit comprising the dentate gyrus, the CA-3, and CA-1
regions of the hippocampus and the subiculum (Swanson et al., 1987).
In contrast, BHv1 entered the CNS at 7 days pi (3 days later than the
virulent BH3479), infection was restricted to the olfactory bulb, and
virus was cleared from the CNS during recovery (McMinn et al.,
1996a). A model for the entry and dissemination of virulent MVE
throughout the murine CNS is presented in Fig. 1.

Accumulated evidence suggests that the attenuation of neuroinva-
siveness in the BHv1 strain of MVE is caused by a delay in virus
spread from the site of inoculation and that this delay is a direct result
of the inability of the virus to replicate in dendritic cells. Given the ob-
servation that this virus is also defective in fusion, it appears that dis-
ruption of virus entry (endosomal fusion) is sufficient to cause a delay
in viral replication kinetics. This directly affects the dynamics of neu-
roinvasiveness by delaying the onset of viremia and the subsequent
invasion of the CNS, allowing the immune system sufficient time to
clear the infection before the onset of encephalitis.

by reference to a stereotactic atlas of the mouse brain (Franklin and Paxinos, 1997). (A)
Virus initially appears in the olfactory bulb at 4 days pi and spreads to the amygdaloid
nucleus and the dentate gyrus at 5 days pi. (B) Virus spreads via neuronal connections
within the hippocampus between days 5 and 6 pi, including the proximal CA-3 and distal
CA-1 regions and the subiculum. (C) Virus spreads from the hippocampus to the retro-
splenial cortex, the motor cortex, the caudate putamen, brainstem, and spinal cord
between days 6 and 8 pi. (See Color Insert.)
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More than likely, similar delays in the spread of virus from the site of
inoculation to the CNS are responsible for the observed attenuation of
neuroinvasiveness in other flaviviruses. Unfortunately, the neuroinva-
siveness of many of these viruses has not been tested, with many
researchers preferring to focus on neurovirulence as the sole indicator
of pathogenicity. Our understanding of the dynamic nature of the
virus–host relationship would undoubtedly be improved if both para-
meters were measured and would help to establish whether a loss of
neurovirulence represents a higher degree of attenuation than a loss
of neuroinvasiveness alone. Despite the need for increased work in the
field, it is clear that perturbations in the structure and/or function of
viral proteins can have serious implications for virulence and that an
understanding of the factors contributing to both parameters is re-
quired. Evidence suggests that mutations in viral proteins and UTRs
can cause host restriction, directly affecting the ability of some flavi-
viruses to replicate in particular cell types. This has obvious implica-
tions for virus spread, especially when the virus is acquired naturally,
as is the casewhen passed froman arthropod vector to a vertebrate host.

B. The Structure and Function of Viral Envelope Proteins

The structural proteins of flaviviruses, including the C, prM, and E
proteins, constitute approximately 20–25% of the viral polyprotein and
are involved in various aspects of the virus life cycle, such as binding
and entry, virion assembly, and viral egress. The C protein is the
smallest of the three structural proteins and, in combination with
genomic RNA, forms the core of the virus particle. In contrast, the
prM and E proteins are integral viral membrane proteins, which to-
gether with host-derived lipids form the viral envelope. Due to their
obvious importance in viral entry and their direct exposure to the
host immune system, molecular determinants of virulence are found
predominantly in the prM and E proteins.

The immature prM protein is a precursor of the more mature M
protein, and the N-terminal ‘‘pr’’ portion of prM does not form part of
the mature virion except in trace amounts. In contrast, the C-terminal
‘‘M’’ component of prM is predominantly hydrophobic and is an inte-
gral membrane protein present on the surface of mature extracellular
virions. The cleavage of pr from M immediately precedes or is concomi-
tant with the release of virions from infected cells (Murray et al., 1993;
Stadler et al., 1997).

It is thought that prM, which forms a heterodimer with E during
virus assembly (Wengler and Wengler, 1989), prevents the E protein
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from undergoing acid-catalyzed conformational change during trans-
port through acidic intracellular compartments (Guirakhoo et al.,
1992; Heinz et al., 1994). Shielding of the E protein from exposure to
acidic pH prevents the premature conversion of E to a fusion active
form, which is a functional requirement for the entry of flaviviruses
into new host cells. Such a system is analogous to that seen in alpha-
viruses, where the p62 protein forms heterodimers with E1 and is
subsequently cleaved by furin to form E2 and E3 just prior to viral
egress (Lobigs and Garoff, 1990). In both flaviviruses and alpha-
viruses, inhibition of furin-mediated cleavage of pr from M (or E2 from
E3) does not prevent the release of virions from the cell but does reduce
their infectivity significantly (Guirakhoo et al., 1991; Salminen et al.,
1992). This suggests that, in flaviviruses, prM is directly involved in
preventing the premature dimer-to-trimer rearrangement of E
required for fusion activation and that the cleavage of pr from M (on
release from the cell) primes the E protein for reactivity upon exposure
to the acidic conditions of the endosome.

In contrast to the relatively small and potentially unifunctional prM
protein, the E protein has been well characterized and constitutes the
major envelope protein of the flavivirus virion. It mediates a number of
functions, including host–cell receptor binding and membrane fusion
(reviewed in Lindenbach and Rice, 2001), and in addition to being
the viral hemagglutinin is also the principal target for neutralizing
antibodies (Heinz, 1986). Unlike prM, the three-dimensional structure
of the E protein has been solved by X-ray crystallography (for TBE).
This structure is considered to be representative of the tertiary
structure of E for all flaviviruses due to the high amino acid sequence
homology observed throughout the genus.

The E protein (illustrated in Fig. 2) consists of three domains. The
central domain (domain I) is discontinuous and contains approxi-
mately 120 residues spanning 1–51, 137–189, and 285–302 (TBE
numbering). It contains a single Asn-linked glycosylation site of the
form Asn-Glu-Thr at residues 154–156 on the E0F0 loop (according to
the nomenclature of Rey et al., 1995). Most, but not all, flaviviruses
are glycosylated at a site close to this region; however, the addition of
an N-linked glycan does not appear to be required for the function of
E (reviewed in Chambers et al., 1990a).

Domain II forms a dimerization domain and has an extended finger-
like structure (Rey et al., 1995). Like domain I it is discontinuous and
contains approximately 180 residues spanning 52–136 and 190–284.
It contains the putative fusion peptide (amino acids 98–113 in the
cd loop) and is the only domain containing flavivirus cross-reactive

MOLECULAR DETERMINANTS OF VIRULENCE 9



epitopes. Type- and subtype-specific epitopes are found in domains I
and III (Heinz, 1986; Mandl et al., 1989a). Domain II appears to under-
go the most extensive rearrangement of the three domains when
exposed to acidic pH. The base of this domain has hinge-like character-
istics, and according to the model of Rey et al. (1995), a hinge motion in
this region would project the cd loop toward the target cell membrane
for participation in membrane fusion. Other evidence for extensive
rearrangement in domain II at acidic pH comes from studies on TBE,
where the reactivities of monoclonal antibodies to domain II are re-
duced markedly by a pH-induced conformational change (Guirakhoo
et al., 1989).

Domain III forms the C-terminal end of the solubilized E protein and
spans residues 303–395. It has an immunoglobulin-like conformation
(Bork et al., 1994) and contains regions thought to be important in re-
ceptor binding (Bhardwaj et al., 2001; Chen et al., 1997b; Crill and
Roehrig, 2001; Mandl et al., 2000). The region of E immediately follow-
ing domain III, spanning residues 396–496, does not form part of the
ectodomain of the protein. It contains regions important for membrane
anchoring, interactions with prM, and pH-induced conformational
change. Work by Allison et al. (1999) has shown that the stem-anchor
region contains two predicted �-helical segments involved both in the

FIG 2. The three-dimensional structure of the TBE E protein ectodomain as deter-
mined by X-ray crystallography (Rey et al., 1995). The protein consists of three domains,
including the central domain (domain I in red), the dimerization domain (domain II in
yellow), and the immunoglobulin-like domain (domain III in blue). The fusion peptide,
conserved throughout the Flavivirus genus and located on the distal tip of domain II, is
highlighted in green. (See Color Insert.)
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trimerization of soluble E protein and in the stabilization of prM–E
interactions. Furthermore, two transmembrane segments (TM1 and
TM2) act as membrane anchors and/or signal sequences for the trans-
location of NS1 into the ER lumen (Mandl et al., 1989b; reviewed in
Lindenbach and Rice, 2001).

Whereas the three-dimensional structure of the E protein has been
solved, little information exists as to the structure of prM or to its
organization on the surface of the virion. Work by Ferlenghi et al.
(2001), involving cryoelectron microscopy of recombinant subviral par-
ticles (RSPs) of TBE, has suggested that three copies of the mature M
protein are centered on the three-fold axis of symmetry. These M pro-
teins are themselves surrounded by three copies of the E protein, with
each copy of the E protein representing one half of a dimer (Fig. 3). In
contrast, a more recent reconstruction of the DEN virion by Kuhn et al.
(2002) suggests that M proteins are located in areas of electron density
centered on the holes between E protein dimers. Interestingly, the pro-
posed T = 3 model for virion structure extrapolated by Ferlenghi et al.
(2001) from the structure of RSPs and the model proposed by Kuhn
et al. (2002) for virion structure after exposure to low pH are identical
in terms of the location of E protein dimers on the particle surface.
According to the transition model of Kuhn et al. (2002), however, the
position of M would remain unchanged after exposure to low pH, con-
trasting with the position of M around the three-fold axis of symmetry
as proposed by Ferlenghi et al. (2001). Regardless of the final position
of M, however, the position of the protein relative to E provides the
potential for it to interact with domains I and II of the E protein. The
observation that the presence of prM alters the reactivity of certain
mAbs with epitopes in domain II of E supports this hypothesis (Heinz
et al., 1994).

C. Molecular Determinants of Virulence in the prM Protein

Relatively few molecular determinants of virulence have been iden-
tified in the prM protein. While many studies have included sequence
analyses of prM and other structural protein genes in an effort to
identify attenuating mutations, the overwhelming majority of these
mutations have been found in the E protein. As such, analysis of the
prM protein has received little attention and has been limited to stud-
ies on the prM furin and glycosylation sites, as well as the prM/E
signalase cleavage site.

Early work by Pletnev et al. (1993) used an infectious cDNA clone
system to introduce mutations into the prM furin and glycosylation
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sites of a TBE/DEN-4 chimeric virus. This virus (vME) had previously
been shown to have low neuroinvasiveness and high neurovirulence,
contrasting with parental DEN-4, which had both low neuroinvasive-
ness and neurovirulence (Pletnev et al., 1992). A Ser-Val substitution
at the þ1 position of the furin cleavage site of vME (S206V) resulted
in a virus [vPreM (V206)] that exhibited a smaller plaque phenotype
on both LLC-MK2 and C6/36 cells and a concomitant 10-fold decrease
in neurovirulence. Introduction of a second mutation at the�2 position
of this cleavage site (A204V) abolished infectivity altogether. In con-
trast, abolition of the prM glycosylation site by the dual introduction

FIG 3. Proposed arrangement of structural proteins on the surface of recombinant
subviral particles (RSPs) of TBE (adapted from Ferlenghi et al., 2001, with permission).
A similar arrangement has been proposed for DEN virions after exposure to low pH
(Kuhn et al., 2002). E proteins are believed to form head-to-tail dimers on the particle
surface, which subsequently rearrange into trimers during acid-induced conformational
change (fusion) in the endosome. Three E protein monomers (shown in color as in Fig. 2)
participate in the formation of a single trimer and surround the threefold axis of
symmetry. In RSPs, three copies of the prM protein are also centered on this axis (light
blue circles); however, in virions, the prM protein is believed to sit inside E protein
dimers rather than outside (light blue circles with asterisk). The boxed area, designated
as the prM/E interface (see text), includes the stem-anchor region of E (pink circles), the
prM protein, and domains I and II from adjacent E proteins. (See Color Insert.)
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of G143D and N144R mutations resulted in a virus [(vPreM (D143,
R144)] with increased neurovirulence, having a twentyfold lower LD50

than vME.
In a study with similar methodology, Pryor et al. (1998) introduced

mutations into the�1,�3, and�4 positions of the prM/E signalase site
using an infectious cDNA clone of DEN-2. Not surprisingly, virus could
not be recovered from RNA transcribed from a clone with a Thr-Leu
substitution (T166L) at the �1 position of this site, which strongly in-
hibited cleavage in a transient expression system. In contrast, intro-
duction of a Ser-Ile substitution at the �3 position (S164I), which
reduced but did not abolish cleavage, resulted in the production of
virus (501prM-S164I) with a 5- to 10-fold lower titer when compared
to clone-derived wild-type virus (MON501). Interestingly, 501prM-
S164I was still highly neurovirulent for mice, even though the time
to death was extended by up to 7 days at a dose of 10 pfu (Pryor et al.,
1998).

Mutations at or near the prM/E cleavage site of Langat (LGT)
virus have also been shown to attenuate mouse neurovirulence.
Holbrook et al. (2001) identified a number of variants that were unable
to bind membrane receptor preparations (MRPs) at a range of pH
values (pH 5.0, 7.0, and 7.6). In addition, a number of viruses were
selected by neutralization escape using a monoclonal antibody that
had been shown previously to bind epitopes on both M and E proteins
(Iacono-Connors et al., 1996). Specifically, escape variants with muta-
tions at the �2 and �5 positions of the prM/E cleavage site (referred
to as amino acid positions M-71 and M-74 and corresponding to
V162A and Y165H substitutions, respectively) were shown to have re-
duced levels of neurovirulence in the range of 13- to 30-fold (Holbrook
et al., 2001).

The Holbrook et al. (2001) study is unique in that it is the only report
of the attenuation of a flavivirus caused by what appears to be a single
mutation in the prM protein. The isolation of a mouse MRP variant at
pH 5.0, with an identical Y165H mutation to the two neutralization
escape variants is of particular interest, as it suggests that the re-
arrangement of the E protein, which would normally be caused by
exposure to low pH, is not sufficient to render these viruses noninfec-
tious. The authors suggest that because these variants are able to bind
and infect Vero cells and because variant and wild-type viruses had
similar infectivity titers, the Y165H mutation may lie within a part
of the M protein that is affected by the pH-induced conformational
shift of the E protein (Holbrook et al., 2001). In light of the observed
differences in infectivity titers seen in the Pryor et al. (1998) study
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and given that LGT viruses with the Y165H mutation had greater
than fivefold lower titres at 3 dpi when compared to wild-type (TP21)
virus, it is also possible that the mutation affects cleavage at the
prM/E cleavage site.

Other mutations identified in prM that may contribute to differences
in virulence are limited to those identified during the comparison of
different viral strains. In all cases, the relative contribution of these
mutations to observed differences in virulence is difficult to ascertain,
as they occur in combination with mutations in other regions of the
genome and are outside known cleavage and glycosylation motifs.
For example, a substitution at prM L124F (described as position
M-35 in Wang et al., 1995) has been implicated in virulence because
it is present in eight vaccine strains of YF virus, all of which have been
derived from different parental strains, including Asibi and French
viscerotropic virus. Unfortunately, other mutations such as NS4B
I95M have also been implicated in these viruses, making an assess-
ment of the relative contribution of the prM mutation to virulence
difficult. Similar difficulties arise in determining the relative contribu-
tion of prM (M38V) and E (D308A) mutations to the in vivo attenuation
of a clone-derived TP21 strain of LGT (Campbell and Pletnev, 2000), as
well as the relative contribution of two prM mutations in TBE strain
263 (Y73H and T149A) in the context of 10 other mutations scattered
throughout the genome (Wallner et al., 1996).

D. Molecular Determinants of Virulence in the E Protein

In contrast to the prM protein, many molecular determinants of
virulence in the E protein have been identified (Table I). When ana-
lyzed in terms of their location on the three-dimensional structure of
the protein, patterns begin to emerge that are suggestive of specific
effects on structure and function. As shown in Figs. 4 and 5, superim-
position of molecular determinants of virulence onto the TBE E protein
model reveals five clusters of mutations: four located on the ectodo-
main of the protein (clusters A–D) and one located in the stem-anchor
region (cluster E).

1. Cluster A: The Receptor Binding Region

Mutations in cluster A are found predominantly on the lateral face
of domain III, a domain that has been implicated in receptor binding
in various studies (Bhardwaj et al., 2001; Chen et al., 1997b; Crill
and Roehrig, 2001; Mandl et al., 2000). Interestingly, this region
includes an Arg-Gly-Asp (RGD) motif in the FG loop of mosquito-borne
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JE G333D 337 Cecilia and Gould (1991)

JE S364F 367 Hasegawa et al. (1992)

JE N367I 368 Hasegawa et al. (1992)

LGT F333S 333 Pletnev and Men (1998)

LGT N389D 389 Campbell and Pletnev (2000)

LGT N389D 389 Pletnev and Men (1998)

LGT D308A 308 Campbell and Pletnev (2000)

LIVb D308N 308 Jiang et al. (1993)

LIVb D308N 308 Gao et al. (1994)

LIVb S310P 310 Jiang et al. (1993)

MVE Various at 390 387 Hurrelbrink et al. (2001)

MVE Various at 390 387 Lobigs et al. (1990)

MVE Various at 390 387 Lee and Lobigs (2000)

TBE Various at 308−311 308−311 Mandl et al. (2000)

TBE G368R 368 Holzmann et al. (1997)

TBE Y384H 384 Holzmann et al. (1990)

WNV K307E 309 Chambers et al. (1998)

YF Q303K 311 Jennings et al. (1994)

YF K326G 334 Chambers and Nickells (2001)

YF R380T 387 Chambers and Nickells (2001)

LGT G285S 285 Pletnev and Men (1998)

JE Q52R/K 52 Hasegawa et al. (1992)

JE I270S 272 Cecilia and Gould (1991)

MVE S277I 279 McMinn et al. (1995)

MVE Various at 277 279 Hurrelbrink et al. (2001)

YF R52G 52 Chambers and Nickells (2001)

LGT F119V 119 Campbell and Pletnev (2000)

LGT F119V 119 Pletnev and Men (1998)

TBE E84K 84 Labuda et al. (1994)

TBE A123K 123 Holzmann et al. (1997)

WNV L68P 68 Chambers et al. (1998)

TBE K171E 172 Mandl et al. (1989a)

TBE D181Y 181 Holzmann et al. (1997)

YF G155D 159 Jennings et al. (1994)

YF I173T 177 Chambers and Nickells (2001)

LGT H438Y 438 Campbell and Pletnev (2000)

TBE H496R 496 Gritsun et al. (2001)

(continues)
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TABLE I
MOLECULAR DETERMINANTS OF NEUROINVASIVENESS AND NEUROVIRULENCE IN THE

FLAVIVIRUS E PROTEIN [SEE COLOR INSERT.]

E

Neuroinvasiveness
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a
 The relative position of each mutation in the TBE E protein is shown using the same coloring scheme as that

used in Fig. 4.
         b

 DEN − dengue virus; JE − Japanese encephalitis virus; LGT − Langat virus; LIV − louping ill virus; MVE − Murray

Valley encephalitis virus; TBE − tick-borne encephalitis virus; WNV − West Nile virus; YF − yellow fever virus.  

DEN-1 V365I 363 dos Santos et al. (2000)

DEN-2 Various at 383−385 387 Hiramatsu et al. (1996)

DEN-2 H390N 391 Sanchez and Ruiz (1996)

JE G306E 309 Ni and Barrett (1998)

YF V305F 313 Schlesinger et al. (1996)

YF S305F 313 Ryman et al. (1998)

YF S325L 333 Ryman et al. (1998)

YF F380R 387 Schlesinger et al. (1996)

DEN-1 M196V 197 dos Santos et al. (2000)

DEN-2 K126E 128 Bray et al. (1998)

DEN-2 K126E 128 Gualano et al. (1998)

DEN-3 A54E 54 Lee et al. (1997)

DEN-3 F277S 284 Lee et al. (1997)

JE E138K 140 Sumiyoshi et al. (1995)

JE E138K 140 Chen et al. (1996)

JE E138K 140 Chambers et al. (1999)

JE E138K 140 Ni et al. (1995)

JE E138K 140 Arroyo et al. (2001)

JE K279M 282 Chambers et al. (1999)

JE K279M 282 Arroyo et al. (2001)

JE K279M 282 Monath et al. (2002)

YF G52R 52 Schlesinger et al. (1996)

JE L107F 107 Chambers et al. (1999)

JE L107F 107 Arroyo et al. (2001)

Y TBE N154L 154 Pletnev et al. (1993)

DEN-2 D71E 71 Bray et al. (1998)

YF A240V 255 Ryman et al. (1997)

DEN-3 A18S 18 Lee et al. (1997) 

DEN-4 T155I 157 Kawano et al. (1993)

JE I176V 172 Chambers et al. (1999)

JE I176V 172 Ni et al. (1995)

YF I173T 177 Ryman et al. (1997)

DEN-1 T405I 406 dos Santos et al. (2000)

DEN-3 E401K 406 Lee et al. (1997)

DEN-3 T403I 408 Lee et al. (1997) 

DEN-3 K406E 409 Chen et al. (1995)

DEN-4 F401L 403 Kawano et al. (1993)

LGT L416A 416 Holbrook et al. (2001)

LGT H438Y 438 Holbrook et al. (2001)

LGT V440A 440 Holbrook et al. (2001)

LGT N473K 473 Holbrook et al. (2001) 

C

D

E

A

B

X

Neurovirulence

Substitution

Relative

position

in TBE Reference

Cluster/

locationa Virusb

TABLE I (continued)
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flaviviruses, and there was originally some suggestion that this motif
may play a role in the binding of cell surface integrins. A study by
Lobigs et al. (1990) first implicated this motif when it described the at-
tenuation of MVE after passage in SW13 human adenocarcinoma cells.

FIG 4. Superimposition of molecular determinants of virulence onto the three-dimen-
sional structure of the TBE E protein ectodomain (Rey et al., 1995). Four clusters of
mutations can be seen: cluster A (green), cluster B (blue), cluster C (red), and cluster D
(purple), as well as two isolated mutations located within the fusion peptide (location X in
orange) and the glycosylation site (location Y in yellow), respectively. (See Color Insert.)

FIG 5. Schematic representation of the stem-anchor region of the TBE E protein
(adapted from Allison et al., 1999, with permission). Trypsin cleavage of the ectodomain
(shown in gray) occurs at amino acid residue 395. Two � helices and two transmembrane
domains (TM; predicted by Stiasny et al., 1996) are indicated. The relative positions of
mutations implicated in virulence (cluster E) are shown in blue. (See Color Insert.)
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This motif has since been the subject of various mutagenesis studies
(Hurrelbrink and McMinn 2001; Lee and Lobigs, 2000; Lee and Lobigs,
2002; van derMost et al., 1999), andwhile attenuation of neuroinvasive-
ness has been observed, the mechanism for this attenuation appears to
relate to the affinity of the virus for glycosaminoglycans on the host–cell
surface rather than integrin binding. Interestingly, mutations that in-
crease the net positive charge of the E protein enhance virus binding
to heparin, resulting in rapid removal of the virus from the bloodstream
of infected mice and a failure of the virus to spread from extraneural
sites of replication into the brain (Lee and Lobigs, 2002).

In contrast, the study by van der Most et al. (1999) suggested that
the nature of attenuating mutations in the FG loop of flaviviruses is
to cause incorrect folding of the protein at a posttranslational stage.
Intracellular levels of the E protein were considerably lower in YF vi-
ruses with RGD motif mutations; however, this instability could be
overcome by incubation at a suboptimal temperature of 30 �C. It is pos-
sible that in viruses with mutations in the RGD motif and/or the lat-
eral face of domain III, misfolded E protein is retained in the ER and
eventually degraded in the same way as that described for misfolded
HA of influenza A virus (IAV) (Gething et al., 1986). Such misfolding
would cause a delay in virion assembly, possibly reducing viral titers
and subsequently impacting the dynamics of neuroinvasiveness.

Even minor changes in the three-dimensional structure of the E pro-
tein may affect its ability to form heterodimers with prM or homodi-
mers with E on the virion surface. More importantly, the ability of a
receptor binding region to interact with its cognate receptor is likely
to be severely disrupted by perturbations in the tertiary structure.
Clear evidence for this has been described by Mandl et al. (2000),
who showed that changes in and around residues involved in the for-
mation of a salt bridge on the lateral face of domain III were sufficient
to destabilize the virus (TBE) and cause a reduction in neuroinvasive-
ness. Interestingly, someof these virusesmadecompensatorymutations
in adjacent residues after passage in baby mouse brain. For example, a
D308K substitution, which was predicted to disrupt the formation of a
salt bridge between residues 308 and 311, was compensated for by
a K308E substitution. The importance of this salt bridge was confirmed
by the construction of a doublemutantdesigned to allow the formation of
the bridge in an inverted orientation (Mandl et al., 2000).

Whether the formation of a salt bridge (or other tertiary structure) is
required for the stability of domain III in mosquito-borne viruses will
require elucidation of the three-dimensional structure of the E protein
from a mosquito-borne virus. It is interesting to note, however, that
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disruption of the Asp residue in the RGD motif of MVE by substitu-
tion of a polar residue (Tyr) or a nonpolar residue (Asn) causes a loss
of neuroinvasiveness in mice, whereas the substitution of an alternate
negatively charged residue such as Glu has no effect on virulence
(Hurrelbrink andMcMinn, 2001). It is possible that this and other resi-
dues in the RGD motif form structurally important salt bridges with
adjacent residues on the lateral face of domain III or that charge
interactions are important for the stability of receptor–ligand and/or
E protein complexes.

2. Cluster B: The Hinge Region

Cluster B constitutes the second largest cluster of mutations in the E
protein after cluster A and is centered on the polar interface linking
domains I and II. Based on the three-dimensional structure of the
TBE E protein, this region is believed to form part of a molecular hinge
and is predicted to be involved in projection of the fusion peptide on the
tip of domain II upward for contact with the endosomal membrane
during fusion (Rey et al., 1995). The importance of this region is evi-
denced in studies where mutations in the hinge appear to directly
disrupt low pH-mediated fusion. McMinn et al. (1995) showed that a
S277I substitution in a neutralization escape variant of MVE was
directly responsible for a loss of neuroinvasiveness and the concomitant
inability of the virus to hemagglutinate red blood cells. This virus was
also found to be less efficient in fusion-from-within assays (McMinn
et al., 1996b). A similar defect in fusion was caused by an I270S substi-
tution in JE virus (Cecilia and Gould, 1991) and by Ile, Val, Asn, and
Pro substitutions at position 277 of MVE (Hurrelbrink and McMinn,
2001). In the latter study, two of the attenuating mutations caused
an elevation of the pH threshold for fusion, reminiscent of that seen
for mutants of IAV (Qiao et al., 1998; Steinhauer et al., 1996). Such a
shift may be indicative of E protein instability and an overall reduction
in the activation energy required to trigger the fusion reaction.

While the direct or indirect effect of mutations in the hinge region on
membrane fusion has yet to be investigated, the kinetics of the fusion
reaction itself have been well characterized for TBE (Corver et al.,
2000). Kinetic fusion studies, using well-characterized hinge mutant
viruses, would undoubtedly provide valuable information as to the
nature of attenuating mutations in this region of the protein. Informa-
tion on putative defects in the formation and enlargement of fusion
pores could also be obtained by examining the rate and extent of fusion
of virions with RBC ghosts, which have been labeled with cyto-
plasmic fluorophores of varying size. Such an approach has been used
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successfully to analyze fusion pore development in other enveloped
viruses such as IAV (Kozerski et al., 2000).

Whether mutations in the hinge cause defects in fusion by perturb-
ing the conformational change of the protein at low pH (the dimer-
to-trimer transition) or by disrupting the receptor–ligand complex is
unknown. The presence of a receptor has been shown to be dispensable
for viral fusion in TBE (Corver et al., 2000), suggesting that ongoing
receptor binding in the endosome is not required for fusion to occur.
Interestingly, MVE hinge mutants that have been bound to the cell
surface at low temperature (4�C) appear to dissociate from their recep-
tor at low pH (McMinn, unpublished data), suggesting that the fusion
defect may be directly related to the affinity of the receptor–ligand
complex. It may be that mutations in the hinge region cause dissocia-
tion of the receptor complex in the endosome, thereby preventing the
correct insertion of the fusion peptide into the endosomal membrane.
In addition, such mutations may prevent full motion of the hinge
region, resulting in inefficient presentation of the fusion peptide at
the membrane boundary. Regardless of the precise nature of the
attenuation, it is clear that such mutations cause a delay in viral entry,
having implications for the spread of the virus after peripheral
inoculation and causing an attenuation of neuroinvasiveness.

3. Locations X and Y: The Fusion Peptide and Glycosylation Site

Locations X and Y are so named because they are not strictly clus-
ters, containing only single mutations that are known to affect viru-
lence. The mutation at location X is positioned within the fusion
peptide at the tip of domain II (cd loop), which is conserved throughout
the Flavivirus genus. While this hydrophobic region of the protein has
long been considered to harbor residues involved in the initiation of
fusion between viral and cellular membranes, direct evidence for its
involvement was established only recently. Allison et al. (2001) con-
firmed the role of this region by constructing recombinant subviral
particles (RSPs) of TBE with substitutions at position 107 of the E pro-
tein. Hydrophilic amino acid substitutions at this position strongly
impaired or abolished fusion activity, as evidenced by their slower
fusion kinetics and lack of interaction with liposomes in coflotation
assays. Interestingly, RSPs with a Phe substitution at this position
retained a significant degree of fusion activity (Allison et al., 2001).
Such an observation is consistent with chimeric JE/ YF viruses
containing an identical L107F substitution, which are viable but are
significantly attenuated in mice (Arroyo et al., 2001; Chambers et al.,
1999). It is likely that the mutations outlined in the Allison et al.
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(2001) study would also cause an attenuation of virulence; however,
these mutations are yet to be reverse engineered into an infectious
virus.

Location Y represents the conserved glycosylation site of flavi-
viruses. Mutations at this site (N154L) have been shown to cause a re-
duction in the neurovirulence of TBE/DEN-4 chimeric viruses in mice
(Pletnev et al., 1993). Similarly, selection of DEN-2 fusion mutants by
repeated exposure to acidic pH or ammonium chloride has been shown
to induce mutations at the glycosylation site (N153Y), concomitant
with an increase in the optimal pH for fusion (Guirakhoo et al.,
1993). This increase in optimal pH may be linked to the proposed inter-
action of the E0F0 loop (containing the Asn-linked glycosylation site)
with the buried fusion peptide (cd loop) on an adjacent E protein mono-
mer. It is possible that the N-linked glycan stabilizes the dimer, thereby
preventing premature triggering of the dimer-to-trimer transition.

4. Clusters C, D, and E: The prM/E Interface

Mutations in clusters C, D, and E have been implicated as potential
determinants of virulence in a number of flaviviruses, including DEN
types 1 to 4 (Bray et al., 1998; Chen et al., 1995; dos Santos et al.,
2000; Kawano et al., 1993; Lee et al., 1997), YF (Chambers andNickells,
2001; Jennings et al., 1994; Ryman et al., 1997), WNV (Chambers et al.,
1998), LGT (Campbell and Pletnev, 2000; Holbrook et al., 2001; Pletnev
and Men, 1998), and TBE (Gritsun et al., 2001; Holzmann et al., 1997;
Labuda et al., 1994; Mandl et al., 1989b) (see Table I).

Mutations in cluster C occur toward the distal end of domain II in �

strands b, d, and j, and in the bc loop, and are located relatively close to
a region of the protein believed to be involved in trimer contacts with
the proximal stem-anchor of a neighboring monomer (Ferlenghi et al.,
2001; see Fig. 3). In addition, their distal location on domain II places
them close to the predicted fusion peptide at the tip of this domain. On
examination of the relative positions of cluster C mutations on the
three-dimensional structure of the protein, it appears that most are lo-
cated on the exposed upper surface rather than on the basal or lateral
faces where contacts with the stem-anchor are likely to occur. As such,
it is likely that mutations in cluster C directly disrupt lateral inter-
actions with prM and/or other E protein monomers. Alternatively, they
may alter the conformation of the distal tip of domain II and perturb
presentation of the fusion peptide during fusion.

The proposed packing model for flaviviral glycoproteins on the sur-
face of RSPs and virions places prM at the junction of adjacent E
protein monomers (the prM/E interface; see Fig. 3). In either
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arrangement, prM could potentially form contacts with domain I of one
E protein monomer and domain II of another. Many of the mutations
along the extended finger of domain II in cluster C are directly adja-
cent to the proposed position(s) for prM, as are some of the mutations
in cluster D.

Interestingly, most of the mutations outside the ectodomain (in clus-
ter E) are located in the predicted �-helical domains of the stem-anchor
region (see Fig. 5), and these domains have been implicated in both the
trimerization of soluble E protein and the stabilization of prM–E inter-
actions (Allison et al., 1999). While the stem-anchor region has been
shown to be dispensible for the trimerization of E in the presence of cell
membranes (Stiasny et al., 2002), it is possible that mutations in clus-
ters C–E directly impact on the stability of interactions at the prM/E
interface (specifically in the ectodomain of E, the stem-anchor region
of E, and prM) and that these mutations may disrupt the trimerization
of E and the stability of the glycoprotein network on the virion surface.

E. The Structure and Function of Nonstructural Proteins

The nonstructural proteins of flaviviruses include NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5 and together constitute approxi-
mately 75% of the viral ORF. These proteins perform a range of func-
tions in the replication of the virus, including posttranslational
processing of the polyprotein, formation of a replicase complex (RC)
for the production of progeny RNA, and possibly assembly and/or
release of infectious particles from host cells.

Translation of incoming viral RNA occurs in association with the
rough endoplasmic reticulum (ER) and generally begins at the first
AUG codon in the long ORF (Chambers et al., 1990a; Crawford and
Wright, 1987). This polyprotein precursor is rapidly co- and posttran-
slationally cleaved by host and viral proteases, both in the lumen of
the ER and in the cytosolic compartment. The virally encoded prote-
ase, composed of a complex between NS2B and NS3, is required for
cleavages at highly conserved dibasic sites at the N-terminal ends of
NS2B, NS3, NS4A, and NS5 (Chambers et al., 1991; Ryan et al.,
1998), as well as at the C-terminal ends of anchored-C and NS4A
(Amberg et al., 1994; Lin et al., 1993; Nowak et al., 1989). A conserved
central domain of NS2B serves as an obligatory cofactor for the enzy-
matic activity of the NS3 protein (Falgout et al., 1993; Yusof et al.,
2000); however, the protease function of the NS2B–NS3 complex is me-
diated by theN-terminal one third ofNS3 (Chambers et al., 1990b). This
region contains a His-Asp-Ser catalytic triad typical of serine proteases
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(Murthy et al., 1999). The NS2B–NS3 complex also serves as a helicase
and an RNA-dependent nucleoside triphosphatase (NTPase) during
RNA replication, the motifs for which are located in the C-terminal
two-thirds of the NS3 protein (Ryan et al., 1998).

Based on numerous studies with KUN, the precursor RC is proposed
to contain NS2A, NS3, and NS5, which together bind to a 30 RNA
stem–loop structure located in the terminal 100 nucleotides of the
genome (Khromykh et al., 1999). NS2Awithin this precursor RC is pro-
posed to bind to membrane-bound NS4A, which is itself bound by
hydrophilic extensions in the lumen (between transmembrane
domains) to dimeric NS1 to form the complete RC (Khromykh et al.,
1999; Westaway et al., 1997). The NS2A protein has also been impli-
cated in the assembly and/or release of infectious particles from infected
cells (Kümmerer andRice, 2002). TheNS5 protein, which contains RNA-
dependent RNA polymerase (RDRP), S-adenosylmethionine methyl-
transferase (SAM), and importin-� binding motifs (Bartholomeusz and
Thompson, 1999; Johansson et al., 2001; Koonin, 1993), is believed to
be responsible for cytoplasmic RNA replication by the RC.

F. Molecular Determinants of Virulence in Nonstructural Proteins

Numerous molecular determinants affecting the replicative ability
of flaviviruses have been identified in nonstructural proteins, many
of which are located either in the viral protease NS2B–NS3 or in other
components of the RC. In particular, mutations in NS2B and NS3 have
been shown to directly affect protease activity, as well as the physical
interactions of these two proteins. Similarly, mutations in the RC have
been shown to affect the helicase activity of NS3 and the RDRP and/or
methyltransferase activities of NS5, as well as the physical inter-
actions of NS1, NS3, NS4A, and NS5 with other components of the
RC. Unfortunately, very few studies have analyzed the contribution
of such mutations to attenuation of virulence in vivo. Nevertheless,
the marked effect of such mutations on in vitro phenotype, such as a
reduction in plaque size, increased temperature sensitivity, and
delayed replication kinetics, will undoubtedly have implications for
virulence, which may manifest as a reduction in neuroinvasiveness
and/or neurovirulence in vivo.

1. The Viral Protease: NS2B–NS3

The N-terminal 180 amino acids of NS3 mediate the protease activ-
ity of the NS2B–NS3 protease. Four conserved regions (C1–C4; Fig. 6A)
have been identified in this region of the protein based on the amino
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acid sequence alignment of flaviviral and cellular proteases. These
include residues flanking components of the His-Asp-Ser catalytic
triad [His (C1), Asp (C2), and Ser (C3)], as well as others predicted to
be involved in substrate binding specificity (C3 and C4) (Bazan and
Fletterick, 1989; Gorbalenya et al., 1989).

Mutations likely to affect virulence, based on their observed effects
on in vitro phenotype, can be mapped onto the known three-
dimensional structure of the protease component of the NS3 protein
(Murthy et al., 1999). As described for the E protein earlier, such mod-
eling can provide insight into likely effects on function and the implica-
tions this may have for virulence. As one would expect, numerous
mutations in and around the substrate binding pocket appear to influ-
ence protein function and viral replication (Fig. 6B). In particular, mu-
tations in the His-Asp-Ser catalytic triad have been shown to severely
inhibit the protease activity of NS3 and have inhibited subsequent
viral replication in vitro when introduced into an infectious cDNA
clone. In addition, mutations in the NS2B cofactor or in the NS2B–
NS3 autocatalytic cleavage site also appear to reduce replicative ability
in vitro.

Chambers et al. (1990b) showed that mutations in the His-Asp-Ser
catalytic triad of NS3 from YF either completely (H53A, D77N,
D77A, S138A) or severely (S138C) impaired the protease activity of
the protein in a rabbit reticulocyte lysate system. Furthermore,

FIG 6. Three-dimensional structure of the NS3 protease domain from DEN-2 (Murthy
et al., 1999). Conserved regions C1–C4 (A), based on amino acid sequence alignment of
NS3 with flaviviral and cellular proteases, are highlighted in yellow, blue, red, and
green, respectively (Bazan and Fletterick, 1989; Murthy et al., 1999). Amino acid substi-
tutions in and around the substrate binding pocket affect replication and/or virulence
(B), and are shown as stick representations using the same color scheme as A. (See Color
Insert.)
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introduction of the S138A and S138C mutations into viral RNA de-
rived from an infectious cDNA clone rendered the transcripts noninfec-
tious after transfection into BHK-21 cells (Chambers et al., 1990b). A
similar attenuation of protease activity has been observed after muta-
tion of the His-Asp-Ser catalytic triad in WNV (H51A; Wengler et al.,
1991) and TBE (S138X; Pugachev et al., 1993), as well as in a panel
of 46 mutants of DEN-2, which included mutations in the C3 region
similar to those outlined in the Chambers et al. (1990b) study (Valle
and Falgout, 1998).

Interestingly, other mutations in the Valle and Falgout (1998) study,
which were located outside the His-Asp-Ser catalytic triad but within
the putative substrate binding pocket, had varying effects on protease
activity. Mutations designed specifically to disrupt protease activity,
basedonknownfunctional residuesandmotifs in other serineproteases,
suchas trypsinandchymotrypsin, completelyabolished (G148A,L149A/
R, Y150A/V/H, G151A, G153A/V), severely disrupted (D129K/R/L,
F130A/S, G133A, G136A, N152A/Q), slightly disrupted (D129E/S/A,
F130Y, I139L/A, I140A, G144P, L149I, Y150F, V154A, V155A), or had
no effect (S131P/C, I140L, D141E/A, K142A/N, K143A/N, G144A,
R184A) on the protease function of NS3.

Mutations outside the substrate binding pocket of the NS3 protease
have also been shown to affect viral replication. Matusan et al. (2001a)
used clustered charged-to-alanine mutagenesis to ascertain the effect
of mutations in different regions of the NS3 protein. Five clusters of
up to five amino acid residues (at least three of which were charged)
were chosen for mutagenesis and subsequently tested in transient ex-
pression and/or infectious cDNA clone systems. Not all of the tested
mutations caused a reduction in protease activity when expressed
transiently in COS cells; however, all of the recombinant viruses pro-
duced had a smaller plaque phenotype and/or slower growth kinetics
in cell culture (Matusan et al., 2001a). Computer modeling of the
NS2B–NS3 complex suggested that some of the mutations might have
affected the stability of the complex, whereas others may have
disrupted the formation of functionally relevant salt bridges and/or
perturbed substrate binding specificity.

In addition to direct inhibition of the NS3 protease, the requirement
for formation of an NS2B–NS3 complex in protease function has been
clearly illustrated in YF. Chambers et al. (1993) showed that mutations
in the conserved central domain of NS2B eliminate its ability to associ-
ate with NS3 as well as its trans-cleavage activity, whereas mutations
in flanking hydrophobic domains have little effect. In contrast, all of
the mutations in the Chambers et al. (1993) study were shown to be
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deleterious for viral replication, as evidenced by a complete lack of in-
fectivity of transcripts in an infectious cDNA clone system. This sug-
gests that mutations in the conserved central domain of NS2B
directly affect its ability to form a stable complex with NS3. Con-
versely, mutations outside this domain may disrupt the ability of the
NS2B–NS3 complex to oligomerize efficiently with other members of
the replicase complex. It is possible that mutations in NS3, which are
solvent exposed and are located outside known functional motifs, may
also be involved in the attenuation of the SA14 vaccine strain of JE
(A105G; Ni et al., 1995), a temperature-sensitive vaccine strain of
DEN-2 (Blaney et al., 2001), and a naturally attenuated strain of JE
isolated from a paddy-free islet in Taiwan (F109I, E122K; Chiou and
Chen, 2001).

In addition to mutations within the NS2B and NS3 proteins, muta-
tions in the autocatalytic cleavage site between the two proteins have
also been shown to disrupt viral replication. Nestorowicz et al. (1994)
and Chambers et al. (1995) introduced site-specific changes in the �4
through +1 positions of the NS2A–NS2B and NS2B–NS3 cleavage sites
in YF and analyzed their effect on cell-free translation, cellular expres-
sion, and viral phenotype in vitro. Substitutions at the �3 and �4
positions had little to no effect on the cleavage efficiency of a NS2B–
NS3181 and NS2A-NS3181 constructs when expressed in rabbit reticu-
locyte lysate or transfected SW-13 cells, whereas other conservative
and nonconservative substitutions at the �2 and �1 positions either
reduced or completely abolished cleavage activity. RNA transcripts
containing mutations that abolished cleavage activity were also found
to be noninfectious, whereas those containing mutations that reduced
cleavage efficiency had lower specific infectivities and yielded viruses
with smaller plaque phenotypes (Chambers et al., 1995; Nestorowicz
et al., 1994). As such, mutations that directly or indirectly affect the
protease function of the NS2B–NS3 complex, or the autocatalytic
cleavage of these two proteins, can reduce replicative efficiency in

vitro. Although yet to be tested, it is likely that such mutations will
also have an impact on neuroinvasiveness and neurovirulence in vivo,
and this is an area of research requiring attention.

2. The Replicase Complex: NS1, NS2A, NS3, NS4A, and NS5

The replicase complex, like most other cellular and viral replicases,
is composed of a number of proteins that together perform all of the
functions required for transcription. This includes stabilization
and sequestration of the RC to intracellular membranes, as well as
the unwinding of double-stranded templates, primer extension, and
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the addition of methylated caps to RNA transcripts. In flaviviruses, the
helicase function is performed by the NS3 protein, whereas the poly-
merase and methyltransferase activities are performed by the NS5
protein. Both of these proteins form a complex on the cytosolic side of
the ER, and their binding to the 30 stem–loop of RNA is proposed to be
mediated by the NS2A protein. NS2A also appears to serve as a linker,
binding the NS3–NS5–RNA complex to ER membranes via its hydro-
phobic interaction with membrane-bound NS4A. The hydrophilic
regions of NS4A also bind NS1 in the lumen of the ER to form a
complete RC (see Khromykh et al., 1999).

In a number of studies, mutations in the glycosylation sites of NS1
have been shown to affect dimerization and subsequently impact viru-
lence. Using transient expression of COS cells, early studies by Pryor
and Wright (1993, 1994) established the importance of the second gly-
cosylation site in the stability of DEN-2 NS1 dimers in vitro. Subse-
quent work by this group showed that recombinant DEN-2 viruses
with identical mutations had reduced neurovirulence in mice, even
though the mutation had no effect on the dimerization of NS1 in vivo

(Pryor et al., 1998). Attenuation of neurovirulence has also been ob-
served in recombinant chimeric TBE/DEN-4 (Pletnev et al., 1993)
and YF viruses (Muylaert et al., 1996) with similar mutations. Viruses
in the Muylaert et al. (1996) study also had a smaller plaque pheno-
type, a decreased virus yield, and were impaired in their ability to
secrete NS1 into the culture medium.

Interestingly, work by Hall et al. (1999) showed that a P250L muta-
tion in KUN NS1 is sufficient to prevent dimerization of the protein
but does not affect the secretion of monomers into the culture medium.
In addition, even though virus replicationwas delayed early in infection
and the neuroinvasiveness of the virus was reduced 10-fold in weanling
mice, viral titers in vitro were similar at 30–48 hpi. The finding that
this virus was able to replicate efficiently, albeit more slowly in cell cul-
ture, while expressing NS1 inmonomeric form, suggests that dimeriza-
tion of the protein is not an absolute requirement for its function.

It is possible that mutations affecting the dimerization of NS1 cause
instability in the RC, resulting in reduced replication kinetics and an
attenuation of virulence. Such a requirement for efficient interaction
of RC components is illustrated in work by Lindenbach and Rice
(1999), who showed that the NS1 gene from DEN-2 was unable to func-
tionally substitute for the corresponding gene in YF. Subsequent
screening for replication-competent mutants yielded a virus with a
N42Y substitution in the NS4A gene, which allowed functional substi-
tution of the NS1 gene from DEN-2. This provides evidence for a direct
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interaction between NS1 and NS4A and illustrates the importance of
RC stability in virus replication. A similar disruption of RC compo-
nents has been suggested by Matusan et al. (2001b), who showed that
viruses with mutations in the helicase region of NS3 (outside known
functional motifs) were temperature sensitive and had a reduced
plaque size. The authors suggested that these mutations (charged-
to-alanine) may have affected protein–protein or RNA–protein inter-
actionsbydestabilizinghydrogen-bondingandelectrostatic interactions
at the protein surface, thereby disrupting the stability of the RC (Matu-
san et al., 2001b). Given that this region of NS3 is proposed to interact
directly with NS5 (Johansson et al., 2001), this would seem a reason-
able conclusion. A L435S mutation, which appears to be located close
to the RNA binding region of the NS3 helicase (based on homology with
the known three-dimensional structure of the NS3 helicase from hepa-
titis C virus), may also play a role in the increased neurovirulence of
a mouse brain-passaged strain of DEN-1 (dos Santos et al., 2000).
Furthermore, paired charged-to-alanine mutagenesis of NS5 has
shown that mutations outside known functional motifs can reduce
the replicative ability of DEN-4 in vivo after intracerebral inoculation
(i.c.) inoculation into suckling mice (Hanley et al., 2002).

Aside from the formation of a stable complex, mutations in RC com-
ponents may directly affect the enzymatic activities of RC proteins and
therefore have an impact on virulence. For example, mutations in con-
served NTPase and helicase motifs, engineered into an enzymatically
active but truncated form of DEN-2 NS3 produced in Escherichia coli,
have been shown to reduce or abolish RNA helicase and/or NTPase ac-
tivity in vitro (Matusan et al., 2001b). Such mutations also reduce or
abolish the infectivity of RNA transcripts produced from an infectious
cDNA clone. Mutations in the methyltransferase and/or RNA polymer-
ase motifs of NS5 have also been shown to affect the virulence of
YF vaccines passaged in mouse brain or Vero cells (Holbrook et al.,
2000; Xie et al., 1998) and to abolish the infectivity of clone-derived
KUN virus (Khromykh et al., 1998).

G. Untranslated Regions of the Genome

The 50- and 30-untranslated regions constitute between 4 and 7% of
the flaviviral genome. Despite little homology at the nucleotide level,
regions of conserved complementarity and predicted secondary struc-
ture are found in all flaviviruses and are believed to serve as cis-acting
elements during RNA transcription. Mosquito-borne viruses in par-
ticular contain between one and three consensus sequences (CS) in
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the 30 UTR, which are complementary to conserved regions in the 50

UTR and have therefore been implicated in the cyclization of the
genome (Hahn et al., 1987b). Furthermore, putative stem–loop (SL)
and/or pseudoknot structures have been predicted at the extreme 50

and 30 termini of all flaviviruses and are considered obligatory for the
replication of positive- and negative-sense RNAs, respectively (Hahn
et al., 1987b; Proutski et al., 1997; Rauscher et al., 1997; Shi et al.,
1996). This function may require the involvement of cellular factors,
such as elongation factor 1�, Mov34, TIA-1, and TIAR, which in ad-
dition to NS3 and NS5 (Chen et al., 1997a) have been shown to interact
with the 30 SL of WNV (Blackwell and Brinton, 1997; Li et al., 2002)
and JE (Ta and Vrati, 2000).

The requirement for distal interactions between 50 and 30 termini
during replication has been confirmed in studies with DEN-2, where
self-primed RNA synthesis from the authentic 30 end of template
RNA was shown to be dependent on the presence of the 50-terminal
region, provided either in cis or in trans (You and Padmanabhan,
1999). UV cross-linking and site-directed mutagenesis experiments
have further confirmed a direct interaction between cyclization se-
quences in the 50 and 30 termini of DEN-2 (You et al., 2001) and KUN
(Khromykh et al., 2001), with the latter study showing that the base-
pairing of conserved sequences, rather than the nucleotide sequence
per se, was essential for RNA replication.

Early studies with DEN and TBE showed the effect of mutations in
the 50 and 30 UTRs on replication. Eleven deletion mutants of DEN-4,
reverse engineered to disrupt the formation of the predicted SL in the
50 UTR, were shown to be either noninfectious or growth restricted
in vitro (Cahour et al., 1995). More specifically, mutations in the long
stem region were found to be lethal, whereas those in the shorter stem
or loop regions caused a reduction in replicative ability. Furthermore,
deletion of nucleotides 82–87 resulted in a virus unable to replicate
in mosquito cells, suggesting host restriction and the involvement of
different cellular factors in diverse cell types (Cahour et al., 1995).

Similarly, mutations in the 30 UTR have also been shown to affect
virulence directly. Deletion of the CS1 region, which is the conserved
consensus region most proximal to the 30 terminus, was found to be
lethal for DEN-4 (Men et al., 1996), whereas deletion of all or part of
the CS2A and/or CS2B regions of DEN-2 (Durbin et al., 2001)
or DEN-4 (Men et al., 1996) yielded viruses with smaller plaque
phenotypes, delayed viral replication kinetics, and delayed viremia in
monkeys. More recently, mutations introduced into the 30 SL of DEN-1
have been shown to cause host-range restriction and an attenuation
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of neurovirulence in rhesus macaques (Markoff et al., 2002). In TBE, a
range of deletions extending into the conserved 340 nucleotide core
element at the 30 terminus had variable effects on virulence in an in vivo

mouse model, with deletions having an increased biological effect as
they extended further into the core region (Mandl et al., 1998). Similar
attenuation has been observed in a deletion mutant of LGT, which was
105-fold less neuroinvasive in mice than the TP21 strain from which it
had been derived originally (Pletnev, 2001).

Chimeric flaviviruses with mutations or deletions in the 30 UTR are
also attenuated in vitro. Zeng et al. (1998) produced a range of chimeric
DEN-2 viruses containing different regions of the WNV 30 SL and
showed that substitution of the terminal 96 nucleotides of WNV into
the DEN-2 genome was sublethal. Because truncated DEN-2 30 SL
RNAs were able to compete efficiently for the same cellular factors as
WNV 30 SL RNAs in this study, the basis for the attenuation was likely
to be disruption of the interaction of the SL with viral rather than
cellular proteins. The observation in other studies that mutations in
the 30 SL affect host range and RNA cyclization does, however,
suggest that attenuation can be caused by either the disruption of
RC formation and/or the initiation of RNA synthesis.

IV. CONCLUSION

Much of the early work on virulence involved viruses derived by cell
culture passage or neutralization escape selection, and it is for this
reason that the majority of published works on molecular determi-
nants of virulence have focused on mutations in the E protein. With
the advent of infectious clone technology, more recent studies have
begun to reverse engineer and assess the relative contributions of spe-
cific mutations in nonstructural regions and/or the UTRs. While rela-
tively few of these studies assess virulence in an animal model, it is
clear that reverse genetics has the potential to serve as a useful tool
for investigations on virulence and pathogenesis.

At present there is a need for a more detailed analysis of the virus–
host relationship, and it is likely that future studies will help explain
this relationship in the context of observed effects on protein structure
and function. One could reasonably predict that mutations in struc-
tural proteins would affect aspects of virus binding and entry, and/or
the stability of the glycoprotein network on the surface of the virion.
Such mutations may disrupt important aspects of the virus life cycle,
such as the dimer-to-trimer transition associated with endosomal
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fusion or the ability of chaperones such as prM to shield the E protein
from premature exposure to acidic pH during viral egress. In contrast,
mutations in nonstructural proteins and/or 50 and 30 UTRs are likely to
affect virulence by disrupting enzyme function, causing defects in
transcription, translation, and assembly, and/or the interaction of
viral and host factors with the replicative machinery.

It is clear from work on encephalitogenic viruses such as MVE, JE,
and TBE that efficient viral replication in regional draining lymph
nodes is required for the development of viremia and that the magni-
tude and duration of such viremia can impact directly on the ability
of the virus to invade the CNS and cause disease (Huang and Wong,
1963; Malkova and Frankova, 1959; McMinn et al., 1996a). Further-
more, dendritic cells appear to be the principal cell type respon-
sible for viral replication in vivo early in infection (McMinn and
Sammels, 1997; Wu et al., 2000). In MVE, the temporal spread of virus
from a peripheral site of infection to the CNS is affected directly by mu-
tations that perturb viral protein function (McMinn et al., 1996a). In
particular, attenuating mutations causing defects in fusion appear to
delay viral replication and spread in and from regional lymph nodes,
causing a reduction in neuroinvasiveness. This delay is sufficient to
allow the host immune system time to clear the infection before the
onset of an acute inflammatory response associated with viral enceph-
alitis. In contrast, the attenuated phenotype does not manifest when
the virus is inoculated directly into the brain, presumably because cir-
cumvention of the peripheral immune system affords the virus suffi-
cient time to overwhelm the host before a protective immune
response can become effective.

Whether attenuation of neuroinvasiveness and/or neurovirulence
caused by mutations in nonstructural and untranslated regions of
the genome is caused by a similar delay in replication at peripheral
sites will require a closer examination of pathogenicity in vivo. As evi-
denced by recent work in the field, reverse genetics is becoming in-
creasingly popular as a tool for dissecting the relative contribution of
such mutations to the in vivo phenotype of attenuated viruses. Fur-
thermore, infectious cDNA clones provide a useful means of generating
attenuated viruses for use as vaccines, and this approach is proving
increasingly popular. For example, chimeric flaviviruses expressing
the prM and E genes of JE, DEN-2, and LGTappear to be very effective
immunogens for protection against homologous virus challenge
(Caufour et al., 2001; Chambers et al., 1999; Guirakhoo et al., 1999,
2000; Monath et al., 1999; Pletnev et al., 2001; van der Most et al.,
2000). Despite their promise, such vaccine constructs must be tested
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vigorously to ensure that they do not revert to virulence after cell cul-
ture or mouse brain passage. Viruses generated by in vivo passage
often have increased replicative ability and can become more virulent
as a result of adaptation to the host. For example, Schlesinger et al.
(1996) were able to increase the neurovirulence of YF after serial pas-
sage of the virus in mouse brain. Chambers and Nickells (2001) subse-
quently showed that this virus had a number of mutations scattered
across the genome and used reverse genetics to introduce these into
an infectious cDNA clone to yield virus with a similar phenotype. It
should now be possible to determine which of these mutations contrib-
ute to the increased virulence of neuroadapted YF, using a methodo-
logical approach similar to that currently being employed to
ascertain the molecular basis for attenuation in chimeric JE/YF vi-
ruses (Arroyo et al., 2001). Such studies will undoubtedly contribute
to our understanding of pathogenesis and, in conjunction with more
specific work, will help elucidate the structural and functional basis
for flavivirus attenuation.
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Resistance to flavivirus-induced disease in mice was first discovered
in the 1920s and was subsequently shown to be controlled by the
resistant allele of a single dominant autosomal gene. While the major-
ity of current laboratory mouse stains have a homozygous-susceptible
phenotype, the resistant allele has been found to segregate in wild
mouse populations in many different parts of the world. Resistance is
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flavivirus specific and extends to both mosquito- and tick-borne flavi-
viruses. Resistant animals are infected productively by flaviviruses
but produce lower virus titers, especially in their brains, as compared
to susceptible mice. Decreased virus production is observed in resis-
tant animals even during a lethal infection and the times of disease
onset and death are also delayed as compared to susceptible mice. An
intact immune response is required to clear flaviviruses from resistant
mice. The resistant phenotype is expressed constitutively and does not
require interferon induction. The Flv gene was discovered using a
positional cloning approach and identified as Oas1b. Susceptible mice
produce a truncated Oas1b protein. A C820T transition in the fourth
exon of the gene introduced a premature stop codon and was found in
all susceptible mouse strains tested. Possible mechanisms by which
the product of the resistant allele could confer the resistant phenotype
are discussed.

I. INTRODUCTION

Numerous studies indicate that the outcome of a virus infection can
be influenced by host factors, such as genes, age, sex, nutritional
status, and immune competence, as well as by virus virulence factors
(Brinton, 1997; Nathanson, 2002). Because many viruses can cause im-
pairment or death of the hosts they infect, they have the potential to
exert selective evolutionary pressure on a host population. Virus se-
lective pressure would be expected to preferentially increase the fre-
quency of those host alleles that fortuitously reduce the deleterious
effects of a virus infection within a host population. Coevolution of
viruses with their hosts toward less deleterious infections ensures
the survival of both host and virus (Brinton, 1997; Brinton and
Nathanson, 1981).

The majority of studies on host genetic resistance to viruses have
been done in mice and chickens because of the availability of inbred
populations (Bang, 1978). Identified murine genes controlling resis-
tance to different types of viruses have been reviewed previously (Bang,
1978; Brinton, 1997; Brinton andNathanson, 1981; Brinton et al., 1984;
Casanova et al., 2002; Haller, 1981; Skamene, 1985; Skamene et al.,
1980). Virus resistance can be controlled by a single locus, two loci, or
more than two loci. In some cases, the dominant allele confers the re-
sistance phenotype, whereas in other cases it confers the susceptible
phenotype. Each of the reported virus resistance loci identified in mice
appears to be unique and usually controls resistance to a single group
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of viruses. Only a few of the murine virus resistance genes have
mapped to the major histocompatibility locus on chromosome 17. Some
of the genes conferring resistance to virus infections regulate innate
immunity, and some regulate specific immune responses (Brinton,
1997; Casanova et al., 2002; Urosevic and Shellam, 2002). Others, such
as the single locus that controls the outcome of flavivirus infections in
mice, function at the intracellular level. The flavivirus resistance gene
was named Flv in 1989 (Green, 1989).

II. INITIAL DISCOVERIES OF GENETIC RESISTANCE TO

FLAVIVIRUSES IN MICE

Resistance to flavivirus-induced disease in mice was discovered in
the 1920s and rediscovered multiple times in the 1930s because it was
not appreciated at the time that all of the viruses used in these early
studies belonged to the genus Flavivirus in the family Flavivirdae. In
the early 1920s, Leslie Webster used selective breeding to establish
strains of mice from wild progenitors that were either resistant (BR)
or susceptible (BS) to a bacterial infection (paratyphoid) (Webster,
1923) and subsequently established mouse strains that were resistant
(VR) or susceptible (VS) to an encephalitis virus, louping ill virus
(Webster, 1933). Bacterial resistance and viral resistance segregated
independently, as indicated by the establishment of BSVS, BSVR,
BRVR, and BRVS mouse strains (Webster, 1937). Following the 1933
St. Louis encephalitis virus (SLEV) outbreak in St. Louis, Missouri,
susceptibility to SLEV was tested in these mouse strains (Webster,
1936; Webster and Clow, 1936; Webster and Johnson, 1941). The mice
used in this study had been inbred for 12 generations by brother–sister
matings. A 95%mortality was observed for the VS strains, whereas the
VR strains showed 15% mortality. The progeny of matings between re-
sistant and susceptible mice showed 31% mortality. These results indi-
cated that resistance to flavivirus-induced morbidity and mortality
was inherited as a dominant trait. The VR and VS mouse strains were
subsequently shown to be resistant or susceptible, respectively, to
Russian spring–summer encephalitis virus (Casals and Schneider,
1943), indicating that this resistance extended to tick-borne as well
as to mosquito-borne flaviviruses.

Differential susceptibility between two partially inbred mouse
strains, Swiss and Det, to virulent yellow fever virus (YFV) was first
observed by Sawyer and Lloyd (1931) and was subsequently tested
by Lynch and Hughes (1936). Swiss mice displayed 100% mortality
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after intracerebral inoculation, whereas the Det strain showed 77%
mortality. F1 progeny showed 83.3% mortality, and data from the an-
alysis of F2 animals indicated that susceptibility to this virus was con-
trolled by host genetic factors (Lynch and Hughes, 1936). The
relatively high mortality rates observed in the ‘‘resistant’’ Det and F1

populations were most likely due to the presence of a significant pro-
portion of homozygous-susceptible individuals within these partially
inbred populations. In the early 1950s, it was demonstrated that all in-
dividuals of a partially inbred strain of mice housed at the Rockefeller
Institute’s Division of Animal and Plant Pathology at Princeton (PRI)
were completely resistant to intracerebral inoculation with the attenu-
ated 17D YFV vaccine (Sabin, 1952a, 1952b). Breeding studies with
PRI mice clearly indicated that flavivirus resistance to virus-induced
disease was controlled by a dominant allele of a single autosomal gene.
It was also shown that young mice (1 to 3 weeks of age) were more
susceptible than adults and that intracerebral inoculation of more
virulent flaviviruses, such as French neurotropic YFV or Japanese B
encephalitis virus (JEV), could partially overcome this resistance as
measured by an animal mortality end point. However, higher doses
were required to kill resistant mice as compared to susceptible mice.

Among laboratory mice, only the BSVR, BRVR, PRI, and Det strains
have the resistant phenotype (Sabin, 1952a, 1952b; Sawyer and Lloyd,
1931; Webster, 1933, 1937). Brinton Darnell et al. (1974) demonstrated
that adult animals from laboratory mouse strains, such as A/J, AKR/J,
BALB/cJ, B10D2/J, C3H/He, C57BL/6J, C57BL/10J, DBA2/J, SJL/J,
Swiss/J, and SWR/J, are susceptible to flavivirus-induced disease [88
to 100% mortality after intracerebral inoculation of 17D YFV
(Table I)]. Sangster et al. (1993) subsequently confirmed that A/J,
AKR/Lac, BALB/cJLac, C57BL/10ScSn, DBA /2J, and SJL/J mice are
susceptible to 17D YFV, as well as to Murray Valley encephalitis virus
(MVEV), and also showed that the CBA, CE, I/M, LP.RIII, NZW, and
RIII inbred strains are susceptible to these viruses (Table I). The
origins of most of the current laboratory mouse strains are not clearly
documented, and it is thought that they may contain a ‘‘mosaic of
genomes’’ fromMus musculus subspecies domesticus,musculus, casta-
neus, andmolossinus ( Bonhomme and Guenet, 1989; Bonhomme et al.,
1987; Potter, 1978). Also, most of the current inbred mouse strains
were derived from a small number of progenitors. The flavivirus sus-
ceptibility of the majority of inbred mouse strains suggested that the
resistant allele might be rare in wild Mus populations. However, data
from a number of studies showed that this is not the case.
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TABLE I
FLAVIVIRUS SUSCEPTIBILITY OF LABORATORY AND WILD MICE

Type of
mouse Number tested Challenge virus

Mortality
(%)

A/J 10a 17D-YF 100

AKR/J 8a 17D-YF 88

BALB/cJ 10a 17D-YF 100

B10D2/J 26a 17D-YF 100

C3H/He 38a 17D-YF 100

C3H/RV 34a 17D-YF 0

C57BL/6J 9a 17D-YF 100

C57BL/10J 5a 17D-YF 100

DBA/2J 5a 17D-YF 100

SJL/J 10a 17D-YF 90

Swiss/J 5a 17D-YF 100

SWR/J 10a 17D-YF 90

F1 (M.m.domesticus � C3H/He) 91a 17D-YF 45

F2 (F1 � C3H/He) 41a 17D-YF 17

M.m.domesticus

Devonshire, CA 5a 17D-YF 0

LaPuenta, CA 5a 17D-YF 0

Maryland 10a 17D-YF 20

Soledad, CA 5a 17D-YF 0

CASA/Rk 13b MVE-OR2 15

14b 17D-YF 0

CAST/Ei 5b MVE-OR2 0

3b 17D-YF 0

MOLD/Rk 20b MVE-OR2 100

26b 17D-YF 4

C3H/HeJ 9b MVE-OR2 100

10c MVE-OR155 100

44c MVE-OR156 95

C3H/RV 14b MEV-OR2 0

10c MEV-OR155 10

8c MVE-OR156 0

M.caroli, Thailand 16c MVE-OR156 25

M.cookii, Thailand 12c MVE-OR156 0

M.m.domesticus (CLA), USA 20c MVE-OR156 100

M.m.domesticus (JJD), USA 9c MVE-OR155 44

M.m.molossinus (MOLO), Japan 5c MVE-OR155 100

(continues)

FLAVIVIRUS GENETIC RESISTANCE 47



III. FLAVIVIRUS GENETIC RESISTANCE IN WILD MICE

Both resistant and susceptible alleles of the flavivirus resistance
gene were found to be segregating in populations of wild mice in
the United States and Australia. When wild M. musculus domesticus

trapped in Maryland/Virginia or California in the early 1970s
were tested for their resistance to an intracerebral inoculation of 17D
YFV, the majority of these mice were resistant (Table I). Wild
mice trapped in Maryland/Virginia and then barrel bred randomly
for three to five generations were mated with susceptible inbred
C3H/HeJ mice, and the F1 and F2 progeny were tested for virus
resistance. Results indicated that these wild populations contained
homozygous-resistant, homozygous-susceptible, and heterozygous-
resistant individuals and confirmed that resistance was controlled by
a single dominant autosomal allele (Brinton Darnell et al., 1974).
When wild M. musculus domesticus trapped in several different loca-
tions in Australia were inoculated intracerebrally with MVEV, about
18 to 25% of the mice survived (Sangster and Shellam, 1986). Thirty-
five to 50% of the progeny of matings between wild survivors of MVEV
infection and homozygous-susceptible C3H/HeJ mice were resistant,
suggesting that the parental wild survivors were heterozygous for
the resistant allele. Antiflavivirus antibodies were not found in sera
obtained prior to virus inoculation from either the United States or
Australian wild mice (Brinton Darnell et al., 1974; Sangster and
Shellam, 1986).

M.m.musculus 9c 17D-YF 0

Denmark 20c MVE-OR156 60

Czechoslovakia 10c 17D-YF 90

M.spicilegus, Yugoslavia 17c MVE-OR156 0

M.spretus, Spain 20c MVE-OR156 80

a From Brinton Darnell et al. (1974a).
b From Sangster et al. (1993).
c From Sangster et al. (1998).

TABLE I (continued)

Type of
mouse Number tested Challenge virus

Mortality
(%)
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In a subsequent study, large numbers of wild M. musculus domesti-

cus from Australia and the laboratory-bred progeny of these mice, as
well as different species and subspecies of Mus from around the world,
were tested for resistance to flavivirus-induced disease using different
strains ofMVEVand 17DYFVas the test viruses (Sangster et al., 1998).
The resistant allele of the Flv locus was shown to be distributed
broadly among M. musculus domesticus populations in Australia and
was also demonstrated in populations of M. musculus musculus from
Denmark (Skive), M. musculus molossinus (MOLO) from Japan,
M. spretus from Spain, M. spicilegus from Yugoslavia, and M. caroli

and M. cookii from Thailand (Sangster et al., 1998) (Table I). Interest-
ingly, all of the Czechoslovakian M. musculus musculus (strain CZI-O)
tested were susceptible to flavivirus infection. These studies showed
that heterozygous animals did not survive intracerebral challenge with
two virulent strains ofMVEV (OR155 andOR156), but did survive chal-
lenge with the attenuated MVEV OR2. However, the presence of a
single copy of the resistant allele in heterozygotes delayed both the time
of disease onset and death as compared to homozygous-susceptible
animals.

Inbred strains derived from wild individuals of different species
within the Mus complex have also been tested for flavivirus resistance
(Sangster and Shellam, 1986; Sangster et al., 1993). Although the
CASA/Rk and CAST/Ei strains derived from M. musculus castaneus

displayed resistance characteristics that were the same as those of
mice carrying the PRI Flv-resistant allele, the resistant allele in these
mice was designated Flvr-like. The resistant phenotype in the MOLD/
Rk strain derived from M. musculus molossinus differed from that of
Flvr. These mice did not develop disease after an intracerebral inocula-
tion of the attenuated 17D YFV vaccine, but did after an intracerebral
inoculation with MVEV (Sangster et al., 1993). The resistant allele in
these mice was designated minor resistance allele, Flvmr. Another
study ‘‘rediscovered’’ inherited resistance to flaviviruses in inbred
strains of mice derived from wild ancestors of M. musculus domesticus

(WMP/Pas), M. musculus musculus (MAI/Pas, MBT/Pas, PWK/Pas),
and M. spretus (SEG/Pas, STF/Pas) by testing them with West Nile
virus (WNV) (Mashimo et al., 2002). These authors reported that
resistance to WNV was controlled by a new gene, Wnv, rather than
by Flv, which is the case.

The worldwide distribution of mice that carry the resistant allele of
the Flv gene, as well as the presence of this allele in divergent mouse
species, suggest that it was not acquired recently. The high frequency
of the resistant allele in wild Mus populations suggests that it may
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have conferred a selective advantage. The flavivirus that exerted
the pressure for the selection of this allele is not known but could
have been a progenitor of current flaviviruses that existed in the
distant past.

IV. DEVELOPMENT OF CONGENIC FLAVIVIRUS-RESISTANT

AND -SUSCEPTIBLE MOUSE STRAINS

To create a congenic pair of resistant and susceptible strains, suscep-
tible inbred C3H/He mice were crossed with the homozygous-resistant
PRI mice. All F1 animals were heterozygotes and survived intracere-
bral inoculation with 17D YFV (Groschel and Koprowski, 1965). These
F1 animals were backcrossed to C3H/He mice, the progeny were tested
for virus resistance, and survivors were backcrossed again to C3H/He
mice. This backcross protocol was continued through the eighth gener-
ation. Eighth generation carriers of the selected Flvr allele were mated
to each other, and homozygous-resistant progeny were identified by
analysis of the virus resistance of their offspring. From these mice
the homozygous (Flvr/Flvr) inbred C3H/RV strain that is congenic
with C3H/He was established (Groschel and Koprowski, 1965). This
strain has since been renamed C3H.PRI-Flvr (Green, 1989).

As a result of backcrossing, rapid allelic homogenization would
be expected to occur in regions of the genome that were not linked to
the Flvr allele, as only the Flv region would be maintained in the
heterozygous state throughout the breeding scheme by repeated selec-
tion of progeny for virus resistance. However, due to linkage with
the selected Flvr allele, flanking chromosomal regions from the paren-
tal PRI strain would also be retained. The lengths of such flanking
regions can vary greatly because of the random distribution of cross-
over sites. For N backcross generations (if N>5), the average length
of the flanking region has been estimated to be 200/N (Silver, 1995).
Although the average size of flanking regions decreases slowly in
subsequent backcross generations, these regions are predicted to
be no more than 25 centiMorgans (cM) in length by the eighth
backcross generation. The length of the donor PRI region present in
the C3H.PRI-Flvr mouse strain genome has been estimated to be
31 cM (Urosevic et al., 1999), which is slightly longer than the theoret-
ical prediction. Because of the long flanking regions from the PRI
parent, allelic differences in several additional genes have been
demonstrated between congenic C3H.PRI-Flvr and C3H/He mice (see
Section VII).
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Using the standard backcross protocol, the minor resistance allele,
Flvmr, from the MOLD/Rk strain was introduced into the genetic back-
ground of the inbred-susceptible C3H/HeJARC strain and then fixed in
the homozygous state (Flvmr/Flvmr) by a series of brother–sister mat-
ings generating the congenic strain, C3H.MOLD-Flvmr (Urosevic
et al., 1999). An additional congenic strain, C3H.M.domesticus-Flvr,
was developed in the C3H/HeJARC background to investigate the
characteristics of the Flvr-like allele derived from wild Australian
M. musculus domesticus mice (Urosevic et al., 1999). Sizes of the
donor chromosomal regions flanking the selected resistant alleles in
the C3H.M.domesticus-Flvr and C3H.MOLD-Flvmr strains have been
estimated to be 9 and 11 cM, respectively.

V. VIRUS SPECIFICITY OF THE Flvr PHENOTYPE IN MICE

The disease resistance conferred by the Flvr allele is specific for
flaviruses and has been demonstrated with a number of different fla-
viviruses. Mosquito-borne flaviviruses tested include WNV (Brinton
Darnell et al., 1974; Goodman and Koprowski, 1962a, 1962b; Hanson
et al., 1969; Mashimo et al., 2002; Sabin, 1954), dengue (Sabin, 1954),
SLEV (Casals and Schneider, 1943), YFV (Brinton Darnell et al., 1974;
GoodmanandKoprowski, 1962a, 1962b;Groschel andKoprowski, 1965;
Lynch and Hughes, 1936; Perelygin et al., 2002; Sabin, 1952a; Sangster
and Shellam, 1986; Sawyer and Lloyd, 1931), JEV (Sabin, 1954), Banzi
(Jacoby andBhatt, 1976), Ilheus (Hanson et al., 1969),MVEV (Sangster
and Shellam, 1986), and Kunjin, Alfuy, and Kokobera (Shellam et al.,
1998). The tick-borne flaviviruses tested include louping ill (Casals
and Schneider, 1943; Webster, 1923) and Russian spring–summer en-
cephalitis viruses (Casals and Schneider, 1943). Flavivirus-resistant
and -susceptible mouse strains were shown to be equally susceptible to
viruses from other families, such as an arenavirus, lymphocytic chorio-
meningitis (Sabin, 1954); three bunyaviruses, Rift Valley fever, sandfly
fever (Sabin, 1954), and Kununurra (Shellam et al., 1998); a picorna-
virus, poliovirus (Sabin, 1954); a rhabdovirus, rabies (Sabin, 1954);
seven togaviruses, Western equine encephalitis, Eastern equine enceph-
alitis, Venezuelan equine encephalitis (Jacoby and Bhatt, 1976; Sabin,
1954), Chikungunya, Sindbis (Hanson et al., 1969), Semliki Forest
virus (Sangster and Shellam, 1986), and Ross River virus (Urosevic
and Shellam, 2002); and two herpes viruses, herpes simplex (Sabin,
1954) and murine cytomegalovirus (Shellam et al., 1998). Vesicular
stomatitis virus (VSV) and Sindbis virus were shown to grow equally
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well in resistant and susceptible embryofibroblasts (Brinton Darnell
and Koprowski, 1974a; Perelygin et al., 2002) (Fig. 6A).

VI. CHARACTERISTICS OF THE Flvr PHENOTYPE

A. Flavivirus Infections in Resistant and Susceptible Animals

Flvr/Flvrmice are usually resistant to disease induced by flaviviruses,
but not to infection by these viruses. The virulence of the infecting flavi-
virus, as well as the dose and route of inoculation, affects the final out-
come of an infection. Although virulent flaviviruses can cause death
in resistant mice after intracerebral injection, even during lethal
infections, some effects attributable to the resistant allele are evident.

The minimal lethal virus dose required to kill resistant mice is
higher than that for susceptible mice. For instance, Flvr/Flvr mice
are completely resistant to intracerebral challenge with undiluted
17D YFV vaccine, whereas congenic susceptible mice show 100% mor-
tality with a 10�2 dilution of this virus (Table II). Whereas resistant
mice display 33% mortality after intracerebral inoculation with
50,000 plaque-forming units (PFU) of WNV, susceptible mice show
82% mortality after inoculation with 5000 PFU (Table II). Differences
in ambient temperature do not alter the resistant phenotype. At least
100,000 times more Banzi virus was required to kill resistant mice as
compared to susceptible mice after intraperitoneal inoculation (Jacoby
and Bhatt, 1976).

Resistant mice produce lower yields of flaviviruses than susceptible
mice. Although a decrease in the growth of all of the flaviviruses tested
so far has been observed in resistant mice, the extent of this effect
varies depending on the virus. Brain tissue has been the primary focus
of in vivo virus titration studies. After an intracerebral inoculation of
103 LD50 of MVEV, virus titers were similar in resistant and suscep-
tible brains on day 2, but peak titers in the brains of susceptible mice
were >1000 times higher than in resistant mouse brains (Fig. 1A)
(Urosevic et al., 1997b). All of the MVEV-infected susceptible mice died
by day 6, but all of the resistant mice survived, and virus titers in re-
sistantmouse brains declined after day 6. The amount of total viral RNA
was shown to be significantly higher in susceptible brains as compared
to resistant brains (Urosevic et al., 1997b). After an intracerebral inocu-
lation of 105.5 PFU of WNV E101, both resistant and susceptible mice
died, but peak brain titers were 10,000-fold higher in susceptible brains
(Fig. 1B) (Hanson et al., 1969). Peak titers in WNV-infected susceptible
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micewere reached by day 3, and all of the susceptiblemice died by day 4.
In resistant brains, peak virus titers were observed by day 4 and death
occurred on day 7 or 8. The final titer point for resistant mice in Fig. 1B
was obtained from moribund animals and showed an increase. None of
the resistant mice developed disease after an intraperitoneal injection
of 108.5 PFU of WNV E101, whereas 50% of susceptible mice died after
injection of 107.5 PFU by this route (Brinton, 1986).

All susceptible mice died by day 6 after an intracerebral infection
with 102 TCID50 of Banzi virus (Bhatt et al., 1981). Although all of
the resistant mice died after the same dose of Banzi, they died by day
8 and brain titers on day 8 were more than 102 TCID50 lower than
those in susceptible mice on day 6. The pathogenesis of Banzi infec-
tions in the brains of resistant and susceptible mice was similar, but
the onset of pathogenic changes began 2 days later in resistant
animals. After an intraperitoneal inoculation of resistant mice with
250 TCID50 of Banzi virus and susceptible mice with 100 TCID50, virus
replication in spleens and thymus was delayed for about a day in

TABLE II
EFFECT OF AMBIENT TEMPERATURE ON THE OUTCOME OF FLAVIVIRUS

INFECTIONS
a

Mouse strain Virus Amount of virusb Temperature (
�
C) No. dead/total

C3H/He WNV 5000c 23 6/9

5 000 35d 8/8

C3H/RV WNV 50,000 23 3/9

50,000 35 3/9

C3H/He 17D-YFV 10�2 e 23 6/6

10�2 35 5/5

10�3 23 3/4

10�3 35 3/5

C3H/RV 17D-YFV Undiluted 23 0/8

Undiluted 35 0/8

NMRI 17D-YFV 10�2 5 9/10

10�2 23 9/10

10�2 35 6/10

a Data from Brinton Darnell et al. (1974a).
b Three- to 6-month-old animals were given an intracerebral injection of 0.03 ml

of virus.
c Total PFU/animal.
d Mice kept at 35

�
C were acclimated to this temperature 24 h before infection.

e Dilution of standard 17D-YFV vaccine.
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resistant mice as compared to susceptible mice, but peak titers in these
organs were similar in both types of animals (Jacoby and Bhatt, 1976).
Virus replication in the brain was first observed on day 3 in suscep-
tible mice and on day 5 in resistant mice. However, peak brain
titers differed by 103.5 TCID50. These data indicate that the spread of
flaviviruses is slower in resistant mice.

B. An Intact Immune Response Is Required for Clearance of a

Flavivirus Infection in Resistant Mice

The final outcome of a viral infection is the result of a complex inter-
play between multiple host and viral components (Bang, 1978). Eight-
gram homozygous-resistant PRI mice showed 70% mortality after
intraperitoneal infection with French neurotropic YFV, whereas 12- to
13-g mice and 20- to 25-g mice displayed 10% and 0% mortality,
respectively (Sabin, 1954). C3H.PRI-Flvr mice did not survive intra-
peritoneal Banzi virus infections until they were 4 weeks old and were
not fully resistant until 8 to 12 weeks of age (Jacoby and Bhatt, 1976).
Treatment of resistant C3H.PRI-Flvr mice with cortisone did not alter

Fig 1. Replication of MVEV and WNV in the brains of resistant C3H.PRI-Flvr and
susceptible C3H/Hemice. (A)Mice were infectedwith 103LD50 of the OR2 strain ofMVEV
by the intracerebral route. Virus titers were determined by TCID50 assay and are ex-
pressed as log10 TCID50/0.01 g of brain tissue. All of the susceptible mice died by 6 days
after infection. None of the resistant mice showed signs of disease, and virus was cleared
from their brains by 10 days after infection.N, susceptible C3H/He;r, resistant C3H.PRI-
Flvr. Data from Urosevic et al. (1997b). (B) Resistant (RV;C3H.PRI-Flvr) and susceptible
(He;C3H/He) mice were inoculated intracerebrally with 105.5 PFU of WNV, a dose that
kills most of the resistant mice. Virus titers were determined by plaque assay on MK2

cells. After low pH treatment to inactivate WNV, IFN levels were assayed by plaque
reduction of vesicular stomatitis virus. Data from Hanson et al. (1969).
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their resistance to WNV (Goodman and Koprowski, 1962b). Although
sublethal X-irradiation increased mortality rates in resistant mice, it
did not increase virus titers in brain tissue (Goodman and Koprowski,
1962b). At higher doses of irradiation both mortality and virus ti-
ters increased. Treatment of resistant mice with either 6-thioguanine
or endotoxin increased both mortality and virus titers (Goodman and
Koprowski, 1962b). Immunosuppression of Banzi virus-infected resis-
tant mice by X-irradiation, cyclophosphamide, or thymectomy de-
creased their survival time (Bhatt and Jacoby, 1976). For each of
these experimental treatments, the mortality rate was higher, the
survival time was shorter, and virus titers in brain tissue were higher
in susceptible mice as compared to resistant ones.

The kinetics and extent of the antiviral immune response are similar
in resistant and susceptible animals. The appearance of a detectable
antiviral hemagglutination-inhibiting antibody in the serum of Banzi
virus-infected resistant mice was delayed by 3 days as compared to
congenic susceptible mice, but similar peak antibody titers were ob-
served in both types of animals by day 8 after infection (Jacoby et al.,
1980). After treatment with cycloheximide, the hemagglutination-
inhibiting antiviral antibody could not be demonstrated in infected
resistant mice and all of the resistant animals died.

Virus-specific T-cell cytotoxic activity was detected by 6 days after
Banzi virus infection, peaked at day 8, and was no longer detectable
by day 16 (Sheets et al., 1979). No difference in the duration or extent
of the cytotoxic T-cell response was observed between congenic-
resistant and -susceptible mice. Thymectomized C3H.PRI-Flvr mice
produced antiviral antibody butwere not protected.However, compared
to T-cell-depleted susceptible mice, the spread of virus was slower,
peak virus titers in tissues were lower, and time of death was delayed
in thymectomized-resistant mice. Adoptively transferred immune
spleen cells protected both resistant and susceptible mice (Jacoby
et al., 1980). These data indicate that a fully functioning immune re-
sponse is required for the clearance of flaviviruses from resistant mice
and that if viral clearance does not occur, the mice do not survive. How-
ever, the humoral and cellular immune responses do not specifically
contribute to the Flv-resistant phenotype.

C. Flavivirus Replication in Resistant and Susceptible Cell Cultures

Flavivirus resistance is not controlled at the level of virus attachment
or entry into cells. Comparable numbers of cells in resistant and suscep-
tible embryofibroblast cultures were infected by WNVas demonstrated
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by immunofluorescence (Brinton Darnell and Koprowski, 1974a).
Lower titers of flaviviruses, but not of other types of viruses, are pro-
duced by primary cell cultures prepared from the brains, lungs,
kidneys, spleens, peritoneal macrophages, and embryofibroblasts of
resistant animals (Brinton Darnell and Koprowski, 1974a; Goodman
and Koprowski, 1962a, 1962b; Silvia et al., 2001; Vanio, 1963a, 1963b;
Webster and Johnson, 1941). A 10- to 100-fold difference was observed
in titers produced by resistant and susceptible embryofibroblast
cultures after infection with WNV (Fig. 2) (Brinton Darnell and
Koprowski, 1974a). This difference was observed with both primary
and SV40-transformed embryofibroblast cultures. The maximum titer
difference observed in cell cultures was not as great as that observed in
brains. Both VSV and Sindbis virus grew equally well in resistant and
susceptible cells (Fig. 6A). The titers of MVEV, strain OR2, produced
by resistant thioglycollate-elicited peritoneal macrophages were
10-fold lower than those from susceptible macrophages (Silvia et al.,
2001). Differential production of Banzi virus by resistant and suscep-
tible brain, spleen, thymus, macrophage, or embryofibroblast cultures
was not observed (Bhatt et al., 1981). However, the maximum differ-
ence between brain titers in resistant and susceptible mice after a
Banzi virus infection was only 102 TCID50 (Bhatt et al., 1981) as com-
pared to a difference of >105 PFU/ml in WNV brain titers (Fig. 1B) and
a difference of >103.5 TCID50 in MVEV brain titers (Fig. 1A).

Analysis of both plus and minus strand viral RNA at early times
after infection of resistant and susceptible embryofibroblasts with

Fig 2. Growth curves of West Nile virus, strain Eg101, in SV40-transformed suscep-
tible C3H/He ( ) and congenic-resistant C3H.PRI-Flvr (e) embryofibroblasts. Cells
were infected with an MOI of 5, and virus titers were determined by plaque assay on
BHK cells.
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WNV (MOI 5) indicated that by 2 h after infection the amounts of plus
strand RNA were significantly lower in resistant cells. Interestingly,
the amounts of minus strand RNA in the two types of cells were similar
(Li and Brinton, unpublished data). While plus strands are released
from replication complexes in flavivirus-infected cells, minus strands
are found only within replication complexes. Analysis of MVEV RNA
in resistant mouse brains also showed that viral plus strand RNA rep-
resented a significantly lower proportion of the total viral RNA than it
did in susceptible brains (Urosevic et al., 1997b). These data were
interpreted as indicating that the Flvr allele reduced the efficiency of
flavivirus RNA replication (Brinton, 1997; Urosevic et al., 1997b).
However, an increased turnover of viral RNA cannot be ruled out.

D. Increased Production of Defective Interfering Particles in

Resistant Cells and Mice

When culture fluids from WNV-infected, susceptible C3H/He em-
bryofibroblast cultures were passaged serially at 3-day intervals to
fresh confluent-susceptible cultures, virus titers cycled between 104

and 107 PFU/ml during 11 passages (Brinton Darnell and Koprowski,
1974a). In contrast, titers declined progressively during serial pas-
sage of WNV in congenic-resistant C3H.PRI-Flvr cultures, and virus
became undetectable between passages 4 and 7 (Brinton Darnell and
Koprowski, 1974a). Although the titer of WNV produced during pas-
sage decreased as the multiplicity of infection used for the initial infec-
tion increased in both resistant and susceptible cultures, this effect
was always significantly greater in resistant cell cultures. Virus pas-
saged in the resistant cells, but not virus passaged in the susceptible
cells, interfered with the replication of WNV propagated in suckling
hamster brain (Brinton, 1983; Brinton Darnell and Koprowski, 1974a).
In cross-passage experiments, susceptible cultures could rescue pla-
quing virus one passage after it had become undetectable in resistant
cell culture fluids (Fig. 3) (Brinton, 1983). These data were consistent
with the accepted criteria for the demonstration of defective interfer-
ing (DI) particle production (Huang and Baltimore, 1970) and sug-
gested that although both types of cell cultures produced DI particles,
the resistant cells amplified DI particles more rapidly and efficiently.
Homologous interference by DI particles was more efficient in resist-
ant cells than in susceptible cells. Neither differential production of
nor interference by DI particles was observed when the rhabdovirus,
vesicular stomatitis virus was serially passaged in flavivirus-resistant
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and -susceptible cells (Brinton Darnell and Koprowski, 1974b; Huang,
personal communication).

Smith (1981) demonstrated the presence of interfering virus in the
brains of adult-resistant C3H.PRI-Flvr mice by 5 days after an intra-
peritoneal injection of 105.7 TCID50 of Banzi virus, but not in the brains
of similarly infected congenic adult C3H/He mice. Interfering virus
was detected in the spleens of both infected resistant and susceptible
mice, but was detected later and at lower levels in the susceptible mice
as compared to the resistant mice. All of the resistant mice but none of
the susceptible mice survived this infection. Even though interfering

Fig 3. Serial undiluted passage of WNV in resistant C3H.PRI-Flvr (C3H/RV) and sus-
ceptible C3H/He embryofibroblast cultures. Cells were infected initially at an MOI of 10
with virus that had been plaque purified six times. Culture fluid was harvested 3 days
after infection, diluted 1:2 with fresh media, and half of media was transferred to a fresh
culture of resistant cells and half to a fresh culture of susceptible cells as indicated by
arrows. While susceptible cells supported extended serial passage of WNV, resistant
cultures did not. Data from Brinton (1983).
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virus was detected in the brains of weanling or cyclophosphamide-
treated adult-resistant mice and the virus titers in the brains of these
animals were lower than in comparable susceptible mice, these mice
did not survive. As discussed previously, a fully functioning immune
response is required to clear virus in resistant mice.

Gradient centrifugation of [3H]uridine-labeled, extracellular WNV
particles indicated that a denser fraction enriched for DI particles
could be partially resolved (Brinton, 1983; Fig. 4). Only DI particles
from enveloped viruses with helical nucleocapsids have been well
resolved by gradient centrifugation (Huang and Baltimore, 1970).
The majority of the viral RNA in the virion fraction, as well as in the
DI-enriched fraction obtained from C3H/He cells by 32 h postinfection,
was full-length 40S genome RNA (fraction 25 in Figs. 4D and 4E), but
smaller RNAs of various sizes were also observed to be associated with
these virus particles. Heterogeneous small RNAs represented a signifi-
cantly larger proportion of the total RNA in virus particles produced by
resistant C3H.PRI-Flvr cells (Figs. 4I and 4J). Also, the PFU/CPM
ratio of virus particles produced by resistant cells was significantly
lower than that for particles produced by susceptible cells (Figs. 4C
and 4H). Additional studies showed that the proportion of full-length
viral RNA in virus particles produced by resistant cells increased pro-
portionally with decreasing MOI of infection and also increased when a
six times plaque-purified virus was used to initiate an infection
(Figs. 5I and 5N). However, the amount of full-length genomic RNA
in virions and infected cells, as well as the titer of virus produced by
resistant cells, was always significantly lower as compared to those
from susceptible cells. An exception to this was observed only with the
27-h samples obtained after infection with multiply plaque-purified
virus at a MOI of 1 (Figs. 5K and 5L).

The observation of multiple sizes of small RNAs in virions is not typ-
ical of the DI particle populations described for other types of viruses
(Huang and Baltimore, 1970). Usually, only a single species of DI RNA
is observed. With further passage, this DI RNA is sometimes replaced
by a smaller DI RNA generated by an additional deletion event. The re-
appearance of multiple-size classes of small RNAs in virions produced
by resistant cells between 51 and 72 h after infection with six times
plaque-purified WNV (Figs. 5O and 5P) was also unusual, and it was
postulated that the original populations of small RNAs had not been
eliminated by serial plaque purification in BHK cells (Brinton, 1983).
Northern blotting indicated that the small RNAs were virus specific
and of positive polarity (Brinton, 1982). An alternative explanation
for the production of heterogeneous small RNAs is that they are
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Fig 4. Isopycnic density gradient centrifugation of WNV particles and virion RNA
produced by resistant C3H.PRI-Flvr and susceptible C3H/He cells. Cells were incubated
with [3H]uridine from 6 to 32 h after infection with WNV at an MOI of 10. Harvested
culture fluids were clarified and then centrifuged on 15 to 45% isopycnic sucrose density
gradients. The direction of centrifugation is from right to left. Aliquots of each gradient
fraction were analyzed for acid-insoluble radioactivity (B and G) and infectivity (A and
F). (A to E) Samples from susceptible cells. (F to J) Samples from resistant cells. The ratio
of infectivity to incorporated radioactivity was calculated for each fraction (C and H). The
viral RNA in pooled gradient fractions (P1 to P4) was extracted and sedimented on 15 to
30% SDS-sucrose gradients (D, E, I, and J for pools 1 through 4, respectively). Z, virus-
infected culture fluids; m, uninfected control culture fluid; s, � values. Data from
Brinton (1983).
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generated by digestion with a cellular RNase activated by virus
infection.

E. Flavivirus Resistance Does Not Require Induction by Interferon

In contrast to the Mx gene, which confers resistance to influenza
virus-induced disease in mice (Haller et al., 1980), the expression of
flavivirus resistance does not require induction by IFN. C3H.PRI-Flvr

Fig 5. Effect of different multiplicities of infection and serial plaque purification on
progeny virus RNA populations. [3H]Uridine-labeled RNA in progeny virus harvested at
27, 51, or 76 h after infection was extracted and centrifuged on SDS-sucrose gradients.
The direction of sedimentation is from right to left. RNA in progeny virus produced by
resistant (RV) and susceptible (He) cultures infected with virus that had not been plaque
purified at a MOI of 10 (A to B), 1 (E to H), or 0.1 (I and J). RNA in progeny virus
produced after infection with six times plaque-purified virus at an MOI of 1 (K to P).
Z, infected; m, uninfected. Data from Brinton (1983).
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mice injected intravenously with sheep anti-�/� interferon (IFN) anti-
body and then inoculated intracerebrally with 17D-YFV showed no al-
teration in their flavivirus resistance (Table III) (Brinton et al., 1982).
The same treatment of A2G mice that carry the resistant Mx allele
rendered them susceptible to influenza virus (Haller et al., 1979).
Although treatment with anti-IFN antibody increased the brain
titers of YFV in both resistant and susceptible mice as compared to
control mice given sheep globulin, the titer of virus remained signifi-
cantly lower in treated resistant mice as compared to susceptible mice
(Table III). When resistant and susceptible mice were injected intra-
venously with anti-IFN antibody and then inoculated intraperitone-
ally with 107 PFU of WNV (a sublethal dose), none of the resistant
mice developed disease symptoms. This was also a sublethal virus dose
for untreated susceptible mice, and none of the susceptible mice given
normal sheep globulin developed disease. However, three of four
susceptible mice given anti-IFN serum developed paralysis and died
(mean day of death was 14 days). Treatment of embryofibroblast
cultures from C3H.PRI-Flvr and C3H/He mice with anti-IFN serum
prior to infection with WNVresulted in an increase in the yield of virus
from both types of cultures (Figs. 6B and 6C). However, the titer of
virus produced by the resistant cultures remained lower by 1.0 to 1.5
logs as compared to that from susceptible cells. The lack of a require-
ment for induction by IFN and the detection of the effect of the Flvr

allele on viral plus strand levels as early as 2 h after infection (Li

TABLE III
EFFECT OF ANTIBODY TO MOUSE INTERFERON ON THE EXPRESSION OF FLAVIVIRUS RESISTANCE

IN MICE
a,b

Mouse strain Genotypec Treatment Mortality
Log10 virus titer
(PFU per brain)

C3H/RV R/R NSG 0/4 2.4

AIF 0/4 2.8

C3H/He r/r NSG 4/4 5.7

AIF 4/4 6.5

a Data from Brinton et al. (1982).
b Mice were injected with 103.7 PFU of 17D-YFV vaccine by the intracerebral route.

Sheep normal serum globulin (NSG) or sheep antimouse interferon globulin (AIF) was
diluted 1 to 3 with phosphate-buffered saline, and 0.1 ml was injected intravenously just
before virus was injected. Results indicate that the anti-IFN antibody did not abrogate
flavivirus resistance.

c R, resistant; r, susceptible.
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and Brinton, unpublished data) indicate that the expression of the Flvr

gene product is constitutive.
Resistant cell cultures and animals do not show either an increased

level or a more rapid production of �/� IFNs as compared to susceptible
cells or mice. The peak levels of interferon in the brains of suscepti-
ble C3H/He mice inoculated intracerebrally with WNV were higher
than those produced by resistant brains and were detected 2 days
earlier in the susceptible mice (Fig. 1B) (Hanson et al., 1969; Vanio
et al., 1961). Analysis of �/� IFNs in concentrated culture media and
cell lysates prepared at various times after WNV infection (MOI 20)
of resistant and susceptible second passage embryofibroblasts indi-
cated that at 5 h less than 1 unit (U) of IFN was present in all of the
samples (Brinton Darnell and Koprowski, 1974a). By 21 h, lysates
from resistant cells contained 2 U and media from these cultures con-
tained 1 U of IFN, whereas lysates and media from susceptible cells
contained 9 and 10 U, respectively. During serial passage of WNV in
mouse embryofibroblast cultures, IFN levels in culture fluids from

Fig 6. IFN treatment further decreases the yield of virus from resistant cells, but is
not needed for expression of the resistant phenotype. (A) Comparison of �/� IFN-
mediated suppression of Sindbis virus, vesicular stomatitis virus, and WNV replication
in primary cultures of susceptible and resistant mouse embryofibroblasts. Data from
Brinton Darnell and Koprowski (1974a). Effect of sheep anti-mouse �/� IFN on the
growth of WNV in (B) resistant C3H.PRI-Flvr and (C) susceptible C3H/He cultures.
Anti-IFN globulin (Z) or normal serum globulin (s) was added to culture fluids 24 h
before infection with WNV at a MOI of 10. Data from Brinton et al. (1982).
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resistant cells were consistently lower than in those from susceptible
cells (Brinton Darnell and Koprowski, 1974a).

Even though the levels of �/� IFNs produced by resistant cells and
animals infected with WNV were consistently lower, the inhibitory
effect of equivalent amounts of exogenous IFN was slightly greater in
resistant cells than in susceptible cells (Hanson et al., 1969; Brinton
Darnell and Koprowski, 1974a). When resistant and susceptible
cultures were incubated for 24 h with 10, 100, or 1000 U/ml of mouse
�/� IFN before infection with WNV, the togavirus, Sindbis, or the rhab-
dovirus, vesicular stomatitis virus, the yields of the three types of vir-
uses decreased with increasing interferon concentration (Fig. 6A).
However, while IFN inhibition of Sindbis and vesicular stomatitis
virus was equivalent in resistant and susceptible cells, the yield of
WNV from resistant cells, which was already at least 10 times lower
than that from susceptible cells, was decreased further by 100.75 to
101 PFU/ml at each of the IFN doses tested.

VII. OTHER CHARACTERISTICS OF RESISTANT C3H.PRI-Flvr MICE

In addition to a differential susceptibility to flaviviruses, congenic
C3H/He and C3H.PRI-Flvr mice also differ in the efficiency of their
thermoregulation, in their responses to mosquito bites, and in their
sensitivity to LPS.

A. Efficient Thermoregulation

Both C3H.PRI-Flvr mice and the unrelated flavivirus-resistant
mouse strain BRVR are more resistant to high and low environmental
temperatures than susceptible C3H/He and BSVS mice. This differ-
ence was discovered when the heating system in the Wistar Institute
animal facility failed in the winter of 1968 and the four strains of mice
were subjected to identical extremes of heat and then cold. Ninety-two
percent of the C3H.PRI-Flvr survived as compared to only 42% of the
C3H/He mice. Eighty-six percent of the BRVR survived, but none of
the BSVS mice survived (Koprowski, 1971). These differences were
subsequently confirmed experimentally (Lagerspetz et al., 1973). The
virus-resistant and -susceptible mice did not differ from each other
in their normal body temperatures, in their rate of oxygen consump-
tion at either hot or cold temperatures, or in their response to l-nor-
adrenaline. However, heat dissipation after l-noradrenaline injection
was more efficient in C3H.PRI-Flvr mice than in C3H/He mice, and
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injections of dopamine, apomorphine, or amantadine hydrochloride
caused a larger decrease in colonic temperatures in C3H.PRI-Flvr than
in C3H/He mice. These results suggested that resistant animals have
more effective vasomotor control. The observation that virus-resistant
mice regulate their body temperatures more effectively in both hot and
cold environments suggests that this ability is controlled at the level of
the central thermoregulatory region. No effect of ambient temperature
on the susceptibility of C3H/He and C3H.PRI-Flvr mice to either WNV
or 17D YFV was observed (Brinton Darnell et al., 1974). The expected
phenotype was observed with both strains of mice maintained at either
23 or 35�C (Table II). The normal body temperatures of the two mouse
strains were equivalent, and no change in body temperature after flavi-
virus infection of either strain was observed until C3H/Hemice became
moribund and then a decrease in body temperature was observed.

B. Mosquito-Stimulated Cytokine Response

Differences in systemic cytokine production were observed between
C3H.PRI-Flvr and C3H/HeJ mice after mosquitoes fed on them.
Interferon-� production was downregulated in C3H/HeJ mice on days
7 and 10 after Culex pipiens feeding and on day 7 after Aedes aegypti

feeding, whereas the Th2 cytokines, IL-4 and IL-10, were upregulated
by 4 to 7 days with either type of mosquito (Zeidner et al., 1999). In
contrast to the immunosuppressive effect observed in C3H/HeJ mice,
systemic interferon-� and IL-2 were upregulated on days 7 and 10
and IL-4 was downregulated on day 10 after C. pipiens had fed on
congenic C3H.PRI-Flvr.

C. Rickettsia tsutsugamushi Resistance

C3H.PRI-Flvr mice were also shown to be resistant to lethal infect-
ions with the Gilliam strain ofR. tsutsugamushi, an obligate intracellu-
lar organism, whereas the congenic C3H/He mice were susceptible
(Jerrells and Osterman, 1981, 1982). Resistant mice survived intra-
peritoneal infections with 105 50% mouse lethal doses (MID50) of R.
tsutsugamushi, whereas susceptible mice were killed by 103 MID50. Al-
though both resistant and susceptible mouse strains survived low-dose
infections, an intravenous injection of an antimacrophage agent, such
as silica or carrageenan, changed the infection to a lethal one in suscep-
tible C3H/He mice, but not in C3H.PRI-Flvr mice. Irradiation of the
C3H.PRI-Flvr also did not increase their susceptibility. However, the
combination of irradiation and silica injection did render C3H.PRI-Flvr
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mice susceptible. It had been shown previously that natural resistance
in mice to lethal infections of R. tsutsugamushi was controlled by a
single, autosomal-dominant allele Ricr (Groves et al., 1980).

D. Lipopolysaccharide Responsiveness

Although the majority of inbred mouse strains respond to the stimu-
latory effects of lipopolysaccharide (LPS), C3H/HeJ, C3H/Bts (Glode
and Rosenstreich, 1976), C57BL/10ScCR, and C57BL/10ScN (Vogel
et al., 1979) mice do not respond. These mice are resistant to LPS-
induced septic shock, but susceptible to gram-negative bacterial infec-
tions. The point mutation that caused the nonresponsiveness of the
C3H/HeJ and C3H/Bts mice occurred between 1960 and 1968, whereas
the mutation in C57BL/10ScCR and C57BL/10ScN was estimated
to have occurred some time between 1947 and 1961. Mutations respon-
sible for the LPS nonresponsiveness in C3H/HeJ and C57BL/10ScCR
mice have been localized to the Toll-like receptor-4 gene (T1r4). C3H/
HeJ mice synthesize a mutated mRNA, whereas C57BL/10ScCR mice
produce no mRNA from this gene (Poltorak et al., 1998; Qureshi et al.,
1999). T1r4 has been mapped to the Lps locus on chromosome 4
(Hoshino et al., 1999; Poltorak et al., 1998; Qureshi et al., 1999; Watson
andRiblet, 1974;Watson et al., 1977). Reversion of a single nucleotide in
exon 3 of the Lps locus of C3H/HeJARC mice, which were maintained
for many years in Australia, was reported (Silvia and Urosevic, 1999).
The C3H/HeJARC LPS responsive strain was used to produce the con-
genic flavivirus-resistant strains: C3H.M.domesticus-Flvr and C3H.-
MOLD-Flvmr. C3H.PRI-Flvr-resistant mice were made in the early
1960s using C3H/He mice that were LPS responsive. Analysis of the
LPS sensitivity of animals from the three resistant strains, C3H.PRI-
Flvr, C3H.M.domesticus-Flvr, and C3H.MOLD-Flvmr, indicated that
all three were highly responsive to LPS (Goodman and Koprowski,
1962a; Silvia and Urosevic, 1999). Both LPS-sensitive and -resistant
C3H mice are equally susceptible to flavivirus-induced disease.

E. Summary

Mapping data clearly demonstrated that the difference in LPS sensi-
tivity between flavivirus-resistant and -susceptible mice was due to
mutations in the Lps locus located on a different chromosome than
the Flv locus. However, there have been no studies to date to map
the locations of the genes that control thermoregulation or the cytokine
response to mosquito feeding. The observation of the same difference
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in thermoregulation with two sets of unrelated flavivirus-resistant and
-susceptible mice suggests that an Flv-linked gene controls this trait.
The mosquito feeding response has so far only been studied in one
strain of flavivirus-resistant mice.

VIII. MAPPING THE Flv GENE TO CHROMOSOME 5

The Flv locus was predicted to map to mouse chromosome 5 based
on coinheritance of its alleles with the Ric locus alleles (Jerrells and
Osterman, 1981) as described earlier. The Ric locus has also been desig-
nated asEta-1 andSpp1. C3H.PRI-Flvrmice are homozygous for theRicr

allele, whereas C3H/HeJ mice have the Rics allele. The retinal degrad-
ation (rd) locus was previously mapped close to the Ric locus and the rd

locus was shown to be distal to the Ric locus on chromosome 5 (Groves
et al., 1980). The resistant C3H.PRI-Flvr strain carries the wild-type
allele at the rd locus, whereas susceptible C3H/HeJmice have the defect-
ive allele. The genotype of the rd locus in progeny of mating experiments
was determined using either histological examination or Southern blot
analysis using an rd-specific probe. Southern blot analysis of C3H.PRI-
Flvr DNA using an rd locus cDNA probe demonstrated MspI fragments
of 4.0, 1.9, and 0.7 kb, which were absent in C3H/He genomic DNA
(Shellam et al., 1993). Because the flavivirus-resistant and -susceptible
mouse strains are congenic, a demonstration of allelic differences be-
tween these strains in two closely linked loci, Ric and rd, suggested that
these geneswere linked to theFlv locus (Shellam et al., 1993). Two sets of
three-point linkage analyses in mice were performed to define the map
position of the Flv locus relative to four markers, Pgm-1, Eta-1 (Ric), rd,

and Gus-s, on chromosome 5 (Sangster et al., 1994). Results of these
analyses indicated a gene order of Pgm-1, Eta-1, rd, Flv, Gus-s (Fig. 7).

Subsequently, primers for 20 microsatellite markers, which had been
mapped to this region of mouse chromosome 5 by the Whitehead Insti-
tute, were used for finer mapping of the Flv locus (Urosevic et al., 1993,
1995). Twelve of thesemicrosatellites were genotyped relative to theFlv
gene in 1325 backcross animals from both (C3H/HeJ � C3H.PRI-Flvr)
F1 � C3H/HeJ and (BALB/c � C3H.PRI-Flvr) F1 � BALB/c matings
(Urosevic et al., 1997a). Three of the microsatellite markers, D5Mit408,
D5Mit159, and D5Mit242, were tightly linked to the Flv locus (Fig. 7)
and one of these markers, D5Mit159, showed no recombination with
Flv, indicating linkage of <0.15 cM. For the other two markers,
D5Mit242 and D5Mit408, four and two recombinants with the Flv locus
(0.30 and 0.15 cM), respectively, were found (Urosevic et al., 1997a).
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IX. ANALYSIS OFOTHERKNOWN GENES THAT MAP CLOSE TO THE Flv
LOCUS ON CHROMOSOME 5

A. The Nos-1 Locus

Nitric oxide (NO) has been reported to have an antiviral effect on
many types of viruses (Reiss and Komatsu, 1998), including flavi-
viruses (Lin et al., 1997). The nitric oxide synthase 1 (Nos-1) gene
had previously been mapped to the same region of mouse chromosome
5 as the Flv locus (Lee et al., 1995; Fig. 7) and was studied as a possible
candidate for the Flv gene (Silvia et al., 2001). Stimulation of NO in
C3H.PRI-Flvr and C3H/He brain astrocytes or peritoneal macrophage
cultures inhibited MVEV replication to the same extent in all cultures
(Silvia et al., 2001). The Nos-1 gene is expressed constitutively only in
neurons and endothelial cells, whereas flavivirus resistance has been
observed in cells from additional types of tissues. Also, the broad spec-
trum of NO antiviral activity is not consistent with the virus specificity
of Flv resistance.

Fig 7. Genetic map of the distal portion of mouse chromosome 5 with an expansion of
the Flv region. Four loci (left), Pgm1, Ric, rd, and Gus, were initially used to map the Flv
locus on chromosome 5. Data from Sangster et al. (1994). A set of microsatellite markers
was used to fine map the Flv locus (right). Data modified from Urosevic et al. (1995).
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B. The Ubc Locus

Ubiquitin is a highly conserved, small protein (76 amino acids) that
functions as a tag in the selective proteolysis of abnormal or foreign
proteins by the 26S proteasome (Ciechanover et al., 1980; Jennissen,
1995). Genes encoding ubiquitin fall into two classes: monomeric loci
and polyubiquitin genes. In monomeric loci (Uba), a single ubiquitin-
coding region is fused to a carboxyl-extension protein. Polyubiquitin
genes (such asUbb andUbc) contain multiple tandem ubiquitin-coding
regions. Proteins encoded by both monomeric and polyubiquitin genes
are processed to ubiquitin monomers, which can then be conjugated
with each other or with other proteins. Ubiquitin has been implicated
in the degradation of viral proteins in infected cells (Ciechanover et al.,
1980; Wilkinson et al., 1980).

Ubc was previously mapped close to the microsatellite marker
D5Mit65 (1.52 � 1.50 cM) on mouse chromosome 5 in an interspecific
(M. musculus � M. spretus) backcross (Klingenspor et al., 1997). The
genetic distance between the D5Mit65 marker and Flv was estimated
to be equal to 3.00 � 0.15 cM using independent M. musculus back-
crosses (Urosevic et al., 1997a). Data from these studies suggest that
Ubc and Flv are closely linked (Fig. 7). Ubc genomic DNAs amplified
by polymerase chain reaction (PCR) from C3H.PRI-Flvr and C3H/He
cells were sequenced and compared (Perelygin et al., 2002a). The Ubc

gene from C3H.PRI-Flvr contained 11 functional monomers, whereas
the C3H/He Ubc encoded only 9 monomers. Because this difference
would not be expected to have a significant effect on ubiquitin function
and because ubiquitin is not known to have a flavivirus-specific func-
tion, it was not likely that the observed difference in Ubc monomer
number could confer the flavivirus resistance phenotype (Perelygin
et al., 2002a).

X. POSITIONAL CLONING OF THE Flv GENE

From microsatellite mapping data (Urosevic et al., 1997a), the Flv

gene and the D5Mit159 marker were estimated to be less than
0.15 cM apart on mouse chromosome 5 (Fig. 7). The distance between
two genes can be expressed either in recombination units, cM (genetic
map), or in bp (physical map). Because the current length of the mouse
genome is estimated to be about 1360.9 cM (Dietrich et al., 1996)
or 2.8 Gb (Gregory et al., 2002), 1 cM of the genetic map is equivalent
to about 2.06 Mb in the physicalmap. Therefore, 0.15 cMwas estimated
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to be equivalent to 309 kb. The probability that a genomic contig of
618 kb, which contained 309 kb downstream and 309 kb upstream
of the D5Mit159 microsatellite, would contain the Flv locus was
estimated to be >95% (Perelygin et al., 2002b).

The Flv gene was identified by first finding all of the genes in a
region surrounding the D5Mit159 marker on chromosome 5 and
then comparing the sequences of the mRNAs transcribed from each
of these genes in congenic-resistant and -susceptible animals or cells
(Perelygin et al., 2002b). Genomic clones covering a region of >700 kb
on murine chromosome 5 were selected from bacterial artificial
chromosome (BAC) libraries using (1) a probe designed from the
D5Mit159 marker sequence (available from the Whitehead Institute)
and (2) additional probes designed from the terminal sequences of
the selected BAC clones. Genes within the selected BAC clones were
then identified using several methods. Four genes, AF217002,
AF217003, AF319547, and AF328927, were found using a cDNA selec-
tion protocol (Lovett, 1994), and five genes, AF261233, AF328926,
AF418010, AF453830, and Oas1a, were found using an exon trapping
protocol (Fig. 8). Partial cDNAs obtained were extended to full length,
cloned, and sequenced. The map location of these nine genes within
this region of chromosome 5 was subsequently confirmed by searching
the Celera mouse genome database with the cDNA sequences. Primers
were then designed to amplify the cDNAs of 12 additional tran-
scripts (mCT16571, mCT16562, mCT16559, mCT16567, mCT16565,
mCT15075, mCT15073, mCT15304, mCT15074, mCT15317,
mCT15079, and mCT15087) that were predicted within this region of
chromosome 5 by the Celera mouse genome database. One additional
gene, Oas1h, was mapped into the contig using the cDNA sequence
AB067530 submitted to GenBank by Kakuta et al. (2002) (Fig. 8).

Based on the prediction that the mouse genome contained �30,000
genes (now considered a low estimate) and is �2.8 billion bp in length,
it was estimated that a 1 million bp (1 Mb) region of mouse genomic
DNA would contain about 11 genes. This is equivalent to an average
density of about 22 genes per 1 cM. From these estimates it was pre-
dicted that there would be about 7–8 genes in the BAC contig selected.
This >700-kb region of chromosome 5 analyzed contained more than
three times the number of genes predicted. A total of 22 genes, includ-
ing 10 loci encoding 20-50 oligoadenylate synthetases (Oas), were
identified in this region of mouse chromosome 5 (Fig. 8; Perelygin
et al., 2002b). Two additional Oas-like loci were separated from the
Oas2 gene by �6 Mb of genomic DNA. The sequence redundancy
between regions of the Oas genes complicated the amplification and
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identification of the individual cDNAs. Whereas the human OAS gene
family (four genes including one OAS-like gene) had been well charac-
terized, Perelygin et al. (2002b) were the first to characterize the
mouse Oas gene family and to provide a simple nomenclature for the
members of this family. Prior to this study, only 5 of the 12 mouse
Oas genes had been identified. This gene family in mice is significantly
larger (12 genes) than the family in humans (4 genes) due to multiple
duplications, primarily of the Oas1 genes (Fig. 11).

Criteria used for the identification of the Flv locus were based
on previous data obtained on the characteristics of the resistant phe-
notype. These criteria were (a) that the gene map to a region near
the D5Mit159 marker on chromosome 5, (b) that expression of mRNA
from the Flvr allele be constitutive and not tissue restricted, (c) that
the resistant C3H.PRI-Flvr and susceptible C3H/He alleles differ from
each other by a mutation that affects the expression or function of the
Flv gene product, and (d) that this mutation shows an absolute corre-
lation with phenotype in all resistant and susceptible mouse strains.
A final criterion, that expression of the product of the resistant allele
in susceptible animals has a dominant, negative effect on flavivirus
replication, is still under investigation.

Fig 8. Physical and transcript maps of the Flv interval. Genes are represented by
their accepted abbreviations or the GenBank accession numbers of their transcripts. The
direction of gene transcription is indicated by arrows. The centromere is located on the
left side of the region shown. The Oas1b (Flv) gene is indicated in bold. The flanking
microsatellite markers and the D5Mit159 marker are shown. Horizontal bars beneath
the genes represent the BAC clones listed by their library names. Data from Perelygin
et al. (2002b).
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XI. IDENTIFICATION OF THE Flv GENE AS Oas1b

Full-length cDNAs for each of the 22 genes identified in the Flv

region were amplified by RT-PCR from congenic flavivirus-resistant
(C3H.PRI-Flvr) and -susceptible (C3H/He) mouse strains, sequenced,
and compared. Sequences of the majority of these genes were either
identical or very similar, differing by only a few silent substitutions
between the two mouse strains. In contrast, two genes, Na+/Ca2+ ex-
changer and Oas1b, were polymorphic. Na+/Ca2+-exchanger cDNAs
from C3H.PRI-Flvr and C3H/He mouse strains differed by five non-
synonymous substitutions. However, a random distribution of these
substitutions was subsequently observed in two additional susceptible
(BALB/c and C57BL/6) and one resistant (BRVR) mouse strains, indi-
cating that none of these substitutions correlated with the susceptible
phenotype.

Most of the single base differences found between Oas1b cDNAs of
congenic C3H.PRI-Flvr and C3H/He mouse strains were silent, but a
C820T transition resulted in a premature stop codon in the susceptible
C3H/He strain. The Oas1b protein produced in the C3H/He cells
lacked 30% of its C-terminal sequence as compared to the C3H.PRI-
Flvr protein (Fig. 9). Oas1b proteins from the two mouse strains also
differed by two additional nonsynonymous mutations: a threonine-to-
alanine substitution at amino acid 65 and an arginine-to-glutamine
substitution at amino acid 190 in the C3H/He protein (Perelygin
et al., 2002b).

Comparison of Oas1b genomic (AF481734) and cDNA (AF328926)
sequences revealed the presence of six exons. The individual Oas1b
exons from eight additional mouse strains were amplified from geno-
mic DNA and sequenced. The Oas1b gene in four resistant mouse
strains (BRVR, C3H.PRI-Flvr, CASA/Rk, and CAST/Ei) encodes an
identical full-length protein, but in five susceptible strains (129/SvJ,
BALB/c, C3H/He, C57BL/6, and CBA/J) it encodes an identical trun-
cated protein. Although the Oas1b cDNA sequence from the MOLD/
Rk strain (minor resistant phenotype) also encodes a full-length pro-
tein, it differs from the proteins of the other resistant strains by 14
amino acid substitutions (Fig. 9). The MOLD/Rk Oas1b protein se-
quence contains alanine at position 65, as do the proteins encoded by
the susceptible strains. The flavivirus-susceptible phenotype correl-
ated with the C820T transition in the Oas1b gene in the 10 mouse
strains studied. Based on this consistent correlation, the Flv locus
was identified as the Oas1b gene. According to the Celera mouse data-
base, the Oas1b gene is located about 250 kb downstream of the
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D5Mit159 microsatellite (Fig. 8). D5Mit159 mapped to an intronic
region of the calcium channel gene (GenBank accession number
AF217002). Interestingly, one of the first murine Oas sequences re-
ported, designated Oas1a (Ichii et al., 1986), turned out to be the Flv

gene (now called Oas1b). The sequence submitted to GenBank in 1986
was obtained from a flavivirus-susceptible mouse.

XII. POSSIBLE MECHANISM OFACTION OF THERESISTANT ALLELE OF THE

Oas1b GENE

There are three types of the 20-50 oligoadenylate synthetases in mice.
The small 20-50 oligoadenylate synthetases (40–47 kDa) are encoded by
a cluster of eight genes, Oas1a through Oas1h, whereas the medium
(85–86 kDa) and large (126 kDa) forms of this enzyme are encoded
by the Oas2 and Oas3 genes, respectively. All 10 of these genes are
closely linked to each other and are located in the distal part of mouse
chromosome 5 (Fig. 8).

The protein encoded by Oas1b is one of the small 20-50 oligoadenylate
synthetases. All Oas proteins contain three domains (Fig. 9). The cen-
tral domain has a conserved nucleotidyltransferase fold, whereas the
N- and the C-terminal domains are unique and vary significantly
among the family members of the different size classes. Functional
motifs identified previously in small 20-50 oligoadenylate synthe-
tases include an N-terminal LxxxP motif, which is required for 20-50

Fig 9. Domain architecture of Oas1b proteins. The N-terminal domain (�30 amino
acids) (gray) and the C-terminal domain (hatched) are specific to the Oas protein family
according to a ProDom tool analysis. The nucleotidyltransferase domain (Pfam 01909),
the P-loop motif, and the CFK tetramerization motif are indicated. R, products of the Flvr

and Flvr-like alleles; S, product of the Flvs allele; MR, product of the Flvmr allele.
Positions of amino acid substitutions between the Flvr and the Flvs or the Flvmr proteins
are indicated by arrows. Data from Perelygin et al. (2002b).
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oligoadenylate synthetase activity (Ghosh et al., 1997a), and a P-loop
motif (Fig. 9) postulated to be involved in double-stranded RNA
(dsRNA) binding (Saraste et al., 1990). A DAD Mg2+-binding motif is
also required for normal functioning of murine 20-50 oligoadenylate
synthetases (Yamamoto et al., 2000). The products of both resistant
and susceptible alleles of the Oas1b gene have identical LxxxP and
DAD motifs. However, the P-loop motif of both alleles of Oas1b con-
tains a four amino acid deletion not found in any of the other murine
20-50 oligoadenylate synthetases (Perelygin et al., 2002b).

A C-terminal CFK motif (Fig. 9) has been reported to be required for
tetramerization of the small form of human 20-50 oligoadenylate
synthetase (Ghosh et al., 1997b). Homotetramers of small Oas proteins
remain inactive until activated by interaction with a dsRNA. After
activation, homotetramers catalyze the synthesis of 20-50 oligoadeny-
lates (2-5 A) from the ATP (Fig. 10). The 2-5A produced subsequently
activates the inactive endoribonuclease, RNase L, by causing it to
dimerize. Activated RNase L preferentially cleaves RNAs after single-
stranded AU and UU dinucleotides (Wreschner et al., 1981). Suscep-
tible mice encode a C-terminally truncated Oas1b protein that is miss-
ing the CFK motif and these proteins should not be able to form
homotetramers. Flavivirus susceptibility correlates in all cases tested
with the loss of the Oas1b CFK motif. Additional unknown functional
motifs may also be located in the C-terminal region. It is not currently
known whether the truncated Oas1b proteins are stable in susceptible
cells or whether they retain other functions. A recombinant truncated
Oas1b protein expressed in Escherichia coli did not synthesize 2-5A
(Kakuta et al., 2002). Preliminary studies with recombinant full-
length Oas1b protein suggest that it also does not have synthetase
activity (Perelygin and Brinton, unpublished data).

The protein encoded by Oas1b differs from the other mammalian
20-50 oligoadenylate synthetases by a four amino acid deletion in the
P-loop motif. One hypothesis to explain the flavivirus specificity of the
Flv resistance is that there is a specific interaction between the Oas1b
protein and an as yet unknown double-stranded region within the flavi-
virusRNA.Oas1bproteins fromresistant and susceptiblemicediffer by a
single base substitution in the P-loop domain that could also be involved
in altering RNA-binding specificity.

RNase L may only be activated at specific locations within the cell.
Previous studies with other viruses have shown that RNase L can pref-
erentially target viral RNA over cell RNA (Li et al., 1998; Nilsen and
Baglioni, 1979). Degradation of flavivirus RNA by RNase L may be
one mechanism by which the efficiency of flavivirus replication is
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reduced. However, this activity may be contributed by other Oas1 gene
products, which are active 2-5A synthetases, and does not explain the
viral-specific effect of the Flvr gene product. The Oas1b protein from re-
sistant cells may have additional functions that affect virus replication
(Samuel, 2002). To date, there have been few functional studies of
murine Oas gene products, but data obtained with human OAS gene
products suggest that they can function in apoptosis, gene regulation,
and developmental pathways (Hovnanian et al., 1998). It was reported
previously that the half-lives of complexes formed between the WNV 30

minus SL RNA and cell proteins in resistant cells were longer than
those of complexes formed in susceptible cells (Shi et al., 1996). It is cur-
rently not known if the products of the different Oas1b alleles could
cause this effect. However, the product of theFlvr allelemay act directly
or indirectly to reduce the efficiency of flavivirus plus strand RNA syn-
thesis. The functional significance of Oas1 gene duplication in mice is
currently not known. It is also not known to what extent the other
Oas1 proteins contribute to the total antiflaviviral activity mounted
by the host cell.

XIII. CONCLUSIONS

Several previous observations are consistent with the hypothesis
that the Flvr gene product exerts its main effect via RNase L acti-
vation. RNase protection experiments indicated that the levels of flavi-
virus plus strand RNA, but not minus strand RNA, were reduced

Fig 10. Model of the mechanism of action of Oas1 proteins in flavivirus-infected cells.
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significantly in WNV-infected resistant cells as compared with infected
susceptible cells (Li and Brinton, unpublished data). Flavivirus minus
strand RNAs are present in infected cells only within double-stranded
replication intermediates and therefore would be resistant to RNase L
cleavage, whereas nacent plus strand RNAs are released from the rep-
lication complexes and so would be cleavage sensitive. However, the
Flvr gene product may act instead at the level of plus strand RNA syn-
thesis. The observation that plus strand RNA levels are significantly
lower in resistant cells 2 h after infection (Li and Brinton, unpublished
data) suggests that a constitutively expressed gene product is respon-
sible for the decrease in viral RNA. The Oas1b gene product is consti-
tutively expressed (Eskildsen et al., 2002b; Kakuta et al., 2002;
Perelygin et al., 2002b).

Although produced by both resistant and susceptible cells, heteroge-
neous small viral RNAs represent a higher proportion of the total virus
RNA in WNV-infected resistant cells than susceptible cells (Brinton,
1983, 1997). These heterogeneous small RNAs are packaged into the
virions (Figs. 4 and 5; Brinton, 1983). Virions produced by resistant
cells, but not those produced by susceptible cells, have homologous
interfering activity and lower RNA to infectivity ratios. The heteroge-
neous sizes of the small RNAs contained in these virions were not typ-
ical of DI RNA populations and suggest that the small RNAs present
in these virions may instead be a collection of fragments of the genomic
RNA produced by RNase digestion. Flavivirus RNAs contain conserved
30 and 50 cyclization sequences that facilitate long-distance 30–50

RNA–RNA interactions within the genome RNA (Hahn et al., 1987;
Khromykh et al., 2001; Brinton, 2002). Base pairing between the cycli-
zation sequences within 30 and 50 RNA fragments could generate
paired fragments that are functionally similar to DI RNAs in their
ability to interfere with the replication of homologous full-length viral
genomes. The lower infectivity of virions produced by resistant cells
would be expected to reduce the efficiency of virus spread in the host.
The small RNAs observed in virions may be generated by RNase
L or another cellular RNase that is activated later in the replication
cycle after upregulation of the expression of the Oas genes by the viral
capsid protein (see later) and/or IFN. Different flavivirus genomes
may vary in their susceptibility to RNase L digestion because of differ-
ences in the frequency of target sites for RNase L in single-stranded
regions. Different strains of hepatitis C virus have been shown to differ
in their susceptibility to RNase L digestion (Han and Barton, 2002).

The virus specificity of the resistant phenotype conferred by the Flvr

allele may be due to preferential activation of the Oas1b protein by
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flavivirus RNAs. Although the RNAs of different flaviviruses may be
able to specifically activate the product of the Flvr allele, the efficiency
of this activation may vary among flaviviruses. Interestingly, a strain
of MVEV with a deletion near the 50 end of the 30 NCR replicates in re-
sistant mice more efficiently than other MVEV strains (Urosevic et al.,
1999). Sequence differences within the binding domain of the Oas1b
protein may also affect specificity. The Flvmr allele, which contains add-
itional mutations, conferred resistance to attenuated YFV-17D but not
to virulent MVEV.

Although neither IFN treatment nor IFN production is required for
the expression of Flvr resistance, IFN pretreatment of resistant cells
augments the effect of the Flvr allele by further decreasing the virus
yield (Fig. 6). Studies with dengue virus have shown that pretreatment
of susceptible cell cultures with IFN-� or -� efficiently reduced the
number of cells infected, as well as the level of viral RNA replication,
and that combinations of IFN-� and -� or IFN-� and -� were even more
effective (Diamond et al., 2000). Further studies with susceptible
knockout cells indicated that the antiviral effect of IFN on dengue virus
replication was equally efficient in PKRminus/RNase Lminus and con-
trol cells (Diamond and Harris, 2001). The authors postulated that
IFN acts by inhibiting the translation of genomic RNAvia an unknown
PKR/RNase L-independent mechanism. IFN induces the expression
of a large number of genes, but it is not known how many of these gene
products are involved in antiviral functions (Samuel, 2001). Studies
with knockout flavivirus-susceptible mice that did not express
functional PKR, RNase L, or Mx-1 indicated the existence of alterna-
tive antiviral pathways of interferon action against both encephalo-
myocarditis virus (Zhou et al., 1999) and Sindbis virus (Ryman et al.,
2002).

In human hepatocytes infected with a hepatitis C replicon, the viral
capsid protein has been shown to enter the nucleus and activate the ex-
pression of the INF-inducible human OAS1 gene in a dose-dependent
manner (Naganuma et al., 2000). Gene activation by the capsid protein
was further enhanced in cells that had been treated with IFN. It is not
yet known whether the capsid proteins of viruses in the genus Flavi-

virus can activate Oas1 genes in a similar manner. Flavivirus infection
has also been reported to have additional effects on the host cell. WNV
infection of diploid vertebrate cells results in the activation of NF-�B
via virus-induced phosphorylation of the inhibitor �B, which in turn
increases the transcription of MHC-1 mRNA and the surface expres-
sion of MHC-1 (Kesson and King, 2001). WNV infection has also been
reported to induce the cellular expression of intracellular adhesion
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molecule-1 (ICAM-1) in an IFN-independent manner (Shen et al.,
1995). The interaction between flaviviruses and their host cells is
complex, and the Flvr gene product represents only one component in
this interaction. However, variations in a single component, such as in
the products of the different alleles of Oas1b, can be sufficient to
change the outcome of the infection and to tip the balance in favor of
either the host or the virus.

Comparison of the mouse and human genomes (Fig. 11) showed that
there is not a direct equivalent of the mouse Oas1b gene in humans.
Although the eight mouse Oas1 genes are orthologous to the single
human OAS1 gene, the human OAS1 cDNA sequence is more similar
to that of murine Oas1a than to Oas1b. Further study of the mechan-
ism of action of the murine Flv gene may nevertheless lead to the
development of new antiviral strategies for humans. Variation in
human susceptibility to diseases caused by various flaviviruses has
been observed in the United States, Cuba, Haiti, Africa, and South
America (Centers for Disease Control and Prevention, 2001; Halstead,
1992; Halstead et al., 2001; Luby et al., 1967; Monath and Heinz, 1996;
Sabin, 1954). Although reduced immune function is associated with
the development of severe disease in humans following a flavivirus
infection, some evidence suggests that there may also be a genetic com-
ponent of human susceptibility. During the spread of WNV in the
United States, different bird species have varied widely in their sus-
ceptibility to West Nile virus infections (Bernard et al., 2001) and only
about 1% of infected humans developed CNS disease (Peterson et al.,
2003). It is not currently known whether susceptibility to flavivirus–
induced diseases in either humans or birds is genetically controlled
and, if so, which gene(s) is responsible.

Fig 11. Orthologous relationships between members of human OAS and murine Oas

gene families. The human OAS1 gene has eight murine orthologs. Of these, the murine
Oas1a gene is most similar to the human OAS1.
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I. INTRODUCTION

A. The JEV Serocomplex

The JEV serocomplex comprises Japanese encephalitis virus (JEV),
West Nile virus (WNV), Murray Valley encephalitis (MVE) virus, Kun-
jin (KUN) virus, Alfuy (ALF) virus, and St. Louis encephalitis (SLE)
virus on the basis of cross-neutralization using polyclonal antisera
(Calisher et al., 1989). Phylogenetic relationship confirms the member-
ship of this serocomplex in general with the exception of SLE, which is
grouped with the Ntaya serocomplex on the basis of nucleotide and
amino acid sequence relatedness (Kuno et al., 1998).

Members of the JEV serocomplex are all mosquito-borne, and sev-
eral, including JEV, WNV, MVE, and SLE, are well-known human
pathogens. The life cycles of these four flaviviruses critically rely on
amplifying hosts, such as pigs and birds, for transmission. The geo-
graphical distribution of JEV and WNV has increased over the last
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decade to be currently the most widely spread members of the serocom-
plex. JEV is medically the most important member, with approxi-
mately 40,000 cases reported annually, and is found in most parts of
Asia, including east, south, southeast, as well as the Pacific islands
and northern Australia in recent years (Mackenzie et al., 2001;
Vaughn and Hoke, 1992). WNV is found all over Europe and Africa
as well as India; it has recently spread to the Western Hemisphere (in-
volving most of the United States) and is rapidly establishing a foot
hold in local migratory bird populations (Marfin et al., 2001; Petersen
and Roehrig, 2001). MVE, KUN, and ALF are predominantly found in
mainland Australia; epidemic outbreaks of MVE have been reported in
Papua New Guinea (Mackenzie et al., 1994; Marshall, 1988). Epidem-
ics of SLE occur with regular frequency in the southern United States,
depending on environmental factors.

B. Pathogenesis in Human Infections and in the Mouse Model

The majority of human infections with encephalitic flaviviruses are
asymptomatic or give rise to only a mild febrile illness. However, in
a small percentage of infected individuals the mild infection turns
into a life-threatening encephalitis. Thus, a key question in the patho-
genesis of encephalitic flaviviral disease concerns the conditions that
allow virus entry from the blood into the central nervous system
(CNS). The clinical manifestations of encephalitic flavivirus disease
have been reviewed (Monath, 1986; Monath and Heinz, 1996). Host
factors appear to play a role in disease susceptibility. The ratio of
inapparent-to-apparent infections and case fatality rates are influ-
enced by age, and elderly patients are the most susceptible (Marfin
et al., 1993; Nash et al., 2001; Tsai et al., 1998). Underlying medical
conditions (e.g., hypertension, diabetes mellitus, and coinfection with
a second virus) may predispose infected persons to neurological compli-
cations by facilitating passage of the neurotropic viruses across the
blood–brain barrier (Marfin et al., 1993; Nash et al., 2001; Wasay
et al., 2000). Although considerable variation in virulence properties
exist between isolates of SLE (Monath et al., 1980), JEV (Chen et al.,
1990), and WNV (Porter et al., 1993) but not MVE (Lobigs et al.,
1988), it remains uncertain whether human isolates represent distinct
neuroinvasive phenotypes.

Histological examination of fatal human cases of infection with
viruses of the JEV serotype show viral antigen in neurons with the
greatest involvement in the thalamus and brainstem but relatively
little evidence of inflammatory responses (Johnson et al., 1985; Nash
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et al., 2001; Reyes et al., 1981; Shieh et al., 2000). Macrophages were
the predominant inflammatory cells found to invade the brain paren-
chyma and localized in the vicinity of virus-infected cells; T and B cells
were mainly seen in perivascular regions. Viral antigen is progres-
sively cleared from the brain at later stages of disease (Johnson et al.,
1985), probably due to the induction of adaptive immune responses but
with little evidence of immunopathology in neuronal destruction. A
vigorous virus-specific antibody (Ab) response, systemically and within
the CNS, appears to be an important factor in recovery from acute en-
cephalitic flavivirus infection (Burke et al., 1985a), whereas elevated
levels of tumor necrosis factor in the serum and cerebrospinal fluid
(probably reflecting the magnitude of the inflammatory response) is a
poor prognostic indicator for recovery (Ravi et al., 1997). The adminis-
tration of dexamethasone as an immunosuppressant in patients with
acute JEV-CNS illness was of no significant benefit, indicating that
death resulted from infection of many neurons and disruption of their
function (Hoke et al., 1992). Flavivirus persistence in the human
CNS has been found in a small proportion of patients, which may
account for late sequelae in some patients (Ravi et al., 1993).

In addition to encephalitis, rare human cases of acute hepatitis and
pancreatitis have also been reported as a result of WNV infections
(Cernescu et al., 2000; Georges et al., 1987; Nash et al., 2001; Perelman
and Stern, 1974), but not by infections with other members of the JEV
serotype. Clinical infections with the mosquito-borne encephalitic fla-
viviruses in humans mostly occur in the absence of detectable viremia
consistent with the notion that humans are dead-end hosts in the nat-
ural transmission cycle. Only WNV has been isolated consistently from
sera of human patients (Georges et al., 1987; Lvov et al., 2000;
Southam and Moore, 1954). However, given the route of entry and
the small virus dose encountered in natural flavivirus infections, as
well as the length of the incubation period before symptoms of CNS
infection become apparent (1 to 2 weeks), it is most likely that an ex-
traneural phase of virus growth precedes virus entry into the brain.
It is not known which tissues are important in supporting peripheral
virus growth and whether the magnitude of progeny virus produced
in these tissues is a decisive factor that determines the incidence of
CNS involvement.

Mice provide an excellent animal model for flaviviral encephalitis in
humans. All members of the JEV serocomplex are neurotropic in mice.
When directly inoculated into the brain, virus grows to high titers,
causing a mainly fatal encephalomyelitis. The disease outcome
following extraneural inoculation is influenced by host factors and
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virulence properties of the viruses. Genetic resistance of wild and
inbred strains of mice has been described (Brinton et al., 1982; Darnell
et al., 1974; Miura et al., 1990). The flavivirus resistance gene (Flv) has
recently been identified as an interferon (IFN)-inducible gene encoding
20-50-oligoadenylate synthetase (Mashimo et al., 2002; Perelygin et al.,
2002). The age of the animals is of particular importance in their sus-
ceptibility to encephalitic flavivirus infection; mice, until the age of 3 to
4 weeks, are highly susceptible to a low peripheral virus inoculum (El-
dadah et al., 1967; Grossberg and Scherer, 1966; Huang and Wong,
1963; MacDonald, 1952a, 1952b). In these young mice, encephalitic fla-
viviruses can grow in diverse extraneural tissues and generate viremia
(Huang and Wong, 1963; McMinn et al., 1996; Monath et al., 1983).
Thus, the kinetics of virus spread into the brain from the site of extra-
neural inoculation can be followed. Virus is first detected in the olfac-
tory lobe prior to spread to the remainder of the brain, suggesting that
in 3-week-old mice neuroinvasion occurs via olfactory neurons
(McMinn et al., 1996; Monath et al., 1983). The olfactory neuroepithe-
lium is not protected by the blood-brain barrier and is richly supplied
with capillaries having fenestrated endothelia, potentially facilitating
infection by virus in the circulation. Brain infection with the encephal-
itic flaviviruses results in extensive neuronal necrosis in the 3-week-
old mice (Matthews et al., 2000), which is apparently exacerbated by
neutrophil infiltration, triggering a nitric oxide (NO)-mediated immu-
nopathological reaction (Andrews et al., 1999). Given their susceptibil-
ity to peripheral inoculation with neuroinvasive viruses of the JEV
serocomplex, 3-week-old mice are routinely used in virulence deter-
mination of virus isolates by comparing LD50 values after intraperito-
neal (i.p.) and intracranial (i.c.) inoculation (Lobigs et al., 1988, 1990;
Monath et al., 1980).

In mice older than 3 to 4 weeks of age, extraneural inoculation of
viruses of the JEV serocomplex often fails to result in morbidity and
mortality over a wide dose range (Eldadah et al., 1967; Grossberg
and Scherer, 1966; Huang and Wong, 1963; Licon Luna et al., 2002;
MacDonald, 1952a). The erratic course of infection in the older animals
often prevents a reliable determination of the LD50. Adult animals are
highly susceptible to i.c. injection with small virus doses, leading to
high virus titers in the brain and fatal encephalitis. However, virus
growth in extraneural tissues is poor and viremia often undetectable
(Huang and Wong, 1963; Licon Luna et al., 2002; MacDonald, 1952b).
A number of factors could account for age-dependent differences in the
susceptibility of mice to flavivirus infection; these include (but not
exclusively) (1) higher peripheral virus yield and viremia in younger
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animals (see earlier), (2) an age-dependent anatomical difference in
the permeability of the blood-brain barrier, (3) a stronger tropism of
the viruses for developing neurons (Ogata et al., 1991; Oliver and
Fazakerley, 1998), and (4) absence, delay, or dysfunction of innate
and/or adaptive immune responses (Ridge et al., 1996; Sarzotti et al.,
1996; Trgovcich et al., 1999). When peripheral infection of older mice
progresses to encephalitis, prominent inflammatory changes are found
in the brain with leukocyte infiltrates and perivascular cuffing, and
the inflammatory reaction is accompanied by neuronal destruction
(Hase et al., 1990).

As in human infections with the encephalitic flaviviruses, the rela-
tively rare stochastic event that permits virus in the circulation to
breach the blood-brain barrier appears to be the crucial step leading
to a mostly fatal encephalitis in peripherally infected older mice. The
mechanism allowing encephalitic flaviviruses to breach the blood-
brain barrier remains uncertain, but four candidate routes for CNS in-
vasion have been canvassed (Johnson and Mims, 1968): (1) by the
neuronal route after infection of peripheral nerves, (2) by infection of
highly susceptible olfactory neurons that are unprotected by the
blood-brain barrier (McMinn et al., 1996; Monath et al., 1983), (3) by
virus entry into vascular endothelial cells of capillaries in the brain,
transcytosis, and release of virus into the brain parenchyma (Liou
and Hsu, 1998), or (4) by diffusion of virus between capillary endothe-
lial cells in individuals displaying leakiness of the blood-brain barrier
due to factors unrelated or secondary to the viral infection. Numerous
factors influencing the integrity of the blood-brain barrier, such as
microwave radiation, infection with a second pathogen, hypercarbia,
inhalation anesthetics, and the administration of small amounts of
detergent or lipopolysaccharide have been shown to increase brain in-
vasion and mortality by the encephalitic flaviviruses (Ben-Nathan
et al., 2000; Gupta and Pavri, 1987; Hayashi and Arita, 1977; Kobiler
et al., 1989; Lange and Sedmak, 1991; Lustig et al., 1992). The
possible contribution of antiviral cytolytic lymphocytes to the fourth
mechanism of blood-brain barrier disruption is discussed later.

In summary, many parallels exist between the pathogenesis of neu-
rotropic flaviviruses in humans and adult mice, highlighting the value
of this animal model in gaining an understanding of the human
disease. These include (1) the poor or undetectable virus growth in
extraneural tissues contrasting with efficient virus replication in the
CNS, (2) the rare occurrence of virus entry into the brain following
peripheral infection, and (3) the lack of a correlation between the
magnitude of viremia and brain invasion.
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II. INNATE IMMUNE RESPONSES

A. Interferons

The earliest host responses to viral infection are nonspecific and in-
volve, among other cytokines, the induction of IFN. Type I IFNs, IFN-�
and �, are produced by leukocytes and fibroblasts, respectively, in
response to infection and activate the transcription of a host of IFN-
inducible genes that leads to the induction of antiviral pathways
(Goodbourn et al., 2000). IFN-� is made exclusively by cells of the
immune system (NK and Tcells) and has important immunoregulatory
functions; these include the activation of monocytic cells, the enhance-
ment of expression of a subset of chemokines, and the induction of
increased expression of molecules of the MHC class I and class II anti-
gen presentation pathways. Most of the antiviral activity of IFN-� is
mediated by NO radicals synthesized by monocytic phagocytes,
following induction of the enzyme NO synthase by the cytokine
(Guidotti and Chisari, 2000; Reiss and Komatsu, 1998). The effect of
NO on growth of flaviviruses in cultured cells and in vivo has been in-
vestigated. Inhibition of growth of JEV in IFN-�-activated mouse
macrophage and co-cultured neuroblastoma cells correlated with cellu-
lar NO production, and mortality in JEV-infected mice increased when
the activity of NO synthase was inhibited (Lin et al., 1997; Saxena
et al., 2000, 2001). The antiviral mechanism of NO on JEV replication
in cell culture involves a block in viral RNA and protein synthesis (Lin
et al., 1997). In contrast, no inhibition of TBE replication by NO was
seen in cultures of mouse macrophages and a marginal increase in sur-
vival of infected mice was found when a competitive inhibitor of NO
production was administered (Kreil and Eibl, 1996). In a study of i.p.
infection of 3-week-old mice with MVE, the contribution of NO to viral
pathogenesis was also noted (Andrews et al., 1999). Given the close re-
latedness of MVE and JEV, the difference in disease outcome following
NO synthase inhibition is unexpected. It may be reconciled by differ-
ences in the animal models used; infection with JEV was in 4- to 6-
week-old mice with sublethal virus doses, resulting in less mortality
and longer survival times than in the 3-week-old animals lethally
infected with MVE. Consistent with a role of NO in protection from en-
cephalitic flavivirus infection, we have found slightly increased mor-
tality in 6-week-old NO synthase knock-out mice infected
intravenously (i.v.) with a low dose of MVE relative to wt mice (Lobigs
et al., 2003b).
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Mice with targeted disruption of the IFN-� gene have impaired
production of NO by monocytes and reduced MHC class II expression
(Dalton et al., 1993). These mice were not significantly more suscep-
tible to challenge with dengue virus (Johnson and Roehrig, 1999) or
yellow fever virus (Liu and Chambers, 2001) than wild-type mice. We
have found that peripheral infection of IFN-� knockout mice with a
small dose of MVE (102 PFU, i.v.) gives rise to only a marginal increase
in mortality from encephalitis in comparison to that in wild-type
mice (Lobigs et al., 2003b). These studies suggest that in adult mice
the potentially deleterious inflammatory response resulting from the
production of IFN-� is more than compensated by the antiviral effect
of the cytokine, which may involve NO production, class-switching
of immunoglobulin isotypes, or a direct antiviral function in the
CNS (Binder and Griffin, 2001; Kundig et al., 1993).

The importance of type I IFNs in recovery from infection with the en-
cephalitic flaviviruses has been shown in vivo (1) by the therapeutic
and prophylactic effects of administration of IFN inducers (Haahr,
1971; Taylor et al., 1980; Vargin et al., 1977) or recombinant IFN
(Brooks and Phillpotts, 1999; Pinto et al., 1988), and (2) by uncon-
trolled growth of MVE and JEV in the brain and extraneural tissues
of 6-week-old mice lacking a functional type I IFN receptor (Lee and
Lobigs, 2002; Lobigs et al., 2003b).

B. The Natural Killer and Other Cellular Innate Immune Responses

Natural killer (NK) cells are part of the innate immune response and
are induced and activated by a variety of infectious organisms, includ-
ing most viruses. Furthermore, the NK cell response has been impli-
cated as an important component in the early defense in numerous
virus infections (Biron et al., 1999). However, few studies have attempted
to elucidate the role played by NK cells in flavivirus infections.

Besides their cytolytic function, NK cells are susceptible to and syn-
thesize and regulate a host of cytokines, which influences the adaptive
immune response. Class I IFNs induced as a result of virus infections
are known to greatly affect NK cell activity by specifically enhancing
cytolytic activity of NK cells (Biron et al., 1999). However, due to
this extensive network of cytokines, and effector cells, it is difficult to
assign host resistance to flavivirus infection to any particular NK cell
function. Induction of classical NK cell cytolytic activity as a result
of flavivirus infection has been reported in mice (Hill et al., 1993a;
Kopecky et al., 1991; MacFarlan et al., 1977; Momburg et al., 2001;
Vargin and Semenov, 1986) and humans (Ilyinskikh et al., 1990).
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Classical NK cells have been isolated from the brain of mice infected
i.c. with WNV (Liu et al., 1989), suggesting that NK cells are recruited
and/or activated at the site of flavivirus replication in vivo. However,
NK cells isolated from WNV-infected brains have been shown to be re-
fractory in killing astrocytes (Liu and Müllbacher, 1988) even prior to
MHC class I upregulation due to flavivirus infection (Liu et al., 1989b).
To assess if NK cell cytotoxicity plays a role in resistance or recovery
from flavivirus infections, we used adult beige mice, which are defi-
cient in cytolytic function of NK cells (Roder et al., 1979). No increase
in the susceptibility to MVE infection (Licon Luna R., Lobigs, M.,
Müllbacher, A., and Lee, E., unpublished observations) was observed.
Furthermore, mutant mice defective in either the exocytosis pathway
(perforin-deficient mice [perf�/�]; Kägi et al., 1994), or the Fas path-
way (mutant mice with a defect in the Fas ligand, gld) died with simi-
lar frequency and kinetics after high- or low-dose infection with MVE
(Licon Luna et al., 2002) or WNV (Wang, Y., Lobigs, M., Lee, E., and
Müllbacher, A., unpublished observations) as compared to wild-type
mice. These observations do not preclude that in the presence of a func-
tional NK cell response, NK cells are involved in the antiviral response
and compensated for by redundant mechanisms in their absence. We
have hypothesized (Hill et al., 1993a; Lobigs et al., 2003a; Momburg
et al., 2001) that the reduced susceptibility of flavivirus-infected target
cells to NK cell lysis, due to flavivirus-mediated MHC class I upregula-
tion (see later), is a strategy employed by flaviviruses to sideline
NK-mediated host defense early during infection.

Macrophages and monocytes are essential components in the host
defense against most infections, including viral infections (Blanden,
1982). One study (Ben-Nathan et al., 1996), using macrophage deple-
tion in a mouse model investigating WNV-induced encephalitis, found
increased neuroinvasion by virus even when nonneurovirulent strains
were used. The authors speculated that an elevated viremia due to the
absence of macrophages leads to an early invasion of the CNS. How-
ever, macrophages have a pleiotropic role in most immune responses.
In the case of flavivirus infection the immunobiology and pathogenesis
is further complicated by the phenomenon of immune-enhancement.
This refers to the observation first made by Hawkes (1964), whereby
suboptimal neutralizing Ab concentrations enhanced flavivirus infec-
tion, in particular, of Fc receptor-bearing macrophages (Peiris et al.,
1981). Although initially demonstrated with MVE and WNV, a possible
role of Ab-mediated enhancement of flavivirus infection in patho-
genesis has only been invoked in dengue virus etiology (Burke and
Monath, 2001).
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Nothing is known in regard to the role of other cellular innate
immune responses in flavivirus infection, such as �� T cells recently
identified in response to vaccinia virus (VV) infections (Selin et al.,
2001).

III. ADAPTIVE IMMUNE RESPONSE

A. The Humoral Immune Response

The humoral response in mice inoculated with encephalitic flavi-
viruses is normally characterized by appearance of neutralizing Ab be-
tween 4 to 6 days post-inoculation (Camenga et al., 1974; Monath and
Borden, 1971; Webb et al., 1968) with the IgM response predominant in
the early phase of infection (Monath and Borden, 1971; Webb et al.,
1968). Serum Ab in patients with acute encephalitis comprises mainly
virus-specific IgM, with peak levels detectable 7 days after admission
in JEV-infected human patients (Burke et al., 1985b). Serum IgM Ab
in rhesus macaque monkeys intranasally infected with JEV is detect-
able from around day 10 post-inoculation, whereas IgG Ab is not
detected in the 28-day period after infection (Raengsakulrach et al.,
1999).

The importance of humoral response in recovery from encephalitis is
demonstrated in studies by Webb et al. (1968), Camenga et al. (1974),
and Mathur et al. (1983), all showing that administration of Ab early
during infection (within 3 to 6 days) can protect against an otherwise
lethal infection; the first two studies using immune-deficient mice
(�-irradiated and cyclophosphamide-treated, respectively) for the chal-
lenge, the latter relying on lethal i.c. infection. Similar protection can
also be achieved by adoptive transfer of immune splenocytes (Camenga
et al., 1974; Jacoby et al., 1980; Mathur et al., 1983), and this protec-
tion is abrogated by pretreatment of splenocytes with anti-thymocyte
Ab (Jacoby et al., 1980; Mathur et al. 1983), demonstrating the impor-
tance of T cells in recovery from flavivirus-induced encephalitis (see
later). Notably, Mathur et al. (1983) reported that deletion of B cells
from the splenocytes using anti-mouse IgG plus complement did
not impact significantly on the outcome of adoptive transfer, but the
efficacy of anti-B cell treatment had not been confirmed in the study.
A study (Diamond et al., 2003) of WNV infection in mice genetically
deficient in B cells (mMT) or in both B and T cells (RAG1) showed sig-
nificantly greater susceptibility compared to that of congenic wild-type
mice; passive transfer of immune splenocytes and B cells to the RAG1

mice, as well as immune sera to the mMT mice, reduced mortality. The
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importance of B cells and humoral response in protection from lethal
virus challenge is also demonstrated in envelope (E) protein-based
DNA vaccination against JEV (Pan et al., 2001), as protection could
be adoptively transferred with immune sera but not splenocytes or
T cell-enriched splenocytes. Furthermore, gene knockout mice defec-
tive in B cells or CD4þ T cells were not protected by DNA vaccination,
in contrast to mice defective in CD8þ T cells surviving lethal JEV
challenge after DNA immunization (Pan et al., 2001).

The role of T cells in eliciting humoral responses against flaviviruses
was investigated in the following studies: T cell depletion by thymec-
tomy and subsequent irradiation did not significantly alter the level of
hemagglutination-inhibiting (HI) Ab in mice infected with Banzi virus,
in contrast to cyclophosphamide treatment, which suppressed the HI
response (Bhatt and Jacoby, 1976); nude mice with no functional
T cells showed severely depressed production of JEV-specific Ab (Lad
et al., 1993); depressed Ab levels were also reported in infection of
athymic mice by the French neurotropic strain of YFV (Bradish et al.,
1980), while Hotta et al. (1981) reported that nude Balb/c mice show
depressed IgM production without any subsequent rise in IgG levels
after infection with a mouse-adapted strain of dengue type 1 virus.
The depressed Ab levels reported in most of these studies of flavi-
virus-infected mice lacking functional T cells suggests that B cell acti-
vation by flaviviruses is at least partially dependent on T cell help, in
contrast to viruses like vesicular somatitis virus and polio virus, which
can activate B cells in the absence of T cell help (Bachmann et al.,
1993). Hence, in addition to abolishing class- and isotype-switching,
absence of helper T cells may impact on the generation of a strong
neutralizing IgM response against flaviviruses.

Administration of monoclonal antibodies (mAb) to mice during infec-
tion with encephalitic flavivirus SLE (Mathews and Roehrig, 1984),
MVE (Hawkes et al., 1988), and JEV (Cecilia et al., 1988) offers signifi-
cant protection from otherwise lethal i.p. virus challenge. In the SLE
study, the efficacy of passive protection by mAb correlated well with
in vitro neutralization activity of the Ab and animals could be protected
by passive transfer of neutralizing mAb up to day 3 post-challenge,
prior to neural invasion by the virus. Unlike in the SLE study,
nonneutralizing mAbs against MVE can also give significant pro-
tection against a lethal i.p. challenge (Hawkes et al., 1988). In the
JEV study (Cecilia et al., 1988), a panel of E protein-specific mAbs were
tested for neutralization, HI, and passive protection against lethal JEV
challenge. The mAbs, which gave significant protection, mostly showed
high neutralization activity, except for one that did not neutralize
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in vitro. The contribution of NS1, a cell surface localized nonstruct-
ural protein, to protection is demonstrated in active immunization
using purified NS1 of YFV, as well as passive transfer of mAbs to NS1
(Schlesinger et al., 1985), both resulting in effective protection against
YF17D-induced encephalitis. Comparison of immunization with re-
combinant VV that expressed JEV or MVE prM and E proteins, NS1
protein, or NS3 protein demonstrated low levels of protection with
NS1-based immunization in contrast to high levels of protective
immunity elicited by E protein-based immunization (Hall et al., 1996;
Konishi et al., 1991). In addition, protective immunity is also elicited
by DNA immunization with JEV NS1 gene: immunized mice showed
no neutralizing activity but a strong complement-dependent cytolytic
activity against JEV-infected cells (Lin et al., 1998).

What is the mechanism of neutralization of flavivirus infectivity by
Ab? In vitro neutralization of WNV infectivity by Ab has been shown by
Gollins and Porterfield (1986) to depend on inhibition of the intraendo-
somal acid-catalysed fusion step during virus entry. Studies of the
entry process of JEV using electron and confocal microscopy tech-
niques showed that neutralizing mAb strongly inhibits JEV-induced
fusion and internalization into cells, but not binding of virus to cells
(Butrapet et al., 1998). Interestingly, Se-Thoe et al. (2000) showed by
electron microscopy that direct fusion between virus and plasma mem-
brane normally occurs during DEN-2 entry into LLC-MK2 cells but is
inhibited in the presence of a neutralizing mAb or DEN-immune
human sera; virus uptake is observed to occur by endocytosis instead.
In contrast, Crill and Roehrig (2001) showed, using a panel of mAb
against dengue E protein, that neutralization of virus infectivity
correlated with inhibition by the mAb of virus adsorption to host cells.

B. T Cell Responses

T cells are of crucial importance for the recovery from most virus
infections. Individuals deficient in T cells but not B cells are unable
to control infections with viruses that are avirulent in normal individ-
uals (Fulginiti et al., 1968). Only a limited number of studies have
addressed the role played by T cells in flavivirus infections. Using
T cell-deficient mice (nu/nu), experiments showed that T cells are ne-
cessary for recovery (Lad et al., 1993) and protection after i.c. challenge
with JEV (Miura et al., 1990). However, because general T cell deple-
tion or lack of T cells will affect the humoral, as well as the cellular,
immune defense against flavivirus infections, information gained from
such studies are hard to interpret.
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The two dominant lineages of peripheral T cells, CD4þ and CD8þ

T cells, recognize epitopes consisting of a complex of a short peptide
(in case of flavivirus-immune T cells, the peptide is derived from a
flavivirus-encoded protein) and a self-MHC class II or class I molecule,
respectively. Professional antigen-presenting cells (APC) are required
to present peptide/MHC complexes to T cells for activation. All nucle-
ated cells express class I MHC, whereas class II MHC expression is
restricted to only some cell types of the reticuloendothelial system.
Thus, antigen-primed CD4þ T cells, dendritic cells (DC), macrophages,
or B cells, all of which express constitutively high concentrations of
class II MHC antigens, efficiently induce cell proliferation (Kulkarni
et al., 1991b). For the induction of naïve T cell responses, DC cells
may be the only cell type with sufficient qualitative and quantitative
stimulatory capacity to trigger activation of both subsets of T cells
(Lanzavecchia and Sallusto, 2001).

1. The CD4 T Cell Response

Upon recognition of appropriate MHC class II/peptide complexes,
CD4þ T cells become activated, proliferate, and mature into one of
two T helper subsets, TH1 or TH2, depending on the stimulatory
milieu. In response to most viral infections, the cytolytic function
resides predominantly in the CD8þ T cell population. Rarely do CD4þ

T cells differentiate into cytolytic effector cells. However, the T cell
response against flaviviruses is an exception. In dengue virus
infections in humans, the bulk of the cytolytic response resides in
the CD4þ T cell population (Kurane et al., 1989). Interestingly, cytoly-
tic CD4þ T cell clones have also been established from peripheral blood
monocytes of individuals immunized with JEV vaccine (Aihara et al.,
1998; Kurane and Takasaki, 2000). The reason for this unusual pheno-
type of CD4þ T cells is not clear. It is possible that these clones are a
result of in vitro restimulation and are thus of limited biological rele-
vance, especially as their in vivo function is restricted to infected cells
expressing class II MHC antigens. In this context, however, it is note-
worthy that WNV-infection of astrocytes in vitro induces the expres-
sion of MHC class II (Liu et al., 1989b). In case of JEV-immune CD4þ

T cell clones, these were derived from individuals immunized with in-
activated virus preparations (Aihara et al., 1998; Kurane and Takasa-
ki, 2000). Inactivated virus preparations, with the exception of those
produced by gamma irradiation (Müllbacher et al., 1988), are known
to induce primarily CD4þ T cell and not classical CD8þ Tc cell re-
sponses (Braciale and Yap, 1978). However, using live VV encoding
the structural prM and E and nonstructural NS1 genes of JEV as a
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vaccine did induce CD8þ Tc cells as expected (Konishi et al., 1998).
Thus, at present, we do not have a clear understanding of why CD4þ

T cells acquire cytolytic potential in response to flavivirus infections.
The cytolytic pathway by which these flavivirus-immune CD4þ T cells
kill target cells has not been established. It may involve the release of
cytokines (IFN-� or TNF-�) or direct killing via the granule exocytosis
or Fas-mediated pathways (see later). The possibility that this consti-
tutes a diversion mechanism of the host’s immune responses, such as
immune class deviation, evolved by flaviviruses cannot be discounted.
Elucidation of the mechanism underlying the phenomenon of cytolytic
CD4þ Tcell responses as a result of flavivirus infection in humans may
be of great importance in attempting to develop prophylactic and
therapeutic interventions.

It is generally assumed that CD4þ T cells are important in the host’s
defenses against flaviviral infections by facilitating a protective Ab re-
sponse and a cytotoxic T (Tc) cell response. To our knowledge, experi-
ments using CD4þ T cell-depleted or T cell-deficient mice have not
been performed to definitively establish the role CD4þ T cells play in
recovery from flavivirus infection. T cell help is required to switch B
cell immunoglobulin synthesis to the IgG isotype with virus neutral-
ization property (Mathews et al., 1991, 1992; Uren et al., 1987). How-
ever, it does not appear to play a significant role in the CNS
inflammatory response. Using WNV infection in the mouse model to
study leukocyte infiltration of the CNS, we noted that CD4þ T cells
were not present in cell isolates from infected brains, whereas NK
and CD8þ T cell infiltrates were found (Liu et al., 1989a). These find-
ings have recently been confirmed by immunohistochemical analysis
of WNV-infected brain sections (Wang et al., 2003). Furthermore, the
CD4/CD8 T cell ratio in spleen changes significantly in favor of CD8
cells as a result of WNV infection (Wang et al., 2003). The reason for
this is unknown. It is also not known if flavivirus-immune CD4þ T cells
are required for the induction and/or activation of CD8þ T cells.

A number of studies have identified the source of peptide determi-
nants, recognized in association of MHC class II by flavivirus-immune
CD4þ T cells. In the majority of mouse haplotypes, immunogenic pep-
tides are derived from the E and NS1 proteins (Mathews et al., 1991;
Mathews et al., 1992) and these are also the source of peptides recog-
nized by human CD4þ T cells in response to JEV vaccination (Aihara
et al., 1998, Konishi et al., 1995). This of course is not surprising be-
cause the E structural protein, together with the cell surface-expressed
NS1 protein, is responsible for the bulk of the Ab response to these
viruses and thus flavivirus-specific B cells can function as APCs.
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The most detailed and extensive analysis of the CD4þ Tcell response
against JEV serocomplex flaviviruses has been undertaken in the
mouse in response to infection with KUN (Kulkarni et al., 1991a,
1991b, 1991c, 1992). This was made possible by the availability of a
panel of VV recombinants expressing overlapping sequences of the
KUN genome covering the entire viral genome (Hill et al., 1993a; Par-
rish et al., 1991). KUN-immune CD4þ Tcells from H-2b, H-2d, and H-2k

mice responded to peptides predominantly encoded within the struc-
tural polyprotein region plus the nonstructural proteins, NS1 and
NS2. In addition, peptide determinants encoded within the NS4B-
NS5 region were also immunogenic in all three haplotypes tested.
The limitation of mapping studies using recombinant expression
vectors was highlighted when it was found that a VV construct encod-
ing all nonstructural genes of KUN (including the NS4B-NS5 region)
did not induce proliferation of T cells from KUN-primed mice, in con-
trast to a VV recombinant encoding the NS4A to NS5 region only. This
may imply that the primary sequence of a protein, when expressed
under different temporal and spatial constraints, is not equally
immunogenic (Hill et al., 1993a; Kulkarni et al., 1992).

Clones of CD4þ T cells induced in response to either MVE, KUN,
or WNV showed extensive cross-reactivities with respect to activation
by heterologous flaviviruses (Uren et al., 1987). In a more detailed
analysis, synthetic peptides with sequences derived from the E glyco-
protein of MVE were also recognized by T cell clones derived from
KUN and WNV immunized mice (Mathews et al., 1991). Such cross-re-
activity has also been observed with CD4þ T cell clones established
from peripheral mononuclear cells of JEV-vaccinated human donors
(Aihara et al., 1998). Thus it appears that, like class I MHC-restricted
T cell responses (see later), class II MHC-restricted responses are
widely cross-reactive within the JEV serocomplex.

2. The CD8þ T Cell Response

CD8þ T cells exert their effector function by at least two different
mechanisms. One is the synthesis and secretion of cytokines such as
IFN-� (Boehm et al., 1997) and TNF-� (Vassalli, 1992), and the other
is cellular cytotoxicity mediated either by the perforin/granzyme exo-
cytosis or the Fas pathway (Kägi et al., 1994; Lowin et al., 1994; Rou-
vier et al., 1993). These two effector functions do not necessarily reside
within the same cell. Recent estimates of Tc cell responses to viruses,
using either intracellular IFN-� or MHC-class I tetramer staining,
far outnumber estimates of CD8þ T cells precursors using limiting
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dilution analysis with a functional target cell lysis readout (Altman
et al., 1996; Butz and Bevan, 1998; Regner et al., 2001b). As to cytolytic
function, the predominant view at present suggests that target cell
lysis by the exocytosis pathway is the primary mechanism by which
Tc cells limit viral infections and the putative major role of the Fas
pathway is associated with immune regulation (Kägi et al., 1995; Na-
gata, 1997; Rouvier et al., 1993). This view may be valid for certain
virus infections but cannot be generalized, and may not be applicable
to the immune response against flavivirus infection (see later).

In mice of different haplotypes, Tc cells are readily induced in the
spleen when inoculated with live WNV, KUN, MVE, or JE, by either
the i.p. or i.v. route (Gajdosova et al., 1981; Kesson et al., 1987; Lobigs
et al., 1994, 1997; Parrish et al., 1991; Regner et al., 2001a). Yet in most
mouse strains only one restriction element, either K or D, is associated
with any given Tc cell response (Hill et al., 1993a; Hill et al., 1993b).
The mechanism responsible for this immune-response gene phenom-
enon is not understood and may differ from that of self-tolerance creat-
ing ‘‘holes’’ in the T-cell receptor (TCR) repertoire, which is responsible
for immune-response gene defects in other virus-immune Tc cell re-
sponses (Doherty et al., 1978; Hill et al., 1993b; Müllbacher et al.,
1983; Zinkernagel et al., 1978). The peak of the Tc cell response against
the encephalitic flaviviruses occurs 5–6 days post-infection (Kesson
et al., 1987), similar to that observed with other viruses (Zinkernagel
and Doherty, 1979). The primary in vivo Tc cell response is generally
weak, and in most experimental studies in vitro restimulation is
undertaken to obtain increased cytolytic activity (see later). For target
cells to become sensitive to lysis by flavivirus-immune Tc cells, rela-
tively prolonged infection times with flaviviruses are required; in the
order of 12 to 24 hours. The reason for this is not understood
but suggests that the class I MHC antigen–presenting pathway is
inefficient in processing and presentation of flavivirus gene products
early after infection. This requirement for long infection time of target
cells for lysis to occur is unlikely to reside in the Tc effector population
(i.e., low affinity TCRs requiring high antigen density on target cells
to trigger the lytic signals) because modification of targets with appro-
priate peptides resulted in rendering targets susceptible to lysis
at peptide concentrations similar to those reported for other viral
systems (Regner et al., 2001c). Also, infection of targets with VV re-
combinants encoding the relevant flavivirus gene products sensitized
targets after 1 to 2 hours of infection, strongly inferring that the Tc
cells immune to flaviviruses have TCRs with affinities comparable to
those generated against other viruses, such as influenza or poxviruses.
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The requirement for prolonged infection times for Tc-mediated lysis
does not seem to be cell type-dependent. Both tumor cell lines, such
as L929, and other methylcholanthrene-induced fibroblasts, as well as
primary mouse embryo fibroblasts and freshly obtained mouse macro-
phages, require long infection times to become susceptible to lysis by
flavivirus-immune Tc cells (Kesson et al., 1988).

The memory Tc cell response to JEV serocomplex flaviviruses in
mice exhibits some unusual features. The ability of lymphocytes of
mice primed previously with a virus to be stimulated in vitro to gener-
ate potent secondary Tc cells is an indication of Tc cell memory, and
lasts for the lifetime of the animal (Müllbacher and Flynn, 1996).
Yet, in the case of encephalitic flaviviruses, in vitro stimulation of
in vivo-primed splenocytes to generate secondary virus-immune Tc
cells occurs efficiently only during a brief interval after priming (�14
days) (Kesson et al., 1988; Lobigs et al., 1996). This suggests that
successful in vitro boosting only occurs when Tc cells are still in an ac-
tivated state and that they later become refractory, or even suppres-
sive, when encountering flavivirus-infected cells. We have speculated
that this unresponsiveness of memory flavivirus-immune Tc cells to
viral restimulation in vitro is due to the increased MHC-class I expres-
sion on flavivirus-infected stimulator cells (Lobigs et al., 1996). The
virus-mediated upregulation of MHC class I results in a significant in-
creased presentation of both viral and self-peptides, where the latter
may be above the threshold required for activation of self-reactive Tc
cells (Blanden et al., 1987). Therefore, it is conceivable that flavi-
virus-mediated upregulation of MHC class I leads to transient T cell
autoimmunity, followed by downregulation of both autoimmunity and
virus-specific Tc cell memory responses. Consistent with this interpret-
ation is our observation that restimulation of flavivirus-primed spleno-
cytes after lengthy periods following priming generates Tc cells that
exhibit high lysis of mock-infected target cells (Kesson et al., 1988;
Lobigs et al., 1996).

Long-term primed splenocytes are readily boosted in vitro to gener-
ate potent Tc cells when restimulation occurs with peptide-pulsed
stimulator cells rather than flavivirus-infected cells (Regner et al.,
2001a). This may be important in terms of recombinant vaccination
strategies aimed at inducing anti-flaviviral Tc cell immunity. An
example is shown in Fig. 1, where a DNA vaccine encoding the MVE
nonstructural polyprotein region from NS2B to the C terminus of
NS5 was used to vaccinate CBA/H (H-2k) mice. When immune spleno-
cytes were stimulated in vitro with MVE or the two immunodominant
Kk-restricted peptide determinants, MVE1785 and MVE1971 (Regner
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et al., 2001c), we found that stimulation with MVE but not with the
peptides resulted in high lysis of control peptide-treated target cells.
Thus, the ratio of ‘‘nonspecific’’ to viral peptide-specific target cell
killing was >2-fold greater for the virus-stimulated in comparison to
the peptide-stimulated effectors (80% and 37%, respectively, at E:T
ratio of 50:1). Accordingly, persistent memory flavivirus-immune Tc
cells are clearly generated as a consequence of a primary flavivirus
infection or immunization with a recombinant subunit vaccine. How-
ever, the protective value of vaccination-induced Tc cell immunity
against the encephalitic flaviviruses is relatively poor, given the high
self-reactive component in the memory Tc cell response against the
viruses. We also found that restimulation of MVE-primed splenocytes
with peptide or virus differentially induced cytotoxicity and IFN-�
production. MVE-infected stimulators only induced the former,
while stimulators modified with a immunodominant H-2Kk-restricted
peptide induced both cytotoxicity and intracellular IFN-� (Regner

6050403020100

pcDNA-NS Peptide 50:1

pcDNA-NS Peptide 17:1

pcDNA-NS MVE 50:1

pcDNA-NS MVE 17:1

Lysis of target cell treated with control peptide

Lysis of target cell treated with MVE1785 and MVE1971 peptides

% Specific lysis

pcDNA1 Peptide 50:1

pcDNA1 Peptide 17:1

pcDNA1 MVE 50:1

pcDNA1 MVE 17:1

Prime/boost In vitro

stimulation
E:T
ratio

FIG 1. DNA vaccine-induced Tc cell response against MVE: restimulation, in vitro,
with virus induces high anti-self cytotoxicity. CBA/H mice were primed, and boosted 3
weeks later, with pcDNA1.NS plasmid DNA (Lobigs et al., 1994) or pcDNA1 control DNA
using a gene gun as described (Colombage et al., 1998). Two weeks after boosting,
splenocytes were stimulated in vitro for 5 days with MVE or peptides MVE1785 plus
MVE1971 as described (Regner et al., 2001c); the effector cells were used on mouse L929
cells (H-2k) treated with the 2 MVE-derived peptides or the Kk-restricted influenza virus
control peptide NP50–57 at the indicated effector:target (E:T) cell ratios in a 51Cr-release
assay as described (Regner et al., 2001c).
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et al., 2001b). To what extent IFN-� synthesis is involved in regulation
of memory Tc cell activation, protection, or immunopathogenesis is
not known. Our own observation, using IFN-� knockout mice,
suggests that the lack of IFN-� does not impair Tc cell memory forma-
tion or activation in response to pox and influenza viruses (Müllbacher
et al., unpublished data). Furthermore, IFN-� knockout mice do not
seem to be significantly more susceptible to MVE than are wild-type
mice (Lobigs et al., 2003b). However, in the context of dengue virus
infections it has been suggested that IFN-� may be involved in
flavivirus-induced immunopathology (Kurane et al., 1989). Thus, add-
itional work on the role of IFN-� in the immunobiology of flavivirus
infections is warranted.

Similar to the CD4þ T cell response, the viral genes coding for the
antigenic peptide determinants from KUN recognized by Tc cells have
been identified using VV–KUN recombinants (Hill et al., 1993a; Par-
rish et al., 1991). With the exception of the H-2b haplotype, the domin-
ant determinant in H-2k, H-2d, H-2q, and H-2s haplotypes could be
mapped to the NS3/NS4A region. The same was also true for Tc cells
from WNV-primed animals (Hill et al., 1993a). In addition, the source
of the Kk–restricted peptide determinant in the Tc cell response
against MVE was mapped to the NS3 protein (Lobigs et al., 1994)
and that of the MVE-specific Dk- and Dd-restricted responses to the
NS4B and NS2B-3 proteins, respectively (Lobigs et al., 1997). Using
Kk-specific peptide motif prediction, two peptides, MVE1785 (RE-
HSGNEI) and MVE1971 (DEGEGRVI), encoded within the NS3 region,
were identified to be immunogenic and were recognized by MVE and
WNV-immune Tc cells (Lobigs et al., 1994). A thorough analysis of the
H-2kMVE-immune Tc cell response against these peptide determinants
revealed some interesting properties. First, the two peptides had differ-
ent binding affinities for theH-2Kkmolecules as assessed byMHC-class
I stabilization assays and half-life of peptide/MHC-class I complexes,
withMVE1785 having lower affinity thanMVE1971. Yet, despite the lower
binding affinity ofMVE1785, moreMVE-immune Tc cell clones responded
to this peptide than the higher affinity MVE1971 peptide as revealed by
limiting dilution analysis. Furthermore, the lower affinity peptide was
more efficient in triggering intracellular IFN-� synthesis (Regner et al.,
2001c). These findings strongly suggest that the TCR repertoire in naı̈ve
animals is a limiting factor in the immune response rather than peptide
affinity. Thus, vaccines designed on the basis of peptide affinity will not
necessarily lead to the most effective immune response.

Using the same two peptides mentioned previously, and correspond-
ing peptides based on sequence alignments for closely related (WNV,

104 ARNO MÜLLBACHER ET AL.



KUN, JEV) and more distant (YFV, DEN) flaviviruses, in studies on
cytotoxicity and intracellular IFN-� synthesis, an extraordinary extent
of cross-reactivity was revealed (Regner et al., 2001a). In the extreme
case, MVE1785–immune Tc cell recognized target cells treated with a
peptide (DEN1971), which shared only a single amino acid (one of two
anchor residues) with the MVE1785 peptide. No cross-reactivity was
found with targets modified with more similar Kk-binding self-
peptides. Even more surprising was that Kk-restricted flavivirus-
immune Tc cells did not cross-react on target cells infected with other
viruses including alpha- and bunyawera-viruses (Müllbacher et al.
1986; Regner et al., 2001a). Target cells infected with VV recombinants
encoding the NS3 to NS5 gene region of hepatitis C virus, a member of
the Flaviviridae family, were similarly not recognized by either MVE-
or WNV-immune Tc cells (our unpublished observation). The reason for
this selective cross-reactivity of the Tc cell response within the flavi-
viruses is not clear; however, all cross-reactive peptides are derived
from theNS3 protein, which is a protein with highly conserved function
and thus structure, although with quite variable amino acid sequence.

Studies by Takada et al. (2000) investigating the Tc cell response
to JEV also found that, depending on the haplotype of mice used,
peptide determinants derived from different viral gene products
are recognized by flavivirus-immune Tc cells. The consequences
that follow from these studies are that effective vaccines suitable to
protect outbred population should ideally encompass the whole
virus genome.

IV. VIRUS-HOST INTERPLAY IN IMMUNITY AND PATHOGENESIS

A. Upregulation of MHC Class I Antigen Presentation: A Mechanism

for Immune Escape?

Many viruses interfere with MHC class I antigen processing and
presentation (Ploegh, 1998; Yewdell and Bennink, 1999). The effect
is almost always a block-in or downregulation of the MHC class I
pathway. This is thought to constitute a strategy of immune evasion
preventing the recognition of virus-infected cells by Tc cells.

TheMHC class I pathway functions in the surveillance of the intracel-
lular pool of peptides to allow detection of ‘‘foreign’’ peptide determi-
nants by CD8þ T cells (Fig. 2). The peptides are 8 to 10 amino acids in
length and are derived from degradation of proteins of host or pathogen
origin. They are predominantly of cytosolic origin and are generated
by cellular proteases of which the proteosome, a multi-subunit and
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multi-catalytic protease abundant in the nucleus and cytoplasm, is
most important (Tanaka and Kasahara, 1998; York and Rock, 1996).
In order to assemble with the MHC class I restriction elements, most
cytoplasmic peptides are transported into the lumen of the endoplasmic
reticulum (ER) by the transporter associated with antigen processing
(TAP), an ER-resident heterodimeric ATP-binding cassette transmem-
brane transporter (Elliott, 1997; Momburg and Hämmerling, 1998).
Binding of peptides to MHC class I molecules is facilitated by a number
of chaperones (tapasin, calreticulin, ERp57), which associate with TAP
in the peptide loading complex (Cresswell et al., 1999). Peptide-loaded
MHC class I molecules leave the ER and travel via the exocytic
pathway to the plasma membrane. MHC class I–restricted antigen
presentation is regulated by IFN-�, which increases expression of the
class I molecules per se, and that of accessory molecules of the class I
pathway (TAP and proteosome subunits) by transcriptional regulation
(Momburg and Hämmerling, 1998; Tanaka and Kasahara, 1998). The
induction of TAP expression by IFN-� is more rapid than that of MHC
class I molecules (Epperson et al., 1992; Min et al., 1996). This is
consistent with the view that the constitutive level of TAP expression
is insufficient to support inducible increases of MHC class I.

Uninfected cell Flavivirus-

infected cell

Proteosome

TAP transporter

Peptide-loaded

MHC class I

ER

lumen

Plasma

membrane

Empty

MHC class I

Peptides

FIG 2. Schematic diagram of the MHC class I antigen processing and presentation
pathway showing upregulation of TAP-dependent peptide transport into the ER and
MHC class I cell surface expression as a result of flavivirus infection.
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In contrast to the inhibitory effect of many viruses on MHC class I
antigen presentation, upregulation of MHC class I expression has been
observed in cells infected with flaviviruses. This phenomenon has
been documented in different cell types (fibroblasts, trophoblasts,
myoblasts, astrocytes, macrophages, B cells, and endothelial cells) of
different species origin (human, mouse, and hamster) (Bao et al.,
1992; King and Kesson, 1988; King et al., 1989; Liu et al., 1989b; Lobigs
et al., 1996; Müllbacher and Lobigs, 1995; Shen et al., 1997). It is
induced by flaviviruses from different serocomplexes, including
yellow fever virus, dengue virus, and members of the JEV serotype
(Lobigs et al., 1996). Several lines of evidence suggest that flavivirus-
induced MHC class I upregulation is not the consequence of a virus-
induced IFN response: (1) the effect was only partially abrogated by
treatment of infected cells with Ab against IFNs (King and Kesson,
1988); (2) WNV infection induced MHC class I expression in tropho-
blasts, a cell refractory to IFN-mediated induction of MHC class I
(King et al., 1989); (3) the cell surface expression of recombinant mouse
MHC class I molecules, devoid of promoter sequences for IFN-induced
transcription factors, was upregulated following flavivirus infection
but not by treatment of cells with poly(IC), a strong IFN inducer
(Müllbacher and Lobigs, 1995). Furthermore, the increased biosyn-
thesis of MHC class I molecules was discounted as a mechanism of
flavivirus-mediated MHC class I upregulation (Momburg et al., 2001;
Müllbacher and Lobigs, 1995).

The mechanism of flavivirus-mediated upregulation of MHC class I
cell surface expression involves the increase of peptide supply into the
lumen of the ER for assembly with the class I restriction elements (see
Fig. 2) (Momburg et al., 2001; Müllbacher and Lobigs, 1995). This
effect of flavivirus infection is not seen in cells devoid of functional
TAP but is apparent in cells with very low peptide transporter activity
due to a mutation in the TAP2 subunit (RMA-S; Yang et al., 1992) or
developmental downregulation of the transporter activity (Syrian
hamster BHK and NIL-2 cells; Lobigs et al., 1995, 1999), suggesting
TAP-dependence of the process (Momburg et al., 2001; Müllbacher
and Lobigs, 1995). Recently we have shown in in vitro peptide trans-
port experiments that the transport activity of TAP is augmented by
up to 50% at the early phase of infection with different flaviviruses, al-
though TAP expression was not increased, and the substrate specifi-
city of the transporter remained unaltered (Momburg et al., 2001).
This is the first demonstration of transient upregulation of TAP-de-
pendent peptide import into the lumen of the ER as a consequence of
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a viral infection. The flaviviral gene products responsible for this effect
as well as the detailed biochemical mechanism, remain to be resolved.

The biological function of upregulation of MHC class I restricted
antigen presentation in flavivirus-infected cells is not immediately ap-
parent in terms of an advantageous strategy for the virus. The in-
crease in MHC class I cell surface expression results in augmented
lysis of flavivirus-infected cells by allo-reactive and virus-specific
(influenza virus and VV when used in double infections with a flavi-
virus) effector Tc cells (Liu et al., 1989a; Müllbacher and Lobigs,
1995). However, consistent with the finding that increased cell surface
class I expression reduces susceptibility to NK cell-mediated lysis
(Lanier, 1998), it was found that flaviviruses are poor inducers of NK
cells and that flavivirus infection reduces susceptibility of cells to NK
cell lysis (Momburg et al., 2001). Thus, an escape from early NK cell
lysis may be crucial in the flavivirus lifecycle for the production of a vi-
remia of sufficient magnitude and duration to allow transmission of the
virus from an infected host to an arthropod vector during a blood meal.

B. Contribution of Cellular Immune Responses to Encephalitic

Flavivirus Pathogenesis

Infection of the CNS by flaviviruses is accompanied by inflammatory
responses which can increase the disease severity. This is reflected in
prolonged survival and/or reduced mortality of animals with flaviviral
CNS infection upon immunosuppression with cyclophosphamide or
T cell depletion (Camenga and Nathanson, 1975; Hirsch and Murphy,
1968; Semenov et al., 1975a, 1975b). Multiple effector functions of in-
flammatory brain infiltrates may exacerbate flaviviral encephalitis.
The cytolytic effector functions of NK and Tc cells (mediated by per-
forin-dependent granule exocytosis or Fas ligand engagement [Henkart,
1994; Kägi et al., 1994]) can accelerate the time to death from encephal-
itis in 6-week-old mice infected peripherally with a high dose of MVE.
This conclusion was drawn from experiments using mice deficient in
perforin, granzyme, or Fas ligand expression, and was more accentu-
ated in mice lacking both Fas ligand and perforin (Licon Luna et al.,
2002). T lymphocyte-mediated cytotoxicity effected through the granule
exocytosis and Fas pathways is thought to be involved in the killing of
infected astrocytes and neurons, respectively (Medana et al., 2000,
2001). Alternatively, the inhibition of production of reactive oxygen
and nitrogen intermediates by inflammatory cells (predominantly
neutrophils and macrophages) in the brain of MVE- or TBE-infected
mice was found to reduce disease severity (Andrews et al., 1999;
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Kreil and Eibl, 1996). However, the exacerbating contribution of the
immunopathological response to the disease outcome is not always ap-
parent. Survival following intracerebral WNV infection was unaffected
by immunosuppression (Camenga and Nathanson, 1975), and cyclopho-
sphamide treatment increased the incidence of fatal encephalitis in
mice peripherally infected with WNV (Camenga et al., 1974). This is
corroborated in our studies using �2-microglobulin (�-2 m) knockout
mice deficient in CD8þ T cells (Wang et al., 2003). Mortality of �-2 m
knockout mice given low doses of WNV (103 PFU) i.v. was 80% com-
pared to 30% of wt mice, given the same dose. Also, in 4-week-old B
and T cell-deficient SCID mice, no difference in time to death was seen
following brain infection with WNV (Halevy et al., 1994). The latter
results suggest that WNV-induced cytopathology, rather than associ-
ated immunopathology in the CNS, was the key factor in mortality of
infected mice.

In addition to the potentially detrimental role of the inflammatory
process in the CNS during encephalitic flavivirus infection, it appears
that the cellular immune response may contribute at a second stage to
the disease process (e.g., in the events leading to neuroinvasion). We
have shown that the cytolytic effector functions of NK/Tc cells play a
role in entry of MVE into the brain of 6-week-old mice infected i.v. with
a low virus dose. In this model for flavivirus encephalitis, mortality of
wild-type animals is approximately 50% despite low or undetectable
virus growth in extraneural tissues. In contrast, mice deficient in
either the granule exocytosis- or Fas-mediated pathways of cytotox-
icity showed reduced mortality following peripheral MVE infection,
and mice deficient in both effector pathways were even less susceptible
(Licon Luna et al., 2002). Based on these data, we propose that cyto-
toxic lymphocytes can play a role in brain invasion of neurotropic vir-
uses by killing infected endothelial cells lining brain capillaries, thus
allowing virus access into the brain parenchyma. This pathway for
neuroinvasion is disrupted in mice deficient in the cytolytic effector
function of NK/Tc cells, as well as mice lacking CD8þ T cells and ex-
pression of their restriction elements (�2-microglobulin k/o mice; Wang
et al., 2003; our unpublished data).
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Kägi, D., Vignaux, F., Ledermann, B., Burki, K., Depraetere, V., Nagata, S., Hengartner,
H., and Golstein, P. (1994). Fas and perforin pathways as major mechanisms of T
cell-mediated cytotoxicity. Science 265:528–530.
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Flaviviruses cause pleomorphic disease with significant morbidity
and mortality worldwide. Interestingly, in contrast to most viruses,
which subvert or avoid host immune systems, members of the neuro-
tropic Japanese encephalitis serocomplex cause functional changes
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associated with increased efficacy of the immune response. These
viruses induce increased cell surface expression of immune recognition
molecules, including class I and II major histocompatibility complex
(MHC) and various adhesion molecules. Increases are functional:
infected cells are significantly more susceptible to both virus- and
MHC-specific cytotoxic T cell lysis. Induced changes are modulated
positively or negatively by Th1 and Th2 cytokines, as well as by cell
cycle position and adherence status at infection. Infection also
increases costimulatory molecule expression on Langerhans cells in
the skin. Local interleukin-1� production causes accelerated migration
of phenotypically altered Langerhans cells to local draining lymph
nodes, where initiation of antiviral immune responses occur. The exact
mechanism(s) of upregulation is unclear, but changes are associated
with NF-�B activation and increased MHC and ICAM-1 gene tran-
scription, independently of interferon (IFN) or other proinflammatory
cytokines. Increased MHC and adhesion molecule expression may
contribute to the pathogenesis of flavivirus encephalitis. Results from
a murine model of flavivirus encephalitis developed in this laboratory
suggest that fatal disease is immunopathological in nature, with IFN-�
playing a crucial role. We hypothesize that these viruses may decoy
the adaptive immune system into generating low-affinity T cells,
which clear virus poorly, as part of their survival strategy. This may
enable viral growth and immune escape in cycling cells, which do not
significantly upregulate cell surface molecules.

I. INTRODUCTION

The incidence of infectious virus disease remains a serious health
and economic issue worldwide. Despite some important successes, pre-
ventive vaccination for many viruses is still not effective (McDade and
Hughes, 2000). Thus critical understanding of both host–virus inter-
actions and ways in which viruses modulate and manipulate host
immune defense systems remains pivotal to the design of rational
intervention in clinical disease.

Flaviviridae are a family of positive, single-stranded RNA viruses,
comprising some 70 members of which, up until recently, the best
known were perhaps dengue and yellow fever. Most flaviviruses are
arthropod borne, with vertebrates constituting the intermediate host
essential for virus survival. These viruses cause a wide range of
disease with significant morbidity and mortality in both humans
and animals.
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West Nile virus (WNV) and the Australasian encephalitic group,
which includes Murray Valley encephalitis (MVE), Kunjin, and Japa-
nese encephalitis (JE), form the Japanese encephalitis antigenic com-
plex (Calisher et al., 1989). These, together with other regional
neurotropic flaviviruses, such as St. Louis and tick-borne encephalitis
viruses, cause neuropathological illness ranging from malaise through
paralysis, coma, and death. The global economic cost of these infections
is therefore extremely high. The prospect of outbreaks of infection with
these viruses in nonendemic areas has increased markedly as global
warming extends the environment permissive for the mosquito vector
and world travel increases the size of the host population pool (Hannah
et al., 1995; Hubalek andHalouzka, 1999; Ritchie et al., 1997). Thus, for
example, while WNVencephalitis is endemic in many developing coun-
tries, periodic epidemic outbreaks occur elsewhere—most notably in
New York, where WNV encephalitis was reported for the first time in
August 1999. This outbreak also highlighted the high mortality of
epidemic WNV encephalitis at some 10% of reported clinical cases
(Anderson et al., 1999; Briese et al., 1999; Lanciotti et al., 1999).

II. STRATEGIES FOR VIRUS SURVIVAL IN THE IMMUNE-COMPETENT HOST

The survival of viruses, as obligate intracellular pathogens that
infect complex multicellular hosts, is driven principally by three pri-
mary but interrelated imperatives. The first is the standard biological
requirement to replicate, the second is to be transmitted to the next
host, and the third is to continue to use the host pool ad infinitum.
Each of these poses a separate set of impediments to virus survival.
If any of these imperatives is not met consistently, the virus will
become extinct.

In the first and second requirements, the immediate outcome of in-
fection is the result of a race between virus replication/transmission
and the generation of an eradicating response by the host, which com-
prises both innate and adaptive immune components. The virus life
cycle must therefore be sufficiently rapid to enable replication and
transmission of large numbers of progeny virions before the immune
response becomes effective.

In the third requirement, available host pools are limited both by
finite ecological niche size and the time it takes for reproduction of
the host to occur. This is because in simple terms, the outcome of
any pathogenic infection for the host is lifetime immunity or death.
Either outcome effectively reduces the potential host pool for the virus.
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Lifetime immunity of the host pool is the basis and goal for the success-
ful eradication of a virus species by vaccination.

The reproduction time of humans is nominally 12–14 years, but this
is the minimum time; values vary enormously, depending on cultural,
economic, and other factors. Because infection tends to generate life-
time host immunity, a virus must time its replication and transmission
to spread through the host pool more slowly than the reproduction
time of the host in order to survive. It follows that the longer the
reproduction time of the host, the bigger the host pool that is required
for virus survival. Increasing world travel has allowed once discrete
communities to mix, effectively increasing the size of the human host
pool. This expansion in the host pool is illustrated by the emergence
of WNV encephalitis on the eastern seaboard of the United States for
the first time in August 1999, with consequences that have yet to be
fully evaluated (Kramer and Bernard, 2001).

Although interrelated and often interactive, viral strategies for suc-
cessfully accomplishing these three survival imperatives are generally
different from one another and few subserve more than one impera-
tive. It can be argued that the number of virus strategies that address
each requirement reflects the complexity of the problem for virus
survival. Thus the imperative for successful virus replication in the
face of surveillance by the innate and adaptive immune systems is
subserved by a range of virus-mediated mechanisms as multifarious
as those mounted by the immune system to prevent it.

A. Host Responses

The host has, at its disposal, a complex network in which numerous
cell types and soluble factors of the immune system participate. There
are two major parts to this network, which both complement and inter-
act with one another. The first is innate immunity, responsible for
rapid antimicrobial responses. This is a nonspecific response, estab-
lished early on in the evolution of antimicrobial defenses. It is the most
immediately mobilized response and protects the host within hours of
infection, principally through activities of neutrophils and macro-
phages and their products. Inactivation of these early responses
renders the host demonstrably more susceptible to various microbial
pathogens and may result in overwhelming infection and death.
Increasing evidence points to the importance of the innate immune re-
sponse in viral infections. A functional innate response may eradicate
some infections, but if not, usually prevents them from overwhelm-
ing the host. This allows sufficient time for generation of the slower
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antigen-specific, adaptive immune response, which makes up the
second part of this network. The adaptive immune response comprises
elements of both humoral and cellular immune responses, prosecuted
by B and T cells, respectively. Effector B cells (plasma cells) produce
specific antibodies as part of the humoral response. The cellular
immune response produces cytotoxic T cells (CTL), which kill virus-
infected cells, and T helper (Th) cells, which produce a spectrum of cy-
tokines. The combination of cytokines produced by Th cells influences
the differentiation of both B and T cells down specific response path-
ways, depending on the infecting organism. Th1 responses are associ-
ated with the production of proinflammatory cytokines, such as tumor
necrosis factor (TNF) and interferon (IFN)-� (type II interferon) and
generally occur in virus infections. Th2 responses, however, tend to
occur in parasitic infections and are associated with the production of
cytokines such as interleukin (IL)-4 and IL-10, which are anti-
inflammatory. These cells play a central role in the generation and
maintenance of specific immunological memory, critical to the acceler-
ated abrogative responses associated with a secondary challenge by
the same virus (Abbas et al., 2000).

One of the first responses to an infection involves the recruitment
and activation of neutrophils, macrophages, and natural killer (NK)
cells. Cytokines such as TNF, IL-1, IL-12, IL-18, type I, and type II
IFN, produced in this response, further activate both phagocytic cells
and various leukocyte subsets that go on to play key roles in the subse-
quent development of antigen-specific antiviral immunity (Karupiah
et al., 2000).

An early cellular response to viral infection is the production of type I
IFN, IFN-�/�, by infected cells. These are directly and primarily anti-
viral in that they have a direct effect on viral replication within
the cell, but they are also indirectly antiviral because they increase
cell surface class I major histocompatibility complex (MHC) antigen
expression on infected cells. A complex of viral peptide and MHC is
specifically recognized by T cells via the T cell receptor (TcR). Thus
increased cell surface MHC expression makes recognition by T cells
more likely, as cell surface MHC concentration is a crucial factor
determining the efficiency of induction and execution of the cellular
immune response (Goldstein and Mescher, 1987; King et al., 1985,
1986; O’Neill and Blanden, 1979; Shimonkevitz et al., 1985). Type I
IFN also help to direct the adaptive immune response (Le Bon et al.,
2001; Mattei et al., 2001; Tough et al., 1996). Type II IFN — IFN-� —
secreted by activated T cells and NK cells, is not only antiviral, but also
potently upregulates both class I and IIMHCexpression (MHC Iand II),
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which further facilitates T-cell recognition of the infected cells (Stark
et al., 1998). Moreover, IFN-� enhances the activation status of macro-
phages and neutrophils, inducing increased and prolonged expression
of nitric oxide synthase 2, which catalyzes the production of the radical
gas nitric oxide (NO) from l-arginine. NO is strongly antimicrobial
and, via formation of various reactive nitrogen intermediates, includ-
ing peroxynitrite, formed by the interaction of NO with superoxide
anion radicals, is thought to target several cellular metabolic enzymes
and redox-sensitive pathways, as well as DNA (Fierro et al., 1999;
Nathan, 1992). Superoxide is formed from the reduction of molecular
oxygen by the enzyme NADPH oxidase in IFN-�-activated macro-
phages and neutrophils (Cassatella et al., 1990). They quickly form re-
active oxygen species, which are themselves toxic in much the same
way as reactive nitrogen species.

The actions of both these reactive species are not specific for patho-
gens. While both are constitutively produced at low levels and required
for normal cellular physiology, sustained high levels result in fatal cell
damage (Karupiah et al., 2000).

Thus there is clearly cross-talk and feedback regulation between
innate and adaptive immune response compartments, which collabo-
rate in a finely tuned and efficient manner in the destruction and final
eradication of the invading pathogen. Disruption or dysregulation of
elements within these compartments may therefore lead either to re-
duction in the host response with resultant overwhelming virus repli-
cation or to an overexuberant and ongoing immune response, resulting
in immunopathology and autoimmunity. In both cases, excessive tissue
destruction results in increased host morbidity and mortality.

B. Interaction with the Vertebrate Host

Virus-evolved strategies to ensure survival and replication in the host
in the face of these complex concerted defensive networks usually fall
into one of three scenarios. These may involve direct interaction with
the immune system of the host, subversion of elements of the immune
response, or evasion of the immune response. Such viral strategies are
well described. For example, in the first scenario, HIV interacts directly
with the immune system of the host by usingCD4 and chemokine recep-
tors to infect T cells and macrophages, which express these molecules
(Cohen et al., 2000; Murphy, 2001). Once infected, T cells die. HIV thus
specifically incapacitates the immune response against it.

Host ligand or receptor components may also be mimicked by soluble
viral gene products produced by infected cells. This subverts specific
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elements of the immune response to reduce host antiviral responses.
Examples include soluble mediator mimicry, where homologues of im-
munosuppressive-soluble mediators, such as cytokines, chemokines,
and growth factors, are encoded by virus or receptor mimicry, where
receptor homologues for antiviral soluble mediators are encoded.
Large DNA viruses such as poxviruses and herpesviruses have geno-
mes that encode several of these molecules, presumably acquired from
the host in the process of coevolution (Lalani et al., 2000; McFadden
and Murphy, 2000; Murphy, 2001; Nash et al., 1999). Viruses may
also evade the immune response using immunological ‘‘self ’’-mimicry,
where the viral peptide and MHC are seen by the immune system
as ‘‘self ’’ (Mullbacher and Blanden, 1979). They may further nonspeci-
fically or specifically decrease the cell surface levels of MHC molecule
expression on the infected cells. Thus infected cells essentially become
immunologically silent, where the reduced MHC expression reduces
the probability of recognition by, and activation of, T cells. This is a
typical outcome of infection by vaccinia, some herpesviruses (Yewdell
and Bennink, 1999), and several subgenera of adenoviruses (Pääbo
et al., 1986a,b; Wold and Gooding, 1991). Any of these scenarios may
result in a reduction in the efficacy of the antiviral response, which
allows the virus to gain a replicative foothold in the host more readily.

Many of these strategies have arisen through continuing changes in
the virus genome, afforded by the luxury of coevolution in a monoga-
mous virus–host relationship. However, in the case of arthropod-borne
flaviviruses, the requirement for replication in both warm-blooded
vertebrate and cold-blooded invertebrate hosts may impose constraints
on genomic variation. This may explain their high degree of genetic
stability compared to many RNA viruses. Moreover, compared to the
large DNA viruses, the small, single-stranded genome has little space
for genes other than those that are already present and essential to
survival in either or both hosts. Thus flaviviruses are likely to have
strategies that may enable evasion or subversion of the immune
response in other ways.

III. FLAVIVIRUS UPREGULATES CELL SURFACE RECOGNITION MOLECULES

Most known or suspected viral strategies for evading or modulating
the immune response, as well as the counteracting host responses for
subverting them, fall within the framework of our understanding of
virus–host interactions and are thus logical, if not predictable.
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However, some virus-mediated effects on the host have no obvi-
ous advantage to the virus and some would appear to be frankly
disadvantageous in the context of this framework. Several flaviviruses,
principally those of the JE serocomplex, seem to directly produce effects
that would on first appraisal appear to be suicidal for the virus.

In the last decade we have used WNV (Sarafend) as a prototype for
the JE serocomplex. We have shown significant upregulation vari-
ously, of the key immune recognition molecules, MHC I and II (Argall
et al., 1991; Bao et al., 1992; Douglas et al., 1994; Johnston et al., 1996;
King and Kesson, 1988; King et al., 1989; Liu et al., 1989; Shen et al.,
1995a, 1997), intercellular adhesion molecule-1 (ICAM-1; CD54), vas-
cular cellular adhesion molecule-1 (VCAM-1; CD106), E-selectin
(CD62E) (Shen et al., 1995b, 1997), P-selectin (CD62P) (N. J. C. King,
unpublished), and B7-1 (CD80) (Johnston et al., 1996), on the surface
of infected cells in vitro in a variety of primary cells isolated from
mouse, rat, and human. In all cases we have shown this for WNV,
but many of these molecules are also demonstrably upregulated by
Kunjin, JE, and MVE viruses.

As can be seen from the aforementioned list, most of these molecules
all fall into the immunoglobulin superfamily. However, not all
members of this family are upregulated by flavivirus infection. For
example, the TcR is not. Members of other families such as CD44, from
the homing cellular adhesion molecule family, leukocyte function anti-
gen-1 (LFA-1, CD11a/CD18), Mac-1 (CD11b/CD18), CD11c/CD18, and
VLA-4 (CD49d/CD29), members of the integrin family, are similarly
not upregulated by WNV infection (N. J. C. King, unpublished). This
suggests a specific targeting of immune recognition molecules by
these viruses (Fig. 1).

A. MHC I and II

In the case of MHC I, upregulation is first detectable as early as 6 h
postinfection in some cells, but continues to increase until the cell
succumbs to the infection (King and Kesson, 1988; Kesson and King,
2001). Because WNV does not significantly depress cellular meta-
bolism initially, infected cells generally survive for at least 48 h,
frequently up to 5 days and, in some cases, almost indefinitely,
depending on the cell type. From a practical point of view, this gives
a substantial temporal window in which to study such virus–host cell
interactions. The increased expression of MHC I is functional (Douglas
et al., 1994; King et al., 1993). Fibroblasts infected by WNV become
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increasingly susceptible to both WNV-specific CTL and MHC I-specific
CTL between 16 and 96 h (Kesson and King, 2001). Furthermore,
WNV-infected target cells coinfected with influenza can display influ-
enza virus peptide to be killed more efficiently by influenza virus-
specific CTL (Liu et al., 1989). This indicates that the virus peptide is
not limiting and that it is the WNV-induced increase in cell surface

Fig 1. The kinetics of expression of various cell surface molecules after infection with
WNV. The graph shows the modulating amplitude of expression (abcissa) over the time
period shown (ordinate), represented as a bilateral deviation from the baseline expres-
sion. Values for expression have been normalized in all antigens to represent -fold
increases over baseline expression shown at the midline of each graph.
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molecule expression that makes killing of WNV-infected targets more
efficient with time.

The upregulation of MHC II by WNVoccurs in a more restricted cell
range than the more ubiquitous upregulation of MHC I. Such cells
include murine macrophages (Shen et al., 1995a), astrocytes (Liu
et al., 1989), Langerhans cells (Johnston et al., 1996), and rat Schwann
cells (Argall et al., 1991), as well as human myoblasts (Bao et al., 1992)
and endothelial cells (Shen et al., 1997). MHC II is expressed constitu-
tively at high concentrations on macrophages and Langerhans cells,
and these cells are capable of presenting antigens efficiently to initiate
a cellular immune response. The WNV-induced MHC II is also func-
tional; it can trigger cytokine release from MHC II-specific effector
T cells (Liu et al., 1989), whereas WNV-infected Langerhans cells can
present WNV antigens to initiate an antiviral CTL response (N. J. C.
King, unpublished).

B. Adhesion Molecules

The WNV-induced upregulation of adhesion molecules, ICAM-1,
VCAM-1, and E-selectin, accompanying MHC upregulation is of con-
siderable interest. The rolling receptor, E-selectin, on the vascular
endothelial surface, slows the flow of individual leukocytes carrying
sLeX. Subsequent firm attachment of leukocytes occurs via ICAM-1
and VCAM-1, expressed in high concentrations on the activated endo-
thelial cell surface, through integrin receptors, LFA-1 or Mac-1 and
VLA-4, respectively, expressed on leukocytes. Together, these mol-
ecules are part of the complex array of cell surface molecules that
modulate the temporal homing, endothelial attachment, and subse-
quent diapedesis of leukocyte subsets from the blood into local sites
of infection (Springer, 1994; Wang and Springer, 1998). However, these
molecules also increase the avidity of interaction between T cells
and infected cells where the recognition by the TcR and its cognate
ligand, MHC+virus peptide, is involved. Thus ICAM-1 may lower the
threshold for T-cell activation (Kuhlman et al., 1991).

The kinetics of upregulation of ICAM-1, VCAM-1, and E-selectin by
WNV are quite different. On human umbilical vein endothelial cells
(HUVEC), E-selectin increases within 30 min, peaking at 2 h, and is
decreased substantially by 4 h. Increases in ICAM-1 and VCAM-1 are
both detectable by 2 h, peak at 4 h, and while ICAM-1 is still highly ex-
pressed at 24 h, VCAM-1 expression is reduced almost to baseline
levels by this time (Shen et al., 1997). Curiously, a quantal effect of
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WNV-induced adhesion molecule upregulation was observed with
ICAM-1. In fibroblasts, no increases were seen until the multiplicity
of infection reached 5 plaque-forming units (pfu) per cell, with 25–50
pfu/cell producing peak responses at 2, 4, and 24 h. This apparent
on–off response is unlike the smoother sigmoidal dose–response effect
seen with increasing ICAM-1 expression with titrated concentrations
of IFN-�/� or �. It is possible that MHC I responds in the same quantal
way, but this response is smoothed by IFN-� feedback to these cells
in infected cultures, whereas the contribution by IFN-� to ICAM-1
upregulation in infected cells is relatively small (Shen et al., 1995b).

C. Adherence Status

Monocytes normally circulate in the bloodstream in a relatively non-
active state and become highly activated when required. Activating
stimuli usually result in endothelial attachment and diapedesis of
monocytes into the tissues at sites of inflammation to become fully
activated, functional macrophages. In culture, attachment to plastic
and/or exposure to cytokines such as IFN-� produces changes in
morphology and behavior consistent with activation in these cells
(Eierman et al., 1989; Friedman and Beller, 1987; Haskill et al., 1988;
King et al., 1991). This dependence on adherence for a full response is
also found in WNV infection. Nonadherent monocytes or fibroblasts
can be infected readily under nonadherent conditions, but do not upre-
gulate MHC I or ICAM-1 significantly until attachment occurs. If at-
tachment is only allowed to occur 24 or 48 h after WNV infection,
MHC I and ICAM-1 are induced to greater levels than those seen in
cells infected under adherent conditions from the start. The production
of NO by monocytes in response to WNV infection is also similarly in-
fluenced by adherence status. This has obvious implications for the
consequences of infection of monocytes during viremia in flavivirus
disease. Thus, it could be argued, infected monocytes might readily fa-
cilitate the transmission of virus to other cells upon attachment to
endothelial cells and subsequent migration into surrounding tissues.
Although NO is obviously antiviral for some viruses (Karupiah et al.,
1993, 2000), including JE virus (Lin et al., 1997), it does not seem to
be antiviral for tick-borne encephalitis virus (Kreil and Eibl, 1996) or
WNV (N. J. C. King, unpublished). This raises the question of whether
the induction of NO by WNV is a host response that can be negotiated
successfully by some flaviviruses or is perhaps induced specifically by
WNV to some replicative advantage.
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D. Cytokine Modulation of West Nile Virus

(WNV)-Induced Upregulation

In general, WNV seems to produce responses similar to those of
the antiviral Th1 cytokines. However both Th1 and Th2 cytokines
can modulate the upregulation of adhesion molecules by WNV. In
particular, the proinflammatory Th1 cytokine, TNF, synergizes with
WNV to upregulate adhesion molecule expression more than either
agent alone. Interestingly, P-selectin is briefly upregulated byWNV in-
fection on some endothelial cells (N. J. C. King, unpublished), although
not on HUVEC. Notwithstanding, the combination of WNV and TNF
over 24 h in HUVEC produces an increase that is greater than with
TNF alone (Shen et al., 1997).

In contrast, the Th2 cytokine, IL-4, downregulates the early increase
in E-selectin produced by WNV, although in combination with WNV it
delays the decrease seen by 24 h in VCAM-1 expression with WNV in-
fection alone. Similar to the synergy seen with TNF, IL-4 upregulates
the expression of P-selectin in concert with WNV by 24 h to a greater
extent than IL-4 alone.

The comodulation of adhesion molecules by WNV and cytokines to-
gether has a number of important implications because of the likely
recognition of, and/or interaction with, WNV-infected cells by leuko-
cytes producing these cytokines. We have speculated that cerebrovas-
cular endothelial cells might become infected during WNV viremia
in vivo, resulting in more avid attachment of leukocytes to these cells.
This may enhance the transmission of WNV into the brain to cause the
hallmark encephalitis of WNV infection, either through breakdown of
the blood–brain barrier, via the accompanying inflammatory cytokine
release, as in JE (Mathur et al., 1992), or through infection of leukocytes
in contact with infected endothelium, which then diapedese into the
brain (Shen et al., 1997). If circulating monocytes infected during vire-
mia, as suggested earlier, come into contact with infected endothelium,
this may allow such a Trojan horse effect to occur even more readily.
Moreover, the modulation of adhesion by NO (Kubes et al., 1991,
1993; De Caterina et al., 1995) may positively influence this still fur-
ther. Despite the fact that endothelial cells and monocyte/macrophages
may be infected readily in vitro (Shen et al., 1995a, 1997), we have seen
neither significant endothelial infection nor any infected leukocytes in
the brain at any time during the pathogenesis of WNV encephalitis
(Shrestha et al., 2002). However, it should be kept in mind that WNV,
although neurotropic, causes a primary systemic disease and that such
cell–cell interactions may be important in WNV transmission within
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the host and/or in the host response to WNV infection outside the
central nervous system.

E. Cell Cycle

Initial work in which upregulation of MHC I was shown suggested
that this response may depend on the stage of cell cycle in which
infection took place (King and Kesson, 1988). Subsequent experi-
ments clearly demonstrated that the WNV-induced upregulation of
MHC I and ICAM-1 is cell cycle dependent (Douglas et al., 1994; Shen
et al., 1995b). Thus fibroblasts in G0 respond to WNV infection with
significantly greater upregulation of MHC I than cycling cells. More-
over, ICAM-1 is only upregulated in G0; cycling fibroblasts do not up-
regulate ICAM-1 in response to WNV infection. We have shown that
on a cell-for-cell basis, infected cells in G0 produce the same amount
of IFN-� as infected cycling cells. At the same time, cycling cells increase
MHC-I expression in response to IFN-� to a greater extent thanG0 cells.
Cycling fibroblasts are also more susceptible to WNV infection; that is,
a significantly greater proportion of cycling cells are infectable byWNV
than can be infected in G0 under the same conditions. Experiments in-
activating IFN-� in WNV-infected cultures showed that the contribu-
tion by IFN-� to MHC I upregulation was greatest in cycling cells;
thus IFN-independent upregulation was greater in cells in G0. Perhaps
not surprisingly, becausemetabolism ismost active during the cell cycle,
cycling cells produce significantlymore virus on a cell-for-cell basis than
cells in G0 (Kesson et al., 2002). Taken together, this indicates that dif-
ferential upregulation of MHC I and ICAM-1 seen in cells infected at
different stages of the cell cycle is not a cellular response to differences
in type I IFN concentrations produced by infected cells.

IV. MECHANISMS OF UPREGULATION

Although the production of type I IFN undoubtedly contributes to
the upregulation of MHC I, WNV itself directly increases MHC I ex-
pression independently of IFN in most, if not all, infected cells. Thus
the complete neutralization of supernatant IFN-�/� by the polyclonal
antibody in WNV-infected fibroblast cultures over 24 h is still followed
by significant upregulation of MHC I. Supernatants from WNV-
infected cultures thus treated and that have been UV irradiated to
inactivate WNV do not upregulate cell surface molecules on fresh,
uninfected cells, confirming the effective neutralization of IFN-�/� in
WNV-infected cultures. Fibroblasts from IFN type I receptor gene
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knockout mice (King and Kesson, unpublished results), which do not
respond to IFN, and murine trophoblasts (King et al., 1989), which nei-
ther make nor respond to IFN, nevertheless significantly upregulate
MHC I after WNV infection. Experiments using high concentrations
of alternative cytokines, regarded as possible candidates for induc-
tion by WNV in infected cells, including TNF, IL-1�/�, or IL-4, to up-
regulate the same cell surface molecules upregulated during WNV
infection, show no upregulation, significantly less upregulation, or
upregulation with completely different kinetics than those occurring
with WNV infection. The possibility cannot be excluded that a soluble
mediator(s) induced by WNV infection, including one or more chemo-
kines, indirectly upregulates these various cell surface molecules.
However, such soluble factor candidates are likely to be limited to
short-lived and long-acting and/or highly sensitive to inactivation by
UV irradiation (King and Kesson, 1988; Shen et al., 1995b, 1997).

A. Transcription

The mechanism of the interaction between flavivirus and the verte-
brate host cell to cause these direct and dramatic increases in the ex-
pression of cell surface molecules is presently unknown. Evidence
suggests that flavivirus-induced upregulation ofMHC I antigen expres-
sion involves an increase in peptide supply to the endoplasmic reticu-
lum (Momburg et al., 2001; Müllbacher and Lobigs, 1995). However,
this does not explain how flaviviruses are able to upregulate non-
MHC Imolecules and argues for amore commonmechanism.Data from
our laboratory has demonstrated that the increase in expression of
MHC I and ICAM-1 proteins occurs as a direct result of an increase in
transcription of theMHC I and ICAM-1 genes (Kesson and King, 2001;
Kesson et al., 2002). Experiments designed to block transcription with
actinomycin D are associated with a failure to increase the expression
ofMHCIwhen the cells are infectedwithWNV (KingandKesson, 1988).

The increase in mRNA is not purely a result of autocrine stimulation
of WNV-infected cells by WNV-induced IFN-� production by these
cells, as treatment of cells with polyclonal anti-IFN-�/� antibody
(anti-IFN-�/�) during infection of the cells with WNV is also associated
with a significant increase in MHC I mRNA. Whether, in addition to
this, the mRNA is stabilized by viral infection to prolong its half-life,
thereby further augmenting the induced cell surface expression,
is not known. The upregulation of cell surface molecules and their
mRNA implies that translation may also be increased, although this
has not been shown.
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B. WNV Induces Nuclear Factor-�B Activation

The genes for cell surface recognition molecules, which increase in
expression as a result of WNV infection, are all targets for the tran-
scription factor, nuclear factor-�B (NF-�B). NF-�B is an inducible
eukaryotic transcription factor belonging to the highly conserved rel-
related family present in an inactive cytoplasmic form in almost all
cells. Members of this family control the transcriptional activity of
various promoters of a wide range of proteins involved in inflammatory
and immune responses, including the promoters of MHC I, MHC II,
ICAM-1, and VCAM-1. The NF-�B/Rel family of proteins binds an
array of homologous decanucleotide sequences (50-GGGRHTYYCC-30)
of differing affinities with resultant transcription of a number of genes
involved in the inflammatory and/or immune responses. In verte-
brates, five distinct DNA-binding subunits are currently known that
might heterodimerize extensively, thereby forming complexes with
distinct transcriptional activity, DNA sequence specificity, and cell
type- and cell stage-specific distribution. NF-�B/Rel family members
of the first group include NF-�B1 (p50) and NF-�B2 (p52), which are
synthesized as precursor proteins of 105 (p105) and 100 (p100) kDa, re-
spectively. The second group includes Rel A (p65), Rel B, and c-Rel,
which are synthesized as mature proteins. The activity of NF-�B/Rel
proteins is regulated by their subcellular localization. In unstimulated
cells, NF-�B complexes are retained in the cytoplasm by the inter-
action with a second family of proteins with regulatory/inhibitory func-
tions, inhibitor-�B (I-�B). Uncoupling of an I-�B protein from NF-�B
generally requires phosphorylation, ubiquitination, and rapid degra-
dation in proteosomes (Baeuerle and Henkel, 1994). Upon cell stimula-
tion by a large variety of pathological conditions, NF-�B is released
from its inhibitory subunit (Baeuerle and Baltimore, 1988). The acti-
vated nuclear factor can then translocate to the nucleus where it binds
its cognate DNA sequences, initiating transcription of numerous
target genes.

The importance of NF-�B in signaling transcription of MHC I and
ICAM-1 genes strongly suggests that this transcription factor may be
the common link that controls the flavivirus upregulation of these cell
surface recognition molecules. Data show that NF-�B is activated in
WNV-infected cells but not in IFN-�-treated cells, as demonstrated
by electromobility shift assays and transactivation assays, using an
NF-�B reporter plasmid. Supershift analysis of WNV-induced NF-�B
activation revealed a double NF-�B complex, a p65/p50 heterodimer,
and a faster migrating p50 homodimer. Activation of NF-�B and
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subsequent upregulation of cell surface expression of MHC I are par-
tially abrogated by the protein kinase C inhibitor H-7, presumably by
blocking phosphorylation of I-�B and subsequent activation of NF-�B.
In addition, salicylates, which are also implicated in blocking I-�B
phosphorylation, were also effective in blocking WNV-induced acti-
vation of NF-�B and subsequent MHC I upregulation (Kesson and
King, 2001). Moreover, WNV infection of RAW-Luc cells incubated in
the presence of a competing oligonucleotide containing the NF-�B site
resulted in a significant reduction in luciferase production and a de-
crease in MHC I and ICAM-1 upregulation compared with cells with
the irrelevant oligonucleotide (A. M. Kesson, unpublished). These data
suggest that activation of the transcription factor NF-�B is a critical
common step in the pathway of flavivirus-induced upregulation of cell
surface recognition molecules. How flavivirus activates NF-�B and
what the implications are for interaction with the host cell have yet
to be determined (Fig. 2).

V. MODELS OF WNV DISEASE PATHOGENESIS

Upregulated cell surface immune recognition molecule expression
in response to WNV in vitro suggested that infection in vivo would
cause an enhanced immune response. It seemed reasonable to suppose
that this would start at the level of induction and be reflected in
disease pathogenesis. Most flaviviruses are transmitted via the skin,
with the first line of defense presumably being Langerhans cells (LC)
in the epidermis. After an intervening viremia, these viruses spread
systemically to the central nervous system to cause encephalitis.
Data from a model of MVE virus in young outbred mice suggest that
disease pathogenesis is associated with a vigorous immune response
(Andrews et al., 1999). Therefore, we have developed two in vivo

models of WNV infection specifically to investigate the parameters in-
volved in the usual initiation of immune responses by LC against WNV
and to determine the immune parameters associated with the develop-
ment of immunopathology. The first is a model of WNV ear skin infec-
tion to approximate the normal context of WNV infection, and the
second is a model of WNV encephalitis pathogenesis. Both models are
in adult inbred mice. The use of inbred mice allows for immunological
manipulation and comparison between defined strains, whereas in
adult mice, the blood–brain barrier and adaptive immune systems
are completely mature.
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A. A Skin Model of WNV Infection

1. Langerhans Cell Changes

Langerhans cells are dendritic cells situated at regular intervals
between keratinocytes in the epidermal skin layer. Although compris-
ing less than 3% of epidermal cells in the skin, they form a network
throughout the epidermis in apparent contact with one another via
their dendrites. LC are thought to be critical in the initiation of
immune responses to foreign antigens in the skin.With the introduction

Fig 2. Diagram depicting the possible pathways of action by WNV on the cell. Virus
entry via the presumptive receptor is followed by uncoating and translation of polypro-
tein and generation of viral proteins. The possible inductive effects of these processes on
a phosphorylation event, which results in activation of NF-�B and subsequent transcrip-
tion and translation of various genes, including MHC I and ICAM-I, are indicated by
arrows. Processes involved in cell surface expression of translated protein are not shown,
but may also be affected by WNV (Momburg et al., 2001; Müllbacher and Lobigs, 1995).
Unknown possible pathways are indicated by question marks.
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of foreign antigen into the skin, the expression of various cell surface
molecules on LC increases, including MHC I and MHC II, ICAM-1,
B7-1, and B7-2, and they reduce their expression of E-cadherin (Jakob
and Udey, 1998). They migrate from the epidermis to the draining
lymph nodes, changing from an antigen-processing to an antigen-
presenting phenotype. Upregulation of the costimulatory molecules,
B7-1 and B7-2, facilitates the initiation of cellular immune responses
in the draining lymph nodes against the foreign antigen brought in
and presented by the migrating LC (Kimber et al., 1998, 2000). Much
of our knowledge of LC is based on work with contact sensitizers, but
clearly the skin immune system is important in epidermally acquired
virus infections. Moreover, it is likely that live, replicating viruses,
with or without strategies that may prevent, delay, or pervert the
initiation of an immune response to such infections, produce effects
that are different from those observed in generating contact sensitiv-
ity. We hypothesized that WNV would cause an enhanced expression
of molecules associated with the antigen-presenting phenotype and
enhanced migration to the draining lymph node. We found a signifi-
cantly increased expression of MHC I and II, ICAM-1, and B7-1 on
LC by 16 h after intradermal WNV infection, which continued to
increase until 48 h. This was compared to intradermal infection with
the alphavirus, Semliki forest virus (SFV), which caused increased ex-
pression of these molecules on LC between 8 and 32 h later than that
seen in WNV infection. Infiltrating neutrophils and macrophages were
visible in the dermis by 24 h in both infections (i.e., 8 h later than the
first observed increases in LC expression after WNV infection). More-
over, in vitro infection of epidermal cell suspensions with WNV showed
that increased antigen expression still occurred on WNV-infected LC
in the absence of infiltrating leukocytes, whereas none occurred with
SFV infection (Johnston et al., 1996).

2. Migration of Langerhans Cells

Subsequent studies in thismodel showedmore accelerated LCmigra-
tion to draining lymph nodes in intradermalWNVinfection in vivo than
in comparable SFV infection. Thus peak emigration of LC from the skin
and peak LC immigration into the draining lymph node occur 24 h
earlier in WNV than in SFV infection. Moreover, the total cell numbers
accumulating in the lymph node are greater inWNV than in SFV infec-
tion at early time points, suggesting that lymph node shutdown and the
processes leading to initiation of an anti-WNV immune response also
occur with accelerated kinetics. Most interestingly, however, if either
virus is UV inactivated before injection, none of these changes can be
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detected (Johnston et al., 2000). Thus the presence of a foreign protein is
not sufficient in itself to begin the processes associated with initiation of
an adaptive antiviral immune response, indicating that this process is
highly regulated and suggesting a level of discrimination (Matzinger,
1994) not shown by contact sensitivity studies.

Studies with contact sensitivity models have shown the requirement
for TNF and IL-1� in LC migration (Cumberbatch et al., 1997). In con-
trast, we have shown that migration is dependent on IL-1� and not
TNF. We have found that the usual migration of LC in response to
WNV is unaltered in TNF gene knockout mice, but is significantly in-
hibited by neutralizing IL-1� using systemic anti-IL-1� antibody. In-
hibition of IL-1� blocks not only the migration of LC to the draining
lymph nodes, but also abrogates the changes associated with lymph
node shutdown in these mice (Byrne et al., 2001).

Clearly, it is of interest to ascertain whether accelerated LC migra-
tion in the context of WNV-induced increased cell surface molecule ex-
pression leads to more efficient antigen presentation and initiation of
anti-WNV immune responses in vivo. Current work in this laboratory
is investigating the role of LC in the generation of anti-WNV CTL in
this model.

B. AModel of WNV Encephalitis: The Generation of Immunopathology

Most models of flavivirus encephalitis to date have involved the em-
pirical use of neonatal or young (3–4 week old) mice. In such young
mice encephalitis develops more readily and is usually more severe
than in older mice, often with 100%mortality. Some important observa-
tions have been made in these models and, more recently, it has become
clear that innate immune responses, usually considered to be most
important in bacterial infection, may play an important role in the im-
munopathological generation of viral encephalitis. In a young mouse
model of MVE in Swiss outbred mice (Andrews et al., 1999), the use of
aminoguanidine to abrogate the production of NO increased survival
significantly. A similar effect was observed in tick-borne encephalitis
virus infection (Kreil and Eibl, 1996). In the case of MVE, NO was
thought to be produced by neutrophils, which infiltrate the brain in this
model, and the depletion of neutrophils reduced mortality even more.
This suggests that these cells might use additional modalities, such as
superoxide, to potentiate tissue damage in this model.

These data highlighted the immunopathological nature of disease in
MVE. The role of TNF was thought to be pivotal in this scenario (1) to
activate neurovascular endothelium and increase adhesion molecule
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expression and (2) to attract neutrophils via induction of the neutrophil-
attracting chemokine N51/KC (CXCL1). Upregulation of nitric oxide
synthase 2 mRNAwas also seen. As mentioned previously, this enzyme
is inducible in neutrophils by IFN-� (Fierro et al., 1999) and may reach
sustained levels of expression upon induction in other leukocyte types.
IFN-�, which also induces a range of chemokines that attract various
leukocytes, thus has a large number of downstream effects. The combin-
ation of recruitment and activation of cells of the innate immune system
by cytokines of the adaptive immune system to cause immunopathology
further emphasizes the close collaboration of these two systems.

As indicated earlier, cytokines and soluble products of the immune
response, such as superoxide and NO, are not in themselves targeted
to virus-infected cells. These molecules and their subsequent metabo-
lites thus also interact with critical host-related components within
their radius of effect. Under circumstances of dysregulated expression,
an inevitable side effect of their role in the clearance and control of
virus is collateral damage to the host. This can be a major cause of
pathology in viral disease (Karupiah et al., 2000).

Because of the importance of IFN-� in viral clearance, we developed
a model to investigate the requirement of this cytokine in WNV en-
cephalitis using C57BL/6 IFN-� gene knockout (B6.IFN-��/�) and the
corresponding C57BL/6 wild-type (B6.WT) mice as controls. We used
an intraperitoneal dose of WNV that produced mortality in the mid-
range in wild-type mice so that increased survival or increased mortal-
ity, depending on the experimental protocols employed, would be
obvious. We found that mortality of the B6.IFN-��/� group was re-
duced to less than one third of the mortality of the B6.WT groups.
The kinetics of virus infection was similar in both groups: WNV was
first detectable in the brainstem on day 6 after intraperitoneal inocula-
tion, spreading caudal to rostral, with similar peak numbers of infected
neurons occurring on days 7 and 8 postinfection in both groups. How-
ever, twice as many B6.IFN-��/� as B6.WT mice had detectable WNV
in neurons between days 6 and 11.

The route of WNV entry into the brain is unclear. In contrast to the
MVE (McMinn et al., 1996) and St. Louis encephalitis (Monath et al.,
1983) models, we observed no infection of olfactory neurons in adult or
young mice. As mentioned previously, there was little or no detectable
neurovascular endothelial infection in vivo, although this may have oc-
curred outside the temporal window of our assays. Current data cannot
discount the possibility of endothelial transcytosis of virus into the
brain, such as occurs in sucklingmice in JE (Liou and Hsu, 1998). How-
ever, WNV detection in the anterior horn motor neurons of the spinal
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cord before viruswas detectable in the brainstem, shown by our studies,
suggests retrograde spread along motor nerves from the periphery as a
possible means of WNVentry into the central nervous system.

Leukocyte infiltration into the brain parenchyma, comprising neu-
trophils and mononuclear cells, was fourfold higher in B6.WT than
B6.IFN-��/� mice at day 7 postinfection. This differential occurred
even though there was significantly greater vascular endothelial
ICAM-1 and VCAM-1 expression in the brains of B6.IFN-��/� mice
than in B6.WT mice (Fig. 3).

In both groups, microglial activation with migratory and phagocytic
phenotypes was clearly observed from day 7 onward in brain sections,
with clustering into nodules around infected neurons. Numbers of ac-
tivated microglia in B6.IFN-��/� mice were threefold higher than in
B6.WT mice at the peak of activation. However, neuronal death was
detectable in less than 0.1% of infected neurons, as determined by ter-
minal deoxynucleotidyl–transferase-mediated dUTP-biotin nick end
labeling (TUNEL) in both groups. Finally, rechallenge with WNV at
50-fold higher doses in survivors from both strains showed no clinical
or histological evidence of disease (Shrestha et al., 2002).

In our model, therefore, WNV (Sarafend) encephalitis in the B6.WT
exhibits the histopathological and clinical features of human disease
(Sampson et al., 2000). This is clearly relevant to the study of WNV
in the murine model. There are also several important findings from
the B6.IFN-��/� mouse. These are (1) an increase in survival, without
any decrease in viral load; (2) a reduction in leukocyte infiltration into
the brain, although critical leukocyte adhesion molecules were mark-
edly upregulated; (3) significantly increased microglial activation with
nodule formation; and (4) effective immunity with virus clearance, all
in the complete absence of IFN-�. These results indicate that IFN-�, or
its induced downstream soluble factors, is crucial for full leukocyte
recruitment into the brain in WNVencephalitis and that massively up-
regulated adhesion molecule expression on neurovascular endothe-
lium, independent of IFN-�, is not sufficient to recruit the usual
complement of leukocytes in the absence of IFN-�. Microglial acti-
vation, migration, and nodule formation in response to neuronal infec-
tion within the brain are also clearly independent of IFN-�. The
greater activation of microglia in the face of lower infiltration of leuko-
cytes makes it unlikely that the activating stimulus comes from infil-
trating leukocytes. Moreover, intranasal inoculation with WNV in
this model produces microglial activation 48 h before leukocyte infil-
tration, suggesting that WNV infection of neurons alone may be
responsible for this stimulus (Shrestha et al., 2002).
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Fig 3. Sagittal sections of perfused, fixed brain from mock-infected (A) and day 9
WNV-infected (B) B6.IFN-��/� mice labeled for WNV antigen using immunoperoxidase-
labeled rat anti-WNV and 3,3-diaminobenzidine tetrahydrochloride (DAB) substrate
with hematoxylin as a counterstain. WNV antigen (brown) was first detected in brain-
stem neurons on day 6 postinfection in both strains and was found only in the cytoplasm
and processes of neurons (solid arrows). Hematoxylin and eosin stained sagittal sections
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While these findings emphasize the overlap in function between the
various soluble mediators produced in response to virus infection in
the absence of IFN-�, in the case of WNV encephalitis, leukocyte re-
cruitment is clearly not as effective. This is similar to the findings in
a murine model of yellow fever encephalitis in the same mouse strains,
although the discrepancies reported were not as great (Liu and
Chambers, 2001). Full recruitment of leukocytes in these models may
therefore require IFN-�-dependent chemotactic signals (Liu et al.,
2000, 2001).

These data also demonstrate the acquisition of an efficient adaptive
immune response with clearance of WNV, as well as the generation of
immunological memory in the absence of IFN-�. Whether there is a
change from a Th1 to a Th2 spectrum of immune response in the ab-
sence of IFN-� is not clear but is the subject of further investigation
in this laboratory.

Finally, and most importantly, these data suggest that IFN-� may
cause fatal immunopathology directly or indirectly inWNVencephalitis.

VI. THE PARADOX OF CELL SURFACE MOLECULE UPREGULATION,
IMMUNOPATHOLOGY, AND VIRUS SURVIVAL

The survival strategies of viruses, as discussed earlier in this chap-
ter, are aimed at abrogating, subverting, or avoiding any or all of the
immune responses pitched against them. The presumed point of this
eternal dance is to buy time to increase the chances of transmission
from one host to the next. In general, there is nothing to be gained from
killing the host, since it will then not reproduce. Over time this will
limit numbers of available hosts and may eventually result in virus

of perfused, fixed brains frommock-infected (C) and day 8WNV-infected (D) B6.WTmice.
Infected brain shows leukocytes infiltrating into brain parenchyma (solid arrows). Sagit-
tal sections of perfused, fixed brains from mock-infected (E) and day 5 WNV-infected (F)
B6.IFN-��/� mice labeled for ICAM-1 using immunoperoxidase-labeled rat anti-ICAM-
1 and DAB substrate with hematoxylin as a counterstain. Increased ICAM-1 expression
(brown), as measured by intensity of staining and number of vessels stained, was first
detectable on day 3 in both strains. Sagittal sections of perfused, fixed brains from mock-
infected (G) and day 5WNV-infected (H) B6.WTmice labeled for activatedmicroglia using
immunoperoxidase-labeled B4 isolectin and DAB as substrate with hematoxylin as a
counterstain. Activation of microglia was first detectable on day 7 and can be seen readily
with dendritic (solid arrow) and migratory rod (open arrow) morphologies, which cluster
to form nodules around infected neurons (white arrow). Scale bar: 30 mm throughout. (See
Color Insert.)
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extinction. All our work to date points toward WNV infection en-
hancing both the stimulus to, and the response by, the immune system.
This is the opposite of what we have come to expect of virus survival
strategies. Thus, in the light of current thinking, the MHC- and adhe-
sion molecule-upregulating effect of WNV appears paradoxical, as this
would make infected cells more likely to become targets of virus-
specific, T-cell-mediated lysis. Indeed, as mentioned earlier, infected
cells become increasingly susceptible to CTL lysis in vitro over time
(Kesson and King, 2001) and this too is cell cycle dependent. Thus cells
infected in G0 increase MHC I by 5- to 6-fold more than cells infected in
other phases of the cell cycle, which results in a 10-fold difference in
the susceptibility to WNV-specific CTL lysis (Douglas et al., 1994).
The obvious functionality of upregulated MHC I and the fact that the
virus peptide is not limiting implies that the mechanisms for antigen
loading of MHC I are comodulated with MHC expression during
WNV infection. This is supported by experiments showing that peptide
transport by the transporter associated with antigen processing (TAP)
is increased in WNV-infected cells and depends on virus macromolecu-
lar synthesis. This study showed that synthesis of the TAP protein was
not increased (Momburg et al., 2001). However, we have shown that
mRNA for TAP-1 and LMP-2 is upregulated during WNV infection
(Arnold et al., 2001). This is of some interest, as these genes share an
NF-�B site within their bidirectional promoter (Wright et al., 1995).
The issues of increased functional MHC expression with concomitant
effective virus peptide loading are critically important for T-cell recog-
nition and may give a clue as to what may be happening to advantage
the virus in this apparent game of ‘‘immunological chicken.’’

A number of possibilities exist to explain this apparent paradox. One
possibility is that antiviral CTL lysis releases infectious virions from
infected cells, thus enabling the efficient spread of virus progeny.
While this may occur, the time taken for the generation of virus-
specific CTL, which peak at day 5 postinfection (Kesson et al., 1987),
would significantly delay the release of virions by this strategy. In
the meantime, apart from innate antiviral mechanisms, which may
be operative, other contemporaneously generated modalities of the
adaptive immune response, such as the antiviral antibody response,
would have developed a maximal neutralizing effect, mopping up any
cell-free infectious virions, thus abrogating all advantage of this for the
virus. In addition, significant upregulation of MHC I expression occurs
in infected cells before completion of the virus replication cycle and it
seems likely that many cells would be lysed before virions were com-
pletely mature. Because infected cells are not metabolically severely
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inhibited by flaviviruses, it is likely that there is more survival ad-
vantage for the virus in having several rounds of virus replication
accompanied by continual release from one infected cell than the
CTL-mediated release of a comparatively small number of flaviviruses
after a single replication cycle.

A more likely possibility is that the upregulation of MHC I is
associated with inhibition of NK cell lysis (Lopez-Botet et al., 2000;
Müllbacher and King, 1989). This has been shown in vitro (Momburg
et al., 2001). Thus in vivo it is possible that subversion of part of the
innate immune response occurs in which NK cells may be inhibited
from killing flavivirus-infected cells during the early phase of infection.

VII. FLAVIVIRUS MODULATION OF ADAPTIVE IMMUNE

RESPONSES: A HYPOTHESIS

Virus-specific CTL populations contain many clones with a range of
affinities, including affinities for allo-MHC and heterologous virus
antigens (Nahill and Welsh, 1993; Zheng and Liu, 1997), but not com-
pletely unrelated antigens (Zarozinski and Welsh, 1997). Langerhans
cells, which present antigen to T cells, increase both MHC I and II,
as well as adhesion molecules and costimulatory molecules, in an ac-
celerated manner and more than comparable viruses in response to
WNV infection in vitro and in vivo (Johnston et al., 1996). Increased
cell surface MHC I or II concentrations on infected antigen-presenting
cells would enhance the avidity of the T-cell–antigen-presenting inter-
action. Nonspecific accessory molecules such as ICAM-1, interacting
with LFA-1 on the T cell, can also stabilize T-cell–target interactions,
lowering the threshold for T-cell activation (Kuhlman et al., 1991).
By increasing the avidity of interaction between these cells, increased
expression on WNV-infected, antigen-presenting cells would also trig-
ger functional recognition by low-affinity T cells. This would enable the
functional recruitment of both CD4+ or CD8+ T cells, which were previ-
ously below the recognition threshold (Goldstein and Mescher, 1987;
Kuhlman et al., 1991; Shimonkevitz et al., 1985), and would result in
a larger range of T-cell clones being activated. By definition, this range
of clones would have varying affinity for MHC I+virus peptide, but
would also include a proportion of low-affinity allo-reactive and self-
reactive clones. Self-reactive CTL clones could kill both infected and
uninfected high MHC I-expressing target cells. Furthermore, because
MHC I-specific CTLs can recognize MHC I without the requirement
for peptide specificity (Müllbacher et al., 1991), this means that these
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low-affinity, cross-reactive CTLs would have a high probability of
recognizing and killing uninfected, high MHC I-expressing target cells.

Experiments in vitro suggest that cross-reactive killing by WNV-
specific CTL populations occurs on uninfected, high MHC I-expressing
L929 cell targets, compared with lower MHC I-expressing MEF (Kes-
son, 1989). These targets are not strictly comparable, and we have con-
ducted experiments that show that ‘‘WNV-specific’’ CTL populations
lyse IFN-�-treated, uninfected MEF expressing high MHC I concentra-
tions more efficiently than uninfected, untreated MEF (A. M. Kesson
and N. J. C. King, unpublished results). Moreover, we have shown that
specific CD8–MHC I interactions are important to stabilize the recog-
nition of infected cells by low-affinity flavivirus-specific CTLs (Kesson,
1989). High-affinity CTLs make less use than low-affinity CTLs of
accessory molecules such as CD8 to stabilize the interaction be-
tween MHC I and TcR. Stabilization by CD8 of the interaction between
MHC I and TcR is required when CTL affinity is low (Goldstein and
Mescher, 1987; Shimonkevitz et al., 1985).

Upregulation of cell surface molecules by WNV therefore, although
counterintuitive, appears to enhance the host cellular immune re-
sponse against WNV. However, significant upregulation of these mol-
ecules would especially occur in cells infected in G0, whereas infected
cells in other phases of the cycle would be less easily recognized. We
speculate that since most cells in vivo are in G0 and WNV replicates
better in cycling cells than in cells in G0 (Kesson et al., 2002), a minor-
ity of cells in other phases of the cycle may escape detection long
enough to allow sufficient replication of the virus for transmission to
take place to an invertebrate host. The high degree of incapacitating
illness may serve the function of facilitating increased access to the
host for arthropod vectors during this period. Interestingly, experi-
ments using high- and low-affinity virus-specific T cells have shown
far better virus clearance by high-affinity T cells in vivo, whereas even
in high numbers, low-affinity antiviral T cells clear virus compara-
tively poorly (Derby et al., 2001). With time, however, the eventual pro-
liferation of high-affinity T-cell clones would clear virus from both high
and low MHC-expressing infected cells, resolving the infection and
leaving the host immune.

In vivo, high MHC I-expressing uninfected targets could be expected
to occur in the vicinity of virus-infected cells due to the release of IFN-�
from T-cell–target interactions. These cells would be most susceptible
to lysis or cytokine damage by cross-reactive low-affinity self-reactive
CD8+ and CD4+ clones, respectively. If virus-specific T-cell populations
included low-affinity self-reactive clones that were able to lyse or
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damage these uninfected cells, this would result in destruction of
uninfected tissue. In the case of an encephalitic virus infection, this
would potentially increase the damage to the brain, exacerbating the
encephalitic syndrome. It has been shown that a wide range of TcR
specificities in encephalitic viral disease increases pathology. Con-
versely, restriction of the range of TcR specificities reduces pathology
significantly (Doherty et al., 1994). In our model, encephalitis in the
B6.WT mouse is associated with significant infiltration of leukocytes
into the brain, whereas the absence of IFN-�, normally produced by
T cells, is associated with reduced leukocyte infiltration, reduced
morbidity, and significantly increased survival. This suggests that an
overvigorous immune responsemay be responsible for the pathogenesis
of disease, particularly since neutralizing immunity is established
in both strains of mice. Cross-reactive damage, whether CTL or cyto-
kine mediated, is more likely to occur in supporting cells in the brain
rather than neurons. Supporting cells, such as astrocytes andmicroglia,
readily upregulate MHC and adhesion molecules to high levels in
response to IFN-� and other cytokines. In genetically susceptible indi-
viduals, if the normal damping down and eventual abrogation of a
particular antiviral response were poor or absent, the continued
propagation of self-reactive clones even after the virus was eradicated
could lead to autoimmune disease. Why this does not happen more
frequently is presumably testimony to the tight controls that must exist
to prevent it.

VIII. MATERNAL TOLERANCE: A MODEL OF EMBRYONIC IMPLANTATION

Along these lines, it has become possible to use WNV as a tool to ex-
plore the question of tolerance in a highly specialized and restricted
environment, namely that of the implanting embryo. The mechanism
by which the semiallogeneic fetus survives without rejection by the
maternal immune system has fascinated and confounded immunolo-
gists for decades. Because of the theoretical contribution of ‘‘foreign’’
paternal genes, much work has concentrated on the role of paternally
derived placental trophoblast cells located at the materno–fetal inter-
face, in direct contact with maternal blood and tissue. In particular,
the importance of the lack of expression of cell surface MHC on these
cells has been the subject of much debate. We have investigated
the use of WNV for several years as a prelude to investigating this
problem. The trophectoderm and trophoblast cell layers in direct con-
tact with the maternal circulation usually express little or no MHC I,
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but can be induced to do so by WNV (King et al., 1989). Moreover,
WNV-infected outgrown trophoblast cells with induced MHC I expres-
sion can be recognized and killed by WNV-specific and paternal
MHC I-specific CTLs (King et al., 1993). We have therefore developed
a murine model in which WNV-infected blastocysts are implanted
into pseudopregnant mothers to evaluate the effect of localized, up-
regulated MHC I and adhesion molecule expression in the context
of virus infection. This will enable us not only to explore the param-
eters for successful implantation of the embryo, but also to determine
how the maternal immune system deals with virus infection during
gestation in the face of paternal-specific systemic and localized
immunosuppression.

During pregnancy, paternal MHC I, which is foreign to the maternal
immune system, is systemically ignored by downregulating T cells rec-
ognizing it (Tafuri et al., 1995). Consistent with our hypothesis, we
speculate that since paternal MHC is upregulated by WNV (King
et al., 1989), this would trigger recognition in vivo by low-affinity
anti-WNV T cells, which are not downregulated. These could cross-
reactively recognize paternal MHC, to essentially break tolerance to
paternal MHC. The upregulation of nonallelic (i.e., nonspecific) mol-
ecules such as ICAM-1 and VCAM-1, which also occurs on these cells
(N. J. C. King, unpublished), would further increase the avidity of cellu-
lar interaction, making this more likely. Because there is no require-
ment for continuing tolerance to paternal MHC after pregnancy
(paternal MHC is now absent), such cross-reactive antipaternal MHC
responsesmay not be aswell controlled (i.e., suppressed) as in themain-
tenance of tolerance to maternal self. Subsequent exposure to paternal
MHC through a second pregnancymay reactivate the antiviral memory
cells cross-reactivewith paternalMHC to destroy the embryo andmight
constitute a basis for recurrent spontaneous abortions. It may also ex-
plain how infection with the closely related JE virus early in gestation
causes significant abortion and/or fetal resorption in humans, mice,
and pigs (Chaturvedi et al., 1980; Mathur et al., 1983; Monath, 1986;
Sugamata and Miura, 1982).

IX. CONCLUSIONS

The mechanism(s) by which the interaction between flavivirus
and the vertebrate host cell causes direct and dramatic increases in
various critical immune recognition molecules expression is presently
unknown. These phenomena, however, clearly highlight the specific
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influence of this virus on the target molecules for CTL recognition.
While much work has been done that shows antiviral T cell responses
may be ‘‘self ’’ cross-reactive, we believe this is the first instance where
a virus itself may actually alter the host immune response to augment
a low-affinity ‘‘self ’’ cross-reactive outcome.

We would argue that this may decoy the immune system into prefer-
entially recognizing infected cells in G0 with high MHC, allowing
infected cycling cells with relatively low MHC, which produce virus
more efficiently and which do not upregulate these cell surface
molecules to the same extent, to escape detection until significant
numbers of high-affinity antiviral CTLs are produced. This has the
advantage of gaining significant time for continued viremia, thus
increasing the chances of virus transmission. This occurs without the
death of the host, which becomes immune and protected against
further infection. Clearly, however, a significant amount of further
experimental data will be required to confirm this hypothesis.
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Momburg, F., Müllbacher, A., and Lobigs, M. (2001). Modulation of transporter associ-
ated with antigen processing (TAP)-mediated peptide import into the endoplasmic
reticulum by flavivirus infection. J. Virol. 75:5663–5671.

Monath, T. P. (1986). Pathobiology of the Flaviviruses. In ‘‘The Togaviridae and
Flaviviridae’’ (S. Schlesinger and M. J. Schlesinger, eds.), pp. 375–440. Plenum Press,
New York.

Monath, T. P., Cropp, C. B., and Harrison, A. K. (1983). Mode of entry of a neurotropic
arbovirus into the central nervous system: Reinvestigation of an old controversy. Lab.
Invest. 48:399–410.
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Müllbacher, A., and Lobigs, M. (1995). Up-regulation of MHC class I by flavivirus-
induced peptide translocation into the endoplasmic reticulum. Immunity 3:207–214.

Murphy, P. M. (2001). Viral exploitation and subversion of the immune system through
chemokine mimicry. Nature Immunol. 2:116–122.

Nahill, S. R., and Welsh, R. M. (1993). High frequency of cross-reactive cytotoxic T
lymphocytes elicited during the virus-induced polyclonal cytotoxic T lymphocyte
response. J. Exp. Med. 177:317–327.

IMMUNE MODULATION BY FLAVIVIRUSES 153



Nash, P., Barrett, J., Cao, J. X., Hota-Mitchell, S., Lalani, A. S., Everett, H., Xu, X. M.,
Robichaud, J., Hnatiuk, S., Ainslie, C., Seet, B. T., and McFadden, G. (1999). Immu-
nomodulation by viruses: The myxoma virus story. Immunol. Rev. 168:103–120.

Nathan, C. (1992). Nitric oxide as a secretory product of mammalian cells. FASEB J.

6:3051–3064.
O’Neill, H. C., and Blanden, R. V. (1979). Quantitative differences in the expression of
parentally-derived H-2 antigens in F1 hybrid mice affect T-cell responses. J. Exp. Med.

149:724–731.
Pääbo, S., Nilsson, T., and Peterson, P. A. (1986a). Adenoviruses of subgenera B, C, D,
and E modulate cell-surface expression of major histocompatibility complex class I
antigens. Proc. Natl. Acad. Sci. USA 83:9665–9669.
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The outcome of virus infection depends on viral and host factors.
The interactions between flaviviruses and their target cells must be
investigated if we are to understood the pathogenicity of these RNA
viruses. Host cells are thought to respond to viral infection by initi-
ation of apoptotic cell death. Apoptosis is an active process of cellular
self-destruction with distinctive morphological and biochemical fea-
tures. There is mounting evidence that dengue (DEN) virus can trigger
the host cell to undergo apoptosis in a cell-dependent manner. Virally
induced apoptosis contributes directly to the cytopathogenic effects of
DEN virus in cultured cells. The induction of apoptosis involves the
activation of intracellular signaling systems. Although the underlying
molecular processes that trigger apoptosis are not well characterized,
our knowledge regarding the cellular mechanisms and viral determi-
nants of the outcome of DEN virus infection of target cells is im-
proving. The cellular factors that regulate cell death, such as Bcl-2
family members, can modulate the outcome of DEN virus infection in
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cultured cells. Apoptosis inhibitors delay DEN virus-induced apop-
tosis, thereby providing a suitable environment for the virus. During
DEN virus infection, cell death is also modulated by the virulence of
the infecting strains. The purpose of this review is to present recent
information on the cellular mechanisms and viral proteins associated
with apoptosis in response to DEN virus. This knowledge may provide
new insights into the viral pathogenicity.

I. INTRODUCTION

Apoptosis is an active process of cell death that is characterized by a
number of distinct morphological features and biochemical processes
(Fiers et al., 1999; Kimura et al., 2000; Majno and Joris, 1995). The
apoptotic process can be initiated by extracellular agents such as hor-
mones, cytokines, killer cells, and a variety of chemical, physical, and
microbial agents. Cellular perturbations caused by viral replication
can inadvertently trigger signaling pathways or specific sensors that
initiate apoptosis, which protects the host from the virus. Viruses can
also induce the transcription of a number of genes, including those in-
volved in antiviral defense. These target genes then induce an ‘‘anti-
viral state’’ in host cells or make them more susceptible to apoptosis,
which dramatically limits the extent of viral infection (Goodbourn
et al., 2000). Some viruses, in particular those with a large genome
such as herpesviruses and poxviruses, have elaborated a variety of
strategies to block their host’s apoptotic response (Shen and Shenk,
1995; Tschopp et al., 1998).

Interactions between the virus and its target cells are of particular
importance for the understanding of the pathogenicity of flaviviruses.
For instance, dengue (DEN), Japanese encephalitis, Langat, and
West Nile viruses are capable of inducing apoptosis in vitro and in

vivo (Avirutnan et al., 1998; Couvelard et al., 1999; Desprès et al.,
1996, 1998; Duarte dos Santos et al., 2000; Hilgard et al., 2000;
Jan et al., 2000; Liao et al., 1997, 1998, 2001; Lin et al., 2000b;
Marianneau et al., 1997, 1999; Parquet et al., 2001; Pridhod’ko et al.,
2001; Su et al., 2001, 2002). Virally induced apoptosis can contrib-
ute directly to the pathophysiological manifestations consecutive to
flavivirus infection.

The clinical features of DEN hemorrhagic fever (DHF) include liver
involvement (Rothman and Ennis, 1999). The target cells for DEN virus
in the human liver are hepatocytes and Kupffer cells. Apoptotic cell
death following infection should cause liver failure (An et al., 1999;
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Couvelard et al., 1999; Feldmann, 1997; Marianneau et al., 1997,
1998a–d; Rosen et al., 1989). Apoptosis is the mechanism by which
DEN virus infection causes neuronal cell death in the mouse central
nervous system (CNS) (Desprès et al., 1998). Detailed studies of the
interactions between the virus and its target cells have led to the
identification of viral factors and key effectors molecules that may in-
fluence the pathogenicity of DEN virus. The purpose of this review is to
summarize what is presently known about the molecular mechanisms
associated with apoptosis in response to DEN virus infection.

II. APOPTOSIS AND NECROSIS

Cell death can take the form of necrosis or apoptosis. Necrosis is
defined as cell death caused by ischemia, pathological environments,
and various cytotoxic agents that increase the permeability of the
plasma membrane. Ischemic cell death can be completed within 24 h.
During necrosis, cells become round and collapse, the cytoplasm
swells, the mitochondria dilate, other organelles dissolve, the DNA
breaks down in a nonspecific fashion, and the plasma membrane rup-
tures, spilling the cell contents into the surrounding medium (Fig. 1).
As a result, necrosis may cause an inflammatory response.

Apoptosis plays an essential role in development, morphogenesis,
tissue remodeling, and immune regulation, but it is also involved in
many diseases. Apoptosis is induced following the activation of intra-
cellular signaling pathways. A cell undergoing apoptosis generally
shrinks, resulting in cytoplasm condensation, fragmentation of the
cell nucleus and chromatin condensation, protein cross-linking, outer
membrane leaflet inversion and exposure of phosphatidylserines,
and membrane blebbing (Fig. 1). The organelles retain their integrity,
and the plasma membrane does not rupture. The plasma membrane
disassembles into membrane-enclosed vesicles (apoptotic bodies),
which prevent the release of cellular compounds into the extracellular
medium. These apoptotic bodies may contain cytoplasm, pyknotic nu-
clear fragments, and densely packed cell organelles. Apoptosis can be
completed within 30 to 60 min. The biochemical hallmarks of apoptosis
include the activation of endonucleases, the degradation of DNA into
oligonucleosomal fragments, and the activation of a family of cysteine
proteases called caspases (cysteinyl aspartate-specific proteases). Bio-
chemical methods have shown that the DNA is specifically cleaved be-
tween nucleosomes, resulting in segments of approximately 185 bp
that are generally recognized as the hallmark of apoptosis (Fig. 1).
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Fig 1. Schematic diagram of the morphological changes that occur during necrosis
and apoptosis. A normal cell is shown at the top. (Inset) Gel showing DNA degradation
products in the late stages of cell death. (See Color Insert.)
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Apoptosis culminates in the engulfment of apoptotic bodies by adjacent
macrophages or parenchyma cells. When misregulated, apoptosis can
contribute to various diseases, including cancer and autoimmune and
neurodegenerative diseases.

III. MOLECULAR MACHINERY OF APOPTOSIS

The apoptotic process can be divided into three phases: initiation
(the cell receives a stimulus that may activate the apoptotic cascade),
execution (the point after which death signals become irreversible),
and degradation (the cell presents the biochemical and morphologi-
cal hallmarks of the final stages of apoptosis) (Hengartner, 2000; Slee
et al., 1999).

A. Initiation Phase

The apoptotic signal is generated directly or indirectly from recep-
tor-mediated stimuli and apoptosis-promoting inducers that provoke
generalized cellular damages, such as cytotoxic drugs, radiation, heat
shock, survival factor deprivation, and other cellular stresses (Fig. 2).

1. Interferon-Mediated Signaling Pathway

Type I interferons (IFNs) are produced in direct response to micro-
bial infection and consist of the products of the IFN-� multigene
family, which are predominantly synthesized by leukocytes. IFN-� in-
duces a proapoptotic state that ensures that the target cell is triggered
to undergo apoptosis (Goodbourn et al., 2000) (Fig. 2a).

The interferon-induced protein kinase, PKR (protein kinase RNA
dependent), a serine/threonine kinase with multiple roles in the con-
trol of transcription and translation, is associated with the endoplas-
mic reticulum (ER) membrane within the cell. PKR is activated by
binding to double-stranded (ds) RNA, which is frequently present in
the cytosol of virally infected cells, via a mechanism involving auto-
phosphorylation (Everett and McFadden, 1999). Calcium depletion
from the ER may also activate PKR (Srivastava et al., 1995). When
PKR is activated, it phosphorylates eIF-2�, which in turn inhibits pro-
tein synthesis (Fig. 2a). PKR also activates the interferon regulatory
factor 1 and nuclear transcription factor NF-�B, which are implicated
in the transcriptional regulation of dsRNA-activated genes. Phos-
phorylated PKR helps eliminate the pathogenic agent by mediating
apoptosis (Jagus et al., 1999; Lee et al., 1997).
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IFN-induced 20, 50-oligoadenylate synthetases also play a major role
in apoptosis by activating RNase L (Castelli et al., 1998; Rusch et al.,
2000) (Fig. 2a). Functional RNase L may cause dysfunctional changes
in the mitochondria, resulting in an apoptotic cascade.

2. Death Receptor-Dependent Signaling Pathway

Death receptors belong to the tumor necrosis factor (TNF) receptor
(TNFR) gene superfamily (Fig. 2b). The most well-characterized death
receptors are Fas and TNFR-1. Fas L (CD95L) binds to Fas (CD95),
and TNF and lymphotoxin � bind to TNFR-1. The ligands mediate
their apoptotic effects in an autocrine or paracrine manner via their re-
spective cell surface membrane death receptors (Ashkenazi and Dixit,
1998; Krammer, 2000). The ligation of the homotrimeric molecule,
FasL, to its receptor leads to the clustering of Fas and to the formation
of a death-inducing signaling complex (DISC). This complex consists of
the cytoplasmic region of Fas, the intracellular adaptor molecule,
FADD (Fas-associating protein with death domain), and procaspase-8
(Fig. 2b). Upon the recruitment of FADD, caspase-8 is activated
through self-cleavage, leading to the initiation of the caspase cascade,
which is critical for transduction of the apoptotic signal (Ashkenazi
and Dixit, 1998; Krammer, 2000).

3. p53-Dependent Signaling Pathway

Transcriptional factor p53, normally a very short-lived protein, can
induce growth arrest and apoptosis in response to intracellular disrup-
tions resulting from DNA damage, metabolite deprivation, heat shock,
hypoxia, and activated cellular or viral oncoproteins (May and May,
1999; Sheikh and Fornace, 2000) (Fig. 2c).

p53 is phosphorylated by several protein kinases, including DNA-
PK, a kinase that is induced by DNA damage. It also interacts with
p300, a histone acetyltransferase that seems to acetylate p53 and
to enhance transactivation activity. The p53 protein contains an

Fig 2. Intracellular pathways involved in apoptosis. These pathways are mediated
through the interferon system (a), the death receptor-dependent system (b), p53 (c), endo-
plasmic reticulum stress (d), nuclear transcription factor NF-�B (e), cytosolic phospholi-
pase A2 (f ), death-inducing factors converging onto mitochondria (g), and caspase
(h). i, inactive; a, active; AA, arachidonic acid; AIF, apoptosis-inducing factor; Cyt.c; cyto-
chrome c; IFN, interferon; EOR, endoplasmic reticulum overload; 20-50OAS, 20,50-oligoade-
nylate synthetase; cPLA2, cytosolic phospholipase A2; PIGs, p53-induced genes; PKR,
protein kinase RNA dependent; RNase L, ribonuclease L; ROIs, radical oxygen intermedi-
ates; ROS, reactive oxygen species; dsRNA, double-stranded RNA. (See Color Insert.)
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amino-terminal transactivation domain, a central DNA-binding do-
main, and a carboxyl-terminal oligomerization domain (Fig. 2c). p53
mediates its death-inducing activity by modulating the expression of
its downstream target genes. The central domain facilitates sequence-
specific DNA binding to p53 response elements within the regulatory
regions of a number of p53-induced genes (PIGs). Tumor suppressor
p53 causes apoptosis when it is activated and stabilized (Gottlieb and
Oren, 1998). The polyproline region located between the transactiva-
tion and the DNA-binding domains of p53 may be necessary to induce
apoptosis (Sakamuro et al., 1997).

Multiple mechanisms are believed to be involved in p53-mediated
apoptosis (McKenzie et al., 1999) (Fig. 2c). PIGs may function in con-
cert to mediate some of the p53-induced apoptotic effects. These PIGs
include genes with proven roles in apoptotic pathways, such as
members of the Bcl-2 family, Fas/FasL, KILLER/DR5, GADD45 (the
growth arrest and DNA damage-inducible gene number 45), and genes
that are involved in the control of redox states (RCGs). The expression
of GADD45 is induced by a variety of genotoxic and nongenotoxic
stresses. GADD45 then triggers apoptosis by activating the p38
mitogen-activated protein (p38MAP) kinase.

The activation of RCGs results in the production of reactive oxygen
species (ROS), which, in turn, causes a collapse of mitochondrial inner
transmembrane potential (��m), leading to the rapid release of
apoptotic cascade activators (Li et al., 1999). However, p53 also
appears to induce apoptosis via mechanisms that do not require its
transcriptional activity. For example, p53 can contribute to apoptosis
by direct signaling at the mitochondria, thereby amplifying the
transcription-dependent apoptosis of p53 (Marchenko et al., 2000).

4. ER Stress-Dependent Signaling Pathway

The ER, a unique oxidizing compartment for the folding of mem-
brane and secretory proteins, is sensitive to environmental changes.
The retention of overexpressed membrane proteins by the ER induces
a signal pathway termed the ER overload response (EOR) (Kaufman,
1999; Pahl and Baeuerle, 1997; Pahl et al., 1996) (Fig. 2d). It is thought
that the EOR increases the expression of novel genes, the products of
which might restore proper ER function. Transcriptional induction in
response to the EOR may require NF-�B activation (Pahl and
Baeuerle, 1995). Calcium and reactive oxygen intermediates (ROIs)
might act as second messengers in response to the EOR.

Presumably under conditions of severe ER stress to which the cell
cannot adapt, signals are transduced from the ER to the cytoplasm
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and the nucleus, leading to apoptosis induction. The molecular sig-
naling mechanisms that link ER stress to apoptosis remain largely
unknown. Caspase-12 activity is thought to be essential for ER stress-
induced apoptosis (Yoneda et al., 2001). Studies suggest that two
death-inducing signals are generated in response to perturbations that
induce ER stress. The first is the transcriptional induction and p38MAP
kinase-mediated activation of transcription factor CHOP/GADD 153
(GEBP homologous protein growth arrest and DNA damage-inducible
gene number 153), which regulates cell growth negatively and may
cause death in response to ER stress (Zinszner et al., 1998). The second
death-inducing signal is activation of the ER stress signaling kinases
[PKR and PKR-ER- related kinase (PERK)], which may mediate eIF-
2� phosphorylation (Kaufman, 1999). PERK is an eIF-2� kinase located
in the ER. It is selectively activated to prevent further mRNA transla-
tion. It is largely unknown how ER stress-mediated eIF-2� phosphoryl-
ation and the subsequent inhibition of translation initiation activate
the apoptotic pathway.

5. NF-�B-Mediated Apoptotic Pathway

The transcription factor Rel/NF-�B is a member of the ubiquitous
family of Rel-related transcription factors that serve as critical regula-
tors of the inducible expression of many genes (Baeuerle, 2000) (Fig.
2e). Rel/NF-�B either exists in the form of a homodimer or forms a het-
erodimer with members of a family of structurally related proteins
(Mercurio and Manning, 1999). Five NF-�B family proteins have been
identified in mammalian cells: RelA (p65), c-Rel, RelB, NF-�B1 (p50/
p105), and NF-�B2 (p52/p100). The classic NF-�B dimer contains RelA
and NF-�B1. NF-�B exists in the cytoplasm in an inactive form associ-
ated with inhibitory proteins termed I�Bs, the most important of
which are probably I�B�, I�B�, and I�B�. Rel/NF-�B is activated
through the signal-induced proteolytic degradation of I�B by compon-
ents of the ubiquitin-proteasome system. The freed Rel/NF-�B complex
can then enter the nucleus, where it binds to a set of related DNA
target sites, collectively called the �B sites. These �B sites regulate
gene expression directly. A large variety of stimuli can activate Rel/
NF-�B. Certain cell types respond to oxidative stress by upregulating
Rel/NF-�B activity (Li and Karin, 1999; Mercurio and Manning, 1999;
Okamoto et al., 2000).

The transcriptional regulation of target genes such as FasL, some
members of the Bcl-2 family, and tumor suppressor p53 is believed to
be the mechanism by which Rel/NF-�B promotes apoptosis (Barkett
and Gimore, 1999) (Fig. 2e). Functional Rel/NF-�B could also play
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a pivotal role in apoptosis by making the cell more sensitive to
apoptosis-inducing stimuli.

6. Cytosolic Phospholipase A2-Dependent Signaling Pathway

Phospholipases generate important secondary messengers in several
cellular processes, including apoptotic cell death. Cytosolic phospholi-
pase A2 (cPLA2) has been implicated in the receptor-mediated release of
arachidonic acid (AA) from membrane phospholipids, playing a key role
in many signal transduction reactions (Fig. 2d). AA can activate mem-
brane-associated NADPH oxidase to generate ROS (Cui and Douglas,
1997). AA may also cause dysfunctional changes in the mitochondrial
membrane potential, resulting in activation of the apoptotic cascade.

cPLA2 is an important mediator of ischemic, oxidative injuries, and
apoptosis in the brain (Hornfelt et al., 1999; Sapirstein and Bonventre,
2000). It is activated by increasing the concentration of intracellular
calcium and by phosphorylation. The activation of extracellular signal-
regulated kinase (ERK) or stress-activated protein kinases (SPAKs)
primes cPLA2 activation (Buschbeck et al., 1999; Lin et al., 1993;
Scorrano et al., 2001).

7. Oxidative Stress-Mediated Signaling Pathway

Oxidants are capable of causing oxidative damage to macromol-
ecules. This leads to lipid peroxidation, the oxidation of amino acid side
chains, the formation of protein–protein cross-links, the oxidation of
polypeptide backbones resulting in protein fragmentation, DNA dam-
age, and DNA strand breaks. It is thought that oxidants promote the
cross-linking or aggregation of activating signaling components.
Changes in the intracellular redox status elicited by the generation of
oxidants can trigger selective gene expression, enzyme activation, and
DNA synthesis, and can alter the progression of the cell cycle (Baeuerle,
2000; Giron-Calle and Forman, 2000). Markers of oxidative damage
include the transcription factors p53 and NF-�B (Baeuerle, 2000; Fiers
et al., 1999; Li et al., 1999; Okamoto et al., 2000; Sen, 2000) (Fig. 2e).

A state of moderately increased levels of intracellular oxidants is re-
ferred to as oxidative stress. One mechanism by which oxidative stress
may cause apoptosis is by increasing the cytosolic concentration of
Ca2þ. Cells respond to increases in the internal Ca2þ concentration
by activating a variety of Ca2þ-binding proteins, including phospho-
lipases C, A2, and D, and by activating Ca2þ-dependent forms of pro-
tein kinase C (Giron-Calle and Forman, 2000). These proteins are
modulators of a multitude of cellular reactions, cytoskeletal dynamics,
and signal transduction pathways (Hofmann, 1999).
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B. Execution Phase

1. Mitochondria

During apoptosis, mitochondria play an essential role in transducing
stimuli (Desagher and Martinou, 2000; Green and Kroemer, 1998)
(Fig. 2g). Numerous proapoptotic stimuli provoke changes in the
permeability of the mitochondrial outer membrane. As a result, the
��m collapses. An irreversible change in mitochondrial permeability
may be part of the triggering mechanism for apoptosis.

Mitochondria in cells are committed to apoptosis by the release of
apoptogenic molecules, such as apoptosis-inducing factor (AIF) and cyto-
chrome c, which are normally confined to the mitochondrial intermem-
brane space. Cytosolic cytochrome c regulates the activities of Apaf-1,
a molecule that can promote the clustering of caspase-9 by interacting
with CARD-CARD (caspase activation and recruitment domain) in
the presence of ATP/dATP (Kumar, 1999) (Fig. 2g). In apoptosomes,
Apaf-1 activates caspase-9, driving the next phase of the caspase cascade.

2. Caspases

Cysteine proteases of the caspase family are the central executioners
of apoptosis (Green and Kroemer, 1998; Los et al., 2001; Slee et al.,
1999) (Fig. 2h). Most caspases are constitutively expressed as inactive
proforms (zymogens) (Kumar, 1999). Upon receiving an apoptotic
signal, these proforms undergo proteolytic processing to generate the
active enzyme, a heterotetramer composed of two heterodimers de-
rived from two precursor molecules. Caspases are generally activated
by other caspases. Caspases (the mammalian caspase family contains
14 members) can be described either as upstream/signaling/initiator
caspases or as downstream/effector caspases. Upstream caspases
include caspases-2, -8, and -10. Downstream caspases (caspases-3, -6,
and -7) are thought to lead to apoptosis by cleaving several
vital proteins (Fig. 2i). IFN induces caspases-1, -3, and -8, and
caspase-12 is essential for ER stress-induced apoptosis.

C. Degradation Phase

The caspase activation events driven by caspase-9 appear to be
the simultaneous activation of caspases-3 and -7 (Fig. 2h). Caspase-3
can drive the activation of caspases-2 and -6, followed by the acti-
vation of caspases-8 and -10. This caspase cascade may serve as an
amplification step that activates the full complement of caspases that
are required to dismantle the cell in the appropriate manner.
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Active caspases have the ability to cleave their key intracellular sub-
strates following an aspartate residue, resulting in the morphological
and biochemical changes associated with apoptosis (Degen et al., 2000;
Nicholson, 1999). A fraction of the cellular proteome is cleaved by
caspases (Fig. 3). Caspases contribute to apoptosis by inactivating or de-
regulating proteins involved in DNA repair [poly (ADP ribose) polymer-
ase and DNA-PK], mRNA splicing (U1-70K), and DNA replication (140-
kDa subunit of replication factor C) (Nicholson, 1999). Caspase-3 acti-
vates the DNase that degrades chromosomal DNA [caspase-activated
DNase (CAD)] by cleaving and releasing its chaperone-like inhibitor
(ICAD), leading to entry of the DNase into the nucleus and cleavage of
DNA between nucleosomes. The Acinus protein is also activated by cas-
pase-3 and induces chromatin condensation. Caspases play a key pro-
teolytic role in reorganizing cell structure indirectly by cleaving
several proteins involved in cytoskeleton regulation, including gelsolin,
spectrin, focal adhesion kinase, and p21-activated kinase 2.

D. Bcl-2 Family Members

The Bcl-2 family of cytoplasmic proteins plays a central role in
the regulation of apoptosis (Adams and Cory, 2001). Its interacting
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Fig 3. Schematic representation showing how caspases execute the events that lead to
the apoptotic death of a cell. (See Color Insert.)
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proapoptotic and antiapoptotic members integrate with diverse up-
stream survival and distress signals to determine whether cell death
occurs.

Fifteen members of the Bcl-2 family have been identified in
mammals so far. All contain at least one of the four conserved regions
called Bcl-2 homology domains (BH1–BH4) (Fig. 4). These motifs are
formed by � helices and enable the different members of the family
to form either homodimers or heterodimers and to regulate each other.
bcl-2-related proteins have either antiapoptotic or proapoptotic func-
tions. bcl-2 and several close relatives (such as bcl-XL) inhibit apop-
tosis, whereas structurally similar relatives (such as bax) lead to cell
death.

bcl-2andbax share three of the four conservedBHsequencemotifs and
assume a similar conformation. bcl-XS, which lacks the BH1 and BH2
domains of bcl-XL, functions as a proapoptotic regulator in some systems.
Thus, both long and short forms of bcl-X proteins differently modulate
the apoptotic pathways in response to death stimuli. BH3-only proteins,
such as bad, seem to be sentinels for cellular damage and critical triggers
of apoptosis (Figs. 2g and 4).

p53 and NF-�B may regulate the expression of Bcl-2 genes. The bax

gene is a target of p53 and is activated transcriptionally via the p53
response elements located within the bax gene promoter. bcl-XL gene
expression is also upregulated by genotoxic stress in a p53-dependent
manner.

Fig 4. Three members of the Bcl-2 family. Sizes of the domains are approximate and
the figure is not drawn to scale. �, � helix; BH, Bcl-2 homology; TMD, transmembrane
domain. (See Color Insert.)
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It is still not known how Bcl-2 family members function biochemi-
cally. In normal cells, bcl-2 is exclusively membrane associated, and
bcl-XL and bcl-XS are present in both soluble and membrane-bound
forms. The principal mechanism by which Bcl-2 family members regu-
late apoptosis is probably by controlling the release of cytochrome c

and the ��m loss due to mitochondrial alterations (Pinton et al.,
2001). The antiapoptotic mediators, bcl-2 and bcl-XL, are produced
in many cell types subjected to various cytotoxic treatments. This pre-
vents the release of cytochrome c from mitochondria, the activation of
caspases, and cell death (Fig. 2g). bcl-XL also appears to be able to
exert its protective function by sequestering AIF. Conversely, bcl-XS

antagonizes the protective effect of bcl-XL. The death promoter bax

exists predominantly in the cytosol. The oligomerization of bax is re-
quired to induce its mitochondrial translocation (Fig. 2g). The oligo-
meric forms of bax might damage mitochondria by pore formation,
which triggers the release of apoptotic factors.

IV. VIRUS-INDUCED APOPTOSIS

Viruses must be able to replicate despite defense mechanisms if they
are to establish infection in cells. Growing evidence shows that apop-
tosis can play a key role in the innate response to viral infection
(Barber, 2001; Hardwick, 1998; Shen and Shenk, 1995). Cellular apop-
tosis following viral infection may be a defense mechanism that rapidly
eliminates cells in which virus is replicating, thus preventing the re-
lease of viral progeny. However, apoptosis can be harmful to the host
when nonrenewable cells are infected.

Many viruses have been found to induce the apoptosis of infected
cells (Courageot and Desprès, 2000a; O’Brien, 1998; Roulston et al.,
1999). The presence of progeny virions in apoptotic bodies may pro-
mote their own dissemination and also protect them from contact with
antivirus antibodies. Viruses have evolved mechanisms that delay cell
death or block apoptosis, thereby facilitating persistent infections
(O’Brien, 1998). A block in premature death may enable the virus pro-
geny to spread to neighboring cells while evading host inflammatory
responses and protecting the progeny virus from host enzymes
(Everett and McFadden, 1999; Griffin and Hardwick, 1997; Teodoro
and Branton, 1997; Tschopp et al., 1998). Virally induced apoptosis
may act as an initiating stimulus in autoimmunity. Immunization with
apoptotic cell fragments concentrating viral and self-antigens might
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result in the autoimmune targeting of specific self-molecules (Rosen
et al., 1995).

V. APOPTOTIC CELL DEATH IN RESPONSE TO DENGUE VIRUS INFECTION

Apoptosis is involved in cell death in response to DEN virus infection
in human liver cells, neuronal cells, and endothelial cells in vitro and
in vivo (Table I). Thus, apoptotic cell death may be considered an
important feature of DEN pathogenesis.

TABLE I
CELL TYPES KNOWN TO UNDERGO DEN VIRUS-INDUCED APOPTOSIS

Cell type Virus Reference

Liver

Human hepatocytes DEN-2 Couvelard et al. (1999)

Human Kupffer cells DEN-1 Marianneau et al. (1999)

Hepatoma cell lines

HepG2 DEN-1 Marianneau et al. (1997);
Duarte dos Santos et al. (2000)

HA22T DEN-2 Lin et al. (2000b)

HuH7 DEN-2 Hilgard et al. (2000); Lin et al.
(2000b)

PLC/PRF5 DEN-2 Lin et al. (2000b)

Hep3B DEN-2 Lin et al. (2000b)

Brain

Mouse neurons DEN-1 Desprès et al., (1998)

Neuroblastoma cell lines

Mouse cells DEN-1 Desprès et al. (1996);

Neuro 2a Duarte dos Santos et al. (2000)

N18 DEN-1, 2, 3 Su et al. (2001)

Human cells

SK-N-SH DEN-2 Jan et al. (2000)

NT-2 DEN-2 Jan et al. (2000)

Vascular endothelium

Human endothelial cell line

ECV 304 DEN-2 Avirutnan et al. (1998)

Epithelium

Hamster kidney cell line

BHK-21 DEN-1, 2, 3 Jan et al. (2000); Su et al. (2001)
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A. Dengue Virus-Induced Apoptosis in Vivo

The clinical features of severe DEN disease include hemorrhagic
diathesis, liver involvement, and encephalopathy. Elevated serum
transaminase concentrations in DEN patients indicate the possible in-
volvement of DEN virus infection on liver function. The liver synthe-
sizes most of the hemostatic factors. In DHF, liver involvement is a
characteristic sign that the disease may be fatal. Hepatic injury is
characterized by centrolobular and midzonal necrosis with hyperplasia
of Kupffer cells, the macrophage-like cells residing in the liver. As
DEN virus antigens have been detected in hepatocytes and the virus
has been recovered from liver specimens at autopsy, the infection of
liver cells is one of the pathognomonic features of DEN. The most char-
acteristic sign of DEN-mediated liver injury is the presence of acido-
philic or Councilman bodies, which are thought to be apoptotic bodies.
In situ TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling) was used to detect apoptotic DNA degradation in
liver tissue sections from a patient whowas diagnosedwithDENat aut-
opsy (Couvelard et al., 1999). Human liver cells undergoing apoptosis
were either infected with DEN virus or located close to these cells.

It was questioned whether virally induced apoptosis contributes di-
rectly to the pathogenicity of DEN virus infection in vivo. The mouse
CNS was used as a model system to study the involvement of apoptosis
in the pathophysiological response to DEN virus infection. Several
lines of evidence suggested that the principal target cells for DEN
virus in the mouse CNS are neurons and that their destruction is re-
sponsible for mouse death. Thus, DEN virus-induced neuronal death
in the CNS might be detrimental to the host.

Newborn mice are poorly sensitive to wild-type strains of DEN virus
following intracerebral inoculation (i.c.). Neuroadaptation is critical to
the emergence of DEN virus variants with increased neurovirulence in
newborn mice. Serial passaging of DEN-1 virus strain FGA/89 (iso-
lated in French Guiana from patient with DF in 1989) in mouse brain
and a mosquito cell line was used to select a highly neurovirulent vari-
ant (FGA/NA d1d), which replicates more efficiently in the CNS
(Desprès et al., 1993, 1998).

Two-day-old Swiss mice inoculated (i.c.) with a lethal dose of neuro-
virulent variant FGA/NA d1d developed clinically apparent encephal-
itis 10 days after infection and did not survive for more than 18 days.
By day 9 of infection, in situ hybridization and an indirect fluores-
cence-antibody assay on infected brain sections showed that cortical
neurons and pyramidal neurons in the hippocampus are the major
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target cells of the DEN virus in the CNS (Desprès et al., 1998). Brain
tissue sections were assayed for apoptosis by the TUNEL method,
and TUNEL-stained cells were essentially detected in the cortex and
hippocampus. A correlation existed between the distribution of apop-
totic cells and the distribution of cells in which the DEN virus was rep-
licating, suggesting that neurons undergoing apoptosis were either
infected with the DEN-1 virus or located close to infected cells. Lack
of a significant early inflammatory response was characteristic of the
apoptotic process in infected tissues. These data suggest that DEN
virus infection in the mouse CNS is associated with neuronal damage
characterized by apoptotic DNA degradation, which occurs before the
mice show any clinical signs of encephalitis (Desprès et al., 1998). This
may account for the tissue damage resulting from DEN virus infec-
tion in the CNS. However, the neurovirulence of the mouse-passaged
FGA/NA d1d variant was essentially restricted to newborn mice. It is
not known whether the mature nervous system inhibits apoptosis
to protect adult mice against fatal DEN virus infection (Johnston
et al., 2001).

B. Dengue Virus-Induced Apoptosis in Vitro

1. Neuronal Cells

a. Mouse Neuroblastoma Cells Virus-induced neuronal death in
the mouse CNS has been implicated as a mechanism for cytopathology
in response to DEN-1 virus infection (Desprès et al., 1998). DEN-1
virus induces apoptosis in primary cell cultures derived from mouse
brain (Courageot and Desprès, 2000). The replication of DEN virus
in the murine neuroblastoma cell lines Neuro 2a and N18 was ana-
lyzed to determine the susceptibility of mouse neurons to DEN virus
infection (Desprès et al., 1996; Liao et al., 2001; Su et al., 2001).

Human isolates of DEN-1 can induce extensive apoptosis in Neuro
2a cells due to the accumulation of viral proteins within the cell
(Desprès et al., 1996) (Fig. 5). The proportion of infected cells in an
apoptotic state increases in a virus dose-dependent manner, suggest-
ing that apoptosis is a direct result of virus infection. The intracellular
synthesis of viral proteins seems to be essential to activate apoptosis
in Neuro 2a cells. Cell growth arrest in the G1 phase has been shown
to be associated with the occurrence of apoptosis in N18 cells infected
with DEN-2 virus (Su et al., 2001). The causal relationship between
G1 growth arrest and apoptosis during DEN virus infection remains
elusive.
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It has been proposed that apoptosis is triggered by interaction of the
DEN envelope glycoproteins with the ER membranes rather than by
the release of the virus (Desprès et al., 1996). Overloading of viral pro-
teins in the ER membranes may disrupt the ER membrane and thus
cause the release of calcium and the generation of ROI (Fig. 2d). Inter-
estingly, DEN-1 virus-infected Neuro 2a cells show enhanced apoptosis
in response to the NF-�B inducer thapsigargin, which inhibits the ER-
localized Ca2þ-dependent ATPase that promotes calcium uptake by the
ER (Desprès et al., 1996) (Fig. 2e). However, antioxidants with differ-
ent inhibition mechanisms do not block DEN virus-induced apoptosis
(Desprès et al., 1996; Lin et al., 2000b). Nonsteroidal anti-inflamma-
tory drugs, salicylates, inhibit DEN-2 virus replication and virus-
induced apoptosis in cultured cells (Liao et al., 2001). This appears to
be due to the activation of p38 MAP kinase rather than to the suppres-
sion of NF-�B activation. To date, the DEN virus has not been found to
activate NF-�B to trigger apoptosis in mouse neuroblastoma cell lines
(Desprès et al., 1996; Liao et al., 2001). The induction of transcription
factor CHOP/GADD 153 can promote apoptosis in response to ER
stress (Fig. 2d). Future experiments should determine whether the
DEN virus triggers cells to undergo apoptosis through CHOP/GADD

153 (Su et al., 2002).
The enforced expression of the antiapoptotic mediator bcl-2 does not

prevent DEN virus-induced apoptosis in N18 and Neuro 2a cells, but
does prevent cell death in fibroblast-like cells (Kalinina and Desprès,
unpublished results; Marianneau et al., 1998a; Su et al., 2001) (Fig.
2g). DEN-virus infected N18 cells express elevated amounts of bax,
which makes the antiapoptotic function of bcl-2 less potent in

Fig 5. Apoptotic cell death in DEN virus-infected Neuro 2a cells as observed by
fluorescence microscopy. Paraformaldehyde-fixed cells were permeabilized with Triton
X-100 and assayed for the presence of DEN antigens (A, C) at 20 h postinfection and for
apoptosis (B to D) after 30 h. Intracellular DEN antigens were detected by immunofluor-
escence assay (A and C). The condensation of chromatin into several dense masses was
visualized with the DNA intercalator propidium iodide (B and C). Apoptotic DNA deg-
radation was demonstrated in infected cells by the TUNEL method (D). Magnification:
�200. (See Color Insert.)
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protecting against apoptotic cell death. In contrast, the enforced expres-
sion of the antiapoptotic mediator bcl-XL, which is expressed predomi-
nantly in the nervous system, delays apoptosis in DEN virus-infected
N18 cells without restricting virus replication. In addition, the proapop-
totic regulator bcl-XS potentiates DEN-2 virus-induced apoptosis
(Su et al., 2001). Thus, DEN virus-induced apoptosis in mouse neuro-
blastoma cells is influenced by the long and short forms of bcl-X

proteins.

b. Human Neuroblastoma Cells Human isolates of DEN-2 virus
can cause apoptosis in human neuroblastoma cell lines SK-N-SH and
NT-2 (Jan et al., 2000; Su et al., 2001). Caspase-3 activation, mitochon-
drial release of cytochrome c, and generation of intracellular superox-
ide anion are essential to trigger infected SK-N-SH cells to undergo
apoptosis (Jan et al., 2000). The infection of SK-N-SH cells with
DEN-2 virus activates cPLA2 to generate AA (Jan et al., 2000). The
apoptotic effect can be derived from the action of AA in infected cells
(Fig. 2f ). The mechanism by which DEN-2 virus infection mediates
the activation of cPLA2 is not understood. The transcriptional activity
of NF-�B is also involved in DEN-2 virus-induced apoptosis of human
neuroblastoma cells. Cellular concentrations of p53, one of the target
genes for NF-�B, are increased during the early stages of DEN virus
infection (Jan et al., 2000). Genes mediated by p53 generally appear
to be necessary for the induction of apoptosis (Fig. 2c). However, tran-
scriptional activation by p53 may be dispensable for the induction of
apoptosis. It remains to be determined whether the death-promoting
activity of p53 is a critical event in DEN virus-induced apoptosis in
SK-N-SH cells.

2. Liver Cells

The presence of viral antigens within human hepatocytes from pa-
tients with dengue fever suggests that these cells are susceptible to in-
fection by the DEN virus. Human hepatoma cell lines, HepG2, HuH7,
PLC/PRF5, and Hep3B, can support the productive replication of the
DEN virus (Duarte dos Santos et al., 2000; Hilgard et al., 2000; Lin
et al., 2000b; Marianneau et al., 1996, 1997). The infection of liver cells
with the DEN virus induces oxidative stress (Lin et al., 2000a) and
apoptosis (Duarte dos Santos et al., 2000; Hilgard et al., 2000; Lin
et al., 2000b; Marianneau et al., 1996, 1997). The transcriptional func-
tion of NF-�B may play a very important role in DEN-1 virus-induced
apoptosis in HepG2 cells because double-stranded oligodeoxynucleo-
tide decoys containing the NF-�B-binding sequence have very efficient
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protective effects (Marianneau et al., 1997). NF-�B is activated when
DEN proteins begin to accumulate in HepG2 cells. The analysis of
DEN-1 protein processing in infected HepG2 cells showed that most
viral envelope glycoproteins are degraded or aggregate, suggesting
that viral morphogenesis is an inefficient process in this cell type
(Duarte dos Santos et al., 2000; Marianneau et al., 1997, 1999). The
overloading of DEN viral aggregates in ER membranes might account
for the induction of apoptosis in human hepatoma cells. It should be of
interest to determine whether an unproductive pathway of DEN pro-
teins in the ER causes oxidative damage that activates NF-�B. An en-
docytotic trafficking mutant (Trf1) isolated from HuH-7 cells was
found to be resistant to DEN-1 virus–induced cell death (Hilgard et al.,
2000; Xiaoying et al., 2001). Protection was linked to a low level of
casein kinase (CK) 2 expression in Trf1 cells. The C-terminal regula-
tory domain of p53 is phosphorylated by CK2 (Fiscella et al., 1994). It
is not yet known whether the CK2-mediated phosphorylation of p53 is
required for DEN virus-induced apoptosis.

The DEN virus can enter human Kupffer cells ex vivo, but the
resulting infection is inefficient and no viral progeny has been ob-
served (Marianneau et al., 1999). However, the DEN virus triggers
Kupffer cells to undergo apoptosis. As healthy Kupffer cells ingest
infected apoptotic bodies, these macrophage-like cells may exert anti-
viral activities by eliminating apoptotic liver cells (Marianneau et al.,
1999). The phagocytic activity of Kupffer cells in the human liver
may protect against DEN virus infection by eliminating any infected
hepatocytes that undergo apoptosis. However, the mechanisms of host
defense involving phagocytosis associated with the production of cyto-
kines may cause local tissue injury or a transient imbalance in homeo-
stasis, leading to more deleterious events (Marianneau et al., 1999).
The inefficient clearance or impaired phagocytosis of apoptotic cells
might also play a role in the development of autoimmunity.

3. Endothelial Cells

Short-lived plasma leakage is a hallmark of severe DEN disease. It is
thought that a breakdown of the endothelial barrier might contribute
to local vascular leakage. Endothelial cells are permissive to DEN
virus infection in vitro (Avirutnan et al., 1998). Interestingly, the
DEN-2 virus can trigger human umbilical cord vein endothelial
(ECV304) cells to undergo apoptosis after 2 or 3 days of infection.
Whether vascular leakage could derive from apoptosis in the capillary
endothelial cells containing replicating DEN virus particles is an
interesting issue that remains to be investigated.
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During the early stages of infection, NF-�B is activated in infected
endothelial cells. Further experiments should determine whether the
DEN virus triggers endothelial cells to undergo apoptosis through
the transcriptional activity of NF-�B.

C. Viral Determinants That Influence Dengue Virus-Induced Apoptosis

Little is known about how replication of the DEN virus triggers
apoptosis in infected cells. The low-passaged DEN-1 virus isolate
FGA/89 and its mouse neurovirulent variant FGA/NA d1d differ in
their capacity to induce apoptosis in mouse neuroblastoma cells
(Desprès et al., 1998). The genetic determinants that affect neuro-
virulence of the DEN-1 virus have been determined. FGA/NA d1d
has three amino acid substitutions in the envelope E protein (E-196,
E-365, and E-405) (Fig. 6). The conservative M196Vand V365I substitu-
tions map to the interfaces between the structural domains of the E
proteins. The nonconservative T405I substitution maps to a predicted
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amphipathic � helix of the stem region, next to the membrane anchor
region of the E protein. All three amino acid substitutions are located
at regions that are likely to be important for conformation changes
during the virus life cycle (Duarte dos Santos et al., 2000). FGA/NA
d1d has a greater capacity than FGA/89 to produce virus progeny. The
identified amino acid substitutions in the E protein may account for
the differences in DEN-1 virus production by facilitating virus assem-
bly. The sequence of the NS protein-coding genes only revealed one
amino acid substitution in the viral RNA helicase NS3 (NS3-435)
(Duarte dos Santos et al., 2000) (Fig. 6). The nonconservative L435S
substitution maps to a long � hairpin that emerges from the RNA-
binding domain and joins the C-terminal, �-helical domain of the NS3
protein. The connection between both domains may be important
for the NTPase/helicase activity of NS3. Viral RNA synthesis is delayed
in Neuro 2a and HepG2 cells in which FGA/NA d1d is replicating. The
amino acid substitution in the NS3 helicase domain could alter the
efficiency of replication complexes to catalyze the synthesis of viral
RNA.

The apoptosis-inducing activity of FGA/NA d1d in target cells was
compared with that of the parental strain. Following FGA/NA d1d
infection, the apoptotic process progresses more rapidly in Neuro 2a
cells but is delayed in HepG2 cells (Fig. 6). These data suggest that
the determinants identified in the E and NS3 proteins affect the killing
kinetics of the DEN-1 virus. Changes in viral growth may account
for the differences in the induction of apoptosis in a cell-specific
manner (Fig. 6). The induction of apoptosis can also be attributed to
distinct apoptotic pathways that are activated in response to virus
replication. In conclusion, differences in the DEN virus life cycle may
affect virus-mediated cytotoxicity in target cells in vivo such as mouse
neurons and human hepatocytes (Courageot and Desprès, 2003;
Duarte dos Santos et al., 2000).

D. Viral Factors That Contribute to Dengue Virus-Induced Apoptosis

The effect of the DEN virus on apoptosis needs to be studied to un-
ravel the apoptotic pathway. DEN virus-infected neuroblastoma cells
underwent apoptosis when viral glycoproteins began to accumulate
(Desprès et al., 1996; Duarte dos Santos et al., 2000). As mentioned
earlier, changes in the efficiency of viral morphogenesis affect the in-
duction of apoptosis (Duarte dos Santos et al., 2000). Studies in DEN
virus-infected Neuro 2a cells indicated that ER �-glucosidase in-
hibition has a major effect on the productive folding and assembly

178 MARIE-PIERRE COURAGEOT ET AL.



pathways of DEN glycoproteins prM and E (Courageot et al., 2000).
Interestingly, the inhibition of glucose trimming enhances apoptosis
in DEN virus-infected CNS (Courageot and Desprès, unpublished
results). Although the precise biochemical mechanisms remain to be
determined, EOR is probably one of the major signaling pathways
leading to the induction of apoptosis in response to DEN virus infection
(Desprès et al., 1996; Duarte dos Santos et al., 2000; Marianneau et al.,
1997, 1998a–c).

It remains to be determined whether DEN virus-mediated apoptosis
can be ascribed to specific viral products. Several lines of evidence
suggest that envelope glycoproteins have a major role in the apoptosis
triggered by flavivirus replication (Desprès et al., 1996; Duarte dos
Santos et al., 2000; Marianneau et al., 1997; Prikhod’ko et al., 2001).
The cytotoxic activity of DEN-1 envelope glycoproteins was studied
in the stable N2aprMþE cell line, a mouse neuroblastoma cell clone
that drives the expression of FGA/89 prM plus E under the control of
an inducible, exogenous promoter (Courageot et al., 2000). The expres-
sion of recombinant viral products is itself sufficient to induce apop-
tosis (Courageot and Desprès, unpublished results). Data imply
that prM and E are required for an apoptotic response in DEN
virus-infected cells.

The induction of apoptosis was mapped to the DEN envelope
glycoproteins. We addressed the question of whether their toxic effects
are linked to the presence of death-mediating sequences. Our in-
vestigation linked translocation of the M ectodomain in the ER lumen
to the induction of apoptosis (Catteau et al., 2003a, 2003b). The intra-
luminal ectodomain of the DEN M protein is highly proapoptotic when
transported in the secretory pathway. Further studies are required to
determine how the M ectodomain induces an apoptotic cascade. The
40 amino acid sequence of the M ectodomain is remarkably conserved
in the four serotypes of DEN virus (80 to 85% identity). We are cur-
rently trying to determine whether the induction of apoptosis by the
intraluminal ectodomain of the M protein serves an infectious process
or is an inescapable consequence of its expression.

VI. CONCLUDING REMARKS

Advances in cellular biology have increased our understanding of the
mechanisms of DEN virus-induced cell death that determine the out-
come of virus infection. Cytotoxicity seems to result from the inappro-
priate occurrence of apoptosis, which may contribute to the clinical
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manifestations associated with DEN virus infection. Different sero-
types of DEN virus can provoke apoptosis in cultured cell systems.
DEN virus replication appears to be a prerequisite for the triggering
of the apoptotic process in infected cells. However, the very early stages
of DENvirus replicationmight also enhance apoptosis (Jan et al., 2000).

Growing evidence shows that DEN virus infection activates biochemi-
cally distinct apoptotic pathways. In human hepatocytes, neurons, and
endothelial cells, DEN virus infection activates NF-�B, and products of
theNF-�Bgene seem to be essential for the induction of apoptosis. Target
genes ofNF-�B, such as FasL and p53,may be keymediators of apoptosis
in response to DEN virus (Fig. 2e). The transcription-dependent growth
arrest of p53 could contribute toDENvirus-induced apoptosis by regulat-
ing the expression of its downstream genes, such as RCGs, Fas, and Bax
(Fig. 2c). During DEN virus replication, protein phosphorylation steps
seem to be essential for the induction of apoptosis. As for other apoptotic
pathways, several caspases could be activated in response to DEN virus
infection.

Little is currently known about how replication of the DEN virus
triggers apoptosis in host cells. The study of viral factors triggering
apoptosis revealed that the envelope E protein and the viral RNA heli-
case domain of the NS3 protein possess determinants that may modu-
late cell death by altering virus assembly and replicative function
(Duarte dos Santos et al., 2000). This observation agrees with our pre-
liminary hypothesis that the early steps of virus assembly may be at
the origin of an ER stress, leading to apoptosis. Improvements in our
understanding of DEN virus-induced apoptosis have led us to recog-
nize the intraluminal ectodomain of the M ectodomain as a candidate
viral inducer of apoptosis. Although the exact role of virion-associated
M protein in cell death-inducing activity of DEN virus has not been de-
termined, it is thought that the apoptotic effect is mediated by the
interaction of the M ectodomain with signaling molecules during its
transport in the secretory pathway (Catteau et al., 2003a, 2003b).

Interferencewith apoptosis can prolong the life of DENvirus-infected
cells, which may contribute to viral persistence. Persistent infection
has been established in target cells expressing inhibitors of apoptosis.
The ectopic expression of antiapoptotic proteins bcl-2 and bcl-XL can re-
strain the apoptotic process in a cell-dependent manner, subsequently
facilitating the establishment of persistent DEN virus infection in sur-
viving cells (Su et al., 2001). The establishment of a persistent infection
was associated with the abnormal expression of the NS1 glycoprotein
(Liao et al., 1997, 1998). The capacity of cellular antiapoptotic genes to
block virus-induced cell death supports the attractive hypothesis that
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the DEN virus has the ability to establish persistent infection in vivo.
Whether the establishment of chronic infection controlled by the host
immune response is the source of progressive late DEN disease is an
interesting issue that remains to be investigated.
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Mosquito-borne flaviviruses are emerging as the cause of some of
the most serious and widespread arthropod-borne viral diseases in the
world. Flavivirus outbreaks are influenced by intrinsic (e.g., viral
strain, vector competence, host susceptibility) and extrinsic (e.g.,
temperature, rainfall, human land use) factors that affect mosquito
biology in complex ways. The concept of vectorial capacity organizes
and integrates these factors, enabling a clearer understanding of
their complex interrelationships, how they affect transmission of
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vector-borne disease, and how they impact human health. This
review focuses on the components of vectorial capacity, providing an
update on our current understanding of how selected aspects of
mosquito biology, such as longevity, feeding behavior, oviposition
habits, and nutrition of adult and immature stages, impact flavivirus
transmission cycles and human disease. The influence of extrinsic
factors, such as temperature, rainfall, seasonal and multiyear weather
patterns, and human behavior that affects mosquito biology, and there-
fore flavivirus transmission, is explored. Mechanisms of flaviviral per-
petuation over adverse seasons and years are addressed. This review
also discusses vector competence, recent advances in mosquito genet-
ics, and vector control as they relate to flavivirus transmission and
human health.

I. MOSQUITO VECTORS ASSOCIATED WITH FLAVIVIRUSES

The mosquito-borne flaviviruses comprise two distinct epidemiolog-
ical groups: (i) neurotropic viruses, often associated with encephalitic
disease in humans or livestock, Culex spp. mosquito vectors, and bird
reservoirs, and (ii) nonneurotropic viruses, associated with hemor-
rhagic disease in humans, Aedes spp. mosquito vectors, and primate
hosts (Gaunt et al., 2001). Excellent and extensive reviews have been
published identifying mosquito vectors in the transmission cycles of
both these epidemiological groups, including viruses in group (i): the
Japanese encephalitis antigenic complex: St. Louis encephalitis virus
(SLE) (Day, 2001; Mitchell et al., 1980; Tsai and Mitchell, 1989),
Japanese encephalitis virus (JEV) (Burke and Leake, 1988), Murray
Valley (MVE) and Kunjin (KUN) encephalitis viruses (Marshall,
1988), and West Nile virus (WNV) (Bernard et al., 2001; Hayes,
1989); and viruses in group (ii): dengue (DEN) (Gubler, 1988) and
yellow fever (YF) (Monath, 1988).

Flaviviruses within the Japanese encephalitis antigenic complex
have been isolated from a variety of vectors, but are associated most
commonly with Culex (Culex) species mosquitoes. Culex annulirostris

Skuse is the major vector to humans of MVE and KUN viruses in
Australia. Culex australicus Dobrotworsky and Drummond, a non-
anthropophilic species, is the predominant mosquito found from spring
to early summer, but is replaced by C. annulirostris from midsummer
to autumn when most human infections occur (Dhileepan, 1996;
McDonald, 1980). The former is believed to play a major role in
early season amplification of MVE and KUN, particularly among
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nonhuman vertebrate hosts (Russell, 1995), and the latter appears to
be responsible for most human infections.

The major Asian vector of JE is Culex tritaeniorhynchus Giles
(Burke and Leake, 1988). This mosquito is ornithophilic, feeds repeat-
edly at night, and disperses widely after feeding (Scherer et al., 1959).
C. annulirostris is the morphological and biological counterpart of
C. tritaeniorhynchus and appears to be the predominant JE vector in
Australia (Ritchie et al., 1997).

Mosquitoes of the genusCulexhave also been implicated as important
vectors of WNV in North America (Centers for Disease Control and
Prevention, 2000d), Europe (Hubalek and Halouzka, 1999; Hubalek
et al., 1999; Savage et al., 1999), and Africa (Centers for Disease Con-
trol and Prevention, 2000a; Miller et al., 2000; Traore-Lamizana et al.,
1994). In the northeastern United States, WNV was isolated mainly
from Culex pipiens complex mosquitoes during 1999 (Nasci et al.,
2001b), 2000 (Bernard et al., 2001; Kulasekera et al., 2001), and
2001–2003 (L. D. Kramer, unpublished data; CDC, unpublished data).
WNV was also detected in overwintering Culex species in New York
City (Centers for Disease Control and Prevention, 2000c; Nasci et al.,
2001a). Culex tarsalis Coquillett is the predominant vector in Western
US and Culex quinequefasciatus Say in the Southern Region. The pre-
cise role of most other potential vector species in either enzootic trans-
mission of WNVor transmitting the infection to human beings remains
unclear. Culex salinarius Coquillett was found frequently infected
with WNV in New York (peak minimal infection rate of 9 per 1000 in
Staten Island during the 2000 transmission season) (Kulasekera
et al., 2001). This species, which feeds indiscriminately and aggres-
sively, may act as a bridge vector, exposing animals not usually in-
volved in enzootic transmission of virus. C. salinarius previously had
been identified as a potential bridge vector of SLE (Mitchell et al.,
1980) and eastern equine encephalitis virus (Vaidyanathan et al.,
1997) from the epornitic (avian enzootic/epizootic) cycle to humans
and/or horses and has been proposed to serve the same function of
WNV (Kramer and Bernard, 2001; Kulasekera et al., 2001). Since
Cx. tarsalis andCx. quinequefasciatus feed on both birds andmammals,
a bridge vector is not required. Some other potential vector species, such
as Ochlerotatus japonicus (Theobald) and Aedes albopictus (Skuse)
have been implicated in WNV transmission in the United States by
the detection of viral RNA in field-collected specimens (Bernard et al.,
2001; CDC, unpublished data) and demonstration of high vector compe-
tence in the laboratory (Turell et al., 2001). While these introduced
species have the potential to pose a serious threat to humans, they do
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not appear to play a major role in the transmission of WNVat this time.
Many of the secondary species may be incidental vectors of little epi-
demiological significance. Further research is required to determine
the importance of mosquitoes other than the C. pipiens complex in the
ecology and epidemiology of WNV in North America.

Similarly, SLE has been isolated from diverse mosquito species in
North America (Day, 2001; Mitchell et al., 1980). The predominant
SLE vector is Culex tarsalis Coquillett in the West (Levy et al., 1987;
Reisen and Reeves, 1990), C. pipiens in the eastern and central states
to Canada (Reiter et al., 1986; Thorsen et al., 1980), Culex quinquefas-

ciatus Say in the central and southern states to Mexico (Savage et al.,
1993; Tsai et al., 1988), and Culex nigripalpus Theobald in temperate
and subtropical Florida (Chamberlain et al., 1964; Day and Curtis,
1993). This same pattern of vector incrimination has been observed
with WNV, as described.

Among mosquito-borne nonneurotropic flaviviruses, both DEN and
YF are transmitted predominantly by A. aegypti (Gubler, 1988; Taylor,
1951). The geographic range of DEN disease has expanded in recent
history primarily because of the spread of this mosquito vector (Gratz,
1999; Gubler, 1998), which has accompanied the global increase in
human population size (Zanotto et al., 1996) and movement. A variety
of other Aedes spp. have also been implicated. A. albopictus was re-
sponsible for dengue fever and dengue hemorrhagic fever epidemics
in many Far Eastern and Pacific regions, including Hawaii (Usinger,
1944) (ProMED-mail, 10/6/01, 10/14/01, http://www.promedmail.org/
pls/promed/promed.home), Japan (Sabin, 1952), Thailand (Gould et al.,
1968), Singapore (Chan et al., 1971), Indonesia (Jumali et al., 1979),
Seychelles (Metselar et al., 1980), and southern China (Qiu et al.,
1981). More recently, A. albopictus has been incriminated as the
primary vector in rural parts of Asia (Fan et al., 1989; Gubler, 1988;
Monath, 1994; World Health Organization, 1997). The first record of
A. albopictus naturally infected with DEN in the Americas was during
the 1995 outbreak in Reynosa, Mexico (Ibanez-Bernal et al., 1997).
Interestingly, virus was isolated from both male and female mos-
quitoes, implying that vertical transmission may occur naturally.
Ochlerotatus (Gymnometopa) mediovittatus Coquillett, a forest and
peridomestic mosquito found in the Caribbean area, was found to be
an efficient vertical and horizontal vector of DEN in the laboratory
(Freier and Rosen, 1988).

YF is maintained in a sylvan cycle involving lower primates and
canopy-dwelling mosquitoes in tropical Africa and South America. In
an outbreak in Gambia in 1978–1979, YF transmission initially
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was driven by sylvatic vectors, including the Aedes furcifer-taylori

(Edwards) group of mosquitoes and possibly others, such as Aedes

luteocephalus (Newstead), Aedes metallicus (Edwards), and Aedes

vittatus (Bigot) (Germain et al., 1980). In western Africa, two distinct
patterns of YF emergence may be due to transmission by two different
vectors: in forested regions, where Aedes africanus (Theobald) is the
vector, transmission is limited and isolated as compared to savanna
regions, where A. furcifer is the major vector. The different behavior
of these two vectors and their population dynamics determined the
degree of human–vector contact and are responsible for these differing
patterns of emergence (Cordellier, 1991). Haemagogus janthinomys

Dyar is a potential vector of sylvan YF in the Brazilian Amazon (Degal-
lier et al., 1991) and Trinidad (Chadee et al., 1992), transmitting YF be-
tween monkeys. Within sylvatic habitats, the same vector populations
are responsible for both epizootic and epidemic transmission cycles.
Humans become infected when they invade the sylvan environment,
and subsequently carry the virus to urban areas, initating an A. aegyp-

ti-driven urban cycle (Solomon and Mallewa, 2001). A. albopictus has
been hypothesized to pose a substantial risk as a bridge vector for
sylvan YF in Brazil (Gomes et al., 1999; Marques et al., 1998).

II. FLAVIVIRUS INFECTION OF AND REPLICATION IN THE MOSQUITO VECTOR

Early studies of flaviviruses in mosquitoes used infectious virus
assays, immunofluorescence assays (IFA), immunocytochemical stud-
ies, and electron microscopy (EM) to delineate the sequential spread
of virus in the mosquito vector. More recently, molecular tools such as
reverse transcription–polymerase chain reaction (RT–PCR) (Tardieux
et al., 1992) and in situ RNA–RNA hybridization (Miller et al., 1989a)
have been implemented to study the kinetics of viral infection in the
mosquito. The accumulated findings of traditional and molecular
methods have facilitated a detailed understanding of viral replication
in mosquito hosts, although questions still abound. Flavivirus infec-
tion in competent mosquitoes proceeds in a stepwise fashion, begin-
ning with acquisition of infectious virus during blood feeding,
infection of the posterior portion of the mesenteron, replication in the
mesenteron, dissemination from the mesenteron, secondary amplifica-
tion in fat body cells, infection of the salivary glands, and transmission
of virus to a susceptible host during a subsequent blood meal (Fig. 1).

The first stage of flavivirus replication occurs in cells of the mesen-
teron following an infectious blood meal. This stage of the infectious
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process was reviewed thoroughly by Hardy et al. (1983). Briefly, SLE
was demonstrated to penetrate the mesenteronal epithelial cells of
C. pipiens by binding to cell surface receptors (Marsh et al., 1981),
followed by endocytosis (Whitfield et al., 1973). Nascent SLE virions
were first observed within cisternae of the endoplasmic reticulum of
mesenteronal epithelial cells in C. pipiens and subsequently were
found in extracellular spaces between the plasma membrane of the
cell and the basal lamina surrounding the meseneteron on the hemo-
coel side (Whitfield et al., 1973). A. albopictus infected perorally with
DEN-2 (Kuberski, 1979), and C. tritaeniorhynchus and C. pipiens

infected with JEV had evidence of viral antigen in a few cells in the
posterior portion of the mesenteron by 4 days postinfection. Within a
few days, viral antigen was detected in most cells in the posterior
mesenteron. DEN-2 was never found in the anterior portion of the
mesenteron, whereas JE was eventually observed throughout (Hardy
and Reeves, 1990). Electron microscopic examination of the mesen-
teron demonstrated SLE infection in �1 in 5 mesenteronal epithelial
cells (Whitfield et al., 1973). However, the distribution of infected cells
within the mesenteron and the number of cells infected following oral
infection vary with the virus and the mosquito species.

Doi et al. (1967, 1970) demonstrated that a second stage of JE multi-
plication in C. tritaeniorhynchus and C. pipiens occurred in fat body
cells immediately adjacent to the mesenteron. This was also observed

FIG 1. (Modified from Hardy, J. L. in Monath, T. P., 1988). Sequential steps required
for a competent female mosquito to transmit a flavivirus after ingestion of an infective
blood meal. (1) Infectious blood meal ingested. (2) Virus infects and multiplies in mesen-
teronal epithelial cells. (3) Virus released (escapes) frommesenteronal epithelial cells. (4)
Secondary amplification: Virus infects and amplifies in fat body cells. (5) Virus infects
and multiplies in salivary gland epithelial cells and other tissues. (6) Virus released from
salivary glands into salivary secretion and is transmitted by feeding.
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in A. albopictus infected with YF (Miller et al., 1989a). Third-stage
multiplication occurred in the salivary glands and other susceptible
tissue. The DEN-2 viral antigen was found in large amounts in neural
tissue 6 days after A. albopictus ingested virus and before the salivary
glands had evidence of viral antigen by IFA (Kuberski, 1979). DEN-2
viral RNA loads were demonstrated to peak in A. aegypti on day 6 pi
(Armstrong and Rico-Hesse, 2001). Peak infectious titers of YF (3.5
log10 PFU/mosquito) were observed 7 days after A. albopictus were
fed on viral suspensions containing 7.2 log10 PFU/ml (Miller et al.,
1989a) and held at 26.7 �C. Viral antigen was first detected in head
tissues 6 days after feeding; salivary glands were infected by 11 days,
as many as 5 days after first detection in head tissues. Neither infec-
tious virus nor viral RNAwas detected in the reproductive tract. A simi-
lar pattern of viral dissemination is described for YF virus inA. aegypti,
although viral titers were higher (B. R. Miller unpublished data).

III. VECTORIAL CAPACITY

A. Definition

The mechanisms of virus transmission by mosquitoes have been
described thoroughly (Chamberlain and Sudia, 1961). Intrinsic and
extrinsic factors have an impact on the dynamics of virus transmission
cycles (virus–vector–vertebrate host interactions) (Hardy et al., 1983).
Included among intrinsic factors are mosquito vector competence
[susceptibility, extrinsic incubation period (EIP), transmission rate],
longevity, and host blood meal preferences. Each of these intrinsic
factors is affected by extrinsic factors such as larval density and
nutrition, temperature, rainfall, host availability, and host immunity.

A mathematical model that represents the interplay of factors that
impact the dynamics of arthropod-borne pathogen transmission was
described by MacDonald (1961) and later modified by other research-
ers. One equation for vectorial capacity, the ‘‘basic reproductive rate’’
(R0) of a vector-borne pathogen, is represented mathematically by
V ¼ ma2pnb/�ln(p) (Black and Moore, 1996) where V is vectorial ca-
pacity (R0); m is vector density in relation to the host; a is probability
a vector feeds on a host in 1 day (¼ host preference index � feeding fre-
quency); p is probability of vector surviving through 1 day; n is du-
ration of EIP (in days); b is vector competence, the proportion of
vectors ingesting an infective meal that successfully become infective;
and 1/(�ln p) is duration of vector’s life in days after surviving the
extrinsic incubation period.
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Various researchers have refined the Black and Moore mathematical
model to include additional factors that impact arbovirus transmission
cycles. Kay et al. (1987) applied a cyclic mosquito-feeding pattern in
a model of MVE transmission. A DEN model that describes the EIP
as a function of temperature has also been described (Focks et al.,
1993a, 1993b, 1995). A further modification of the DEN model for
container-breeding vectors included improved mechanisms to estimate
water depth and temperature in the immature aquatic environment
(Cheng et al., 1998). Twostudies analyzing risk factors forDEN infection
(Carbajo et al., 2001; Rodriguez-Figueroa et al., 1995) determined that
the two most important factors were duration of the virus transmission
cycle and survival of the vectors. Esteva and Vargas (1998, 2000) formu-
lated models describing the dynamics of DEN disease incorporating
mechanical and vertical transmission of the virus (see Sections IV,A
and V,A).

Among other factors that merit consideration in modeling disease
risk are (1) viral serotype and strain and (2) probability of importation
of virus, which may increase with urbanization and high human popu-
lation density. Global warming may also increase the probability that
a flavivirus introduced into a temperate environment would progress
into an epidemic (Focks et al., 1995). It may also increase mosquito ac-
tivity, thereby increasing viral transmission (Tsai, 1997). Rigorous
evaluations taking into account the multiple parameters of vectorial
capacity are crucial to estimate risk of infection.

Environmental factors, especially temperature and precipitation,
significantly affect arbovirus transmission by impacting vector abun-
dance (Epstein, 2001; Hubalek, 2000), feeding behavior (Van Handel
et al., 1994), longevity (Dye, 1992; Smith, 1987), length of the mosquito
gonotrophic cycle (Pant and Yasuno, 1973), and EIP of the virus (Reisen
et al., 1993; Watts et al., 1987). The complex interactions of factors
affected by changes in temperature and precipitation and the implica-
tions for flavivirus transmission have been reviewed thoroughly
(Gubler et al., 2001; Reeves et al., 1994). These factors, discussed in
detail later, have the greatest impact on the transmission of vector-
borne diseases, and understanding their interaction is indispensable
in designing public health interventions.

B. Vector Competence

Vector competence is a measure of the ability of a mosquito to
become infected with, allow replication of, and transmit virus to a sus-
ceptible host. Viruses confront a series of ‘‘barriers’’ in the mosquito
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vector that may limit dissemination and/or transmission of the virus,
rendering the mosquito incompetent. These barriers have been well
described and include the mesenteronal infection barrier (MIB), which
prevents infection of the mesenteron (Chamberlain and Sudia, 1961;
Paulson et al., 1989); the mesenteronal escape barrier (MEB), which
prevents dissemination of virus from the infected mesenteronal epithe-
lium (Hardy et al., 1983; Kramer et al., 1981); and salivary gland infec-
tion and escape barriers (Grimstad et al., 1985; Kramer et al., 1981;
Paulson et al., 1989). Although the molecular determinants of these
barriers remain poorly understood, their description has significantly
enhanced our understanding of vector competence. Less common
modes of flavivirus transmission include vertical transmission from
the female mosquito to the progeny and venereal transmission by male
mosquitoes to females.

Numerous determinants affect vector competence. It is under gen-
etic control of both the vector (Hardy et al., 1983; Wallis et al., 1985)
and the virus (Armstrong and Rico-Hesse, 2001; Hardy et al., 1986;
Miller and Mitchell, 1986), but is also dependent on extrinsic factors
such as temperature of extrinsic incubation, infecting dose, and nu-
tritional status of the adult. These factors are discussed in detail in
subsequent sections of this review. Some of these variables are not ex-
plicitly included in the vectorial capacity equation, but are captured in
the term for vector competence, b.

Vector competence is a linear component of the vectorial capacity
equation and thus is a relatively weak contributor to overall vectorial
capacity. A poorly competent vector may therefore drive intense trans-
mission of flaviviruses (and other vector-borne pathogens) if other con-
ditions included in the vectorial capacity equation are favorable.
Highly focused feeding, for example, compensated for minimal vector
competence in an A. aegypti-driven urban outbreak of YF in Nigeria
(Miller et al., 1989b). Similarly, although the vector competence of
C. pipiens for WNV is moderate (Turell et al., 2001), its focus on avian
hosts has driven epizootic transmission of WNV in the United States
and Canada.

C. Vector Abundance

1. Impact on Vectorial Capacity

The abundance of vector mosquitoes, m, is also a linear factor in
the vectorial capacity equation. It is determined by behavioral and en-
vironmental factors. Some mosquitoes, such as A. aegypti, lay eggs
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peridomestically where their preferred hosts, human beings, are read-
ily available. The abundance of A. aegypti is directly proportional to the
availability of domestic and peridomestic water-filled oviposition con-
tainers (Moore et al., 1978). Interestingly, tremendous variation has
been observed in the productivity of different types of containers (Focks
and Chadee, 1997; Focks et al., 2001; MacDonald, 1957; Southwood
et al., 1972; Teng et al., 1999). In some types of containers (e.g., flower
pots), although larvae are present, adult emergence rarely occurs
because the water is changed frequently (Focks and Chadee, 1997).
Stochastic models that incorporate estimates of water temperature
and depth in containers are now being applied to describe the dynamics
of DEN transmission more accurately (Hopp and Foley, 2001).

The importance of proximity of breeding sites to susceptible verte-
brate hosts was also evident in Australia in 1998 where a JE outbreak
was most likely initiated by the close proximity of domestic pigs,
human dwellings, and C. annulirostris breeding sites (e.g., paddy
fields, ditches) (Hanna et al., 1996). Similarly, following the introduc-
tion of WNV to New York City in 1999, dry summer conditions brought
together humans, dense populations of susceptible American crows,
and the predominant vector, C. pipiens. Although vector abundance
is an important factor in vectorial capacity, like vector competence it
acts weakly: a mosquito species that is host specific or long-lived will
have more impact on arbovirus transmission than one that is highly
abundant but lacks host specificity or longevity.

2. Effect of Temperature

Temperature affects the abundance and feeding behavior of mosqui-
toes. At hotter temperatures, biting activity may be more frequent be-
cause of a relatively rapid metabolism of nutrients (Van Handel et al.,
1994). This may, in turn, impact the mosquito reproductive rate and
thereby density of the mosquito population. Critical vector densities
are required for efficient virus transmission. An integrative transmis-
sion model of SLE epidemics in Florida indicated that seasonal
variation in mosquito populations did not correlate with outbreaks
(Lord and Day, 1999). Similarly, C. tarsalis abundance in California,
which was greatest during the spring and fall, did not correlate with
field-derived measures of virus transmission, mean environmental
temperature, humidity, or rainfall (Reisen et al., 1995a).

WNV outbreaks are associated with high populations of mosquitoes
(especially Culex spp.) frequently caused by flooding and subsequent
dry and hot weather (Hubalek, 2000). An explosive increase in the
population of C. pipiens as a result of poor plumbing and sewage in
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the basements of apartments was thought to be instrumental in the
1996 outbreak of WNV in Romania following a prolonged drought
and excessive heat (Savage et al., 1999; Tsai et al., 1998). The outbreak
of WNV in North America following its introduction to New York in
1999 was preceded by a mild winter and a dry hot summer (Epstein,
2001).

3. Effect of Rainfall

The effect of rainfall on mosquito abundance is complex. It is gener-
ally understood that increases in rainfall promote arbovirus transmis-
sion. Devastating floods occurred after heavy rains in Moravia, Czech
Republic, leading to an abrupt increase in C. pipiens populations and
an increase in WNV activity (Hubalek and Halouzka, 1999). The den-
sity of A. aegypti was correlated positively with rainfall, the relation-
ship being more marked in drier locations of Puerto Rico (Moore
et al., 1978). In 2000, following an increase in temperature and rain-
fall, an epidemic of YF occurred in Brazil (Vasconcelos et al., 2001). It
is thought that increased rainfall provides additional suitable habitat
for immature mosquitoes. Conversely, drought conditions may in-
crease the intentional storage of drinking water in areas without a
stable piped water supply, also leading to an increase in the number
of developmental sites for mosquitoes. Similarly, the dry summer
conditions in New York City in 1999 led to natural water collec-
tions containing high concentrations of organic matter that favored
breeding of C. pipiens (Epstein, 2001).

The impact of rainfall on the abundance of C. annulirostris and
C. australicus, vectors of MVE, which breed in permanent or semiper-
manent habitats, was difficult to assess in Murray Valley, Australia,
during the dry summer months of 1979–1985 (Russell, 1986a, 1986b).
Urban SLE activity in the United States associated with C. pipiens

complex mosquitoes is frequently associated with periods of excessive
rainfall followed by periods of drought (Bowen and Francy, 1980)
largely because the breeding habits of these vectors (Day, 2001) favor
water high in organic content (Epstein, 2001). The drought conditions
foster contact between mosquito populations and avian hosts in urban
sites, allowing enzootic transmission to occur. Following late summer
rainfall, mosquito abundance increases and infected populations
expand to initiate epidemic transmission. Similar climatic conditions
fostered the establishment of WNV in New York in 1999. Therefore,
rainfall clearly effects mosquito abundance, but the magnitude and
direction of this effect appear to vary with the virus, mosquito species,
and other environmental determinants.
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D. Vector Longevity and Extrinsic Incubation Period

1. Impact on Vectorial Capacity

The most powerful components in the vectorial capacity equation are
the terms that represent the longevity of the vector and the EIP of
the pathogen, pn. The EIP determines how long a mosquito must sur-
vive after an infective blood meal before it can transmit virus and
varies for each virus–vector system (Chamberlain et al., 1954). Vector
longevity is raised to the power of the EIP, thus entering the vectorial
capacity equation as an exponential term. In combination, then, these
two factors are the most powerful contributors to vectorial capacity.
A long-lived mosquito contributes the most to the transmission of
vector-borne pathogens. Determinants of vector longevity are complex
and partially determined by extrinsic factors that are discussed in
more detail later.

2. Effect of Temperature

Higher temperatures shorten the EIP of the virus (Chamberlain
and Sudia, 1961; Taylor, 1951). Replication of SLE in the mosquito
decreases as a linear function of temperature at temperatures greater
than 17 �C (Reisen et al., 1993). An increased temperature of extrinsic
incubation has been demonstrated to decrease the length of time
following ingestion of an infectious blood meal before mosquitoes
can transmit most flaviviruses, including SLE (Chamberlain et al.,
1959; Hurlbut, 1973), JE (Takahashi, 1976), DEN (Watts et al.,
1987), YF (Bates and Roca-Garcia, 1946; Khozinskaya et al., 1985),
WNV (Dohm and Turell, 2001; Jupp, 1974), and MVE (Kay et al.,
1989c). At 32 �C, duration of the EIP can be as short as 7 days for
A. aegypti infected with DEN (Watts et al., 1987). Flaviviruses can
be transmitted experimentally, however, after lengthy incubation
at low temperatures: a Canadian isolate of SLE (Mclean et al., 1978)
and a southwest Pacific isolate of DEN-2 (Mclean et al., 1975)
were transmitted by Aedes spp. after 3 weeks at 13 �C. Kay et al.
(1989b) demonstrated that the vector competence of C. annuliros-

tris for Murray Valley encephalitis was depressed only if the extrin-
sic incubation temperature was decreased relative to the rearing
temperature and found no significant difference in infection or trans-
mission rates in mosquitoes reared and maintained at lower
temperatures as compared to those reared and maintained at 27 �C.

Temperature also affects mosquito longevity, an important compo-
nent of vectorial capacity (Dye, 1992; Smith, 1987). Mortality rates
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depend on age (Lord and LeFevre, 2001; Muir and Kay, 1998; Su and
Mulla, 2001) and increase with increasing temperature. The effect
of temperature on mosquito longevity and vectorial capacity, how-
ever, is not always straightforward or intuitive. Sheppard et al.
(1969) found no seasonal variation in life expectancy of A. aegypti in
Thailand. In Puerto Rico, DEN transmission is most intense from
June to December when the temperatures are highest and there
is the most rainfall (Rodriguez-Figueroa et al., 1995) but A. aegypti

survival is shortest at this time (Costero et al., 1999). Nonetheless,
because A. aegypti, and presumably other mosquito species, seek
shelter in cooler resting places during hours of excessive heat, the
effect of high temperatures may be ameliorated (Christophers,
1960). Reisen et al. (1995a) concluded that SLE transmission pro-
gressed efficiently during midsummer because elevated temperatures
shortened the extrinsic incubation period without decreasing survivor-
ship markedly. This resulted in an increased proportion of females sur-
viving extrinsic incubation (Reisen et al., 1995a).Warmer temperatures
may intensify or extend the transmission season for DEN, SLE (Patz
and Reisen, 2001), and other flaviviruses.

E. Global Climate Change

The International Council of Scientific Unions and the Inter-
governmental Panel on Climate Change have projected a 2 �C increase
in temperature by the end of the twenty-first century (IPCC, 1996).
Because of the complex relationship of arboviruses and their mos-
quito vectors with temperature, such global change is expected to
influence arthropod-borne disease transmission (Jetten and Focks,
1997; Reeves et al., 1994), although the relative importance of global
climate change remains under discussion (Gubler et al., 2001).
Epidemics of DEN (Hales et al., 1996, 1999) and MVE (Nicholls,
1986, 1993) have been associated with the El Niño phase of south-
ern oscillation, supporting the observation that arbovirus transmis-
sion cycles are affected by climate, as are other arthropod-borne
diseases (Bouma et al., 1997a, 1997b). Global climate change would
presumably affect vectorial capacity indirectly by changing the
temperature and precipitation patterns in endemic areas (Cayan,
1999). It is crucial to understand the relationship between these
factors and mosquito biology in order to elucidate the relationships
between climate and disease ecology and ultimately human health
(Hopp and Foley, 2001).

DYNAMICS OF FLAVIVIRUS INFECTION IN MOSQUITOES 199



IV. IMPACT OF REPRODUCTIVE BIOLOGY ON DYNAMICS OF FLAVIVIRUS

TRANSMISSION

A. Feeding Behavior

Critical components of vectorial capacity are the degree to which a
vector species focuses on a single blood meal source and biting fre-
quency (MacDonald, 1957). The importance of feeding behavior on
virus transmission is exemplified by the highly anthropophilic mos-
quito A. aegypti, the principal vector of DEN (Gubler, 1988) and urban
YF (Taylor, 1951). A. albopictus is a more competent DEN vector than
A. aegypti, but is a less selective feeder and therefore generally
appears to be of less epidemiological significance. In vectorial capacity,
the importance of focused feeding is captured by squaring the term a,
indicating that for transmission to continue, two blood meals must be
taken from competent vertebrate hosts. A twofold increase in host
fidelity thus impacts vectorial capacity much more profoundly than a
twofold increase in vector competence or vector abundance.

Various determinants affect host preference, and thereby vectorial
capacity. Olfaction plays a major role in mosquito host preference
and blood feeding, integral behaviors for disease transmission. Host
specificity is determined genetically, as demonstrated by inherited dif-
ferences within members of the Anopheles gambiae complex (Takken,
1996). The mechanisms of A. aegypti host preference may be due to a
large extent to differences in the amount of lactic acid (Steib et al.,
2001) and perhaps ammonia (Geier et al., 1999) among other compo-
nents of the human skin in sweat. To evaluate host preferences of vari-
ousmosquito species, studies have applied serologic analyses (Niebylski
and Meek, 1992; Robertson et al., 1993; Tempelis, 1975; Tempelis et al.,
1965, 1976;Wang, 1975) and comparison of feeding behavior in the field
(Loftin et al., 1997; Mwandawiro et al., 2000). More recently, molecular
analyses have been employed (Boakye et al., 1999; Lee et al., 2001;
Ngo and Kramer, 2003).

Another component of feeding behavior that may impact host fidelity
is the temporal pattern in mosquito and human or other vertebrate
activity. The temporal patterns of feeding activity for A. aegypti depend
on locality and subspecies (reviewed in Chadee and Martinez, 2000;
Gubler, 1988), but appear to be predominantly diurnal with peak
feeding in the early morning and late afternoon, coinciding with
peridomestic human activity (Christophers, 1960; Gubler, 1970; Ho
et al., 1973). A nocturnal feeding component has also been observed
in Africa (McClelland, 1959, 1960) and Trinidad (Chadee andMartinez,
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2000) that has significant epidemiological impact, as it extends the
period of peak mosquito activity. It has been postulated that artificial
light may be contributing to the feeding behavior of A. aegypti in these
areas.

Nutritional requirements during the gonotrophic cycle of mosquitoes
may also impact the intensity of arbovirus transmission. In most mos-
quito species, adult females feed on plant sugars, supplementing nutri-
ents acquired with blood (Bidlingmayer and Hem, 1973; Reisen et al.,
1986). In contrast, A. aegypti feed almost exclusively on human blood
(Edman et al., 1992; Van Handel et al., 1994) and frequently take mul-
tiple partial blood meals during each gonotrophic cycle (Gubler, 1988;
MacDonald, 1956; Platt et al., 1997; Scott et al., 1993b; Yasuno and
Tonn, 1970). This phenomenon may be seasonal, demonstrating the
interrelationship between factors generally viewed as ‘‘intrinsic’’ and
‘‘extrinsic’’ (Costero et al., 1998a; Day et al., 1994; Scott et al., 1993a,
1993b; Van Handel et al., 1994). The incidence of multiple blood meals
correlates with the DEN transmission season in rural Thailand (Scott
et al., 1993a). This effectively increases the speed of virus spread, as
virus may be transmitted each time a mosquito expectorates saliva
into a susceptible host during feeding (Putnam and Scott, 1995).
A. aegypti that were infected perorally transmitted at a greater rate
after multiple probing than controls that fed once. This phenomenon
was noted earlier by Hurlbut (1966) with SLE and C. pipiens. It was
hypothesized that the first fraction of saliva contained old secretions
with fewer or inactivated virions. Salivation stimulated increased
shedding of virus from salivary gland tissues, and these virions were
more infectious.

The feeding habits of A. aegypti may contribute to the observation of
clusters of DEN disease within individual households in Puerto Rico
(Morrison et al., 1998). In addition to A. aegypti (Scott et al., 1993a),
C. tarsalis (Anderson and Brust, 1997) and C. salinarius (Thapar
et al., 1998) have been demonstrated to take multiple blood meals
during each gonotrophic cycle. Multiple blood meals translate into
more frequent human–mosquito contact, increased virus transmission,
increased fecundity, and enhanced survival (Day et al., 1994; Scott
et al., 1993a, 1993b) (i.e., enhanced vectorial capacity). This behavior
may be critical for the maintenance of DEN viral transmission at low
but detectable levels during interepidemic periods. It also confers an
evolutionary advantage to the mosquitoes that take multiple human
blood meals: the number of offspring is higher and the females
reproduce more quickly than those imbibing blood and plant-derived
carbohydrates (Costero et al., 1998b; Vaidyanathan et al., 1997).
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Some pathogens have been observed to affect blood feeding behavior
in the infected vector, increasing the duration of contact between the
arthropod and the vertebrate host, for example, LaCrosse-infected
Oclerotatus triseriatus (Say) (Grimstad et al., 1980) and Plasmodium

gallinaceum–infected A. aegypti (Rossignol et al., 1984). Putnam and
Scott (1995) found no evidence of similar manipulation of infected
highly colonized A. aegypti by passaged DEN, but Platt et al. (1997)
found that the mean total time required for probing and feeding by
infected A. aegypti was significantly longer than the time required by
uninfected mosquitoes. Platt et al. (1997) related the difference in
results to the specific mosquito tissues that were infected.

B. Oviposition Behavior

Mosquitoes undergo complete metamorphosis as they develop and
are affected by several critical environmental determinants. The type
of larval habitat available affects adult nutritional status, body size,
survival, andpossibly vector competence (Lord, 1998; Sumanochitrapon
et al., 1998). Climatic factors such as temperature and rainfall affect
development of the immature aquatic stages as much as adult survi-
vorship and abundance (Focks et al., 1993a, 1993b;Macfie, 1920; Rueda
et al., 1990) (Fig. 2). Climate and habitat type are related to one an-
other, as are socioeconomic factors, including sanitation and the
availability of piped water, that may also affect the incidence of dis-
ease. For example, the difference in DEN incidence in Ho Chi Minh
City and its periphery in Vietnam was correlated inversely with access
to a piped drinking water supply (Mirovsky et al., 1965), indicating
that provision of an adequate water supply system precludes the need
for artificial containers to catch rainwater and consequently reduces
mosquito density and DEN transmission (Focks et al., 1999).

The duration of immature development of A. aegypti varied
according to the container position (i.e., shaded or exposed) and the
availability of food resources, as well as inversely with temperature
(Tun-Lin et al., 2000). In southeast Asia, even where A. aegypti breeds
in artificial containers that are kept predominantly indoors, increased
transmission of dengue is still most pronounced during the rainy
season. This suggests that peak transmission in southeast Asia may
not be influenced greatly by mosquito density, but rather that tempera-
ture and humidity during the rainy season are more conducive to sur-
vival of the adult mosquito, thus increasing the likelihood that infected
mosquitoes will survive the EIP and transmit to new individuals. How-
ever, in Brazil, local periods of drought have been observed to promote
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vector abundance in two ways: residents stored water in which vector
mosquitoes could breed and cholera outbreaks due to contaminated
water diverted local health workers from routine antivector activities
(Pontes et al., 2000). This points out the difficulty of extrapolating from
one environment to another.

An increase in the population density of noncontainer-breeding mos-
quitoes is dependent on the flooding of breeding sites. Vernal increases
in C. tarsalis abundance typically were associated with flooding of
saline marshes along the north shore of the Salton Sea in the Coachel-
la Valley in southern California and were followed 6 to 8 weeks later by
the onset of SLE virus activity. Virus then spread to managed marsh
and agricultural habitats in a nearby flood plain and, depending on

FIG 2. Survivorship and development requirements are life stage dependent. Meta-
morphosis is dependent on daily cumulative development and other life stage–specific
factors. Reprinted with permission from Hopp and Foley (2001).
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the intensity of amplification, to agricultural and residential areas in
the more elevated northwestern portion of the Valley (Reisen et al.,
1995b).

C. Larval Nutrition

Nutrients available to developing mosquitoes further impact vecto-
rial capacity. Mosquitoes from nutrient-rich environments tend to be
larger than those from nutrient-poor environments; larvae that are
uncrowded develop into larger adults than those that are crowded.
Fecundity is a function of adult weight, thereby affecting popula-
tion density (Blackmore and Lord, 2000; Nayar and Sauerman, Jr.,
1975a, 1975b, 1975c). Size differences did not lead to any statistically
significant differences in the vector competence of C. tritaenior-

hynchus for JE (Takahashi, 1976) and WNV (Baqar, 1980) and of
C. annulirostris Skuse for MVE (Kay et al., 1989a). These results are
in contrast to those observed for O. triseriatus (Say) infected with
LaCrosse virus, where low nutrition adults were found to be more effi-
cient transmitters of virus than adults reared under normal conditions
(Grimstad and Haramis, 1984). However, Nasci (1986, 1991) hypothe-
sized that larger females had greater vector potential due to increased
survival time and blood-feeding success. Larval nutrition also influ-
ences nutritional reserves such as glycogen and lipids in adult mosqui-
toes (Chambers and Klowden, 1990) and consequently the rate at
which multiple blood meals are taken by adult A. aegypti. Nutri-
tionally deprived larvae develop into smaller nutritionally deprived
adults that require multiple blood meals. This may lead to increased
human–vector contact and increases in vectorial capacity.

V. ROLE OF THE VECTOR IN PERPETUATION OF VIRUS OVER ADVERSE SEASONS

AND YEARS

A. Vertical Transmission

The means by which most flaviviruses perpetuate themselves over
adverse seasons and years are poorly understood. In temperate cli-
mates where winter occurs, arboviruses must generally persist during
periods, up to 9 months, when mosquito activity ceases and trans-
mission stops. In tropical areas, adversity is also related to seasonal
changes in rainfall and temperature. On a larger time scale, years
frequently occur where conditions are less favorable for arbovirus
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transmission due to the availability of hosts and breeding sites for
vector mosquitoes. Possible mechanisms of viral survival have been
reviewed by Reeves (1990) and Rosen (1987b). One potential means
of overwintering is through vertical transmission from parent to
progeny. Flaviviruses appear to enter the fully formed egg through
the micropyle at the time of fertilization (Rosen, 1987a, 1987b). This
is a much less efficient mechanism of vertical transmission than true
‘‘transovarial’’ transmission in which the virus infects the germ
layer of the developing egg, as occurs with bunyaviruses (Tesh and
Shroyer, 1980); however, it does permit the infection of progeny
following a single maternal blood meal (Rosen, 1987a). Flaviviruses
have been isolated from field-collected larvae and/or male mosquitoes,
including JEV from C. tritaeniorhynchus (Rosen et al., 1978), WNV
from C. univittatus (Miller et al., 2000), DEN from A. aegypti (Hull
et al., 1984; Khin and Than, 1983), and A. albopictus (Ibanez-
Bernal et al., 1997; Kow et al., 2001) and yellow fever from A. aegypti

(Fontenille et al., 1997). Laboratory studies have also successfully
demonstrated vertical transmission of flaviviruses. YF was transmit-
ted from parent to progeny Haemogogus equinus Theobald (Dutary
and LeDuc, 1981) and intrathoracically inoculated Aedes spp. (Aitken
et al., 1979; Beaty et al., 1980). JEV was transmitted vertically by
C. tritaeniorhynchus (Rosen et al., 1978) and O. japonicus (Takashima
and Rosen, 1989) and WNV by C. tritaeniorhynchus, A. albopictus,

A. aegypti (Baqar et al., 1993), and C. pipiens (Turell et al., 2001). Kun-
jin was demonstrated to be transmitted vertically by A. albopictus

(Tesh, 1980). MVE (Kay and Carley, 1980) and DEN (Rosen et al.,
1983) were also transmitted vertically in the laboratory at a low rate
by A. aegypti. Evidence for higher rates of vertical transmission of
DEN, possibly sufficient to assist in the maintenance of DEN in
nature, have been found in A. albopictus (Bosio et al., 1992; Mitchell
and Miller, 1990; Shroyer, 1990).

SLE has been demonstrated in the laboratory to be transmitted ver-
tically by several mosquito species (Hardy et al., 1984), but appeared
to depend at least in part on mosquito rearing conditions. Temperature
of rearing affected vertical transmission rates of SLE in Aedes tae-

niorhynchus (Wiedemann) and Aedes epactius Dyar and Knab, but
not Culex spp: MIRs were significantly higher in F1 adults following
rearing at 18 �C than they were in F1 adults reared at 27 �C (Hardy
et al., 1980). Virus may be inactivated during the metamorphic
changes that occur during larval pupation and/or adult emergence.
In addition, use of different strains of SLE appeared to influence
the vertical transmission of virus by some mosquito species (e.g.,
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A. albopictus) and not others, (e.g. A. epacticus). Three geographic
strains of A. albopictus infected parenterally with DEN-1 and DEN-4
transmitted virus vertically to progeny (Mitchell and Miller, 1990).
As had been demonstrated previously, the rate of vertical transmission
varied with the DEN strain and serotype (Rosen et al., 1983), with the
geographic strain of mosquito (Bosio et al., 1992), and on the mosquito
stage assayed. It is therefore difficult to compare transmission rates
from different studies. DEN-infected male mosquitoes (via vertical
transmission) have been demonstrated to pass the virus to females
through venereal transmission (Rosen, 1987c; Tu et al., 1998). Such
transmission was enhanced if the females had taken a blood meal 2
to 7 days prior to mating. Allowing F1 female progeny of C. pipiens to
take a blood meal prior to being tested for SLE infection did not in-
crease levels of vertical transmission to equal those of California se-
rogroup viruses, which are truly transmitted transovarially (Francy
et al., 1981). Thus, the role of vertical transmission in flaviviral per-
sistence is at present unclear. Further work is required to resolve some
of the ambiguities in the literature on the role of vertical transmission
in flavivirus persistence.

B. Hibernating Adult Mosquitoes

An alternate mechanism of carrying virus through adverse seasons
is through the female becoming infected in the fall by feeding on a vire-
mic host or through vertical transmission, surviving winter, and reini-
tiating the transmission cycle in the spring. Cool temperatures
facilitate viral persistence in mosquitoes over extended periods of time.
Experiments simulating winter conditions have demonstrated a long
survival of flaviviruses in mosquitoes. SLE was demonstrated to sur-
vive under natural winter conditions in C. quinquefasciatus more than
100 days (Reeves et al., 1958). JE was demonstrated to survive in and
be transmitted by the same mosquito species following initial incuba-
tion for 5 to 15 days at 20–30 �C, followed by an extended incubation
at 8–13 �C, with final incubation at 30 �C (Hurlbut, 1950; LaMotte,
1958, 1963; Shichijo et al., 1972). Similarly, C. pipiens infected with
WNV and held exclusively at overwintering temperatures of 10 �C
during incubation contained no detectable virus. However, when mos-
quitoes were transferred to 26 �C after being held at 10 �C for 21–42
days, infection and dissemination rates increased with increased incu-
bation at 26 �C (Dohm and Turell, 2001). SLE (Bailey et al., 1978) and
WNV (Nasci et al., 2001a) were isolated from pools of C. pipiens col-
lected during the winter in Maryland and New York, respectively;
however, the mode of infection of the adults is not clear.
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C. Mosquito Dispersal of Virus

A third possible mechanism of viral perpetuation in which mosqui-
toes are involved is through reintroduction from an endemic area.
The probability of reintroduction of virus via migrant-infected mosqui-
toes decreases with time and distance from the infectious source
(Johnson, 1969). Hot dry climatic conditions may restrict dispersal in
some habitats (Muir and Kay, 1998). For this mode of virus appearance
after adverse seasons to be successful, the source of infection would
have to support substantial populations of infected insects that
‘‘invade’’ neighboring uninfected locations.

Dispersal of mosquitoes can occur through unassisted means as on
wind currents or via assisted means inadvertently on boats, in contain-
ers, or on planes. Natural and assisted dispersal of Aedes has been de-
scribed (Provost, 1951; Teesdale, 1950) and has been hypothesized for
the transport of A. aegypti from west Africa to the New World on slave
ships in the fifteenth to seventeenth centuries. Dispersal of C. annulir-
ostris over 1800–2100 km (Anderson and Eagle, 1953; Miles and
Howes, 1953) has been hypothesized to contribute to the dissemination
ofMVE. The high degree of genetic relatedness betweenAustralian isol-
ates of JE from 1995 to 1998 with isolates from Papua New Guinea in
1997 and 1998 suggests that the New Guinea mainland was the likely
source of incursions of JE virus into Australia (Johansen et al., 2000,
2001). It has been hypothesized that JE-infected mosquitoes may have
been carried southward onmonsoonal depressions (Hanna et al., 1999).
Studies conducted by Kay and Farrow (2000) provide circumstantial
support that warm weather will permit crepuscular-nocturnal mosqui-
toes to be carried into the upper air layers and be transported signifi-
cant distances. Sellers and Maarouf have analyzed weather conditions
in North America and concluded that viruses may be transported
1250–1350 km by windborne mosquitoes (Sellers, 1980; Sellers and
Maarouf, 1988, 1991, 1993). Viral population genetic studies, however,
indicate that this has not been a significant means of perpetuation of
SLE in North America: South American strains of SLE are genetically
distinct from those in North America (Kramer and Chandler, 2001).

VI. GENETICS OF INFECTION

A. Variation in Natural Populations

The idea that vector susceptibility to flaviviruses was under genetic
control was first proposed by Bruce-Chwatt (1950) to explain variation
in YF infection rates in A. aegypti. Variation in the susceptibility of
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field populations and variation in their ability to transmit the fla-
viviruses YF (Aitken et al., 1977; Beaty and Aitken, 1979; Tabachnick
et al., 1985), DEN (Gubler and Rosen, 1976; Gubler et al., 1979;
Rosen et al., 1985), JE (Rosen et al., 1985; Weng et al., 1997), WNV
(Ahmed et al., 1979; Hayes et al., 1984), and SLE (Meyer et al., 1988)
have been well documented.

Most work with flaviviruses has focused on DEN and its two main
vectors, A. albopictus and A. aegypti. Observations documenting vari-
ation in the susceptibility of colonized geographic ‘‘strains’’ of A. aegyp-
ti and A. albopictus to infection with the DEN viruses suggested that
in these species, susceptibility to infection was controlled genetically
(Gubler et al., 1979; Gubler and Rosen, 1976). Studies of colonized
populations of A. albopictus and A. aegypti from Hawaii, Malaysia,
Japan, and North America indicated that all were highly susceptible
to infection with DEN-1 (70 to 100%), but varied significantly in
the proportion that developed disseminated infections (30 to 94%)
(Boromisa et al., 1987). Significant differences in the ability of mosqui-
toes to transmit virus occurred only rarely once virus disseminated
from the midgut, but significant differences in the proportion of mos-
quitoes transmitting virus were noted when the entire test populations
were considered.

Additional studies have documented variation in vector competence
within a narrower geographic scale. Significant variation was ob-
served in susceptibility to DEN-2 within A. aegypti populations col-
lected in and around Ho Chi Minh City, Vietnam (Tran et al., 1999).
While susceptibility to DEN-2 was variable among populations col-
lected from the city center, those collected from the periphery were
more homogeneous. These differences paralleled the degree of genetic
differentiation between populations collected from either region:
within the city center, populations were highly differentiated, indicat-
ing little gene flow among them, whereas there appeared to be more
genetic homogeneity on the periphery. This study confirmed earlier
reports that A. aegypti populations from highly urbanized cities tend
to differ greatly in genetic structure (Tabachnick, 1991). The link
between variation in susceptibility to DEN-2 and genetic differenti-
ation was also suggested as an explanation for the pattern of suscep-
tibility observed among populations of A. aegypti collected in French
Polynesia (Vazeille-Falcoz et al., 1999). On Tahiti, differences in
susceptibility are partitioned geographically: Populations collected
from the more populated and urbanized western coast of the island
were highly variable, whereas those collected from the less populated
and less environmentally disrupted eastern coast were homogeneous.
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These studies extended earlier evidence that vector susceptibility to
flavivirus infection is determined genetically by demonstrating that
variation is apparent on a much finer geographic scale. Importantly,
they demonstrated that this variation may be related to particular
landscape features and/or human land use: relatively inbred mosquito
populations may be more variable in susceptibility than populations
where gene flow is less restricted

Significant variation in susceptibility and, presumably, vector com-
petence, however, is not uniformly present in vector populations. Vari-
ation was lacking in recently colonized A. aegypti and A. albopictus

collected in Madagascar (Vazeille et al., 2001) and in A. aegypti in
French Guiana (Fouque et al., 2001). In the A. albopictus populations
from Madagascar, genetic differentiation was detected, implying that
the genetic differentiation observed was not sufficient to account for
differences in vector competence.

Studies on natural variation in susceptibility to infection have also
been described for WNV and its main vectors, Culex spp. mosquitoes.
Ahmed et al. (1979) described low variation among geographic strains
of C. tritaeniorhynchus. A second study (Hayes et al., 1980) evaluated
the vector competence of a colonized Pakistani strain of C. tritaenior-
hynchus and found ID50 values similar to those obtained by Ahmed
et al. (1979). A further evaluation of the susceptibility of 20 mutant
and geographic strains of C. tritaeniorhynchus demonstrated that
one mutant mosquito strain had significantly reduced susceptibility
to WNV infection (Hayes et al., 1984). Infection in the remaining
strains was homogeneous. These studies, in contrast to those examin-
ing variation in the susceptibility of Aedes mosquitoes to DEN, failed
to document significant differences in susceptibility or vector compe-
tence for WNV among recently colonized C. tritaeniorhynchus popula-
tions. Genetic studies of WNV vectors, however, have tended to use
highly colonized strains of mosquitoes and tend not to include colony
controls. It may be that natural variation in important WNV vectors
exists in nature, but has not been identified in laboratory experiments
to date.

Natural variation among A. aegypti populations for YF was docu-
mented by Aitken et al. (1977). Three geographically disparate strains
of A. aegypti from Africa, Asia, and the New World were susceptible to
infection and able to transmit virus. At low infectious titers, however, a
strain from Uganda appeared less susceptible to infection and trans-
mitted virus less frequently than the others. Unfortunately, the
number of individual mosquitoes studied was insufficient for statis-
tical significance, but these data again suggested that genetic factors
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unique to a mosquito population may control susceptibility to infection
and vector competence.

Strains of C. tarsalis differ in their vector competence for SLE virus.
Assays with mosquitoes collected from various locations in California
indicated that one strain of C. tarsalis was highly susceptible to SLE
infection (100% susceptibility) and transmitted virus efficiently (70%),
whereas the others were incompetent (less than 70% infection and no
transmission) (Meyer et al., 1988).

Variation in susceptibility to, and in some cases vector competence
for, flaviviruses has thus been demonstrated amply by numerous in-
vestigators since the mid-1970s. Variation has been observed among
populations that differ widely in their geographic origin, but also
among adjacent populations that are partitioned by the environment
into populations that are essentially isolated. These studies estab-
lished that vector competence is at least partly determined genetically.

B. Selection of Resistant and Susceptible Mosquitoes

The finding of significant variation in the susceptibility, and in some
cases the vector competence, of different arthropod vectors of flavi-
viruses led to experiments aimed at selecting mosquito strains that
are more or less susceptible or resistant to particular viruses. The link
between variation in susceptibility/competence and genetic differenti-
ation was taken as evidence that such efforts would be fruitful, leading
some investigators to frame their experiments within the context of
‘‘permanent disease control’’ (Gubler et al., 1979) or the regulation of
wild mosquito populations (Hayes et al., 1980, 1984).

Gubler and Rosen (1976) exploited natural variation in susceptibil-
ity to determine the mode of inheritance of susceptibility/resistance
to DEN-2 virus in A. albopictus. Following at least five generations of
selective inbreeding, most strains remained relatively stable in their
susceptibility. One strain, however, had significantly reduced suscepti-
bility, decreasing from 73.5 to 12.5% infection from the parental to F2

generation. The offspring of reciprocal crosses between resistant and
susceptible strains were of intermediate susceptibility, and the mode
of inheritance of susceptibility was unclear.

Similar experiments conducted with A. aegypti sought to exploit nat-
ural variation in susceptibility to determine the mode of inheritance of
DEN-2 virus susceptibility and resistance (Gubler et al., 1979). In each
of two experiments, hybrid offspring inherited the phenotype of the
less susceptible parent, suggesting that in A. aegypti the gene or genes
controlling decreased susceptibility to DEN-2 were dominant.
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Studies of the susceptibility of C. tritaeniorhynchus to WNV seem-
ingly came to the opposite conclusion regarding the mode of inheri-
tance of susceptibility and resistance. Selective inbreeding of strains
of C. tritaeniorhynchus with differing susceptibilities to WNV pro-
duced a strain of consistently increased susceptibility, but failed to
produce a strain of consistently reduced susceptibility to infection
(Hayes et al., 1984). Viral titers were greater in more susceptible
strains by approximately one-half log10. The F1 offspring of crosses be-
tween susceptible and resistant parents were similar to the more sus-
ceptible parent in their infection rate. Infectious titers in each of the
reciprocal crosses were intermediate to the parental strains, but
one (susceptible female parents) was significantly greater than the
other (susceptible male parents). These observations were interpreted
as evidence that susceptibility was dominant. Further backcrosses to
the parental lines with a mutant carrying recessive alleles on each of
the three mosquito chromosomes suggested that genes on chromo-
somes 1 and 2 play a role in determining increased susceptibility to
WN virus infection and that genetic traits blocking midgut infection
and those modulating subsequent viral replication may be discrete.

Variation in the susceptibility of isofemale lines of A. aegypti to YF
was exploited to generate lines of susceptible (�30% infection) and
resistant (�10% infection) mosquitoes (Wallis et al., 1985). The differ-
ence in susceptibility of these lines was statistically significant and
remained fairly constant over a number of generations. Selection over
these generations failed to produce lines that differed significantly
from the previous generation, leading these investigators to suggest
that it may be impossible to produce mosquitoes that are either com-
pletely susceptible or refractory to infection with YF. It was concluded
that although susceptibility to infection was under some genetic
control, the epidemiological significance of the findings was unclear.

Later studies of isofemale A. albopictus lines, however, established
strains of mosquitoes that were highly susceptible (�90% infection)
or highly refractory (�0% infection) not only to YF virus, but also to
DEN and other flaviviruses, including Uganda S and Zika viruses
(Miller and Mitchell, 1991). Susceptibility and resistance phenotypes
were stable across a number of generations, suggesting that a small
number of loci control susceptibility. A MEB was responsible for the re-
sistant phenotype, supporting the previous observations of Boromisa
et al. (1987), who had determined that midgut escape was the most fre-
quent barrier to disseminated DEN-1 virus infections in A. albopictus,
and the variation in virus titers observed in WNV-infected Cx tritae-

niorhynchus observed by Hayes et al. (1984). Crossing experiments
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between susceptible and refractory parents produced offspring of
intermediate susceptibility, implying codominance (i.e., that alleles at
vector competence loci act additively). Results of backcrosses were con-
sistent with a single controlling locus for susceptibility, but suggested
that the resistant phenotype was more complex.

C. Quantitative Genetics and Viral Contribution

Because vector susceptibility to infection and presumably vector
competence are under the control of multiple genes, and also influ-
enced by environmental factors such as larval nutrition and tempera-
ture (Dohm and Turell, 2001; Grimstad and Haramis, 1984; Kramer
et al., 1983; Takahashi, 1976), Bosio et al. (1998) used quantitative
genetics to estimate the relative contribution of genetic and environ-
mental factors to the titer of DEN-2 in the midguts and heads of
susceptible and incompetent mosquitoes and their offspring. The mos-
quito strains differed in the proportion that were infected 14 days
following an infectious blood meal, implying the presence of an MIB
in the resistant strain. The presence of an MEB was documented
by the presence in each strain of individual mosquitoes with midgut in-
fections, but no infectious virus was detected in the head. Once infec-
tion occurred, virus titers in each mosquito strain were similar in
both the midgut and the head, implying that factors influencing the
infection of, and escape from, particular tissues, and not factors influ-
encing the kinetics of viral replication, modulate vector competence
of A. aegypti for DEN-2. The results supported earlier work (Miller
andMitchell, 1991) suggesting that at least two loci control vector com-
petence in A. aegypti. The authors hypothesized that one locus
controlled an MIB and another the MEB. Environmental effects, how-
ever, accounted for most of the phenotypic variance observed. It is
likely that under less well-controlled conditions (i.e., in the field),
the environmental contribution to the total phenotypic variance would
be even greater. Further studies demonstrated the existence of two
quantitative trait loci controlling a MIB in A. aegypti (Bosio et al.,
2000). These studies mapped these alleles to chromosomes 2 and 3.
Midgut escape, however, was correlated only weakly with genotype,
perhaps due to the small number of mosquitoes that permitted midgut
infection but blocked escape. Overall, the results of these studies sup-
ported the hypothesis that variation in dengue susceptibility and dis-
semination is partly due to quantitative genetic factors, but that a
significant proportion of variation is best explained by environmental
factors.

212 LAURA D. KRAMER AND GREGORY D. EBEL



Viral genotype may also be a significant determinant of vector com-
petence. Studies by Armstrong and Rico-Hesse (2001), confirming
earlier studies (Rosen et al., 1985), have demonstrated that par-
ticular strains of DEN-2 infect A. aegypti more efficiently than others.
DEN-2 strains of the southeast Asian genotype (Rico-Hesse et al.,
1997) tend to infect a higher proportion of mosquitoes than American
strains. Significantly, these differences in infectivity among viral
genotypes were observed solely in low-generation mosquito colonies.
The magnitude of difference in mosquito susceptibility between
viral genotype decreased after maintaining the mosquito colony for
successive generations in the laboratory (P. Armstrong, personal
communication), supporting observations that the susceptibility of
A. aegypti to YF virus changed as mosquitoes were passaged in
the laboratory (Lorenz et al., 1984). Additionally, viral passage his-
tory affects vector infection and transmission rates (Miller and
Mitchell, 1986). Indeed, laboratory studies of vector competence have
led to inaccurate assessments of vectorial capacity (Miller et al.,
1989b).

VII. VECTOR CONTROL

A. Identification of Vector Species

Laboratories are increasingly applying RT–PCR assays, both stan-
dard and real-time fluorogenic (Applied Biosystems, Inc., CA), to their
surveillance detection protocols in order to increase speed, sensitivity,
and throughput of their system (Bernard et al., 2001; Nasci et al.,
2001b; Shi et al., 2001; White et al., 2001). Detection of viral RNA or
infectious virus in a pool of field-collected mosquitoes, however, does
not indicate that species is a competent vector. The virus must be dem-
onstrated to disseminate in the mosquito and replicate to sufficient
titers in the salivary glands to be transmitted during expectoration of
the salivary secretion. The use of RT–PCR as a surveillance tool leads
to complications in the interpretation of vector status in that infectious
virus is not isolated from all of the specimens that are RNA positive
(Bernard and Kramer, 2001), and it exacerbates the interpretation of
minimal infection rates, which historically have been based on infec-
tious virus. While this technology provides a means of sensitive and
rapid detection, the significance of finding RNA in the absence of infec-
tious virus is not clear until vector competence studies are conducted
(Bernard and Kramer, 2001).
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Reliable mosquito identification is crucial to unraveling the com-
plexity of virus transmission cycles. Morphological characters are ex-
tremely difficult to recognize when mosquitoes are older and have
lost scales during trapping and transport to the laboratory. The appli-
cation of PCR to confirm Culex species identification (Crabtree et al.,
1995), for example, increases the confidence in conclusions drawn
regarding epidemiological significance of various species. The
molecular identification of species implicated in WNV transmission
in the United States indicated problems in morphological identifica-
tion, which have an impact on control issues (Bernard and Kramer,
2001; Nasci et al., 2001b). Once the target species are identified
accurately, in-depth ecological studies are a prerequisite to effective
control.

B. Classical Methods of Control

Integrated pest management applies a combination of several ap-
proaches to intervention, including environmental management and
biological, chemical, and mechanical control measures in an ecologi-
cally sound manner (Lacey and Lacey, 1990). Efforts to control WNV
in the northeastern United States in 2000 and 2001 used such an ap-
proach, focusing on source reduction and larviciding to reduce the
population of the enzootic vector C. pipiens and encouragement
of the use of personal protection measures. Spraying for adults
is expensive and often ineffective in the urban environment (Newton
and Reiter, 1992) where DEN and WNV human vectors are active.
Control of rice land mosquitoes, which are vectors of JE, has
also focused on IPM, using biological control agents such as larvivor-
ous fish, a nematode, fungus, and bacteria, as well as environmental
management (Lacey and Lacey, 1990). Mosquito control experts need
to balance the short- and long-term risks of pesticide use, high cost,
sustainability, and resistance with the predicted risk of disease
(Thier, 2001). In the case of WNV, guidelines were composed to aid
in this estimation (Centers for Disease Control and Prevention,
2000b).

C. Novel Strategies

Novel control strategies may be necessary as insecticide resistance
evolves in some vectors and spreads through their populations
(Chareonviriyahpap et al., 1999; Crampton et al., 1994; McClelland,
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1972; Rawlins, 1998; Roberts and Andre, 1994; Vaughan et al., 1998).
One novel approach that may be exploited for disease control is to
block arbovirus transmission by reducing mosquito infection rates
through the immunization of vertebrate reservoirs with antimosquito
antibodies (Ramasamy et al., 1990). This approach would be most
applicable where domestic animals play an important role in the
epidemiology of the disease (e.g., pigs and JE) (Nandi et al., 1982).

The vector competence for flaviviruses is at least partly genetically
determined (Bosio et al., 1998, 2000; Miller and Mitchell, 1991). Ge-
netic manipulation of vectors may therefore reduce their competence.
Efforts to create incompetent ‘‘transgenic’’ mosquitoes have been
reviewed extensively (Beerntsen et al., 2000; Gubler, 1982) and pro-
moted vigorously by some as the key to control of many vector-borne
infections (James et al., 1999; Kokoza et al., 2000), including flavi-
viruses (Gubler et al., 1979; Hayes et al., 1984; Jasinskiene et al.,
1998; Olson et al., 1996).

A control strategy based on the genetic transformation of vector
populations would require a mechanism that reduces vector compe-
tence dramatically (effector) and one that carries the effector through
wild mosquito populations (drive). Much research in this area has
centered on parasitic vector-borne diseases such as malaria and
lymphatic filariasis where the natural mechanisms of vector resistance
to parasite infection are better understood (reviewed by Beerntsen
et al., 2000). Progress toward genetically manipulating mosquitoes
for decreased vector competence for arboviruses has been somewhat
slower because the mechanisms of mosquito resistance to flavivirus in-
fections are at present relatively obscure.

Most studies aimed at creating flavivirus-refractory genetically
modified mosquitoes have not pursued natural mosquito resistance to
flaviviruses, which appears to be fairly weak (Bosio et al., 1998, 2000).
Rather, they have sought to introduce novel antiviral mechanisms that
do not occur naturally in mosquito populations. Studies have shown
that DEN viruses may be inhibited by an RNA interference mechan-
ism when DEN sequences are inserted into double subgenomic Sindbis
viruses (Adelman et al., 2001). Similar studies have been described for
other arboviral agents (Blair et al., 2000; Higgs et al., 1998; Olson et al.,
1996), indicating that this approach may be broadly applicable. Inter-
ventions based on the genetic manipulation of vector mosquitoes none-
theless face nontrivial technical, theoretical, and political hurdles. It is
likely that classical control methods will prevail in the foreseeable
future.

DYNAMICS OF FLAVIVIRUS INFECTION IN MOSQUITOES 215



VIII. FUTURE DIRECTIONS

Many issues surrounding the dynamics of flavivirus infection in
mosquitoes need to be resolved. While progress has been made in the
genetics of mosquito resistance and susceptibility to flaviviruses, the
mechanisms of such have not been described. The genetic basis for host
preference and other components of vectorial capacity have also not
been investigated adequately. The ecological and environmental condi-
tions that favor emergence and perpetuation of mosquito-borne
flaviviruses are poorly understood. The effect of changing global cli-
mate is more complex than initially acknowledged and requires rigor-
ous study. A better understanding of all these issues will elucidate
flavivirus transmission cycles and risk of disease.
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Tick-borne flaviviruses are common, widespread, and successfully
adapted to their mode of transmission. Most tick vectors of flaviviruses
are ixodid species. These ticks are characterized by a comparatively
long life cycle, lasting several years, during which the infecting virus
may be maintained from one developmental stage of the tick to the
next. Hence ticks act as highly efficient reservoirs of flaviviruses.
Many tick-borne flaviviruses are transmitted vertically, from adult to
offspring, although the frequency is too low to maintain the viruses
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solely in the tick population. Instead, the survival of tick-borne flavi-
viruses is dependent on horizontal transmission, both from an infected
tick to a susceptible vertebrate host and from an infected vertebrate to
uninfected ticks feeding on the animal. The dynamics of transmission
and infection have traditionally been considered in isolation: in the
tick, following virus uptake in the infected blood meal, infection of the
midgut, passage through the hemocoel to the salivary glands, and
transmission via the saliva; and in the vertebrate host, virus delivery
into the skin at the site of tick feeding, infection of the draining lymph
nodes, and dissemination to target organs. However, there is now
compelling evidence of a complex interaction between the tick vector
and its vertebrate host that affects virus transmission profoundly. The
feeding site in the skin is a battleground in which the hemostatic,
inflammatory, and immune responses of the host are countered by
antihemostatic, anti-inflammatory, and immunomodulatory molecules
(mostly proteins and peptides) secreted in tick saliva. Here we specu-
late that exploitation of the tick pharmacopeia, rather than develop-
ment of viremia, is the key step in successful tick-borne flavivirus
transmission.

I. INTRODUCTION TO TICKS

Ticks are not insects. Related to spiders and scorpions, they are
arachnids belonging to the order Acari (mites and ticks). There are
some 850 species of ticks. Except for one species (Nuttalliella nama-

qua), they are classified into two families: the Ixodidae (ixodid or hard
ticks) and the Argasidae (argasid or soft ticks). The common names re-
flect the presence of a tough, sclerotized plate (scutum) on the dorsal
body surface of ixodid ticks that is absent from the leathery cuticle of
argasid ticks.

Ticks transmit the greatest variety of pathogens of any blood-
sucking arthropod, and they are second only to mosquitoes in their
medical importance as disease vectors. Examples of tick-borne patho-
gens are found among viruses, bacteria (including Ehrlichia and
Rickettsia species), fungi, protozoa, and nematodes (Service, 2001;
Sonenshine and Mather, 1994). One of the reasons why ticks are such
good vectors of pathogens is their feeding behavior. Generally, each
parasitic stage (larva, nymph, and adult female) takes a blood meal
before developing into the next stage, or producing eggs. For three-host
ixodid ticks (typical of flavivirus vectors), the life cycle is completed by
feeding on three different individual animals, which may be small
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mammals and birds for the immature stages and larger mammals such
as ungulates for the adult stages (Fig. 1). When an immature-stage
tick feeds on an infected host, the infecting virus is acquired by the
feeding (recipient) tick. If the tick is a competent vector of the parti-
cular virus, the virus will replicate in the tick and subsequently
be transmitted to a new host when the molted tick takes its next
blood meal. Thus the recipient (uninfected) tick becomes a donor
(infected) tick. Furthermore, the infection is retained by the donor tick
and hence can be transmitted again to another new host the next time
the newly molted tick takes a blood meal. Alternatively, the virus may
be transmitted from the adult tick, through the eggs, to the larvae.

FIG 1. Schematic transmission cycle of TBE virus in Europe. Vertical transmission
indicates virus transfers from one tick generation to the next by passage from the
infected female to the eggs and the emergent larvae. Horizontal transmission, the
principal transmission mechanism, indicates transmission from infected tick to unin-
fected host and vice versa. Width of the arrows within the transmission cycle indicates
force of transmission. (See Color Insert.)
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Transmission between tick and host is referred to as horizontal trans-
mission, whereas transmission from one tick generation to the next is
called vertical transmission (Fig. 1). The ability of each tick life stage
to survive for relatively long periods (weeks to months and even years)
without a blood meal greatly enhances the role of ticks as reservoirs of
pathogens. New concepts regarding the transmission dynamics and
survival of tick-borne pathogens have emerged from studies of tick-
borne viruses, including the flaviviruses, tick-borne encephalitis (TBE)
virus, and louping ill virus.

II. TICK-BORNE FLAVIVIRUSES

Viruses that replicate in blood-feeding arthropods, and are transmit-
ted to vertebrate hosts by arthropods, are known as arboviruses. They
constitute the largest biological group of vertebrate viruses. Their con-
siderable number (more than 530) suggests that transmission via an
arthropod vector offers distinct benefits for viruses. Approximately
50% of the viruses isolated from field-collected arthropods and listed
in the International Catalogue of Arboviruses (Karabatsos, 1985) are
frommosquitoes and 25% are from ticks. The rest are mostly from sand
flies and biting midges. Most of the 70-odd flaviviruses are mosquito
borne, but at least 14 are transmitted by ticks, generally ixodid
species (e.g., certain species of Ixodes, Haemaphysalis, and Dermacen-

tor) (Table I). Some tick-borne flaviviruses are associated with disease
in vertebrates (Table II).

III. ANATOMYAND DYNAMICS OF INFECTION IN TICKS

Ticks possess several unusual features that contribute to their re-
markable success and vector potential, features that distinguish them
from other arachnids and from insects. These include their character-
istics of blood feeding, digestive processes, oviposition, and longevity.

A. Blood Feeding and Infection in Ticks

Ticks are hemorrhagic pool feeders, sawing through the epidermis
and tiny blood vessels of the dermis with their chelicerae and sucking
the fluids that are exuded into the wound (Sonenshine, 1991). Ixodid
ticks feed for periods ranging from a few days to several weeks. To con-
centrate the dilute blood meal, ticks use their salivary glands to
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periodically secrete excess water from the blood meal back into the
host. As a result, ixodid ticks secrete large volumes of saliva (Bowman
et al., 1997; Sauer et al., 1995). All developmental stages (except males)
consume many times their original body weight in blood and other
fluids; mated females often imbibe more than 100 times their unfed
body weight. The duration of feeding, secretion of copious volumes
of saliva, and intake of such large blood meals contribute to the
effectiveness of ticks as virus vectors.

Tick-borne flavivirus are transmitted to vertebrate hosts in the
saliva secreted by their feeding tick vectors (Nosek et al., 1972; Nuttall
et al., 1994). Hence when an uninfected tick feeds on an infected verte-
brate host, the goal of the tick-borne flavivirus, when taken up in the
blood meal, is to get to the salivary glands of the tick in order to be
transmitted to a new host when the tick next feeds. The first challenge
to survival of the imbibed virus is the process of blood meal digestion.

One of the most important and unusual features ticks possess, and
which clearly distinguishes them from the other arthropod vectors, is
their digestive process. Except for hemolysis of the blood cells in the

TABLE I
TICK VECTOR SPECIES

Flavivirus Primary tick vector species Secondary tick vector species

TBE (European) Ixodes ricinus Ixodes spp., Haemaphysalis

spp.; all ixodid spp.?

TBE (Far Eastern) I. persulcatus Ixodes spp., Haemaphysalis

spp.; all ixodid spp.?

Louping ill I. ricinus None

Langat I. granulatus Unknown

Omsk hemorrhagic
fever

Dermacentor reticulatus,
I. apronophorus

D. marginalis, I. persulcatus

Kyasanur forest
disease

Haemaphysalis spinigera,
H. turturis

Haemaphysalis spp.,
I. ceylonensis, I. petauristae

Powassan I. cookei, I. persulcatus I. marxi, I. scapularis,
Dermacentor andersoni

Karshi Ornithodoros papillipes Unknown

Royal Farm Argas hermanni Unknown

Gadgets Gully I. uriae Unknown

Kadam Rhipicephalus pravus Unknown

Tyuleniy I. uriae Unknown

Meaban O. maritimus Unknown

Saumaraez Reef I. eudyptidis, O. capensis Unknown
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TABLE II
TICK-BORNE FLAVIVIRUSES ASSOCIATED WITH DISEASE

Virus Susceptible vertebrate host Clinical sign Distribution

Kyasanur forest diseasea Humans, monkeys Hemorrhagic disease Asia (India)

Louping ill Sheep, grouse, humans Encephalitis Europe (Britain, Ireland)

Omsk hemorrhagic fever Humans, muskrats Hemorrhagic disease Asia (Western Siberia)

Powassanb Humans Encephalitis North America, Asia

Tick-borne encephalitis Humans Encephalitis Asia, Europe

aAlkhurma virus, a relative of Kyasanur forest disease virus, is associated with severe hemorrhagic fever in humans in Saudi Arabia
(Charrel et al., 2001).

bThe pathogenic potential of deer tick virus, a relative of Powassan virus, is unknown (Kuno et al., 2001a).
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midgut lumen, digestion in ticks is entirely intracellular, a process
known as heterophagy. All digestion is accomplished within epithelial
cells of the midgut. Tick saliva apparently lacks hemolytic enzymes,
and the erythrocytes and other cellular elements are ingested un-
changed. Intracellular digestion of the blood meal is an unusual phe-
nomenon characteristic of ticks and possibly some other Acari and is
not believed to occur in other arthropods.

Blood taken into the midgut of the tick remains largely undigested
for long periods. Without the rapid infusion of digestive enzymes
into the lumen of the gut, the contents of the blood meal (including
virions and virus-infected host cells) remain within a nonhostile
environment, allowing time for penetration of the virus into tick
body tissues. In addition, the absence of proteolytic enzymes in the
midgut lumen favors virus entry as infectious extracellular virions
and via infected host cells in which virus replication may continue
for some time, increasing the infectious dose. Indeed, conditions within
the midgut are unlikely to trigger the conformational changes of
viral surface glycoproteins, which are the first step in the entry
of virions into cells (Heinz and Allison, 2001). The initial conditions
of virus infection differ markedly for ticks and insects and may be the
principal reason tick-borne flaviviruses are rarely, if ever, transmitted
by insects.

The undigested blood meal remains as a food reserve and, except
during oviposition or ecdysis, is consumed gradually. Having ingested
and stored this rich nutrient source, ticks are able to survive extended
periods of starvation, yet another feature that greatly enhances their
importance as arbovirus vectors (Section III,G).

Replication in tick cells commences after the entry of virions into
cells of the tick midgut wall. Studies with Powassan virus in
Dermacentor andersoni demonstrated that midgut epithelial cells are
the first site of infection. Rajcani et al. (1976) found TBE virus also
in the esophagus and subesophageal ganglion in D. marginatus larvae
and in columnal epidermal cells of D. reticulatus nymphs. The suscep-
tibility of arthropod midgut cells to virus infection is one of the most
important determinants of vector competence, which is the combined
effect of all the physiological and ecological factors of vector, host,
pathogen, and environment (McKelvey et al., 1981). Experiments
comparing different methods of infecting ticks have demonstrated
the presence of a ‘‘gut barrier’’ to virus infection (Nuttall et al., 1994).
The presence of such a barrier indicates that a specific interaction
exists between virus (imbibed in the blood meal) and midgut cells,
but the nature of the gut barrier has not been determined.
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Despite saliva being the medium for virus transmission from
infected tick to vertebrate host, only a few studies report virus
detection in tick saliva, or salivary glands (Nosek et al., 1972). Most
evidence of a salivary gland route of transmission has been based
on observations of infection of vertebrate hosts on which infected
ticks have engorged. Host infection has usually been detected by
virus isolation from the blood and/or by seroconversion (e.g., Kozuch
et al., 1990).

B. Transstadial Survival

As a result of the feeding behavior of ticks and of their life cycles, a
tick-borne virus must persist from one instar to the next to be trans-
mitted to a vertebrate host (Fig. 1). This means that the ‘‘extrinsic
incubation period,’’ which is so important in determining the transmis-
sion dynamics of insect-borne viruses (Turell, 1988), is not significant
for virus transmission by ixodid ticks because it is unlikely to exceed
the comparatively long molting period. The histolytic enzymes and
tissue replacement associated with molting provide a potentially hos-
tile environment for infecting viruses (Balashov, 1983). Several
authors have suggested that the dynamics of viral replication within
the tick reflect these events: a fall in virus titer, followed by an increase
in titer as the virus infects and replicates in replacement tick tissues
(Rehacek, 1965). However, the replication of Langat virus in I. ricinus

was not obviously correlated with any particular stage of the molting
period (Varma and Smith, 1972).

C. Oviposition and Transovarial Transmission

Mating occurs on the host in all but Ixodes species. Females then
feed to repletion, drop from their hosts, and commence oviposition in
a sheltered microenvironment. The ability of ticks to produce large
numbers of eggs is important in their population dynamics and hence
in the natural history of tick-borne flaviviruses. Few terrestrial organ-
isms equal ticks in their productivity. Females of most ixodid ticks
produce thousands of eggs. An I. ricinus or I. persulcatus female is
capable of laying 350 to 5000 eggs, depending mostly on the amount
of consumed blood (Korenberg and Kovalevskii, 1994).

One method of arbovirus persistence in the vector population is via
vertical transmission, in which virus from the infected parent, usually
the female, is transmitted via the egg to the succeeding generation
(Fig. 1). Although evidence of vertical transmission has been recorded
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for tick-borne flaviviruses, the levels of vertical transmission and filial
infection in nature generally appear low (Nuttall and Labuda, 1994).
Certainly, the high levels of vertical transmission of certain insect-
borne viruses associated with stabilized infections of their vectors have
not been recorded for any tick-borne flavivirus. However, vertical
transmission of insect-borne viruses can have adverse effects on the
vector population, although flaviviruses appear to be benign (Burke
and Monath, 2001). If tick-borne flaviviruses rely on their vectors for
persistence, then any deleterious effects of vertical transmission on
ticks may outweigh the advantages to the virus. The balance between
costs and benefits of vertical transmission, together with the gains
from cofeeding and nonviremic transmission (see Section IV), may
explain why vertical transmission is common among tick-borne
flaviviruses but occurs at a low level. Moreover, low levels of TBE
virus infection in a population of larval ticks (detectable only by poly-
merase chain reaction) were shown to be amplified by ‘‘nonviremic’’
cofeeding to yield a significant number of infected nymphal ticks
(Labuda et al., 1993a). Because tick larvae quest and feed in clusters,
there are many opportunities for amplification of vertically acquired
TBE virus in the vector population through nonviremic transmission
between cofeeding larvae. As a result of such amplification, vertical
transmission might be the difference between survival and extinction
of TBE virus in certain foci of infection (Section IV).

The anatomical basis of infection of the egg is poorly understood.
Differences in vertical transmission rates in female ticks infected
parenterally by inoculation, as opposed to per os, led Rehacek (1962)
to postulate the existence of an ‘‘ovary barrier’’ to infection. For TBE
virus, the transovarial and filial infection rates observed in experimen-
tal studies were relatively low and were related to the time when the
tick fed and the level of viremia in the vertebrate host at the time of
feeding (Rehacek, 1962). In theory, tick-borne flaviviruses could be
maintained solely in the vector population by maternal inheritance.
Presumably, the costs to the virus of this strategy of maintenance are
too high, otherwise the virus would no longer be an arbovirus capable
of infecting a vertebrate host.

D. Vector Species

Identifying tick species that act as vectors of flaviviruses is one of
the key tasks in explaining the transmission cycle and survival strategy
of these viruses in nature. In principle, two main approaches to identi-
fying the tick vector have been used: (1) analysis of infection rates in
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field-collected ticks and (2) data from laboratory transmission experi-
ments. Experiments have been performed using many tick species,
often applying methods that are not applicable to the natural situation.

Demonstration of virus replication in ticks after parenteral inocu-
lation of virus into the tick body cavity provides the first basic informa-
tion about the ability of tick cells to replicate a particular flavivirus. It is
very artificial because the natural infection barriers are bypassed and
usually large doses of virus are used. However, negative results exclude
the tick species as a potential vector of a particular virus. From these
and other experiments, the ability to replicate TBE virus appears to
be a general feature of ixodid ticks. There is sufficient evidence that
artificially infected ticks of several species are capable of supporting
both virus replication and efficient transmission of TBE virus to a ver-
tebrate host when feeding. Such evidence for susceptible tick species
outside the range of TBE virus distribution does not help explain the
ecology of TBE virus in a natural focus; however, it allows the use of
‘‘exotic’’ species (such asRhipicephalus appendiculatus) as experimental
laboratory vectors of the virus (e.g., Labuda et al., 1993b).

Evidence of primary tick vectors (Table I) is based mostly on virus
isolations from field-collected ticks. For example, since the expedition
of Zilber and colleagues (Zilber and Soloviev, 1946), repeated field stud-
ies have identified I. persulcatus as the principal vector of TBE virus
(Far Eastern subtype). Similarly, following the first isolation of TBE
virus from I. ricinus ticks in former Czechoslovakia (Rampas and
Gallia, 1949), large numbers of isolates have been obtained from
I. ricinus in various geographic regions of Europe, reflecting the
primary role of I. ricinus as a vector of the European TBE viral sub-
type. For a more extensive review of primary and secondary tick
vectors of tick-borne flaviviruses, see Nuttall and Labuda (1994).

E. Vector Efficiency

Ticks feeding on an infected host take up virus with their blood meal.
The virus enters the tick gut lumen as extracellular virus particles
(virions) and/or as infected host cells (Section III,A). A general finding
from several studies is that the higher the blood titer of virus, the
greater the proportion of ticks that becomes infected (Nuttall et al.,
1994). The proportion of infected ticks is species dependent, and the
ability to acquire infection is an integral part of the vectorial efficiency
of a given species.

Vector efficiency is the major determinant of vector status. It
is reflected in the infection threshold and the transmission rate.
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Infection threshold is defined as the lowest concentration of virus
capable of causing an infection in approximately 1 to 5% of the vector
population (Chamberlain et al., 1954). Thus the lower the infection
threshold, the smaller the viral dose required to infect the vector
and hence the greater the probability of infection of the vector in
nature. Comparatively high infection thresholds of �4.5 log10 LD50 ml
blood were recorded for TBE virus and either I. persulcatus feeding on
guinea pigs or I. ricinus feeding on chicks, whereas infection thresh-
olds were at least 100-fold less on natural rodent hosts (Nuttall and
Labuda, 1994). The concept of infection thresholds based on the levels
of viremia was questioned in studies of TBE virus infection of I. persul-
catus that were fed on nonviremic rabbits (Galimov et al., 1989). Simi-
lar studies using I. persulcatus, I. ricinus,Dermacentor marginatus,D.

reticulatus, and R. appendiculatus demonstrated TBE virus transmis-
sion between infected and uninfected ticks feeding either in contact
with each other or separated physically on nonviremic guinea pigs
(Alekseev and Chunikhin, 1990; Labuda et al., 1993b) and natural
rodent hosts (Labuda et al., 1993d). The phenomenon has been called
nonviremia transmission (Section IV) and appears to be mediated by
bioactive molecules secreted in tick saliva (Section VIII).

In addition to infection threshold, the transmission rate is also
important in determining vector efficiency. Transmission of TBE virus
by ticks to the host appears to be an efficient process when the verte-
brate host is susceptible to infection. Even H. inermis nymphs feeding
for only about 90 min successfully transmitted TBE virus to Micromys

minutus (Nosek et al., 1981), Sorex araneus (Kozuch et al., 1967), and
Capreolus capreolus (Nosek et al., 1967b).

Despite the vector potential of many ixodid ticks for TBE virus, only
I. ricinus (European subtype of TBE virus) and I. persulcatus (Far
Eastern subtype) are recognized as primary vectors of the virus. The
reasons for this have not been fully defined. Obviously, virus and tick
must be sympatric in their distribution. However, this is not the com-
plete story because many competent tick vectors are found within the
geographical range of TBE virus but virus transmission cycles depend
(almost) exclusively on I. ricinus or I. persulcatus.

F. Tick Host Preferences

In addition to vector efficiency, two other parameters are significant
in tick-borne flavivirus transmission, namely vertebrate host pref-
erences of vector tick species and susceptibility of these vertebrate
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hosts to infection. For example, immature stages of I. ricinus and
I. persulcatus often feed on rodents and birds, whereas adults feed
on goats and other ungulates. Several rodent species are highly
competent in supporting the tick-borne transmission of TBE virus,
whereas avian species are not (Nuttall and Labuda, 1994). The reasons
for this difference are unknown. Perhaps more intriguing is the obser-
vation that, in experimental studies, goats did not support tick-borne
TBE virus transmission (Labuda et al., 2002; Nosek et al., 1967a)
and yet goats’ milk is a common source of infection in humans. The
largest outbreak of TBE attributed to drinking goats’ milk was regis-
tered in southern Slovakia in 1951 (Blaskovic, 1954). Sporadic cases
and family outbreaks of alimentary TBE virus infections are observed
in Slovakia almost annually (Kohl et al., 1996).

G. Longevity

The tick life span is measured in years rather than the days or weeks
characteristic of mosquito-borne flaviviruses. Specific life stages
readily survive from one year to the next. This exceptional longevity
not only perpetuates the ticks, it also perpetuates the viruses they
carry, making it considerably more difficult to control these infections.
As a result, ticks are not only vectors but also efficient reservoirs of
flaviviruses in nature. For example, TBE virus persisted in I. ricinus

ticks for at least 9 months in experimentally infected starving females
maintained at either ambient temperature or 4 �C (Benda, 1958a) and
survived in fed larvae for 102 days maintained under natural overwin-
tering conditions (Rehacek, 1960). Moreover, TBE virus is transmitted
from one developmental stage to the next and, in a small percentage
of infections, also transovarially (Benda, 1958a, 1958b; Rehacek,
1962; Sections III,B and III,C), thus expanding the virus–vector asso-
ciation into many months if not years. Each stage of I. ricinus takes ap-
proximately 1 year to develop to the next, hence the life cycle takes 3
years to complete, although it may vary from 2 to 6 years throughout
the geographical range (Nuttall and Labuda, 1994). Tick-borne flavi-
viruses probably spend at least 95% of their evolutionary lifespan in
ticks rather than in vertebrate hosts (Nuttall et al., 1991). This helps
explain the comparatively slow rate of evolution of tick-borne com-
pared with mosquito-borne flaviviruses and the apparent cline of
TBE complex viruses across the northern hemisphere (Zanotto et al.,
1995, 1996).
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IV. NONVIREMIC TRANSMISSION

By definition, arthropod vectors become infected with arboviruses
(such as tick-borne flaviviruses) by feeding on animals that have a
substantial viremia (i.e., levels of virus in their blood that equal or
exceed the threshold level for infection of the vector) (Karabatsos,
1985; WHO, 1985, 1986). Threshold levels are often determined experi-
mentally by feeding vectors on animals infected by needle and syringe
inoculation of the virus. A corollary of the arbovirus definition is
that epidemiologically significant hosts of arboviruses are identified
by their ability to sustain readily detectable levels of viremia when
infected by a particular arbovirus. Again, experiments are generally
undertaken using hosts infected by needle and syringe inoculation.
Thus, for example, sheep were identified as maintenance hosts for
louping ill virus (Reid, 1984).

More recent studies of arbovirus transmission suggest that the
definition of an arbovirus may be fundamentally flawed, at least for
tick-borne arboviruses. Indeed, results of experiments mimicking nat-
ural conditions of tick-borne virus transmission indicate that viremia
may be nothing more than a ‘‘red herring’’—a byproduct of infection
rather than a prerequisite for transmission (Section X).

The first evident contradiction of the role of viremia in arbovirus
transmission was reported in studies involving Thogoto virus. This un-
usual arbovirus is classified in the same family (Orthomyxoviridae) as
the influenza viruses (Kuno et al., 2001b). However, it is undoubtedly
an arbovirus, transmitted by Rhipicephalus appendiculatus, the
African brown ear tick (Davies et al., 1986). Hamsters are highly sus-
ceptible to Thogoto virus, developing high levels of viremia; death
occurs 5 to 6 days postinfection. In contrast, guinea pigs infected with
the virus show no clinical signs and typically no viremia. Nevertheless,
when Thogoto virus-infected and uninfected ticks were allowed to feed
together on guinea pigs, most of the uninfected ticks became infected,
even though they were separated physically from the infected ticks,
and the guinea pigs showed no detectable viremia. Indeed, more unin-
fected nymphal ticks became infected by cofeeding with infected adult
ticks on nonviremic guinea pigs than by cofeeding on highly viremic
hamsters (Jones et al., 1987). The minimum overlap in the cofeeding
period was approximately 3 days; when fed together for a shorter
duration, the number of nymphs that became infected was reduced
(Jones and Nuttall, 1989b). Transmission between cofeeding ticks
was inhibited when the guinea pig hosts were immunized previously
against Thogoto virus (Jones and Nuttall, 1989a) and was reduced
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when the animals were immune to tick infestation (Jones and Nuttall,
1990). Although these studies with Thogoto virus challenged the
emphasis placed on viremia in arbovirus transmission, they were
undertaken with an atypical arbovirus and an artificial laboratory
model. The generality of the phenomenon needs to be tested with other
tick-borne viruses and natural hosts.

As a more typical arbovirus, TBE virus is an ideal candidate for
investigating the concept of nonviremic transmission, defined as virus
transmission between competent infected and uninfected vectors
feeding together on a vertebrate host that has an undetectable or sub-
threshold level of viremia. Initial studies reported nonviremic trans-
mission between TBE virus-infected and uninfected ticks feeding
together on nonviremic guinea pigs (Alekseev and Chunikhin, 1990;
Alekseev et al., 1991; Labuda et al., 1993b). In nature, the principal
European vector of TBE virus, I. ricinus (the wood or sheep tick), feeds
on a wide range of species: immature stages commonly infest small
mammals, birds, and medium-sized mammals such as squirrels and
hares, whereas adults prefer larger mammals (e.g., deer, sheep, and
goats). To determine whether nonviremic transmission occurs with
natural host species, field mice (Apodemus flavicollis and A. agrarius),
bank voles (Clethrionomys glareolus), pine voles (Pitymys subterra-

neus), hedgehogs (Erinaceus europaeus), and pheasants (Phasianus
colchicus) were captured in the wild (Table III). Individual animals
that had no evidence of prior TBE virus infection (i.e., no detectable
neutralizing antibodies to the virus) were infested with I. ricinus ticks
retained in two neoprene chambers attached to the back of the
animals. In chamber 1 were placed two infected adult female ticks,
two uninfected males, and 20 uninfected nymphs; chamber 2 contained
20 uninfected nymphs only. After a feeding period of 4 days, the
animals were killed and ticks, blood, and target organs (spleen, lymph
nodes, and brain) were assayed for virus (Table III). Only two engorged
nymphs from hedgehogs, and none of the nymphs from pheasants,
were infected, indicating that these two species did not support TBE
virus transmission. In contrast, pine voles were highly susceptible to
virus infection. Three of the six pine voles died before the ticks com-
pleted engorgement, and virus was isolated from their brains; the
remaining individuals showed comparatively high levels of virus in
their spleens, lymph nodes, brain, and blood. Although 71% of the
nymphs from pine voles were infected, only 14% of the uninfected
nymphs, placed on the three surviving pine voles, fed successfully. In
contrast, field mice showed comparatively low levels of virus infection
but produced the greatest yield of infected ticks compared with pine
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TABLE III
TRANSMISSION OF TICK-BORNE ENCEPHALITIS VIRUS BY COFEEDING OF Ixodes ricinus TICKS FED ON DIFFERENT WILD-CAUGHT TICK HOST SPECIES

a

Vertebrate host
(number)

Nymphs in chamber 1 Nymphs in chamber 2

Viremia
Spleen and
lymph nodes

No. infected/
No. fed % infected

No. infected/
No. fed % infected

A. flavicollis (6) 76/95 80 46/90 51 3/6 3/43 (7%)

A. agrarius (2) 18/24 75 7/8 88 2/2 1/13 (8%)

C. glareolus (8) 15/46 33 21/84 25 8/8 23/48 (48%)

P. subterraneus (6) 11/12 92 1/5 20 3/3 (þ 3 died) 12/19 (63%)

E. europaeus (2) 2/21 10 0/27 0 0/2 0%

P. colchicus (5) 0/38 0 0/59 0 Trace 0%

aData summarized from Labuda et al. (1993d).
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voles and bank voles. In fact, three of six A. flavicollis field mice
had no detectable viremia and yet 58% (47/81) of ticks that fed on
these individuals became infected. Similarly designed experiments,
but with virus-immune hosts, provide further evidence of nonviremic
transmission (Section V). Cofeeding studies have also demonstrated
nonviremic transmission of louping ill virus. This virus is mostly
confined to upland regions of the United Kingdom and Ireland where
it is transmitted by I. ricinus to a range of mammalian and avian
species, although sheep were thought to be the key host in virus
survival (Reid, 1984). Mountain hares (Lepus timidus) develop sub-
threshold levels of viremia following syringe inoculation with louping
ill virus and consequently were discounted from playing a significant
epidemiological role. However, when louping ill virus-infected and
uninfected ticks were allowed to cofeed on wild-caught hares, 47% un-
infected nymphs became infected, although feeding on apparently
nonviremic animals (Jones et al., 1997). The results of cofeeding TBE
and louping ill virus-infected and uninfected ticks on wild vertebrate
hosts provide compelling evidence that nonviremic transmission
occurs in nature.

Nonviremic transmission takes advantage of the fact that ticks, like
most parasites, show a typical negative binomial distribution on their
hosts. Thus, at any one time point, a small number of individual
animals are heavily infested with ticks, whereas the majority of
the host population are uninfested or support low numbers of ticks
(Randolph et al., 1996, 1999). The multi-infested hosts appear to be
ideally suited to nonviremic transmission, especially as ticks are gre-
garious feeders (Wang et al., 2001). For example, >90% immature
I. ricinus feed together on the ears of rodents or around the bill of birds
(Randolph et al., 1996). Feeding aggregation reduces the distance
between cofeeding infected and uninfected ticks, thereby facilitating
nonviremic transmission (Labuda et al., 1996, 1997).

As an additional consequence of the overdispersed distribution of
ticks on their hosts, nonviremic transmission may even play an im-
portant role in virus survival when transovarial transmission occurs.
Many tick-borne flaviviruses are transmitted vertically from one
generation (Section III,C) to the next, but the numbers of infected
adults that transmit the virus via the eggs to the larvae and
the numbers of transovarially infected larvae are generally < 5%
(reviewed by Nuttall and Labuda, 1994; Nuttall et al., 1994). However,
larvae show a highly nonrandom distribution on their hosts as indi-
viduals from an egg batch quest together. Even if only a few larvae
from an egg batch are infected transovarially, the number of infections
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may be increased as a result of nonviremic transmission between
cofeeding larvae (Labuda et al., 1993a). By this means, a low prev-
alence of transovarial infections may be amplified to yield much
higher numbers of nymphal infections and thereby make a significant
contribution to virus survival and R0 (Section V).

Generally, natural hosts of arboviruses had been identified by their
ability to develop substantial levels of viremia following syringe inocu-
lation of the arbovirus under investigation. The concept of nonviremic
transmission provides an alternative approach to such studies that
may help answer some of the existing conundrums about how tick-
borne flaviviruses survive in nature (Section V). It remains to be deter-
mined whether this new approach can be extrapolated to insect-borne
flaviviruses.

V. POPULATION BIOLOGY OF TICK-BORNE FLAVIVIRUSES

Viruses are absolute parasites; they survive by infecting and repli-
cating within a cell and then passing on to and infecting a new suscep-
tible cell. The population biology of viruses (and all other parasites)
is reflected in the basic reproductive number of the infection (R0),
where R0 of a virus is defined as the average number of secondary
infections produced when one infected individual is introduced into a
host population in which every individual is susceptible (Anderson
and May, 1991). To survive, R0 must be at least unity (R0 ¼ 1). The
feeding behavior of ixodid species dictates that one infected tick gives
rise to only one new infection at the level of the organism, such as an
infected nymph (	 one infection) feeding on and transmitting the infec-
tion to a susceptible vertebrate host (	 one new infection). If, for
example, three infected nymphs feed together on the same susceptible
host, the three infections still only generate one new infection (the ver-
tebrate host on which they all fed). In contrast, one infected vertebrate
host can give rise to many new infections if competent tick vectors feed
on that host during its infective period. Thus the vertebrate host has
the potential to amplify the infection (R0> 1), thereby playing an
important role in virus survival. There are several anecdotal reports
of increases in TBE virus infection prevalence associated with
increases in rodent populations and even conjecture that global
warming may be a contributing factor.

Nonviremic transmission has important implications for the pop-
ulation biology of tick-borne flaviviruses. First, it adds to the host
population some species that may have been dismissed because they
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do not develop patent viremia (e.g., hares (L. timidus) infected with
louping ill virus) (Hudson et al., 1995; Jones et al., 1997). Second, it
provides an alternative mode of transmission that may contribute
significantly to virus survival. This was demonstrated theoretically
by estimating relative R0 values for viremic compared with nonviremic
transmission of TBE virus in rodent populations (Randolph et al.,
1996). Estimates of how many infected ticks arose from a susceptible
host gave relative measures for R0 of 0.98 for viremic transmission
and 1.65 for systemic transmission. This quantitative comparison
indicates that nonviremic transmission yields a >50% increase in the
amplification of TBE virus than does viremic transmission.

Although tick-borne flaviviruses are generally only transmitted once
by an infected stage of the tick vector (interstadial transmission), an
exception occurs when a host dies before the infected tick has com-
pleted feeding. The partially fed, infected tick will then urgently seek
an alternative host on which to complete engorgement. In completing
engorgement on a second host, the infected tick may transmit the in-
fection a second time (intrastadial transmission). Experimentally, an
infected female adult tick was shown to transmit a tick-borne virus in-
fection three times following repeated interrupted feeding (Wang and
Nuttall, 2001). A comparable situation may apply in nature to tick-
borne flavivirus infections that cause high mortality in vertebrate
hosts, for example, TBE virus in pine voles (Pitymys subterraneus),
louping-ill virus transmitted by I. ricinus to red grouse (Lagopus scoti-
cus), Kyasanur forest disease transmitted byHaemaphysalis spinigera

to monkeys, and Omsk hemorrhagic fever virus in muskrats. Indeed,
interrupted feeding followed by intrastadial transmission may account
for the high incidence of Kyasanur fever in humans that had been in
contact with dead monkeys in India (Banerjee, 1988; Sreenivasan
et al., 1979). It also highlights the risks of handling fresh tick-infested
carcasses. The frequency of interrupted feeding in ticks and the contri-
bution of intrastadial transmission to R0 are unknown. Possibly, in-
trastadial transmission provides a mechanism to support the
amplification and persistence of highly virulent tick-borne flavi-
viruses. Optimum virulence depends on the relationship between
pathogen transmissibility and its effect on host mortality (Lenski and
May, 1994). Susceptible host populations may, before they die out, sup-
port intrastadial transmission (via interrupted feeding), thus provid-
ing the feedbacks between ecological and evolutionary processes that
favor high virulence.

Despite the importance of vertebrate hosts as amplifiers of tick-
borne flavivirus infections, their contribution to R0 is considered to
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be limited by immunity. However, this limitation may not be as great
as originally thought (see Section VI).

VI. TICK-BORNE TRANSMISSION ON IMMUNE HOSTS

A key epidemiological question is the role of immune hosts in
natural tick-borne flaviviral transmission cycles. Hosts may develop
immunity to the virus and/or to tick infestation.

To investigate the effect of virus immunity on transmission, natural
rodent hosts of TBE virus, field mice and bank voles, were immunized
with the virus (Labuda et al., 1997). Animals were immunized by
either subcutaneous syringe inoculation of virus (the typical experi-
mental approach) or by infective tick bite (the natural route of infec-
tion). Unlike laboratory mice, field mice and bank voles survive TBE
virus infection. Following the development of neutralizing antibodies,
immune and control (nonimmune) animals were infested with infected
donor and uninfected recipient I. ricinus ticks. Uninfected (recipient)
nymphs were allowed to feed for 3 days and were then assayed for in-
fectious virus to determine the ability of their virus-immune hosts to
support ‘‘cofeeding transmission’’ from infected to uninfected ticks.
Both species supported TBE virus transmission, although a greater
number of ticks became infected on virus-immune field mice compared
with bank voles (Table IV). On the former, 98/328 (30%) ticks feeding in
chambers 1 þ 2 acquired TBE virus compared with 33/187 (18%) on
bank voles.

The efficiency of virus transmission depended on the location of re-
cipient nymphs compared with infected donor ticks. Localized trans-
mission in chamber 1, in which uninfected nymphs cofed with two
infected female ticks (donors), yielded a higher proportion of infected
recipient nymphs than disseminated transmission from infected donor
ticks to ticks feeding in chamber 2, separated physically from donor
ticks (45% compared with 10% for field mice and 26% compared with
1.5% for bank voles, respectively). The same was true for nonimmune
hosts (Table IV). Clustering of ticks within a retaining chamber mimics
the natural situation in which feeding ticks aggregate together in
localized sites, such as on the ears of mammals or around the beaks
of birds (Randolph et al., 1996). Hence the natural feeding aggregation
of ticks promotes tick-borne flavivirus transmission on immune hosts,
as well as on nonimmune hosts as noted previously (Sections IVand V).

Despite the presence of neutralizing antibodies, 89% (24/27) of
immune animals indicated in Table IV supported virus transmission
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between infected and uninfected cofeeding ticks. Furthermore, 17/20 of
these immunized animals, which supported cofeeding transmission,
had no detectable viremia.

Vertebrate hosts immune to virus infection are generally considered
dead-end hosts. As a result, immunity has a negative effect on the
basic reproductive number, R0, of the virus because the size of the host
population is effectively reduced (Section V). In studies on TBE virus
(Dumina, 1958) and louping ill virus (Alexander and Neitz, 1935), re-
cipient ticks did not acquire virus when cofeeding with infected ticks
on immune hosts. However, neither of these studies apparently exam-
ined localized cofeeding transmission, analogous to conditions in
chamber 1 (Table IV), which exploit the aggregated distribution of
feeding ticks. When three hares (L. timidus) immune to louping ill
virus were challenged with infected and uninfected ticks that fed to-
gether, 2/46 (4%) uninfected ticks became infected with louping ill
virus (Jones et al., 1997). Although this was a significant reduction
in transmission efficiency compared with nonimmune hosts, the result
confirms that immunity to the virus does not necessarily mean that the
host is a dead end for the virus.

A 5-year survey of small mammals trapped in western Slovakia
revealed a 15% neutralizing antibody prevalence for TBE virus. The
antibody prevalence varied seasonally and according to species (e.g.,
in March–May, 25% subadult and in June–August, 25% adult field
mice were positive, whereas in September–November, 18% subadult
and 11% adult were positive) (Kozuch et al., 1990). Considering the

TABLE IV
TRANSMISSION OF TICK-BORNE ENCEPHALITIS VIRUS BY COFEEDING OF Ixodes ricinus

TICKS ON VIRUS-IMMUNE FIELD MICE (Apodemus flavicollis) AND

BANK VOLES (Clethrionomys glareolus)a

Host species,
No. used
(No. with viremia)

Method of
immunization Chamber 1 Chamber 2

A. flavicollis, 6 (0) Tick feeding 24% (16/68) 3% (2/61)

C. glareolus, 6 (0) Tick feeding 29% (14/49) 2% (1/43)

A. flavicollis, 8 (5) sc inoculation 58% (67/115) 15% (13/84)

C. glareolus, 7 (2) sc inoculation 25% (18/73) 0% (0/22)

A. flavicollis, 4 (4) No immunization 72% (44/61) 38% (26/68)

C. glareolus, 6 (6) No immunization 42% (28/67) 22% (8/37)

aData summarized from Labuda et al. (1997).
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low relative R0 values of TBE virus (Section V), it is unlikely that TBE
virus would survive in nature if immune hosts are a dead end. How-
ever, if immune hosts can indeed contribute to the susceptible host
population, the effective host density is much higher than previously
thought, especially if these immune hosts repeatedly support virus
transmission and thereby contribute significantly to the numbers of
newly infected ticks. As discussed by Korenberg (1976), antibodies to
TBE virus disappear relatively quickly in the absence of reexposure
to the virus in natural hosts and, consequently, such animals probably
play a crucial role in supporting TBE virus survival in nature.

Although TBE virus immunization of natural rodent hosts resulted
in significantly fewer infected ticks when compared with controls, tick
bite (the natural mode of immunization) was more effective than
immunization via syringe inoculation in suppressing transmission
(Table IV). The apparent difference in the ‘‘transmission-blocking’’
capacity of tick bite versus syringe inoculation suggests that tick-borne
transmission induces a stronger immune response (possibly by stimu-
lating cell-mediated immunity). Alternatively, immunity to tick infest-
ation inhibited virus transmission. The latter point may explain the
greater efficiency of field mice in supporting TBE virus transmission
between cofeeding ticks (Table III), also observed in other studies
(Labuda et al., 1993d, 1994). Bank voles, but not field mice, develop a
resistance response to tick feeding that is believed to be immune medi-
ated (Dizij and Kurtenbach, 1995; Randolph and Nuttall, 1994). All
the animals used in the experiments were captured in the field and
consequently would have been exposed to ticks in nature. Further
studies are needed to clarify the effect of host immunity to ticks on
tick-borne flavivirus transmission.

VII. ROLE OF SKIN IN TICK-BORNE TRANSMISSION

Early events during tick-borne delivery of a flavivirus to a suscep-
tible vertebrate host are poorly understood. Most studies have involved
needle and syringe inoculation of relatively high doses of the virus,
often by unnatural routes (e.g., intracerebral inoculation of day-old
mice) and with highly susceptible laboratory animals. Following sub-
cutaneous administration, Málková (1968) showed that TBE virus
quickly leaves the site of inoculation and passes within minutes into
the regional lymphatic system. The results indicated that the draining
lymph nodes are the first and decisive place of virus replication in the
previremic phase of infection, on which is dependent the development
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of viremia. However, a very different picture emerged when wild and
laboratory rodents were exposed to cofeeding infected and uninfected
I. ricinus ticks.

To study the early events of TBE virus replication in the skin of
natural hosts and its importance for virus transmission, yellow-necked
field mice (A. flavicollis) and bank voles (C. glareolus) were infested
with infected and uninfected ticks (Labuda et al., 1996). On each
animal, infected adult and uninfected nymphal ticks were placed in
retaining chamber 1 and uninfected nymphs were placed in chamber 2
(Fig. 2). Infection was monitored in skin sample site A excised from a
tick-infested area within chamber 1 and skin sample B taken from
within chamber 2 and two uninfested skin sites (C and D). Infection
levels in the skin biopsies and in blood were compared with the effi-
ciency of virus transmission to uninfected nymphal ticks. In neither
species was viremia detectable at day 1 of cofeeding, and yet a rela-
tively high percentage of nymphs feeding with infected adult ticks in
chamber 1 had become infected (Table V). By day 2, most of the animals
were viremic, and uninfected ticks in chamber 2, approximately 1 cm
distant from infected and uninfected ticks in chamber 1, had become
infected. Tick infection dynamics paralleled the detection of infec-
tious virus in the skin sites of tick feeding (site A followed by site B).

FIG 2. Role of skin in TBE virus transmission. Infected (þ) and uninfected (�) ticks
placed in chambers 1 and 2. Skin biopsies taken from within the feeding chambers (A and
B) and two noninfested sites (C and D).
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However, a striking result was the general absence of patent infection
in skin sites (C and D) not infested by ticks. Clearly, virus transmission
from infected to uninfected cofeeding ticks was correlated with virus
replication in the skin rather than with virus levels in peripheral
blood. Just as significantly, uninfected ticks appeared to attract the
virus to their site of feeding. The greater susceptibility to TBE virus
infection of field mice supports previous observations that field mice
are more efficient than bank voles in supporting virus transmission be-
tween infected and uninfected cofeeding ticks (Labuda et al., 1993d,
1996).

Infection dynamics at the cellular level were examined with labora-
tory mice for which there are cell markers (Labuda et al., 1996). Balb/c
and C57B1/6 mice were infested with TBE virus-infected and unin-
fected ticks. Instead of assaying skin samples for infectious virus,
whole skin explants (20 mm2) excised from sites of tick infestation
(site A within chamber 1 and site B within chamber 2) and from un-
treated site C were cultured by floating the explants on medium for
24 h at 37 �C. Cells migrating out from the explants were collected
for immunocytochemistry, and the culture medium was assayed for
infectious virus.

Numerous leukocytes (104–105 cells/explant) were observed to
emigrate from the skin explants where ticks were feeding (A and B).
Cells migrating from the uninfected posterior site C were 10- to 100-
fold fewer in number. From skin excised on day 1 of tick feeding and
cultured for 24 h, most of the emigrating cells were neutrophils and

TABLE V
IMPORTANCE OF SKIN INFECTION IN TRANSMISSION DYNAMICS WHEN NATURAL

HOSTS ARE EXPOSED TO COFEEDING UNINFECTED AND TBE VIRUS-INFECTED TICKS
a

Host species
(number)

Days of
cofeeding

Log10
viremia

% infected ticks
Virus detected in

skin site

Chamber 1 Chamber 2 A B C D

Apodemus

flavicollis (6)
1 <1 44 9 þ � � �

2 1.4 43 35 þ þ � (þ)

3 1.4 74 34 þ þ � �

Clethrionomys

glareolus (12)
1 <1 33 0 þ � � �

2 1.7 47 40 þ þ � �

3 2.5 37 18 þ þ � �

aAdapted from Labuda et al. (1996). (þ) indicates that infection was not detected in all
animals.
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MHC class II-positive Langerhans cells made up about 5–10% of the
total nonadherent population. By 2 and 3 days of feeding, emigrating
Langerhans cells had increased to 17–32% (2–8 � 103 cells/culture) of
the total nonadherent cell population. Using two-color immuno-
cytochemistry, viral antigen was observed in MHC class II-negative
cells (predominantly neutrophils) but not in nonadherent MHC class
II-positive cells at day 1 of tick feeding. However, both MHC class II-
positive Langerhans cells and MHC class II-negative neutrophils
migrating from explants taken at days 2 and 3 of tick feeding were
positive. In Langerhans cells, viral antigen was detectable in a distinct
cytoplasmic compartment, possibly Golgi or endoplasmic reticulum,
and some of the cells appeared to form syncytia. In addition to
virus in Langerhans cells and neutrophils, migratory monocyte/
macrophages were shown to produce infectious virus.

As observed with natural hosts of TBE virus (Table V), virus infec-
tion in the skin matched the presence of infected (site A) and un-
infected ticks (site B), with comparatively little virus detected in
uninfested site C except for the more sensitive C57B1/6 mice at day 3
of infestation (Table VI). Again, this suggests that the virus is
attracted to skin sites of tick feeding. However, when uninfested skin
site A* was examined, positioned on the neck of mice, the infection
dynamics appeared similar to those for infested site B. The contrasting
observations suggest that virus dissemination is associated with the
draining lymphatic system.

TABLE VI
INFECTION DYNAMICS IN SKIN EXPLANTS OF LABORATORY MICE EXPOSED TO

COFEEDING UNINFECTED AND TBE VIRUS-INFECTED TICKS
a

Mouse
strain (number)

Days of
cofeeding

Log10
viremia

Virus detected in skin site

A B C A*

Balb/c (11) 1 < 1 þ (þ) � (þ)

2 1.9 þ þ � (þ)

3 3.6 þ þ � þ

C5781/6 (11) 1 1.6 þ (þ) � (þ)

2 3.0 þ þ (þ) þ

3 3.2 þ þ þ þ

aAdapted from Labuda et al. (1996). (þ) indicates that infection was not detected in all
animals.

A* see text.
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Assays of the amount of infectious virus shed into the culture
medium from the explants indicated considerable replication capacity
in the skin, particularly where infected ticks were feeding. Indeed, the
levels of virus detected in the blood (viremia) may well have originated
from virus replication in the skin. Nevertheless, the prevalence of
viral antigen in Langerhans cells suggests that these migratory cells
play a key role in TBE virus transmission. A model of virus dissemi-
nation from infected to cofeeding uninfected ticks has been proposed
based on the infection of Langerhans cells and lymphocyte trafficking
(Nuttall, 1999).

In contrast to infection by tick bite, when laboratory mice infested
with uninfected ticks were infected by intradermal syringe inoculation
of virus (0.1 ml 6.0 log10 pfu/ml TBE virus), comparatively few ticks
became infected. Relatively few cells (102–103 cells/explant) were ob-
served to emigrate into culture medium when skin explants were
prepared from the site of syringe inoculation.

These results illustrate the important role that the skin site of tick
feeding plays in both virus transmission from infected (donor) ticks
and virus acquisition by uninfected (recipient) cofeeding ticks. They
also illustrate the misleading picture that may result from studies
relying on artificial methods of arbovirus inoculation.

VIII. SALIVA-ACTIVATED TRANSMISSION

Results described in the preceding sections clearly show the differ-
ent picture generated by experiments mimicking natural conditions
of tick-borne virus transmission in which infected and uninfected ticks
feed together on the same individual host compared with the more con-
ventional method of infecting animals by needle and syringe inocula-
tion. The first evidence that this difference may be due to tick
salivary gland products was revealed by syringe inoculation experi-
ments of Thogoto virus (see Section IV) mixed with an extract prepared
from the salivary glands of uninfected feeding ticks. Remarkably, 10
times more nymphs became infected compared to the numbers of
nymphs infected by feeding on guinea pigs inoculated with virus alone.
As with nonviremic virus transmission between cofeeding infected and
uninfected ticks (Section IV), none of the inoculated animals showed a
detectable viremia (Jones et al., 1989). The enhancement of virus trans-
mission was only observed when the virus inoculum was mixed with
salivary gland extracts (SGE) of feeding ticks and was not observed
with salivary glands from unfed ticks or with any other tick organ.
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To investigate the involvement of salivary gland products in the
transmission of TBE virus, SGE was prepared from partially fed unin-
fected female I. ricinus, D. reticulatus, and R. appendiculatus ticks.
Guinea pigs were infested with uninfected R. appendiculatus nymphs
and inoculated with a mixture of TBE virus and SGE or virus alone.
The number of ticks that became infected from feeding on animals in-
oculated with TBE virus and SGE was fourfold greater than the
number infected by feeding on animals inoculated with virus alone or
virus plus SGE from unfed I. ricinus ticks (Labuda et al., 1993c). This
was the first clear evidence that TBE virus transmission is enhanced
by factors associated with the salivary glands of feeding ticks and that
these factors may facilitate efficient transmission of TBE virus
between infected and uninfected ticks.

Because the enhancing factor in the salivary glands of feeding ticks
appears to act within the skin of the vertebrate host rather than di-
rectly on the virus, this factor is most likely secreted in tick saliva. This
hypothesis was tested with saliva collected from uninfected adult
female Amblyomma variegatum removed from uninfected guinea pigs
at different days of feeding (Jones et al., 1992b). After collecting saliva
from this large tick species, each tick was dissected and the uninfected
salivary glands were removed and prepared as SGE. Each saliva and
equivalent SGE was mixed separately with Thogoto virus and inocu-
lated into different tick-infested guinea pigs. The enhancing activity
of saliva and SGE showed similar dynamics; there was a gradual in-
crease in the number of recipient ticks that became infected, reaching
a maximum with saliva or SGE collected from uninfected ticks that
had fed for 6 days, and then followed by a decline. The obvious similar-
ity in activity profiles is as yet the best evidence that the virus trans-
mission-enhancing factor is synthesized in the salivary glands during
tick feeding and secreted into the skin-feeding lesion in tick saliva.
The phenomenon was named saliva-activated transmission (SAT)
(Nuttall and Jones, 1991).

Promotion of virus transmission (SAT) by tick saliva or SGE has
been demonstrated experimentally with only one flavivirus (TBE
virus) to date, although the phenomenon has also been demonstrated
with Thogoto virus, a tick-borne member of the Orthomyxoviridae
(Alekseev et al., 1991; Jones et al., 1989, 1992a; Labuda et al., 1993c).
Interestingly, SAT has only been demonstrated with arthropod species
that are competent vectors. Thus SGE of I. ricinus does not show SAT
with Thogoto virus (for which I. ricinus is not a competent vector), but
SAT occurs with TBE virus for which I. ricinus is the principal
European vector species (Jones et al., 1992a; Labuda et al., 1993c).
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This implies that the mechanism underlying SAT differs for different
vector–virus associations.

The SAT factor is produced by uninfected ticks. Furthermore, en-
hancement of virus transmission has no obvious benefits for the tick
(except perhaps in the case of high virulence; see Labuda et al.,
1993d). These two observations indicate that the SAT factor is inde-
pendent of virus infection. Most likely, the function of the SAT factor
is to modulate the skin site of tick attachment and thereby facilitate
feeding. Tick-borne viruses that demonstrate SAT appear to have co-
evolved with their vectors and vertebrate hosts to exploit the unique
environment of the vector–host interface.

Although there is no reported evidence of SAT for mosquito-borne
flaviviruses, the phenomenon has been implicated in the transmission
of other insect-borne arboviruses. These include La Crosse virus
(Osorio et al., 1996), Cache Valley virus (Edwards et al., 1998), and
vesicular stomatitis virus (Limesand et al., 2000; Mead et al., 2000).

IX. HOST MODULATION BY TICK SALIVA

What is the general mechanism underlying SAT of tick-borne vi-
ruses, and might it apply to insect-borne flaviviruses?

Ticks have been described as ‘‘smart pharmacologists, skilfully ma-
nipulating their hosts immune system and associated inflammatory
and anti-hemostatic reactions to have what they want, a blood meal’’
(Ribeiro, 1995). In fact, increasing evidence shows that the saliva of
all blood-sucking arthropods contains a wealth of pharmacologically
active components that inhibit hemostasis and inflammation and
modulate immune responses (Wikel, 1996a). Some of these antihemo-
static and immunomodulatory effects may be exploited by vector-borne
pathogens.

The saliva of ixodid ticks is probably the richest cocktail of bioactive
ingredients among hematophagous arthropods (Table VII). This is
partly due to the numerous roles of tick saliva: in water balance,
attachment (via cement), ion transport, secretion of various enzymes,
enzyme inhibitors and toxins, hemostatic and inflammatory/immune
modulation, and excretion of host immunoglobulins (Kaufman, 1989;
Neitz and Vermeulen, 1987; Ribeiro, 1987b; Sauer and Bowman,
2000; Wang and Nuttall, 1999). The complex nature of tick saliva
reflects the protracted feeding process of ixodid species. Full engorge-
ment may take up to 2 weeks or more to achieve and involve process-
ing several hundred milligrams of host blood (Bowman et al., 1997;
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Kaufman, 1989; ). Acquisition of a blood meal proceeds through several
stages that include sawing through the epidermis, deposition of a
cement cone to secure the mouthparts of the tick, and formation of a
feeding pool below the mouthparts comprising interstitial fluids and
cellular infiltrate. Most of the blood meal is imbibed during the latter
half of the feeding period—the rapid engorgement phase.

The complex sequence of events during tick feeding is mirrored by
changes in the protein profile of tick salivary glands as functional
demands on tick saliva change during feeding (McSwain et al., 1992).
Maintaining such a long period of attachment on the host imposes
enormous selection pressure on the tick to counteract the host re-
sponses of hemostasis, inflammation, and specific and nonspecific
immune-mediated rejection mechanisms. Indeed, the sophisticated
salivary cocktail of ticks may be considered the product of at least
100 million years of coevolutionary adaptation in which ticks have
responded to countless host-imposed selection pressures.

One of the first antihemostatic molecules identified in tick saliva
was prostaglandin E2 (PGE2) (Ribeiro et al., 1985). Prostaglandins

TABLE VII
TICK PHARMACOPEIA: PHARMACOLOGICAL ACTIVITIES OF SALIVARY

GLAND EXTRACTS OR SALIVA OF Ixodes TICK VECTORS OF FLAVIVIRUSES

Activity Target Reference

Antihemostatic ADP Ribeiro et al. (1985)

Prostaglandin receptor Ribeiro et al. (1985)

Prostacyclin receptor Ribeiro et al. (1988)

Thrombin Hoffmann et al. (1991)

Anti-inflammatory Anaphylatoxins Ribeiro and Spielman (1986)

Bradykinin Ribeiro et al. (1985)

Histamine G.C. Paesen, unpublished data

Anti-immune Alternative
complement system

Ribeiro (1987a);
Lawrie et al. (1999);
Valenzuela et al. (2000)

Neutrophils Ribeiro et al. (1990)

Splenic T lymphocytes Urioste et al. (1994)

Interleukin 2 Urioste et al. (1994)

Interleukin 8 Hajnicka et al. (2001)

Macrophages, nitric oxide Urioste et al. (1994)

Interferon � Hajnicka et al. (2000)

Immunoglobulin G Wang and Nuttall (1999)
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play a role in vasodilation and antiplatelet aggregation, as well as
immunomodulation. They are produced from arachidonic acid taken
up in the blood meal by feeding ticks. Concentrations of this auta-
coid hormone are high (50 to 469 ng/ml) compared with concentrations
found in vertebrate inflammatory exudates (0.5 to 20 ng/ml). Many
of the immunomodulatory effects of tick salivary gland products are
thought to be mediated by PGE2 (Bowman et al., 1996; Champagne,
1994). These include suppression of T-cell functions demonstrated
by the inhibition of interleukin 1 (IL-1), IL-2, tumor necrosis factor
� (TNF-�), interferon � (IFN-�) activity, and lymphocyte proliferative
responses to concanavalin A (Con A) (Ramachandra and Wikel, 1992).
However, other observations suggest that the role of PGE2 may have
been overstated, particularly when the lability of this molecule is
taken into consideration (Urioste et al., 1994).

Peptides and proteins also appear to play an important role in the
pharmacology of tick saliva. Of these, several immunomodulatory mol-
ecules are reviewed as SAT factor candidates in promoting tick-borne
flavivirus transmission.

A. Complement Inhibitors

Although complement provides a means of controlling flavivirus in-
fections through both antibody-independent and antibody-mediated
mechanisms, its relative importance (particularly at the initial skin
site of infection) is poorly understood. Nevertheless, the ability of tick
vectors to control complement is likely to benefit tick-borne flavi-
viruses. Both ixodid and argasid ticks control the complement cascade.
Inhibitory activity of Ixodes salivary gland products is directed against
the alternative complement cascade and shows host specificity. The
cosmopolitan I. ricinus demonstrates anticomplement activity to a
range of mammalian hosts, whereas I. hexagonus has particularly high
levels of anticomplement activity against hedgehog serum (hedgehogs
are its preferred host) (Lawrie et al., 1999). Unlike most bioactive tick
saliva proteins, significant levels of anticomplement activity were
demonstrated in SGE from both unfed and feeding I. ricinus ticks
(Lawrie et al., 1999). This reflects the fact that activation of the alter-
native complement cascade, through the acute-phase inflammatory
response, is one of the first events following tick attachment and pre-
sents a constant threat to the tick (and tick-borne flaviviruses)
throughout blood feeding. The anticomplement activity of I. scapularis
is provided by a novel 18.5-kDa protein that appears to act in
a similar fashion to factor H, interfering with the binding of
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factor B to C3b (Valenzuela et al., 2000). It remains to be determined
whether a similar complement control protein is produced by other
Ixodes species, particularly the more important flavivirus vectors,
I. persulcatus and I. ricinus.

B. Immunoglobulin-Binding Proteins

The observation that adult female R. appendiculatus excrete intact
IgG in their saliva led to the discovery of a family of immuno-
globulin-binding proteins (IGBPs) in the hemolymph and salivary
glands of ixodid ticks (Wang and Nuttall, 1994, 1999). Although IGBPs
have not been reported for argasid tick species, circumstantial evi-
dence suggests they may occur (Minoura et al., 1985). Three IGBPs
have been cloned and sequenced; they are unique and unrelated to
immunoglobulin receptors. The prevalence and abundance of IGBPs
indicate that they play an important role in blood feeding. Feeding
experiments using laboratory animals immunized with a recom-
binant form of a secreted IGBP revealed a role for the protein in
facilitating female tick blood feeding, possibly through local immuno-
suppression of the host (Wang et al., 1998). The mechanism is un-
known but might involve saturation of Fc receptors (on Langerhans
cells, neutrophils, eosinophils, basophils, and dermal macrophages)
by the tick-excreted IgG (Wang and Nuttall, 1999). IGBP-mediated
immunosuppression within the feeding lesion should help any tick-
borne flaviviruses entering the skin site. On virus-immune hosts, sat-
uration of Fc receptors at the feeding site may interfere with the
protection normally mediated by the Fc portion of the flavivirus-
specific antibody (Schlesinger et al., 1993). An alternative role for
IGBPs also has benefits for tick-borne flaviviruses in the provision of
a tick immunoglobulin excretion system. This system, comprising
different IGBPs in the hemolymph, salivary glands, and saliva, en-
ables ticks to ferry potentially damaging antibodies safely through
the hemocoel to their salivary glands from where they are excreted
(Wang and Nuttall, 1999). If such an IgG-transporting system exists,
it may benefit tick-borne flaviviruses by protecting them (and pos-
sibly the infected tick) from virus-specific antibodies taken up in
the blood meal. The results of interrupted feeding experiments,
in which ticks were fed on virus-infected hosts followed by virus-
immune hosts and vice versa, are consistent with the presence of an
antibody-protective mechanism within ticks (Jones and Nuttall,
1989a).
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C. Natural Killer Cell Suppressors

Natural killer (NK) cells are a component of the innate immune
system and play an important role in killing cells that express viral
antigens on their surface (Biron, 1997). In severe flavivirus infections,
NK cells may be involved in the lysis of infected neurons (Liu et al.,
1989); their role in the skin during the first stages of infection is un-
known. Cytokines secreted by activated NK cells provide an important
communication between innate and acquired immunity (Lanier, 2000).
Therefore, it is perhaps not surprising that tick salivary gland extracts
suppress NK cell activity (Kopecky and Kuthejlova, 1998; Kubes
et al., 1994). The activity is directed against the first step in NK cell-
mediated cytotoxicity, namely formation of effector/target cell conju-
gates (Kubes et al., 2002). Although anti-NK cell activity has been
detected in salivary gland extracts of several ixodid tick species, it
was not demonstrated for I. ricinus using human effector cells. How-
ever, a suppressive effect of salivary gland extracts derived from par-
tially fed I. ricinus females has been described in a mouse model.
Further studies are needed to determine whether SGE-mediated
effects on NK cell activity vary according to the host source of NK cells.
Thus it is unclear whether anti-NK cell activity facilitates TBE virus
transmission by its most common European vector.

D. Cytokine Inhibitors

Cytokines are the chemical mediators of inflammation and immu-
nity. A number of anticytokine activities have been described for tick
salivary gland products (Kopecky et al., 1999; Wikel, 1996b). Poten-
tially, one of the most significant for SAT is suppression of the antiviral
action of type 1 interferon (IFN-�/�). This activity was demonstrated
in vitro using vesicular stomatitis virus, an insect-borne virus used
commonly in interferon research. Suppression was most apparent
when cells were treated with salivary gland extracts prior to virus
infection, suggesting that the effect is directed against the IFN-�/�
receptor rather than a direct interaction with IFN-�/� molecules
(Hajnicka et al., 2000). Type 1 interferons are elicited during the early
stages of viral infections. Although TBE virus has been shown to
induce interferon in chick cell cultures (Vilcek, 1960), few (if any) stud-
ies have been undertaken on interferon induction at the feeding site of
infected ticks. Low viral doses are delivered repeatedly into the skin,
possibly over a period of days. Such conditions are ideal for eliciting a
local interferon-mediated antiviral response. Under these conditions, a
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tick inhibitor of IFN-�/� may be crucial for successful virus transmis-
sion. Indeed, it would be difficult to conceive of how a single infected
tick could infect a host without the virus exploiting the pharmacy of
the tick.

A group of cytokines that are particular enemies of viruses are the
chemokines. These chemotactic proteins orchestrate the movement of
inflammatory and immune cells to sites of injury and infection. Saliva
and salivary gland extracts from several ixodid tick species (including
I. ricinus) contain molecules that bind interleukin 8 (IL-8) and inhibit
IL-8-induced chemotaxis of neutrophils (Hajnicka et al., 2001). This
recent discovery offers yet another potential SAT mechanism for
flaviviruses to exploit.

E. Other Activities

In addition to the immunomodulatory properties of tick salivary
gland products described in the preceding sections, many other
reported activities are likely to facilitate flavivirus transmission. For
example, inhibition by I. scapularis saliva of splenic T-cell proliferation
in response to Con A or phytohemagglutinin (PHA) stimulation, reduc-
tion in IL-2 secretion by T cells, and suppression of nitric oxide produc-
tion by lipopolysaccharide (LPS)-treated macrophages were attributed
to a protein of �5 kDa (Urioste et al., 1994). The SAT factor of R. ap-
pendiculatus, promoting transmission of certain tick-borne viruses,
appears to be a protein(s) of approximately 30 kDa (Jones et al.,
1990; unpublished data). However, its primary function in tick feeding
has not been identified. The SAT factor of I. ricinus, promoting
transmission of TBE virus, is even less clearly defined. Recent studies
showing protection of mice immunized with a tick salivary gland
protein against lethal challenge with tick-transmitted TBE virus
confirm the importance of the tick-host response in flavivirus infec-
tions (M. Labuda et al., unpublished data). Clearly, a great deal more
research needs to be done, particularly in identifying the bioactive
ingredients and in determining how their functions in tick feeding
affect tick-borne virus transmission. Such studies will help explain
the importance of mimicking natural conditions of vector-borne
pathogen transmission and the crucial first steps of transmission that
determine the outcome of the infection, whether it be disease or a
benign infection. They may also lead to the development of novel
transmission-blocking vaccines.
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X. THE ‘‘RED HERRING’’ HYPOTHESIS

Studies on tick-borne virus transmission have revealed the im-
portant role that tick-feeding behavior and the bioactive ingredients
of tick saliva play in virus transmission. How might these factors
combine to facilitate the transmission of a virus from a cofeeding-
infected donor tick to an uninfected recipient tick via a nonviremic
host?

At the site of tick feeding there is a profound cellular response with
marked infiltration and emigration of leukocytes (Mbow et al., 1994).
For example, epidermal dendritic cells (Langerhans cells) attracted
to the feeding site internalize and process tick antigens, express the
relevant peptide–MHC complexes, and migrate to the draining lymph
nodes where they deliver costimulatory signals for T-cell activation
and initiation of primary immune responses (Austyn, 1992; Brossard
and Wikel, 1997; Larsen et al., 1990). Interestingly, Langerhans cells
collected from cultured explants taken from the skin site of TBE
virus-infected tick feeding were infected and formed syncytia (Labuda
et al., 1996). In contrast, Langerhans cells isolated from skin sites on
which uninfected ticks had not been feeding, when inoculated with
virus in vitro, showed no evidence of syncytium formation. Possibly,
the immunomodulatory effects of tick saliva (Section IX) facilitate
virus infection of target cells at the site of tick feeding. Targets such
as Langerhans cells may then act to shuttle the virus to the draining
lymph nodes where the infection may spread to lymphocytes with
which Langerhans cells interdigitate as part of the priming of the
immune response. Such lymphocytes, primed to migrate from the
lymph nodes to the skin, will be attracted to sites where uninfected
(and infected) ticks are feeding. This hypothesis is consistent with
the observation that TBE virus infection is localized in skin sites
where ticks feed and not in adjoining uninfested sites (Labuda et al.,
1996). In summary, an alternative model of tick-borne flavivirus
transmission (see Nuttall, 1999) is one involving (1) tick-induced
immunomodulation at the skin site of tick feeding; (2) infection of
Langerhans cells, which shuttle the virus to the draining lymph nodes;
(3) infection and priming of lymphocytes in lymph nodes; (4) lympho-
cyte trafficking that shuttles the virus to the skin site of uninfected
tick feeding; and finally (5) virus acquisition by uninfected cofeeding
ticks. Because of the exquisite efficiency of virus transmission inherent
in this model, viremia is a redundant feature of the infection—a ‘‘red
herring.’’
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I. INTRODUCTION

Within the flavivirus family, viruses that cause natural infections of
the central nervous system (CNS) principally include members of the
Japanese encephalitis virus (JEV) serogroup and the tick-borne en-
cephalitis virus (TBEV) serocomplex. Neuroinvasion follows infection
of host organisms in the periphery by bites of chronically infected mos-
quito and tick vectors. Syndromes that result from CNS infection in
humans range from mild aseptic meningitis to acute encephalitis of
variable morbidity and mortality and are often complicated by neuro-
logic sequelae among survivors. The pathogenesis of these diseases
involves complex interactions of viruses, which differ in neuroviru-
lence potential, and a number of host factors, which govern susceptibil-
ity to infection and the capacity to mount effective antiviral immune
responses both in the periphery and within the CNS. Animal models

273 Copyright 2003, Elsevier Inc.
All rights reserved.
0065-3527/03 $35.00

ADVANCES IN VIRUS RESEARCH, VOL 60



have been instrumental for providing insight into how virus-specific
and host factors influence the course of disease. Rodent models have
been used in classic experiments on pathogenesis and continue to be
relied upon for studies of viral neurovirulence determinants and
immune system requirements for a successful antiviral response, par-
ticularly because of readily available knockout strains. Nonhuman
primates have also been useful for some studies of peripheral immune
responses to encephalitic viruses and for quantitating the disease
burden caused by replication of virus in the CNS (monkey neuroviru-
lence testing) and have also been applied as models for immunization
and challenge. This review summarizes progress in the field of
flavivirus neuropathogenesis since previous reviews on this topic
(Monath, 1986; Monath and Heinz, 1996). Mosquito-borne and tick-
borne viruses are considered together, although it is important to note
that there are differences in the pathogenesis of these two groups of
viruses.

II. HOST FACTORS

It is generally acknowledged that the ratio of apparent to inapparent
infections with flaviviruses is quite low (on the order of 1:100 to 1:300),
implying that a number of host factors are involved in protection
against CNS disease. The most well known of these are age, genetic
factors, and preexisting flavivirus immunity. The effect of age has
been recognized in both clinical and experimental studies of flavivirus
encephalitis (Eldadah et al., 1967a; Grossberg and Scherer, 1966;
Luby et al., 1967; O’Leary et al., 1942; Powell and Kappus, 1978;
Weiner et al., 1970), in some cases accompanied by effects of gender
(Andersen and Hanson, 1974). In terms of human infections, clinical
disease with JEV is primarily a pediatric entity, suggesting that cer-
tain features of the developing nervous system predispose to pathogen-
esis of encephalitis. Experimental evidence in support of this is based
on the known propensity of arboviruses to infect and spread more rap-
idly through nervous tissue of young rodents; however, resistance to
fatal infection occurs abruptly soon after the weanling stage. This re-
sistance occurs in conjunction with neural ontogeny and is associated
with restricted replication of virus in neurons as a function of their
degree of differentiation, with low levels of virus being observed in
mature neurons in some models (Hase et al., 1993; Ogata et al.,
1991). However, this phenomenon is very dependent on the intrinsic
level of viral neurovirulence, being most apparent with strains of lower
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virulence (Eldadah et al., 1967a; Ogata et al., 1991; Oliver et al., 1997),
and is also affected by the dose and route of inoculation (Eldadah et al.,
1967a; Fitzgeorge and Bradish, 1980). Changes in the expression of
cellular receptors and/or intracellular factors required for efficient rep-
lication have been invoked as explanations for the age-related resis-
tance. In support of these hypotheses, it is known that the replication
block can be overcome by the neuroadaptation of flaviviruses, which
results in genetic changes in the envelope region, as well as in non-
structural regions of the genome (Chambers and Nickells, 2001;
McMinn, 1997; Schlesinger et al., 1996).

Studies with the mouse model of Sindbis virus encephalitis suggest
that the differential expression of neural genes in young versus older
mice is the determinant of age-related resistance. Candidate genes in-
volved in this process include apoptotic regulators, interferon-respon-
sive genes, and other classes that are regulated developmentally
(Labrada et al., 2002; see Section IX). These factors are presumed to
operate by activating innate antiviral effector systems in neurons
and promoting survival of these cells after viral infection.

Despite these experimental data, age-dependent resistance to en-
cephalitic viruses in areas endemic for human disease is influenced
by the effects of immunization and recurrent inapparent infections
with homologous and heterologous viruses, such that the cumulative
immune responses in adults may confer protection or ameliorate the
severity of disease (Kurane, 2002; Solomon and Vaughn, 2002). How-
ever, susceptibility of young children (below the age of 9 months) to
yellow fever virus (YFV) 17D vaccine-associated encephalitis is well
documented (Freestone, 1994), and resistance to this adverse event
in older individuals is clearly not based on immunity from recurrent
subclinical infections. This supports the phenomenon of age-related
susceptibility to encephalitis. A predisposition of elderly individuals
to develop encephalitis from West Nile Virus (WNV) and St. Louis
encephalitis (SLE) virus has also been observed. In this case, lack of
previous cross-reactive immunity may be an important factor, but co-
morbid illnesses may contribute to the risk of complications, and the
decline in immune function with advanced age is also likely to play a
role (Grubeck-Loebenstein and Wick, 2002). In support of this, im-
munocompromised individuals encountering flavivirus infections
appear to be less able to mount effective immune responses, as in
reports of HIV-infected subjects with complicated CNS disease (Neogi
et al., 1998; Okhuysen et al., 1993; Szilak and Minamoto, 2000; Wasay
et al., 2000) and in transplant recipients sustaining WNV infection
(Iwamoto et al., 2003). YFV 17D vaccine appears to be tolerated in
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HIV infection, provided immunosupression is not severe, although this
isuue deserves further investigation (Kengsakul et al., 2002; Receveur
et al., 2000).

Coexistent infection with other infectious agents has been suggested
as a modifying factor for flavivirus encephalitis. The association be-
tween cysticercosis and JEV infection was investigated in a controlled
study that did not provide evidence for predisposition to viral enceph-
alitis (Azad et al., 2003). Association of TBEV encephalitis with borre-
lia infection has been described (Korenberg et al., 2001), but probably
reflects coexistence of these pathogens in the tick vector. Autopsy stud-
ies have suggested that herpes simplex infection may predispose to
JEV encephalitis by altering the integrity of the blood–brain barrier
(Hayashi and Arita, 1977). Experimentally, infection of mice with
Toxocara canis or Trichinella spiralis predisposes to JEV encephalitis
as a result of T-cell immunosuppression (Cypess et al., 1973; Gupta
and Pavri, 1987; Lubiniecki et al., 1974; Pavri et al., 1975), suggesting
the possibility of increased disease severity in endemic areas where
parasitic pathogens and encephalitic viruses coexist.

The susceptibility of mice to flavivirus encephalitis is controlled ge-
netically and is associated with host factors that map to chromosome 5
at the oligoadenylate synthetase (OAS) gene cluster (Mashimo et al.,
2002; Perelygin et al., 2002; Sangster et al., 1994). Although OAS is
involved in the activation of RNase L, the mechanism of resistance
associated with the gene is not known and could conceivably relate to
other potential functions of OAS proteins in cellular responses to viral
injury (Samuel, 2002). The importance of the OAS gene in human
susceptibility to these viruses requires investigation, as differences
exist between murine and human gene clusters. Evidence shows that
20, 50-OAS is activated in response to peripheral flavivirus infection
in humans (Bonnevie-Nielsen et al., 1989, 1995), but studies to corre-
late this with the effectiveness of the antiviral responses are not yet
available.

The effect of different class I HLA-A and B alleles on the immune re-
sponse to flavivirus infection has been investigated for dengue viruses,
where associations have been found with increased and decreased sus-
ceptibility to dengue hemorrhagic fever (Loke et al., 2001; Stephens
et al., 2002), suggesting a relationship between the extent of T-cell ac-
tivation and severe disease. It is unclear whether similar results will
be found for encephalitic viruses, as these associations occurred in
the context of secondary infections and presumably affect the strength
of the memory rather than the primary T-cell response.
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Interactions between flavivirus untranslated regions (UTRs) and
intracellular proteins indicate another potential level of host-mediated
control over virus infection (Brinton, 2000).Multiple proteins have been
reported to bind to the 30 UTR of the positive strand of various flavi-
viruses, including EF-1� and Mov34, which bind to the positive strand
30 UTR of WNV and JEV, respectively (Blackwell and Brinton, 1995,
1997; Ta and Vrati, 2000), and as many as eight cellular proteins in
the case of dengue (DeNova-Ocampo et al., 2002). Several proteins have
also been reported to bind to the 30 UTR of the negative strand of dengue
virus (Yocupicio-Monroy et al., 2003) and four proteins in the case of
West Nile virus (Li et al., 2002). These proteins have been suggested
to participate in flavivirus replication by influencing viral transcription
and/or translation in conjunction with host intracellular membranes.
There is some evidence that interactions of the viral RNAwith such pro-
teins are in fact important for virus replication (Li et al., 2002). It is not
known whether compartmentalization of their interactions in different
cell types is a determinant of tissue tropism in infected hosts.

III. ARTHROPOD FACTORS AFFECTING PATHOGENESIS

It has become evident from studies on arthropod vectors that certain
components of their saliva influence pathogenesis in vertebrate hosts.
For mosquitoes, flaviviruses are deposited principally in the extravas-
cular tissue during probing, as virus that is injected intravascularly is
reingested rapidly during the blood meal (Burke and Monath, 2001;
Turell and Spielman, 1992; Turell et al., 1995). Instead of a rapid dis-
semination of virus via the bloodstream, flaviviruses may then under-
go some replication locally in subcutaneous tissues accompanied by
spread to regional lymph nodes through lymphatic channels. Dendritic
cells in the skin are likely to serve as a vehicle for the transport of virus
to lymphoid tissues.

Components of the insect saliva modulate the earliest steps in flavi-
virus infection by altering the local host immune response. Feeding
by Aedes aegypti or Culex pipiens mosquitoes or administration of
sialokinin-I, a mosquito salivary protein, downregulates interferon-�
(IFN-�) production and upregulates the TH2 cytokines interleukin
(IL)-4 and IL-10 (Zeidner et al., 1999). Salivary gland extracts fromDer-

macentor and Ixodes ticks decrease natural killer activity (Kubes et al.,
1994, 2002), suppress the antiviral actions of interferons in cell culture
(Hajnicka et al., 2000), and enhance the transmission of TBEV in
rodents (Labuda et al., 1993). Overall, these findings suggest that insect
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factors facilitate flavivirus transmission by interfering with aspects of
both innate and adaptive responses. Whether these effects are required
to establish systemic infection and neuroinvasion is not known.

IV. EXTRANEURAL INFECTION

Flavivirus neuropathogenesis involves both neuroinvasiveness

(capacity to enter the CNS) and neurovirulence (replication within
the CNS) (Monath, 1986), both of which can be manipulated experi-
mentally. In rodent models, neurovirulence is an inherent property of
most of these viruses, and the quantity of virus needed to cause infec-
tion in the CNS is usually quite small. In classic studies of arbovirus
pathogenesis (Albrecht, 1968; Huang and Wong, 1963), distinctions
were made among neuropathogenic phenotypes on the basis of replica-
tion efficiency and pathogenic potential in the peripheral tissues versus
the CNS, with various phenotypes being distinguished (high periph-
eral susceptibility, low neurotropism; low neuroinvasiveness, high
neurotropism; and high neuroinvasiveness, high neurotropism). These
phenotypes were related to different clinical outcomes, which ranged
from inapparent infection to acute encephalitis of varying severity,
and are influenced in the rodent model by host age and species (Kozuch
et al., 1981). These concepts have held up over time and have been sup-
plemented by additional data concerning viral determinants of viru-
lence and host innate and adaptive immune mechansisms. A main
principle that applies is the relationship between peripheral virus
burden and the propensity to cause neuroinvasion. Viruses with a
low capacity to replicate in the periphery generally can be classified
as low in neuroinvasive potential, regardless of their intrinsic level of
neurovirulence. A relationship between systemic virus burden and
viremia is also apparent (Albrecht, 1968), with the potential of the
virus to generate viremia being a correlate of neuroinvasion as it ap-
plies to most naturally acquired encephalitic infections. Aerosol-
acquired infections are probably an exception, but some of these may
also cause systemic infection with viremia after gaining access to the
lower respiratory tract. Mucosal infection of the alimentary tract has
also been implicated both experimentally and in naturally acquired
cases of TBEV encephalitis (Gresikova et al., 1975; Odeola and Oduye,
1977). Furthermore, data from a number of studies indicate that such
factors as the time of onset, magnitude, and duration of the viremia, as
well as the integrity of the host innate immune system, also influence
the risk of entry into the CNS, prior to the onset of the virus-specific
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immune response (see Section VIII). Type I interferons and macro-
phages in particular have been identified as important factors in
limiting infection and clearing systemic virus. Thus this process is
largely a balance between the replicative efficiency of the virus and
the effectiveness of early host defenses in clearing viremia.

V. CELLULARRECEPTORS FOR FLAVIVIRUSES

The cellular receptors that mediate attachment and entry of flavi-
viruses have been only partially characterized, and to date there has
been no definitive identification of the molecules required for these
processes in either peripheral or CNS tissues. Although several groups
have used biochemical approaches to identify candidate protein recep-
tors (Kopecky et al., 1999; Martinez-Barragan and del Angel, 2001;
Ramos-Castaneda et al., 1997) on mammalian cells, their physiologic
relevance remains unclear, as there is heterogeneity in the proteins
that bind flaviviruses in different cell types. Most recently, CD209 or
DC-SIGN (the dendritic cell-specific intercellular adhesion molecule
3–grabbing nonintegrin) has been proposed as a cell surface ligand
for dengue virus (Navarro-Sanchez et al., 2003; Tassaneetritep et al.,
2003). Additional studies are required to evaluate the in vivo signifi-
cance of DC-SIGN as an attachment or entry ligand and whether this
is a common determinant of tropism for other flaviviruses. One possi-
bility to reconcile these observations is that multiple independent cel-
lular receptor molecules are utilized either during the spread of
flaviviruses within the host or during entry into the CNS. A number
of early studies have described binding of flaviviruses to mouse brain
substances (reviewed in Albrecht, 1968), suggesting that this tissue
is enriched for a unique receptor activity, which may enhance tropism
for this organ, particularly in developing brain (Kimura-Kuroda et al.,
1992). In this regard, it has been shown that mouse and monkey brain
membrane-receptor preparations preferentially bind neurovirulent
strains of flaviviruses, but not attenuated variants (Ni and Barrett,
1998; Ni et al., 2000). Receptor variability in vivo may be a general
mechanism for promoting wide tissue tropisms of arthropod-borne
viruses, which require cycling in both arthropod and vertebrate hosts.
Some data suggest that different cell surface proteins may be utilized
for the entry of insect versus vertebrate cells (Martinez-Barragan and
del Angel, 2001; Munoz et al., 1998). Tissue tropism in mosquitos has
also been observed to correlate with expression of a specific receptor
molecule (Yazi-Mendoza et al., 2002).
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Heparan sulfate has been proposed as a flavivirus receptor based on
studies showing the dependence of dengue virus infectivity on binding
of the E protein to heparan sulfate on target cells (Chen et al., 1997;
Hilgard and Stockert, 2000). Subsequent reports have demonstrated
that infectivity of TBEV, yellow fever virus (YFV), JEV, and Murray
Valley encephalitis (MVE) viruses is affected by cell surface inter-
actions with glycosaminoglycans that are proposed to mediate initial
low-affinity binding to the cell surface (Germi et al., 2002; Lee and
Lobigs, 2000; Mandl et al., 2001; Su et al., 2001), but the role of heparin
as an authentic receptor for virulent flaviviruses remains uncertain.
For instance, the serial passage of JEVand MVE viruses in cell culture
results in selection for viruses that exhibit increased binding to hep-
arin but decreased virulence in vivo (Lee and Lobigs, 2002). Similar ob-
servations have been made with alphaviruses (Bernard et al., 2000;
Klimstra et al., 1998), where heparin binding was associated with cell
culture adaptation of primary virus isolates and attenuation of viral
virulence. Thus enhanced binding to glycosaminoglycans is a marker
for attenuation of JEV and MVE viruses in the mouse model and cor-
relates with rapid clearance of the glycosaminoglycan-binding vari-
ants from the circulation compared to more pathogenic strains (Lee
and Lobigs, 2002). The mechanism responsible for this process has
not been defined. The relationship of this observation to classic studies
on neuroinvasion is also unclear, as virulent strains were originally
characterized by their ability to undergo rapid uptake from the circula-
tion, presumably as a result of highly efficient binding and entry to
target cells (Albrecht, 1968). Wild-type and glycosaminoglycan-binding
variants may differ, however, with respect to their entry into cells that
are permissive for replication or are involved in virus clearance (Lee
and Lobigs, 2002).

Antibody-dependent enhancement (ADE) of infection has been
reported for some encephalitic flaviviruses. ADE is believed to occur
through Fc�R I (CD64) and Fc�R II (CD32), although a second type
of ADE that requires complement has also been described (Cardosa
et al., 1983, 1986). In tissue culture, ADE occurs with several flavi-
viruses in cells of myeloid lineage (Brandriss and Schlesinger, 1984;
Brandt et al., 1982; Cardosa et al., 1983, 1986; Diamond et al., 2000b;
Halstead and O’Rourke, 1977; Halstead et al., 1980, 1984; Schlesinger
and Brandriss, 1983). Most of these data are relevant to the pathogen-
esis of dengue infection, and the significance for encephalitic viruses is
less certain. However, there is some experimental evidence that ADE
may be involved (Hawkes, 1964), and this notion is consistent with
the concepts described for dengue viruses based on the wide antibody
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cross-reactivity among flaviviruses with respect to the E protein. Neu-
tralizing homologous or cross-reactive antiflavivirus antibodies can en-
hance neurovirulence and mortality associated with YFV and JEV
infection (Gould and Buckley, 1989; Gould et al., 1987; Lobigs et al.,
2003b). However, in some cases, the pathogenesis was associated with
complement-mediated cytolysis and not with enhancement of infection
in vivo (Gould et al., 1987). The strongest data in support of ADE in
dengue infections are epidemiological in nature. In this regard, there
is not abundant evidence to support a phenomenon of enhancement
of JEV or other encephalitic viruses by preexisting cross-reactive anti-
bodies in natural infections. There is evidence of cross-protection in ex-
perimental models, particularly among JEV serogroup members, and
for amelioration of JEV encephalitis by prior immunity to related vir-
uses, including dengue (Kurane, 2002; Solomon and Vaughn, 2002).
Experimentally, the protective effect is presumably antibody mediated
and is most apparent following infection with live virus or transfer of
serum from animals infected with virus (Broom et al., 2000; Tesh
et al., 2002). Antibody reponses elicited by inactivated virus do not ex-
hibit much cross-protection in animals and may lead to enhanced in-
fections (Broom et al., 2000; Lobigs et al., 2003b). Consistent with
these observations, recipients of inactivated JEV vaccine or live-
attenuated dengue vaccine did not generate neutralizing activity in
sera against WNV (Kanesa-Thasan et al., 2002). Severe forms of TBEV
encephalitis have been observed after passive immunization with hy-
perimmune globulin (Waldvogel et al., 1996), but it is not clear if this
represents an enhancement phenomenon as opposed to either failure
of antibody to penetrate the CNS or suppression of peripheral or
CNS immune responses by high-titer immunoglobulin. The entire
issue is somewhat limited by the fact that the encephalitic viruses
may not necessarily target cells with abundance of Fc receptors, such
as monocyte–macrophages, which are generally considered more im-
portant for the pathogenesis of dengue viruses.

VI. CELLULAR TROPISM OFENCEPHALITIC FLAVIVIRUSES

In cell culture, flaviviruses readily infect a variety of cell types,
including epithelial, endothelial, and fibroblasts (Avirutnan et al.,
1998; Bielefeldt-Ohmann, 1998; Diamond et al., 2000b; Kurane
et al., 1992), but the relationship of these findings to in vivo replication
is uncertain. After peripheral inoculation, flaviviruses probably do not
replicate extensively in the skin, but are spread from local lymph
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nodes by immature dendritic or Langerhans cells, which are permis-
sive for infection (Byrne et al., 2001; Johnston et al., 1996, 2000;
Libraty et al., 2001; McMinn et al., 1996; Wu et al., 2000). Within
1 day of infection, epidermal Langerhans cells that express viral anti-
gens migrate from the skin to the draining lymph node (Byrne et al.,
2001; Wu et al., 2000) while expressing maturation markers such as
B7-1, B7-2, class II MHC molecules, CD11b, and CD83 (Ho et al.,
2001). These cells produce tumor necrosis factor (TNF)-� and IFN-�
(Ho et al., 2001; Libraty et al., 2001) and become more resistant to fla-
vivirus infection (Wu et al., 2000). Thus infected dendritic cells prob-
ably serve to promote antigen presentation in the lymph node and
also participate in the spread of infection to lymphoid compartments.
The consequences of DC infection, whether apoptosis (as for alpha-
viruses) or persistent infection, as in the case of Kunjin virus replicons
(Varnavski and Khromykh, 1999), and their effects on subsequent
shaping of the immune response remain important areas for further
investigation. For instance, data from other viral models indicate that
there is a quantitative requirement for activated dendritic cells in
order to induce T-cell responses (Ludewig et al., 1998). Survival versus
death of these cells as a result of virus infection may have an important
impact on this requirement. After replication in lymphoid tissue, en-
cephalitic viruses are believed to exit via efferent lymphatics (Malkova
and Frankova, 1959) and gain access to the circulation, whereby
systemic infection is established.

Although a tropism of encephalitic viruses for lymphoid tissues has
been observed, the identities of the cell types in other compartments
that support replication to the levels needed to generate a viremia suf-
ficient to cause neuroinvasion have not been determined definitively.
Replication in various peripheral tissues occurs, but vascular endothe-
lial cells have not necessarily been implicated as important sites of rep-
lication (Albrecht, 1968 and references therein). However, it should be
noted that dengue, JEV, and probably other flaviviruses can enter and,
in some cases, establish infection in endothelial cells (Dropulic and
Masters, 1990; Liou and Hsu, 1998) and modulate their activation
state and cytokine production (Anderson et al., 1997; Avirutnan et al.,
1998; Bosch et al., 2002; Huang et al., 2000). In vitro studies with endo-
thelial cells are complicated by the fact that variable responses can be
observed depending on the cell types and assay systems; however,
given the potential role of these cells in immune activation, further
studies on the effects of flavivirus infection on cytokine and chemokine
production by these cells are needed.
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In the CNS, neurons are the primary targets for encephalitic
flaviviruses (Eldadah et al., 1967b; Hase et al., 1987; Iwasaki et al.,
1986; Kimura-Kuroda et al., 1992; Wang et al., 1997, 1998; Weiner
et al., 1970; Xiao et al., 2001). Although viral replication and antigen
production have also been observed in cultured oligodendrocytes
(Jordan et al., 2000) and astrocytes (Chen et al., 2000; Liu et al.,
1988; Suri and Banerjee, 1995), the significance of these reports is dif-
ficult to judge, as there is scant evidence for infection of glial cells
in vivo. Neurotropism and neurovirulence are governed to a large
extent by determinants in the viral E protein, as indicated by an abun-
dance of genetic data indicating that mutations in this protein modu-
late these phenotypes (McMinn, 1997; Ni and Barrett, 1998; Ni et al.,
2000), presumably through their effects on receptor targeting and
postreceptor events involved in virus entry. In the absence of an ex-
perimental system to manipulate the virus receptor on neurons, one
cannot conclude whether high neurotropism of these viruses is depend-
ent solely on the binding of the E protein. Comparison of sequence data
from virulent and attenuated strains of encephalitic viruses also sug-
gests that the nonstructural region and 30 UTRs contain determinants
that influence pathogenesis. It is important in these types of studies to
differentiate effects of genetic mutations on overall replication fitness
of the virus versus specific effects in terms of interactions of viral pro-
teins and RNA structures with host factors that affect pathogenesis
uniquely. Thus the molecular basis for neurotropism is not under-
stood adequately, and further studies using genetic clones of well-
characterized viruses in animal models should help address this issue.
Furthermore, the use of primate models to investigate the issue is
needed greatly, as the observations in rodent models may not have
direct correlates to human infections.

VII. IMMUNE RESPONSES TO FLAVIVIRUSES AND THEIRROLE IN PATHOGENESIS

Susceptibility to flavivirus encephalitis implies a failure at some
stage of the immune response that theoretically may be defined in
either qualitative or quantitative terms. There is substantial clinical
and experimental evidence for a correlation between protection against
encephalitic disease and the presence of virus-specific antibodies, but
the molecular and cellular basis for the development of this response
has not been defined thoroughly. In studies that have shown protection
by antibodies, the roles of other immune system components in
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the process have not often been assessed. Furthermore, there is
increasing evidence that flaviviruses have evolved mechanisms to ma-
nipulate the effector functions of both innate and adaptive immune
responses. The magnitude and importance of these responses probably
vary from one experimental model to another and account for differ-
ences observed in studies that have examined the immune system in
the context of a either a primary or a memory response.

A. Innate Immunity

1. Interferons

In vitro and in vivo studies have demonstrated that interferon-
dependent responses are relevant to protection against flavivirus
infections. Dendritic cells in the skin may be the first cells to produce
type I interferons (IFN-� or -�) in response to flavivirus infection and
initiate this antiviral response (Libraty et al., 2001). These interferons
inhibit flavivirus infection by preventing translation and replication
of infectious viral RNA at least partially through an RNase L-, Mx1-,
and Protein Kinase R (PKR)-independent mechanism (Anderson and
Rahal, 2002; Diamond and Harris, 2001; Diamond et al., 2000a). These
studies have been supported by experiments in immunodeficient and
therapeutic mouse models of disease. Pretreatment of mice with IFN-
� or its inducers prevents or ameliorates flavivirus infections (Brooks
and Phillpotts, 1999; Charlier et al., 2002; Harrington et al., 1977;
Leyssen et al., 2003b; Lucas et al., 2003), and mice that are deficient
in type I IFNs or their receptor have increased susceptibility to flavi-
viruses (Johnson and Roehrig, 1999; Lobigs et al., 2003a). The role of
type II IFN (IFN-�) in protection versus immunopathogenesis of flavi-
virus encephalitis is less clear, as this cytokine has a multitude of
effects on the host response to these viruses. In part, this includes in-
duction of proinflammatory and antiviral molecules, including nitric
oxide (Lin et al., 1997), and enhancement of the phagocytic activity of
monocytes/macrophages through increased Fc receptor expression
(Rothman and Ennis, 1999). Data from various models support the im-
portance of IFN-� production in the context of a TH1 virus-specific
immune response for the control of infection with encephalitic viruses
(Johnson and Roehrig, 1999; Liu and Chambers, 2001; Lobigs et al.,
2003a). Distinctions should be made, however, concerning the effects
of IFN-� in the periphery and in the context of the CNS immune
response (see Section X).
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Flaviviruses appear to be capable of attenuating some of the IFN-
dependent antiviral effector mechanisms. Treatment of cells or
animals with IFN-� as few as 4 h after infection with dengue or SLE
viruses resulted in almost a complete loss of antiviral activity (Brooks
and Phillpotts, 1999; Diamond et al., 2000a). Similarly, IFN-� treat-
ment of patients with documented JEV encephalitis had no significant
effect on outcome (Solomon et al., 2003), despite anecdotal reports of its
benefit (Harinasuta et al., 1985). The mechanisms by which the anti-
viral effect is avoided remain uncharacterized, but data suggest that
it may act at a very early step in infection. Future studies should also
help determine if the role of type I IFNs in these infections lies only in
innate intracellular effector defenses or whether there are effects on
the quality and magnitude of the subsequent cell-mediated immune
response through their immunoregulatory effects.

2. Macrophages

Activation of macrophages and modulation of their effector functions
are integral parts of flavivirus pathogenesis (Rothman and Ennis,
1999; Spain-Santana et al., 2001). In addition to their role in nonspe-
cific defense, macrophages are targets of infection by some flaviviruses
and have the potential to contribute to pathogenesis through antibody-
dependent enhancement of infection mediated by Fc and complement
receptors (Cardosa et al., 1986; Gollins and Porterfield, 1984; Hawkes,
1964; Peiris et al., 1981). The preponderance of data supports the pro-
tective role of macrophages in control of infection by means of cytokine
production and antigen presentation to B and T cells (Kulkarni et al.,
1991a; Marianneau et al., 1999). Classic studies have shown that abro-
gation of phagocytic activity of macrophages results in higher viremia,
neuroinvasion, andmore severe encephalitis (Ben-Nathan et al., 1996a;
Khozinsky et al., 1985; Monath, 1971; Zisman et al., 1971). Some of the
protective effect provided appears to be mediated by the stimulation
of inducible nitric oxide synthetase (NOS-2) to produce nitric oxide
(NO) and other reactive oxygen intermediates such as peroxynitrites
(Saxena et al., 2000). Pretreatment of macrophages with agents that
induce NO synthesis have been shown to inhibit JEV infection in vitro

(Lin et al., 1997). Moreover, treatment of mice with a NOS-2 inhibitor
increased mortality after JEV infection (Lin et al., 1997). However,
other studies suggest that the inflammatory actions of NO and other
reactive oxygen intermediates may, in some cases, contribute to flavi-
virus pathogenesis. The in vivo administration of a competitive inhibi-
tor of NOS-2 improved survival in mice infected with TBEV (Kreil and
Eibl, 1995, 1996). Activation of macrophages in response to flavivirus
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infection promotes not only production of NO, but also release of
TNF-�, IL-1�, IL-8, and other mediators of acute inflammation that
may contribute to tissue damage where macrophages accumulate
(Atrasheuskaya et al., 2003; Bosch et al., 2002; Raghupathy et al.,
1998; Rothman and Ennis, 1999). These various studies indicate that
the behavior of macrophages is fundamental to the pathogenesis of fla-
vivirus disease, but the contribution to virus clearance versus deleteri-
ous effects driven by IFN-� and other proinflammatory stimuli
depends on regulation of their activity, and the properties of this
innate defense may therefore vary from one context to another.

3. Natural Killer Cells

Natural killer (NK) lymphocytes lyse infected cells by releasing cyto-
toxic granules that contain perforin and granzymes or by binding to
apoptosis-inducing receptors on target cells (Orange et al., 2002). NK
cell activation is finely regulated through a balance of activating
(Ly49D, Ly49H, and NKG2D) and inhibitory receptors [killer cell im-
munoglobulin-like receptors (KIR), immunoglobulin-like inhibitory re-
ceptors (ILT), and CD94-NKG2A] (Smith, et al., 2001). A decrease in
expression of class I MHC molecules on a cell may prompt NK cell ac-
tivation by attenuating the inhibitory signals. Thus NK cell target
recognition occurs after ligation of activating receptors and repression
of inhibitory receptors on the cell surface. NK responses have been
analyzed in various experimental models of flavivirus infection, but
as noted (Hill et al., 1993), the characterization of the responding cells
has been limited. Studies of NK cell activity during WNV infection
have revealed blunted cytolytic activity against virus-infected cells, as-
sociated with upregulation of MHC antigen and ICAM-1 expression on
the target cells by interferon-independent mechanisms (Müllbacher
et al, 1989). However, NK cell-dependent lysis of dengue virus-infected
target cells by both natural killer and antibody-dependent cell-
mediated cytotoxicity has been observed (Kurane et al., 1984). Infec-
tion of mice with Langat, WNV, and TBEV transiently activated and
then suppressed NK cell activity (Vargin and Semenov, 1986). Despite
these conflicting observations, the bulk of evidence currently suggests
that flaviviruses have evolved a mechanism to evade NK cell responses
through an augmentation of cell surface class I MHC expression (King
and Kesson, 1988; King et al., 1989; Liu et al., 1988, 1989b), driven by a
TAP-dependent process (Momburg et al., 2001; Müllbacher and Lobigs,
1995; Lobigs et al., 1999) and NF-�B-dependent transcriptional acti-
vation of MHC class I genes (Kesson and King, 2001). Thus, flavi-
viruses may overcome susceptibility to NK cell-mediated lysis at the
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expense of increased class I MHC expression and later recognition by
virus-specific cytotoxic lymphocytes (CTLs). Consistent with this hy-
pothesis, splenocytes from WNV-immunized mice had poor NK cell
lytic activity (Momburg et al., 2001), and mice that are genetically de-
ficient in NK cells demonstrate no increased morbidity or mortality
compared to wild-type controls in response toWNV infection (M. Engle,
W. Yokoyama, and M. Diamond, unpublished results). Some residual
NK cell function may still be important during flavivirus pathogenesis,
as suggested by studies with perforin and Fas knockout mice, which
are partially protected from encephalitic disease, through events that
operate at the level of neuroinvasion. This may involve the cytotoxic
activities of NK cells and/or CTLs (Lincon Luna et al., 2002). In
addition, the lack of a substantial effect of IFN-� in the therapy of fla-
vivirus encephalitis is also consistent with inhibition of the NK re-
sponse, as type I interferons are normally potent activators of these
cells.

4. Natural Antibody

Natural antibodies are primarily of the IgM class, although activity
of IgG has also been described. They are secreted constitutively by
CD5þ B-1 cells without specific stimulation, have widely variable bind-
ing avidities, and represent an initial nonspecific defense against
pathogens (Baumgarth et al., 2000; Casali and Notkins, 1989; Ochsen-
bein et al., 1999a) through direct neutralization of some bacteria and
viruses in the circulation (Gobet et al., 1988; Ochsenbein et al.,
1999a), enhancement of phagocytosis (Navin et al., 1989), and comple-
ment activation (Baumgarth et al., 2000). Although the role of natural
antibody in flavivirus infection remains unexplored, mice that genetic-
ally lack secreted IgM, (sIgM �/�), but in which cell surface IgM and
IgG responses are intact have increased mortality in certain viral in-
fections, involving a defect in the antiviral IgG responses (Baumgarth
et al., 2000; Boes et al., 1998). Such mice are also very susceptible to in-
fection with WNV (Fig. 1; M. Engle and M. Diamond, unpublished
data). This observation, along with other data, suggests an important
role for natural antibody and complement during the early antiviral
defense against flaviviruses, although a virus-specific IgM response
is likely to be more important (see Section VII,A,5).

5. Complement

The complement system is an important innate defense for limiting
infection by fungal, bacterial, and viral pathogens. Complement in-
hibits viruses by several mechanisms (Volanakis, 2002), including lysis
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of enveloped viral particles and virus-infected cells by the C5–C9 mem-
brane attack complex; recruitment and activation of monocytes and
granulocytes by C3a and C5a; clearance of virus from circulation after
opsonization by proteolytic fragments of C3, C3b, and C3bi, followed by
uptake into cells that express complement receptor; and C3-facilitated
uptake of antigen and presentation by macrophages and dendritic cells
(Ochsenbein and Zinkernagel, 2000) during priming of T and B
lymphocytes (Da Costa et al., 1999; Kopf et al., 2002; Ochsenbein
et al., 1999b). Preliminary studies indicate that complement plays an
essential role in limiting WNV infection. Mice that are genetically defi-
cient in C3 uniformly succumb to infection even at low inoculating doses
(Fig. 2; E. Mehlhop, M. Engle, and M. Diamond, unpublished data).
Additional studies must be performed to determine which individual
mechanisms are most critical for this complement-mediated control. A
deficiency of C3 could exacerbate WNV infection because of depressed
C5–C9 lytic or C3 opsonic activity that results in a failure to clear virus
from the circulation. Alternatively, C3 may play important roles in
linking the innate and adaptive immune responses (Barrington et al.,
2001; Carroll, 1998; Ochsenbein and Zinkernagel, 2000) against WNV.
C3 is required for normal IgG production and T-cell priming against in-
fluenza and herpes viruses (Da Costa et al., 1999; Fischer et al., 1996;
Kopf et al., 2002; Ochsenbein et al., 1999), and a deficiency in C3 de-
creases opsonization and viral antigen presentation, leading to deficits
in the adaptive B-and T-cell responses (Ochsenbein and Zinkernagel,
2000). Although the lytic and proinflammatory activity of complement
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FIG 1. Soluble IgM-deficient mice are highly sensitive to peripheral infection with
WNV. Mice were infected by subcutaneous inoculation of the footpad with 100 plaque-
forming units of WNV NY 99 and monitored for mortality from CNS disease.
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may contribute to the defense against WNV, preliminary data indicate
that a deficiency in either C3 compromises the antiviral B-cell immune
response, as mice that lack C3 have markedly depressed titers of WNV-
specific IgG (E. Mehlhop, M. Engle, and M. Diamond, unpublished
data).

B. Adaptive Immunity

The roles of both humoral and cellular immunity during the patho-
genesis of flavivirus disease have been studied in various models
involving active and passive immunization in normal and immunodefi-
cient animals, and understanding of the immunologic basis for protec-
tion against acute encephalitis is beginning to advance. B cells, CD4þ

cells, and CD8þ T cells have all been implicated in contributing to
protection, although as stated earlier, their relative importance seems
to vary depending on the context of the experimental model under
investigation.

1. B Cells and Antibody

Antibody responses to the E and NS1 proteins involve many epi-
topes, and both neutralizing and nonneutralizing antibodies (including
those against NS1) can prevent fatal encephalitis, as demonstrated
in many passive transfer and active immunization experiments in ex-
perimental animal models (Brandriss et al., 1986; Diamond et al.,
2003; Gould et al., 1987; Henchal et al., 1988; Kimura-Kuroda and

FIG 2. C3-deficient mice are highly sensitive to peripheral infection with WNV. Mice
were infected as described in Fig. 1 and monitored for mortality from CNS disease.
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Yasui, 1988; Putnak and Schlesinger, 1990; Schlesinger et al., 1985,
1987; Zhang et al., 1989). A protective effect can occur even after estab-
lishment of infection in the CNS. Mechanisms of antibody-mediated
protection during flavivirus infection include direct neutralization of
receptor binding (Crill and Roehrig, 2001), blocking of virus uncoating
(Gollins and Porterfield, 1984), and Fc receptor-dependent virus clear-
ance via the reticuloendothelial system. Most neutralizing antibodies
recognize the structural E protein, and antibody epitopes appear to
be broadly distributed over its surface (Heinz, 1986; Roehrig et al.,
1989); however, these do not all represent potent sites for neutraliza-
tion. A subset of neutralization epitopes is found on the prM protein
(Colombage et al., 1998; Falconar, 1999; Pincus et al., 1992). The
presence of nonneutralizing, yet protective antibodies against NS1 is
also well documented (Cane and Gould, 1988; Després et al., 1991;
Falgout et al., 1990; Henchal et al., 1988; Putnak and Schlesinger,
1990; Schlesinger et al., 1986, 1987). Antibodies to NS1 are proposed
to mediate the lysis of virus-infected cells, which express this protein
on their surface, by complement-mediated lysis and/or antibody-
dependent cellular cytotoxicity (Hill et al., 1993; Kurane et al., 1984;
Schlesinger et al., 1990). These humoral responses are believed to be
important components of the protective immune response to flavivirus
infection, but antibodies to NS1 are not oftenmeasured in experimental
models of infection or immunization and challenge.

Although the neutralizing antibody responses are considered corre-
lates of protection (Markoff, 2000), this process is probably also a func-
tion of additional innate and adaptive immune effector systems whose
roles in the control of infection are less easily demonstrated. In this
regard, challenge in the context of passively administered virus-
specific antibodies is not necessarily associated with sterilizing im-
munity, indicating that antiviral defenses other than antibodies are
involved in protection (Kreil et al., 1998a, 1998b). Definitive experi-
ments to determine the extent of immune activation in this setting
are likely to expand our understanding of the correlates of protection
and the immunological basis for a successful antiviral response.

Mice that lack B cells are very vulnerable to flavivirus infections and
encephalitis (Diamond et al., 2003; Liu and Chambers, 2001), purport-
edly as a consequence of lacking antibodies. However, these models
must be explored further to determine whether T-cell responses are
otherwise fully activated and effective, as it is possible that B cells
could influence CD4þ and CD8þ T-cell responses through antigen pre-
sentation or other immunoregulatory events, as has been observed in
other neurotropic viral infections (Bergmann et al., 2001).
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Factors that drive B-cell activation and maturation during flavivirus
infections are not well understood. Multiple T helper epitopes have
been identified in the E protein of JEV and MVE viruses, some of
which are dominant, broadly reactive among JE serogroup viruses,
and prime for the neutralizing antibody (Kutubuddin et al., 1991;
Mathews et al., 1991, 1992; Roehrig et al., 1992). Immunization with
plasmid DNA encoding the E region is more effective than viral E anti-
gen itself, presumably due to the induction of T-cell responses to the E
protein (Chen et al., 1999). Immunization of HIV-infected individuals
with inactivated flavivirus vaccines has suggested that CD4þ T cells
may not be critical for the induction of protective antibodies (Panasiuk
et al., 2003). However, others have observed that antibody responses
to inactivated or live viral vaccines are weak in these subjects
(Rojanasuphot et al., 1998; Sibailly et al., 1997). Immunization of
CD4 knockout or class II knockout mice with YFV markedly dimin-
ished or abrogated the neutralizing antibody response, respectively
(Chambers and Liang, unpublished data), suggesting that there is de-
pendence on functional CD4þ T cells to generate long-lasting B-cell
memory against flaviviruses. Differences in immunization schedules
and numbers of residual CD4þ lineage T cells in these various reports
may explain the discrepancies. Studies on the role of dendritic cells in
early B-cell activation and the nature of the toll-like receptor signals
induced in response to viral antigens on these cells may provide new
insights into the determinants that establish and drive the memory
response to flavivirus antigens.

An IgM response to flaviviruses is a feature of most clinical and ex-
perimental infections (Martin et al., 2002) and has been reported to be
a correlate of protection during clinical JEVencephalitis in some studies
(Burke et al., 1985a, 1985b; Ravi et al., 1993). Flavivirus infections typ-
ically elicit IgM responses that can often persist for prolonged periods
(Edelman et al., 1976; Monath, 1971; Roehrig et al., 2003). However, ex-
perimentally, the initial IgM response to encephalitic viruses may pos-
sess variable neutralization activity and protective capacity (Diamond
et al., 2003; Hofmann et al., 1978; Ishii et al., 1968); in some studies,
the complement-fixing activity was limited compared to that provided
by the ensuing IgG response (Ishii et al., 1968; Lee and Scherer, 1961).
This contrasts with what has been observed with YF 17D vaccination
(Monath, 1971) and may reflect differences in early B-cell activation
among these infections or differences between humans and mice with
respect to the process. However, the role of a vigorous IgM response
may be in providing temporary neutralizing activity, while more
importantly activating complement-dependent pathways involved in
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programming virus-specific B- and T-cell responses. Studies with the
WNV model (see later) suggest a critical early function of both IgM
and complement in the control of extraneural infection. The neutraliz-
ing activity of sera rises in conjunction with the appearance of IgG,
and this response includes a variety of biological activities, including
hemagglutination inhibition, complement fixation, and virus neutral-
ization. The memory or ‘‘antigenic sin’’ response elicited by cross-
reactive antigens involves all of these responses, but is weakest for the
neutralization response (Innis, 1997), suggesting that there is some
hierarchical pattern of B-cell epitopes or some selectivity in recognizing
the most cross-reactive antigens. This phenomenon is probably evolu-
tionarily adaptive for recurrent infections with heterologous flavi-
viruses, but is capitalized upon by dengue viruses during the
pathogenesis of dengue hemorrhagic fever and shock syndrome. In
any case, the anamnestic antibody response has been demonstrated to
be critical to a defense against encephalitic viruses in the context of im-
munization and challenge models, which are surrogates for the efficacy
of vaccines (Konishi et al., 1999; Lee and Sherer, 1961; Pan et al., 2001).
It nevertheless remains unclear at the present time the extent to which
antibody responses alone contribute to the control of acute infections.

2. T Cells

T-cell responses to flavivirus proteins have been best studied for
members of the DEN and JEV serogroups. Both CD4þ and CD8þ T
lymphocyte responses involve broad flavivirus cross-reactivity, al-
though this varies significantly among different MHC haplotypes (Hill
et al., 1992; Kulkarni et al., 1992; Kurane et al., 1991; Uren et al., 1987;
reviewed inHill et al., 1993). Multiple epitopes for T-cell responses have
been identified on both structural and nonstructural proteins; however,
genetic factors restrict the number of targets and fine specificities differ
considerably. Determinants for class I responses are more frequent
within the viral nonstructural region, particularly the NS3 protein,
which contains dominant epitopes in both humans and mice. In con-
trast, viral structural protein antigens elicit class II responses more
consistently. The role of virus-specific CD4þTcells in flavivirus enceph-
alitis is not well understood, although experimental models indicate a
requirement for such cells in protection against acute disease (see
Section X). Some of the cytotoxic T-cell response to dengue and JE
viruses is contained in the CD4þ compartment and is probably medi-
ated by Fas/FasL interactions (Aihara et al., 2000; Gagnon et al., 1999),
which has implications for possible immunopathogenic responses both
in the periphery and in the CNS.
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Flavivirus-specific CD8þ T cells have multiple effector functions, in-
cluding cytotoxic activity and production of IFN-� (Douglas et al., 1994;
Kesson et al., 1987; Kulkarni et al., 1991b; Kurane et al., 1989, 1991,
1995; Liu et al., 1989a; Murali-Krishna et al., 1996; Takada et al.,
2000), suggesting that polarization of the immune response toward a
TH1 phenotype is involved in control of these viruses. Although the im-
portance of type I interferons in protection against these viruses would
suggest its involvement in promoting this T-cell response, as has been
described for other viruses (Cousens et al., 1999), the role of IL-12 in
driving this process has received only limited study (Chen et al.,
2001; Phillpotts et al., 2003), and its importance may vary from one
context to another (Dalod et al., 2002). Cellular immunity clearly con-
tributes to the control of virus infection in experimental animal
models, but this varies depending on the context examined and with
respect to the virulence of the challenge virus. T-cell-deficient mice fail
to generate protective immunity after a sublethal challenge with YFV
strains (Bradish et al., 1980). Moreover, animals that are treated with
drugs that impair T-cell function develop a rapidly progressive flavi-
virus encephalitis (Camenga et al., 1974; Cole and Nathanson, 1968;
Nathanson and Cole, 1970). The adoptive transfer of immune spleen
cells can protect against encephalitis, but the lymphocyte subpopula-
tions that mediate this protection have not been very well character-
ized in classic studies (Bradish et al., 1980; Camenga et al., 1974;
Jacoby et al., 1980).

More recent studies have, to some degree, clarified the role of CD8þ

T cells in these infections. Quantitation of the CD8þ T-cell response to
YFV in experimental mice (van der Most et al., 2002) reveals activation
by immunodominant epitopes and is supported by the observation that
CD8þ knockout mice exhibit a defect in the clearance of infectious YFV
from the CNS (Liu and Chambers, 2001; T. J. Chambers, unpublished
data) and also have increased mortality after WNV infection
(B. Shrestha and M. Diamond, manuscript in preparation). Human re-
cipients of YFV 17D vaccine exhibit an increase in CD8þ Tcells as well,
and epitopes have been mapped to multiple proteins (Co et al., 2002).
While data from most of these models would indicate that CTL re-
sponses are primarily protective in vivo, their potential for immuno-
pathogenic effects requires further investigation. Some studies with
MVE virus (Licon Luna et al., 2002) and dengue virus (Rothman and
Ennis, 1999) suggest that the cytotoxicity of CTL may contribute to
the disease pathogenesis. Studies with knockout mice continue to pro-
vide novel information on the role of T cells in flavivirus pathogenesis
and immunity. However, an important limitation of these experiments
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is that the effect of gene knockout on immunologic development and
function is not known. Better attempts to assess the entire range of
properties of the immune response in these types of experimental
models are needed, as gene knockouts could have multiple effects
beyond simply loss of the targeted function.

Human studies on immune responses to JEV or JEV structural
protein antigens encoded in recombinant vaccinia virus revealed
proliferation and induction of cytolytic activity in the CD8þ T-cell com-
partment (Konishi et al., 1995, 1998a), similar to what has been ob-
served in mice (Konishi et al., 1997, 1998b). The significance of these
responses is uncertain, as another study found no correlation between
T-cell proliferation and either the antibody response or the clinical out-
come (Desai et al., 1995a). Inactivated JEV vaccine induced CD4þ,
class II-restricted T cells with cytolytic activity (Aihara et al., 2000),
suggesting that it is not capable of inducing high levels of CD8þ CTLs;
inmice, this vaccine elicts a TH2 immune response (Ramakrishna et al.,
2003). As noted earlier, in the context of clinical infections with
flaviviruses, the integrity of cellular immune function appears to
be important (Iwamoto et al., 2003; Neogi et al., 1998; Okhuysen
et al., 1993; Szilak and Minamoto, 2000). However, better understand-
ing of the effector properties of T cells and their role in protection in
humans and in experimental animals is needed.

VIII. NEUROINVASION

Neuroinvasiveness is a critical step in the pathogenesis of flavivirus
encephalitis and is affected by both viral and host factors. In terms of
viral factors, characterization of various virulent and attenuated
strains of JEV, TBEV, YFV, and WNV has revealed that viral determi-
nants of neuroinvasiveness map principally the E protein (reviewed in
McMinn, 1997). The mechanisms associated with these genetic deter-
minants have not been completely determined, but are believed to
relate to increased viral infectivity toward important target cells
through enhanced binding and penetration. Entry into the CNS has
been proposed to involve a number of potential processes, none of
which has been definitively demonstrated in vivo. The proposed path-
ways include (1) transport across the cerebrovascular endothelium, or
infection of these and other cells constituting the blood–brain barrier
(Dropulic and Masters, 1990; Liou and Hsu, 1998); (2) access to the
CNS after loss of blood–brain barrier integrity (Kobiler et al., 1989;
Lustig et al., 1992); and (3) entry through the olfactory epithelium
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(McMinn et al., 1996; Monath et al., 1983). There are regions of the
CNS where lack of a blood–brain barrier may constitute sites of vulner-
ability to infection in the presence of viremia (i.e., the choroid plexus
and the circumventricular organs). Some of these may be supported
by nonspecific defenses that are sufficient to withstand a low level of
viremia, as the choroid is a site of IFN-� expression and OAS induction
(Asada-Kubota et al., 1997; Khan et al., 1989). Entry of virus into the
CNS by passage across the small cerebrovascular vessels is consistent
with the accumulation of perivascular infiltrates of inflammatory cells,
which is a hallmark of flavivirus encephalitis (Johnson et al., 1985).
However, access through the olfactory bulb is believed to occur either
after infection by the aerosol route or intranasally (Hambleton et al.,
1983; Myint et al., 1999; Nir et al., 1965; Raengsakulrach et al., 1999)
or in the context of hematogenous dissemination of virus (McMinn,
1996; Monath, 1986; Monath et al., 1983). The olfactory bulb is espe-
cially vulnerable to infection because of the exposure of its nerve
terminals within the olfactory mucosa, and this route is exploited by
other neurotropic viruses (Fazakerley, 2002).

Disruption of the blood–brain barrier facilitates the entry of nonin-
vasive flaviviruses into the CNS (Lustig et al., 1992), suggesting that
neuroinvasion may be influenced by host factors that alter the permea-
bility of this barrier as a result of systemic infection (Chaturvedi et al.,
1991; Kaiser and Holzmann, 2000; Mathur and Chaturvedi, 1992), in-
cluding IFN-�, TNF-�, and possibly effector functions of CTLs and
NK cells (Lincon Luna et al., 2002). Neuroinvasion is also influenced
by physical stress and other agents, including inhalational anesthetics
(Ben-Nathan et al., 1989, 1992, 1996b, 2000). Immunosuppression by
corticosterone and other endogenous immunomodulators is an impor-
tant factor, as involution of lymphoid tissue has been observed and
probably facilitates the generation of viremia by attenuated viral
strains. Perturbation of the blood–brain barrier may also be involved
in this process (Ben-Nathan et al., 2000). Early viremia and sustained
viremia are correlated with neuroinvasion in animal models, consis-
tent with the belief that replication to high titers in peripheral tissues
is an important property of invasive strains, at least in immunologi-
cally normal hosts (Albrecht, 1968; Huang and Wong, 1963; Monath,
1986). However, the timing of peak viremia is probably critical, as
levels sufficient to cause neuroinvasion are dissipated concurrent
with the appearance of adaptive immune responses in the periphery
(Diamond et al., 2003; Halevy et al., 1994). This is also evident from
studies of immunodeficient mice lacking T- and B-cell responses, which
exhibit neuroinvasion in the presence of viremia (Chambers and
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Nickells, 2001; Charlier et al., 2002; Diamond et al., 2003; Johnson and
Roehrig, 1999; Halevy et al., 1994; Lin et al., 1998). At present it
appears that the mechanisms responsible for entry into the CNS may
vary, depending on a specific virus and the level of host immunocompe-
tence. Continued research with the use of knockout strains harboring
single and multiple defects in these redundant immune system
defenses will improve the understanding of how this process occurs.

The mechanisms of flavivirus spread within the CNS are not estab-
lished. Studies with alphaviruses in the mouse model suggest that this
occurs in a circuit-specific manner among olfactory neurons that are
undergoing developmental synaptogenesis (Oliver and Fazakerley,
1998). Spread of MVE virus in immature mice exhibited a pattern con-
sistent with these observations, but occurred throughout the CNS
(McMinn et al., 1996). An unusual accumulation of WNV particles in
myelin lamellae was observed in spinal cord cultures (Shahar et al.,
1990), suggesting the possibility of virus transport by mechanisms
not only involving the axoplasm.

IX. NEUROPATHOLOGY

Flaviviruses, particularly members of the JEV and TBEV sero-
groups, cause viral encephalitis in many vertebrate species, a dead-
end transmission pathway believed to reflect an evolutionarily
conserved capacity of these viruses to grow in the CNS of arthropods
and vertebrates (Monath, 1986). In contrast to the noncytopathic
nature of infection in arthropods, a spectrum of acute and chronic
CNS pathologic changes occur in vertebrates and have been docu-
mented extensively (Chu et al., 1999; Dominguez and Baruch, 1963;
Hase et al., 1993; Levenbook et al., 1987; Manuelidis, 1956; Nathanson
et al., 1966; Pogodina et al., 1983; Reyes et al., 1981; Vince and Grevic,
1969; Zlotnik et al., 1971, 1976). Virus can be demonstrated within
neurons throughout the brain and spinal cord, but infection of other
cell types has been less well characterized. In humans, neuroinvasive
flaviviruses cause an acute, often fatal encephalomyelitis (Monath,
1986) associated with characteristic inflammatory changes and often
targeted to specific regions (Johnson et al., 1985; Miyake, 1964; Suzuki
and Phillips, 1966; Zimmerman, 1946). The pathological changes have
been characterized in many experimental animal models, as well as in
fatal human cases. These viruses can evoke inflammatory infiltrates
extending from the meningeal layers into the brain substance, with
features typical of other viral encephalitides, including leptomeningitis,
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perivascular lymphocytic accumulation, parenchymal infiltrates, and
microglial nodules associated with neuronophagia in regions of viral
infection (Figs. 3, 4, and 5). The neuropathology can, in some cases, in-
clude the destruction of vascular structures with focal hemorrhage,
suggesting a vasculitis. Loss of regional blood flow, as well as disrup-
tion of the blood–brain barrier, has been described in clinical cases of
TBEV (Gunther et al., 1998; Kaiser, 2002; Kaiser and Holzmann,
2000). The nature and degree of the inflammatory disease depend on
many factors, including the virulence of the virus, the route of infec-
tion, and the age and immunocompetence of the host. Varying levels
of CNS inflammation without frank evidence of neuronal damage have
been described in some models, including human autopsy cases, sug-
gesting that viral infection can induce lethal pathophysiology prior to
or in the absence of recruitment of the peripheral immune response
(reviewed in Monath, 1986). Although cytopathic effects have been ob-
served primarily in virus-infected neurons, other noninfected cells can
also exhibit pathologic changes, presumably through bystander injury
(see later). A number of studies have documented the distribution of
the neuropathology and the clinical manifestations that characterize
flavivirus infection of the CNS. For instance, infection in cortical

FIG 3. Yellow fever virus meningoencephalitis in the rhesus monkey showing
leptomeningeal accumulation of acute inflammatory cells. Courtesy of the United States
ArmyMedical Research Institute of Infectious Diseases (USAMRIID). (See Color Insert.)
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FIG 4. Yellow fever encephalitis in the rhesus monkey showing focus of perivascular
infiltrate with mononuclear cells in the cerebral cortex. Courtesy of USAMRIID. (See
Color Insert.)

FIG 5. Yellow fever encephalitis in the rhesus monkey showing microglial nodule with
neuronophagia of a cortical neuron stained for viral antigen. Courtesy of USAMRIID.
(See Color Insert.)
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regions typically gives rise to depressed consciouness and seizures, but
the involvement of subcortical regions, including the midbrain and
brainstem, as well as thalamic and basal ganglial involvement, can
give rise to a variety of movement disorders (Asher, 1975; Kalita and
Misra, 2000; Misra and Kalita, 1997a; Murgod et al., 2001; Ogata
et al., 2000; Pradhan et al., 1999). WNV encephalitis in the United
States and JEV encephalitis have both been characterized by a polio-
myelitis-like syndrome, suggesting infection of lower motor neurons
in association with flaccid paralysis (Glass et al., 2002; Leis et al.,
2002; Misra and Kalita, 1997b; Solomon et al., 1998). Lower motor
neuron disease is also typical of TBEV infection. Factors governing
the differences in neuronal susceptibility to flaviviruses are not
known, but may be similar to those that operate in the case of other
neurotropic arboviruses, such as Sindbis, where the neuronal response
to viral injury may be variable (Griffin and Hardwick, 1999). Neuronal
death associated with flavivirus infection has classically been ascribed
to degenerative necrosis. Pathologic changes that accompany this pro-
cess include vacuolization and proliferation of intracellular mem-
branes, which produces a characteristic ultrastructural appearance
(Fig. 6; Murphy et al., 1968). Whether there is a greater propensity
to cause necrosis versus apoptosis requires further study.

FIG 6. Electron micrograph of a mouse CNS neuron infected with SLE virus showing
characteristic cytoplasmic pathology but integrity of the nuclear (N) envelope. Arrow
indicates virions within inner and outer nuclear membranes. From Murphy et al. (1968),
with permission.
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Several flaviviruses have been shown to induce apoptosis, both
in vitro (Isaeva et al., 1998; Liao et al., 1998; Parquet et al., 2001;
Prikhod’ko et al., 2002) and in vivo, in the rodent CNS (Andrews
et al., 1999; Després et al., 1998; Duarte dos Santos et al., 2000; Isaeva
et al., 1998; Xiao et al., 2001; Fig. 7). In this regard, reports describing
primarily degenerative pathology at the light or electronmicroscopic

FIG 7. WNV infection in the Syrian golden hamster. (A) Viral antigen-positive
neurons in the cerebral cortex. (B) TUNEL-positive apoptotic neurons in the cortex.
Courtesy of Dr. Shu-Yan Xiao. From Xiao et al., 2001. (See Color Insert.)
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level, typically involving cytoplasmic changes such as chromatolysis,
swelling, and dissolution of Nissl substance, also mentioned nuclear
pathology, including pyknosis, disruption of the nuclear envelope, and
alterations in chromatin (Dominguez and Baruch, 1963; Manuelidis,
1956; Mathews et al., 2000). These findings are of interest given
reports that neuronotropic viruses such as Sindbis virus may not
induce typical apoptotic morphology in neurons (Griffin and Hardwick,
1999; Havert et al., 2000; Kerr et al., 2002; Sammin et al., 1999) and
that cell death may occur through both apoptotic and necrotic mechan-
isms (Havert et al., 2000; Nargi-Aizenman and Griffin, 2001; Sammin
et al., 1999), depending on the integrity of the apoptotic pathways of a
given population of neurons, their profile of apoptotic modulators, and
the presence of excitotoxic stimuli. The most detailed in vivo character-
ization of neuronal apoptosis by flaviviruses has been reported for
dengue. Neuroadapted dengue virus induces apoptosis in infected
neurons as well as in noninfected cells (Després et al., 1998), suggest-
ing that indirect mechanisms of cellular injury occur in areas of
heavy virus burden. It is important to note that these findings were
demonstrated in very young mice, whose neurons are highly suscep-
tible to apoptotic stimuli, and may not reflect the response of more
mature cells in older mice. However, studies with WNV in the adult
hamster model provide evidence that highly neurovirulent strains
are potent inducers of apoptosis (Xiao et al., 2001; Fig. 7). A relation-
ship between viral virulence and the extent of apoptosis has not been
clearly established for flaviviruses; however, the general capacity of
neuroadapted strains to produce high virus burdens in association
with cytopathology suggests that the situation is likely to resemble
that of alphaviruses and other neuronotropic viruses (Lewis et al.,
1996; Oberhaus et al., 1997; Theerasurakarn and Ubul, 1998). Al-
though the molecular details of this process are not fully known, the
expression of some flavivirus proteins appears to directly induce apop-
totic cell death of neurons, including the WNV capsid protein (Yang
et al., 2002), the Langat virus NS3 protein, which causes apoptosis
through the activation of caspases 3, 8, and 9 (Prikhod’ko et al.,
2002), and the E proteins of neuroadapted dengue-2 virus (Duarte
dos Santos et al., 2000) and JEV, which appear to stimulate an ER
unfolded protein response (Su et al., 2002) and a component of oxida-
tive stress (Raung et al., 2001). However, there are many other poten-
tial mechanisms for provoking apoptosis by neuronotropic RNA
viruses, including signaling through interferon-�-dependent path-
ways, phospholipase A2 activation, activation of NF-�B and p53-
regulated genes (Fazakerley, 2001), and activation of apoptosis during
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viral entry (Jan et al., 2000). Some of these processes may also be
involved in the pathogenesis of encephalitic flaviviruses.

The role of apoptotic regulators bcl-2, bax, bcl-X, and related gene
products in modulating neuronal death has been only partially charac-
terized for flaviviruses. Forced expression of bcl-2-related genes pro-
motes the survival of neuronal cell lines infected with JEV and
dengue virus and facilitates viral persistence, primarily by restricting
virus-induced cytopathic effects and not viral replication (Liao et al.,
1997, 1998). These outcomes vary in neuronal versus nonneuronal cell
lines, and differential effects of bcl-2 and bcl-X appear to operate. Such
findings suggest that the effects of apoptosis modulators on flavi-
viruses are similar to those observed with alphaviruses, where it is
known that the expression of these proteins can vary in their effects
from one cell type to another. Conclusions about the role of these pro-
teins in different in vivo models therefore require careful evaluation
(Griffin and Hardwick, 1999; Levine, 2002). Furthermore, because
neuronotropic viruses can induce both necrosis and apoptosis, neu-
ronal death may require assessment by several criteria. Neuronal
injury as a result of bystander effects may also be a factor during
flavivirus neuropathogenesis given that microglial activation and elab-
oration of inflammatory mediators, including IL-1� and TNF-�, occur
in the CNS during these infections (Andrews et al., 1999; Liu and
Chambers, 2001; Ravi et al., 1997) and may accompany the production
of nitric oxide and peroxynitrite, which can cause neurotoxicity.
Other potential mechanisms include excitatory cell death due to the
activation of NMDA receptors, which has been implicated in the patho-
genesis of Sindbis virus and HIV (Nargi-Aizenman and Griffin, 2001).
Thus, although it is likely that the neurovirulence phenotype of flavi-
viruses is linked to the extent of neuronal cell death caused during the
encephalitis, there appear to be multiple independent mechanisms by
which neuronotropic viruses cause cell death. This process can be
affected by the region of the brain affected, the degree of neuronal ma-
turity, the factors that regulate cell death signaling receptors and their
pathways, and levels of apoptosis modulators and other innate
responses of virus-infected neurons (Fazakerly, 2001; Griffin and
Hardwick, 1999; Levine, 2002; Liang et al., 1998). In some cases,
changes in the expression of neurotrophins may also be involved in
the CNS response to viral injury (Zocher et al., 2000); however, the
relevance of this phenomenon to other types of viral encephalitis has
yet to be widely investigated. The process is also subject to additional
influence by the properties of the immune response recruited into the
CNS, including CD4þ and CD8þ T cells, which may be involved in
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cytotoxicity toward virus-infected and, in the case of CD4þ cells, per-
haps even noninfected cells (Després et al., 1998; Gagnon et al.,
1999), through Fas-dependent mechanisms under certain circum-
stances (Medana et al., 2000). The effects of nonspecific inflammation,
such as release of toxic substances from neutrophils (Andrews et al.,
1999), may also contribute to cellular injury.

X. THE CENTRAL NERVOUS SYSTEM IMMUNE RESPONSE

Flavivirus infections induce a CNS inflammatory response of vari-
able intensity. Data from most experimental models suggest that this
inflammation is a requirement for protection from lethal infection with
neurovirulent strains. The characteristics of the inflammation in ex-
perimental models have been shown to be affected by numerous
factors, which include the endogenous CNS response, as well as the ad-
equacy of the peripheral immune response and its timely recruitment
into the CNS. In some cases of encephalitis, relatively scant inflamma-
tory disease has been noted. This has also been observed experimen-
tally as, for example, with TBEV under conditions where viral
neuroinvasion and CNS involvement progress rapidly (Vince and
Grevic, 1969). Immunosuppression also dramatically reduces the in-
tensity of the CNS inflammation (Hirsch and Murphy, 1967; Leyssen
et al., 2003a). However, acute inflammation may become severe in
response to a heavy antigen load and has been implicated in
immunopathologic reactions in the CNS (reviewed in Monath, 1986).

A. Innate Responses

Viral infections of the CNS commonly result in the induction of
innate responses, which include activation and proliferation of mi-
croglia and activation of astrocytes and cerebrovascular endothelium,
with ensuing production of chemokines and proinflammatory cyto-
kines (Benveniste, 1997). A consequence of this activation is the condi-
tioning of cells in the CNS parenchyma and the blood–brain barrier to
accommodate and modulate the influx of activated lymphocytes from
the periphery by the upregulation of adhesion molecules and class
I and II antigens. Activation of innate responses within the CNS
during flavivirus encephalitis has been suggested by several human
and experimental animal model studies in which the expression of
chemokine and cytokine genes or their proteins has been analyzed.
The production of IL-8 and macrophage inhibitory factor (MIF) has
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been detected in cerebrospinal fluid (CSF) or brain tissue during early
stages of encephalitis with JEV and MVE viruses (Andrews et al.,
1999; Singh et al., 2000; Suzuki et al., 2000), with levels of IL-8 correl-
ating directly with the number of neutrophils in the CSF. TNF-� and
IL-1� are also elicited in response to flavivirus infection of the CNS
(Liu and Chambers, 2001; Ravi et al., 1997; Suzuki et al., 2000), pre-
sumably representing intrinsic responses of microglia and astrocytes
to the acute injury (Benveniste, 1997). Thus the early stage of the en-
cephalitis involves the endogenous expression of mediators that
results in the recruitment of nonspecific acute inflammatory cells with
the potential for the production of neurotoxic substances, such as re-
active oxygen intermediates, and probably facilitates further stimuli
that intensify the inflammation. For instance, IL-1� and TNF-� can
also mediate the release of IL-8 from astrocytes (Aloisi et al., 1992).
The induction of the nonspecific acute inflammation may be a deleteri-
ous process because levels of IL-8 are predictive of fatal disease (Suzuki
et al., 2000) and treatment of infected mice with inhibitors of NOS-2 in
the acute stage of encephalitis lessened mortality in association with
reduced inflammation (Andrews et al., 1999). Because viral infections
of the CNS induce the expression of chemokines, which have been im-
plicated in inflammatory cell recruitment, (Liu and Lane, 2001; Liu
et al., 2000, 2001), the intense level of inflammation observed in flavi-
virus encephalitis may be driven by the induction of one or more che-
mokines and their receptors. The expression of monocyte and T-cell
chemokines has not been reported in these infections; however, studies
with other models suggest that MCP-1, IP-10, RANTES, and other che-
mokines are involved in the trafficking of leukocytes into areas of virus
infection in the CNS. In conjunction with the effects of TNF-� and
IFN-�, both of which can lead to loss of integrity of the blood–brain
barrier, this collection of stimuli may be sufficient to drive the com-
mitment phase of the inflammatory response, during which the
unrestricted entry of T lymphocytes then proceeds (Hickey, 1999).

The intrinsic defensive response of the CNS to viral injury also in-
cludes the induction of other classes of genes likely to influence the anti-
viral activity of this compartment through direct effects and by shaping
the virus-specific immune response to viral injury (Johnston et al.,
2001; Labrada et al., 2002). These include IFN-� and IFN-regulated
genes such as ISG12 (Labrada et al., 2002). IFN-� itself does not seem
to be strongly upregulated in acute encephalitis. However, IFN-� has
been reported in the CSF and brain tissue of human cases of encepha-
litis with JEV serogroup viruses and, in such cases, appeared to repre-
sent a marker of severe infection with a fatal outcome (Burke and
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Morill, 1987; Leport et al., 1984; Luby et al., 1969). The role of type I
interferons in the CNS response to injury is complex, and differences
in the activities of IRFs and IGSFs toward target response elements in
neurons and glia can affect the range of genes involved in the response,
including MHC antigens, the OAS1b protein, and antiapoptotic factors
(Baron-Delage et al., 2000; Hirsch et al., 1986; Lucas et al., 2003; Massa
et al., 1999; Njenga et al., 1997). Studies of viral infection in IFN-� and
IFN-�-regulated gene knockout mice should help clarify the role of this
defense system in directly controlling the viral infection of neurons
versus effects on promoting the activity of the immune response re-
cruited from the periphery. The importance of IL-12 in the innate CNS
response to flavivirus encephalitis has not been investigated exten-
sively; however, the outcome of CNS disease appears to vary among dif-
ferent viruses when this cytokine is used as an experimental therapy
(Phillpotts et al., 2003). Because of the importance of IL-12 in antiviral
defense against other CNS viral infections, through its ability to stimu-
lateNOS (Reiss et al., 2002),more studies are needed to determine if it is
implicated in protection against flaviviruses.

B. Virus-Specific Responses

Compared to information available on other neurotropic viruses,
there has been relatively little work done to characterize the properties
of virus-specific T cells recruited into the CNS in response to flavivirus
infection (Scheider-Schaulies et al., 1997). This response is subject to a
number of influences, including previous immunologic experience with
related viruses, the level of immunocompetence, immunogenetic host
factors, and the virulence of the infecting virus. Available information
comes from a limited number of human and animal model experi-
ments, which partially characterized lymphocytes or soluble markers
of activated T cells and cytokines in the CNS (Burke et al., 1985b;
Carson et al., 2003; Gunther et al., 1996; Iwasaki et al., 1993; Johnson
et al., 1985, 1986; Kuno et al., 1993; Sampson et al., 2000), and other
studies that have evaluated the requirements for these cells in the con-
trol of infection of this compartment in mouse models (Liu and Cham-
bers, 2001; Liu et al., 1989a; Murali-Krishna et al., 1996; van der Most
et al., 2000, 2003). T cells bearing both CD4þ and CD8þ surface mar-
kers have been visualized in perivascular infiltrates, in CSF, and in
brain parenchyma during human flavivirus encephalitis (Johnson
et al., 1985, 1986; Sampson et al., 2000). These cells include a larger
proportion of CD4þ to CD8þ T cells and moderate numbers of B cells
and macrophages. However, the composition of cells differed regionally
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in the CNS, with macrophages and T cells more abundant in brain par-
enchyma and B cells more common within perivascular infiltrates.
Factors governing the distribution of these cells and their effector func-
tions are not well understood. Data from other experimental models
suggest that CD4þ T cells are important in directing the recruitment
of lymphocytes (Hickey, 1999) and in maintaining the effector function
of CD8þ T cells within the brain parenchyma (Stohlman et al., 1998).
CD8þ T cells have clearly been isolated from the brains of flavivirus-
infectedmice and, in some cases, demonstrated to have cytolytic activity
(Liu et al., 1989a); however, the contributions of such cells to both virus
clearance and cellular injury within this compartment have not been
defined. This remains a fundamental question, as the role of CD4þ

and CD8þ T cells in different viral infections of the CNS and different
experimental paradigms can vary considerably (Schneider-Schaulies
et al., 1997). For instance, virus clearance from mouse brains acutely
infected with JEV has been reported by virus-specific CD8þ T cells
adoptively transferred into the CNS; however, CD4þ T cells were also
required (Murali-Krishna et al., 1996). The relationship of this adoptive
response to the natural immune response recruited from the periphery
remains unclear, as the route of transfer may not reflect the normal
pathway of lymphocyte trafficking. A requirement for CNS-associated
CD4þ andCD8þTcells was also observed in an immunization/challenge
model of dengue virus (van der Most et al., 2000). However, in the con-
text of a memory response to YFV in the mouse model, CD4þ Tcells and
B cells were required for the control of viral infection, whereas CD8þ T
cells were not required, although CD8-deficient mice exhibited a defect
in virus clearance (Liu and Chambers, 2001; T. J. Chambers, unpub-
lished data). Part of the effector activity of CD8þ T cells may be medi-
ated by the production of IFN-�, which has a range of effects on the
immunological properties of the CNS, including the upregulation of
class I and II antigens on glial cells and injured neurons, activation of
microglial, priming of astrocytes for cytokine production, and increas-
ing permeability of the blood–brain barrier, as well as antiviral activity
in the brain parenchyma (Benveniste, 1997; Kundig et al., 1993; Popko
et al., 1997). IFN-� knockout mice are defective in the clearance of YFV
from the CNS and exhibit decreased inflammatory cell recruitment to
this compartment (Liu and Chambers, 2001), indicating an important
role of this cytokine in flavivirus encephalitis. IFN-� may have a pri-
mary role in these processes because elimination of virus-infected
neurons by CTLs is very tightly constrained by the absence of constitu-
tive expression of MHC class I in these cells and the lack of susceptibil-
ity to perforin-mediated lysis (Medana et al., 2000; Neumann et al.,
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1995). Although killing can occur through Fas–FasL interactions
(Medana et al., 2000), induction of FasL expression by neurons can also
confer protection against CTL attack under certain conditions (Medana
et al., 2001) and even induce apoptosis in infiltrating lymphocytes
(Flugel et al., 2000). Virus-specific CD8þ Tcells have been shown to per-
sist in the brains of mice recovering from dengue encephalitis for pro-
longed periods and differentiate into effector–memory cells that lose
CTL activity while still producing IFN-� (van der Most et al., 2003).
Thus it appears that cellular immune-mediated mechanisms of neur-
onal cell death are subject to tight regulation in the presence of acute
viral injury.

The role of antibody responses in the control of flavivirus encephalitis
has been investigated in many classic studies, and it has been demon-
strated repeatedly that immune serum can arrest viral infection in the
CNS (Roehrig et al., 2001). Mechanisms responsible for this antibody-
mediated control of infection remain unclear; however, studies with
YFV encephalitis indicate that the Fc region and the IgG subclass are
critical for protection in the mouse model (Schlesinger et al., 1993,
1995). These data suggest that direct effector functions associated with
IgG, including interactions with cells bearing Fc receptors, such as
microglia and recruited macrophages, are involved in this process. It is
also conceivable that antibody–dependent cellular cytotoxicity directed
against cell surface NS1 or even complement-mediated lysis also con-
tributes to the protective effect. The antibody-mediated control of neur-
onal infection is a well-established mechanism for alphaviruses and
coronaviruses, inwhich case the role of antibody in preventing reactiva-
tion of viral infection has been demonstrated (Griffin et al., 1997; Levine
et al., 1991, 1992; Lin et al., 1999). In the case of Sindbis virus, there is
inhibition of viral release and eventual sequestering of viralRNAwithin
neuronswithout clearance. This process occurs preferentially at cortical
sites of infection and obligates the local retention of virus-specific B cells
(Tyor et al., 1992) in contrast to infection in the spinal cord where the
cytokine-mediated (IFN-�) elimination of viral RNA apparently pre-
dominates (Binder and Griffin, 2001). Antibody-mediated mechanisms
may also operate in flavivirus encephalitis, as reactivation or recrudes-
cence of CNS disease has been documented in some experimental
animal systems and in clinical cases (Section XII). Factors responsible
for the prolonged survival of B cells in the CNS are not known, particu-
larlywhether these cells represent a residentpopulationofmemory cells
or require replenishment from peripheral sites (Tschen et al., 2002).

The beneficial role of antibody responses within the CNS is also sup-
ported by clinical studies of JEV and TBEV encephalitis (Burke et al.,
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1985a, 1985c; Gunther et al., 1997; Han et al., 1988; Hoffman et al.,
1978; Kaiser and Holzmann, 2000; Potula et al., 2003; Ravi et al.,
1993). High levels of IgM correlate with an improved outcome in some
cases, presumably reflecting the recruitment of virus-specific B cells
into the CNS, as was reported in JEV cases (Burke et al., 1985a;
Gunther et al., 1997), and the presence of IgG1 in particular is associ-
ated with the control of infection (Thakare et al., 1991), although IgM
can be elevated in severe cases with a fatal outcome (Desai et al.,
1994a). The functional activities provided by IgM in the CNS that
result in clinical benefit remain unclear, as experimentally, IgM may
have limited neutralization activity against encephalitic viruses at
least early in infection (Diamond et al., 2003; Hoffman et al., 1978;
Ishii et al., 1968). The contribution of complement-fixing activity could
be important, as discussed earlier, in view of the fact that complement
proteins may be upregulated in the CNS as a result of viral infection
(Johnston et al., 2001).

The inflammatory response to flavivirus infection of the CNS may, in
some cases, cause deleterious effects on neuronal function and sur-
vival. Immune complexes and autoantibodies to neurofilaments and
myelin basic protein in the CSF and serum have been reported in
severe JEV and TBEV infections (Desai et al., 1994a, 1994b; Fokina
et al., 1991; Thakare et al., 1988) and may reflect an immunopatho-
genic process rather than nonspecific reactions to viral injury, particu-
larly because of their association with poor outcome. Mechanisms
leading to resolution of the acute inflammation in CNS viral infections
remain undefined (Bradl and Flugel, 2002). At least three potential
factors could be involved, including the expression of IL-4, IL-10, and
TGF-�, which have been observed in the CNS of Sindbis virus-infected
mice (Wesselingh et al., 1994) and are known to have immunomodula-
tory activities that reduce CNS inflammation; induction of apoptosis of
infiltrating T cells; or possibly entry of NKT cells, which have been as-
sociated with the suppression of inflammatory responses. Further
studies are needed to determine whether these or other factors are re-
quired to downregulate potentially harmful immune responses in
cases where viral disease is eventually controlled.

XI. NEUROPATHOGENESIS: WEST NILE VIRUS AS A MODEL

Similar to JEV, infections with WNV can be characterized as pro-
tean, involving an extraordinary host range, and an abundance of
pathologic and virologic data has been obtained from experiments with
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WNV in birds (Kramer and Bernard, 2001; Steele et al., 2000), horses
(Bunning et al., 2002), and humans (Asnis et al., 2000; Hubalek and
Halouzka, 1999). WNV has emerged as dimorphic in its clinical dis-
ease, with the apparent shift from typical WN fever to disease of
greater severity, including more frequent cases of acute encephalitis
in conjunction with the emergence of New World lineage I strains
(Asnis et al., 2000; Cernescu et al., 1997). Studies with virulent strains
such as New York 1999 WNV have demonstrated the neuropathogenic
potential inherent in this virus. It is therefore important to note that
lineage differences (type I versus type II) and perhaps genetic vari-
ation within lineages may influence the development of CNS disease.

After peripheral inoculation in the mouse model, WNV is believed to
infect Langerhans dendritic cells (Johnston et al., 2000), whichmigrate
to draining lymph nodes, and within 12 to 24 h of infection, viral repli-
cation is observed in secondary lymphoid tissue (Diamond et al., 2003;
McMinn et al., 1996). Infectious virus is detected in serum within 24
to 48 h of infection (Diamond et al., 2003; Kramer and Bernard, 2001).
The course of the early infection is slightly different in wild-type (WT)
versus B-cell-deficient mice, as the peak of viremia occurs later in the
latter case (day 2 versus days 4 to 6; Fig. 8). Shortly afterward, in WT
mice, infectious virus is detected in visceral organs such as the spleen,
kidney, and heart but not the liver (Diamond et al., 2003; Kramer and
Bernard, 2001; Weiner et al., 1970), which may reflect restricted trop-
ism or a high level of reticuloendothelial clearance in this organ. The
levels of infectious virus in visceral tissues and serum peaked by day 4
after infection and thereafter diminished (Diamond et al., 2003; Kramer
and Bernard, 2001; Xiao et al., 2001), concurrent with a rise in the titer
of neutralizing antibodies (Fig. 9). In B-cell-deficient mice, replication
in peripheral lymphoid tissue and visceral organs follows kinetics simi-
lar to those of WT mice; however, virus is not cleared from these sites.
These data indicate the profound susceptibility of mice to WNV in the
absence of antibody-producing B cells.

Virus can first be detected in the CNS by 4 days after peripheral sub-
cutaneous infection in both WT and B-cell-deficient mice. Infectious
virus is detected simultaneously in multiple sites in the brain, as well
as in the inferior and superior spinal cord, suggesting a hematogenous
route of dissemination and/or rapid spread within the CNS (Diamond
et al., 2003). However, the route of peripheral inoculation influences
the rate of spread to the brain and spinal cord. Infection via an intra-
peritoneal or intravenous route results in the spread of infectious virus
to the brain within 2 days of infection (Kramer and Bernard, 2001),
with these animals succumbing to infection several days earlier than
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those infected by a subcutaneous route. These differences probably
reflect the fact that the interaction of virus with peripheral tissues
results in the engagement of nonspecific and virus-specific defenses
that have an impact on the course of disease. Models of infection
that bypass the physiologic route of inoculation must be considered
with this limitation in mind, as the balance of viral replication and
dissemination versus immune activation can be skewed greatly by in-
traperitoneal or intravenous injection. Regardless of the route of ad-
ministration, the course of disease after the onset of CNS infection
is rapid and leads to fatal encephalitis beginning by days 9 to 10
postinfection, associated with high burdens of brain-associated virus.

Neutralizing activity associated with the IgM class is detectable by
day 4 postinfection in the mouse model (Fig. 9), and this antibody re-
sponse can confer partial protection against virus challenge in naı̈ve
mice (Diamond et al., 2003). Neutralizing IgG is detectable by day 8
and reaches levels of activity that are 10-fold higher than that of IgM
by day 12 postinfection. The importance of secreted IgM in protection
against disease is indicated from these data, as well as data presented

FIG 8. Wild-type or B-cell-deficient (uMT) mice were inoculated with WNV in the
footpad, and the virus content in serum, peripheral tissues, and brain was measured
serially using plaque assay or quantitative polymerase chain reaction. From Diamond
et al. (2003), with permission.
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earlier (Fig. 1). The relative importance of the mechanisms involved,
including neutralizing activity per se or complement-assisted priming
of the B-cell response to facilitate IgG production, is currently under
investigation.

FIG 9. Neutralizing IgM and IgG antibody responses in acute WNV encephalitis in
the mouse model. From Diamond et al. (2003), with permission.
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XII. VIRUS PERSISTENCE

Persistent infection in vitro and in vivo has been described in a
number of experimental and clinical settings involving flaviviruses.
The phenomenon of persistent infection in cell cultures of vertebrate
and arthropod origin is well documented (Brinton, 1982; Chen et al.,
1996; Jarman et al., 1968; Igarashi, 1979; Katz and Goldblum, 1968;
Lancaster et al., 1998; Loginova et al., 1980; Poidinger et al., 1991;
Randolph and Hardy, 1988a, 1988b; Schmaljohn and Blair, 1977,
1979; Shah and Gadkari, 1987; Vlaycheva and Chambers, 2002; Zhang
et al., 1993), and the findings are analogous to many other models of
viral infections in vitro where this process can be observed. Flavivirus
persistence in vitro typically arises following a cytocidal infection, with
survival of a residual population of cells that harbor low levels of rep-
licating virus for long periods of time. The majority of cells in such cul-
tures usually express viral antigen, but only a minority actually are
productive of infectious virus. The cultures are generally resistant to
superinfection with homologous but not heterologous virus, although
in some cases, superinfection can drive virus production in quiescent
antigen-positive cells (Schmaljohn and Blair, 1979). The persistence
is not dependent on the expression of IFN-�, rather there is evidence
for the involvement of host cell antiapoptotic pathways (see later).
The infection is not necessarily deleterious for host cells, but in some
cases, reduced growth efficiency occurs. Viruses detected in persist-
ently infected cultures frequently undergo phenotypic alterations, in-
cluding a reduction in plaque size, temperature sensitivity (Randolph
and Hardy, 1988b; Shah and Gadkari, 1987), host-range restriction
(Randolph and Hardy, 1988b), and loss of neurovirulence for mice
(Igarashi, 1979). The genetic basis for the phenotypic change of viral
variants has, in some cases, been demonstrated (Vlaycheva and Cham-
bers, 2002). However, these infections are also associated with the
emergence of defective viral particles or defective RNAs (Brinton,
1982; Debnath et al., 1991; Lancaster et al., 1998) that form the basis
for superinfection resistance, and perhaps in part for the attenuation
of mouse neurovirulence in flavivirus–resistant strains of mice. Some
persistently infected cultures exhibit alterations in the composition of
viral proteins or produce truncated forms of NS1 (Chen et al., 1996),
which presumably are believed to reflect deletions in the viral genome
associated with the generation of defective interfering viruses. The
genome of defective MVE virus in Vero cells was shown to lack a large
segment encompassing the prM-E region and a portion of the NS1
region, which leads to the production of truncated NS1 (Blitvich et al.,
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1999; Lancaster et al., 1998). This finding is entirely consistent with
the fact that replicons such as those engineered for Kunjin virus are
designed to delete the corresponding region of the genome and are able
to establish persistent replication in cell culture without any typical
viral cytopathic effects (Varnavski and Khromykh, 1999). At least part
of the explanation for the loss of cytocidal activity therefore may result
from the deletion of structural proteins, which may provoke an ER
overload response and/or trigger apoptosis (Duarte dos Santos et al.,
2000; Prikhod’ko et al., 2001; Su et al., 2002). The production of infec-
tious virus from persistently infected cultures can be reduced by treat-
ment with a neutralizing antibody (Randolph and Hardy, 1988a), but it
is not clear whether this shifts the cells to preferentially harbor defect-
ive viral genomes or whether these are actually eliminated.

The expression of apoptotic modulators is an important factor influ-
encing the establishment and maintenance of persistent infection. In a
model of JEV infection, the persistence in some cell lines was facili-
tated by the expression of bcl-2 (Liao et al., 1997), indicating that the
mechanism is analogous to that of alphaviruses, where lytic infection
can be converted to persistence in the presence of antiapoptotic pro-
teins (Levine et al., 1993). However, the mechanisms that confer resis-
tance to JEV-induced apoptosis must differ in some way from those of
Sindbis and other viruses, as bcl-2 could fully protect N18 neuroblasto-
ma cells against Sindbis, but not JEV. It is likely that the difference
involves divergent pathways for activating the apoptotic process
(Jan et al., 2000; Su et al., 2002). It is also possible that some cell lines
represent variants that are defective in their apoptotic pathways,
allowing virus to adapt in the absence of apoptotic events. At present,
there is no evidence that flaviviruses encode proteinswith antiapoptotic
properties that might influence the process of the persistence.

The relevance of data on persistently infected cells in vitro to the issue
of persistent infection in animalmodels and in apparent human cases is
not straightforward. Although evidence for such clinical entities has
been reported, the situation is complicated by the fact that there may
be overlap between infections that have protracted convalescence and
those that have frank neurological sequelae because flavivirus enceph-
alitis is associated with neurologic complications that confer long-term
disability among those who survive acute infection (Baruah et al., 2002;
Finley and Riggs, 1980; Greve et al., 2002; Haglund and Gunther, 2003;
Huy et al., 1994; Kumar et al., 1993; Richter et al., 1961; Vaneeva, 1969).
In some cases, there is radiographic and pathologic evidence of per-
manent neurologic injury, including reduced cerebral blood flow,
areas of abnormal signal density, and cellular dropout and gliosis
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(Gunther et al., 1998; Ishii et al., 1977; Kumar et al., 1997; Shoji et al.,
1990). Second, the possibility that a recrudescent latent infection
really represents reinfection in a host with suboptimal immunity is a
difficult question to evaluate. Also, the criteria for defining persistence
are somewhat arbitrary. The presence of prolonged expression of IgM
has been invoked as a basis for concluding persistence, but only infre-
quently has the presence of infectious virus been documented in situ-
ations where the duration of CNS disease exceeds that which is
expected in acute uncomplicated flavivirus encephalitis (2 to 3 weeks).

Mechanisms of flavivirus persistence in vivo may theoretically also
involve the formation of DI particles, which reduce infectious viral
load, but like their in vitro counterparts, may not be sufficiently cyto-
pathic to cause neuronal cell death. Such defective viruses may be
capable of stimulating immune responses and thus be detected sero-
logically. Experimentally, there is certainly evidence that DI particles
can inhibit the production of infectious virus in the CNS (Atkinson
et al., 1986; Barrett and Dimmock, 1984; Smith, 1981). The failure to
detect infectious virus in both clinical and experimental situations
where prolonged evidence of viral activity in the CNS was suspected
is consistent with this hypothesis (Pogodina et al., 1983; Ravi et al.,
1993). In a study of viral RNA in the brains of mice with the Flv resis-
tance allele, a reduction in genome-length RNA rather than appear-
ance of DI RNAs was observed (Urosevic et al., 1997), even though
flavivirus–resistance in mice is associated with production of D1 virus
(Smith, 1981). Thus, data implicating the role of DI particles in in vitro

persistence may not correspond directly to an in vivo process.
Encephalitic flaviviruses that have been implicated in the occur-

rence of persistent infection of the CNS include members of the JEV
serogroup and TBEV serogroup (Iliyenko et al., 1974; Ogawa et al.,
1973; Pogodina et al., 1983; Slavin et al., 1943; Zlotnik et al., 1971),
with the latter having a particular propensity to cause chronic infec-
tions. In humans, there have been reports of various types of persistent
infection. These include (1) reactivation of latent disease, as in chil-
dren with JEV encephalitis who experienced recurrent infection
months after the primary infection and, in some cases, gave positive
virus isolations (Sharma et al., 1991); (2) chronic progressive disease
with cognitive and motor disturbances that resembled subacute scler-
osing panencephalitis, years after a primary infection with Russian
spring–summer encephalitis (RSSE) virus (Ogawa et al., 1973); (3) pro-
longed infection in primary cases of acute encephalitis, with elevation
of CSF IgM for as long as 10 months and, in some cases, with virus iso-
lated from spinal fluid (Ravi et al., 1993); and (4) evidence of prolonged
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circulation of virus-infected cells without clear-cut CNS disease
(Southam et al., 1958). Protracted cases of TBEV encephalitis, with
either cognitive dysfunction or spinal nerve paralysis, occur frequently
(Haglund and Gunther, 2003), although the relationship of these out-
comes to persistent viral infection is not known. These different types
of clinical infections have been mimicked by various experimental
models, and it has been documented that virus can be recovered after
a protracted phase of infection. For instance, strains of WNV with
differing neurovirulence properties were capable of causing prolonged
encephalitis of variable severity, ranging up to 5 months in duration in
monkeys (Pogodina et al., 1981, 1983). Eventually the viruses were
cleared or were rendered replication defective and detectable only by
the presence of viral antigen. Some viruses recovered from brains of
these animals had undergone attenuation of mouse neurovirulence, in-
dicating a selection for genetic variants and/or defective interfering
particles. Mechanisms preventing the efficient clearance of virus were
not determined, but did not involve defects in the production of neu-
tralizing antibodies. Immunosuppression, either by cytotoxic drugs or
even that associated with pregnancy, has been demonstrated to cause
prolonged flavivirus disease (Mathur et al., 1986; Zlotnik et al., 1971),
and reactivation of infection can be elicited during or after the primary
infection by immune depletion (Mathur et al., 1986). In some cases, as
in JEV infection of mice, viral latency was established in T lympho-
cytes, which could be subsequently activated by immunosuppression
to produce infectious virus (Mathur et al., 1989). These latter findings
are consistent with reports of recurrent JEV infection observed in chil-
dren, but the stimulus for reactivation in such cases is not known
(Sharma et al., 1991).

In the CNS, experimental persistent infections have been related to
immune response factors, as well as the ability of neurons to survive
viral infection by mechanisms involving apoptotic modulators. Im-
munological tolerance is also a potential factor that has been associated
with other viruses such as LCMV that establish persistent CNS infec-
tion, but this does not seem to play any obvious role in flavivirus persist-
ence. Failure to clear brain-associated virus may result from a limited
effectiveness of the innate CNS defenses and the peripheral immune re-
sponses that are activated in response to flavivirus infections. In add-
ition, elimination of viral RNA may require CD8þ T-cell functions [as
described for alphaviruses (Binder and Griffin, 2001)], which are se-
verely restricted due to a lack of class I expression on neurons. The gen-
erally resistant state of differentiated neurons toward apoptotic stimuli
is also likely to be an important factor (Griffin and Hardwick, 1999).
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Together, these processes may facilitate the persistence of viral RNA
and perhaps foster the evolution of DI particles and noncytopathic-
attenuated viral variants. The host immune response, together with
properties of the neuronal cellular environment, influences the likeli-
hood of virus perisistence and may both contribute to differences in
phenotypes of persisting viruses. For instance, WNV variants that
emerged from persistent infection inmonkeys tended to acquire attenu-
ation phenotypes (Pogodina et al., 1983), whereas it has been observed
in persistent infection of mice with Sindbis virus that neurovirulent
mutants arise (Levine and Griffin, 1992, 1993). Selection pressures im-
posed by neutralizing antibodies that are produced intraparenchymally
by virus-specific B cells may facilitate the emergence of viral variants in
some cases, but tissue-specific adaptations are also involved. At pre-
sent, it is reasonable to believe that the phenomenon of flavivirus per-
sistence in the CNS is a function of many variables, which include the
heterogeneity of the neuronal response to injury, encompassing innate
interferon-regulated antiviral defenses (Johnston et al., 2001) and the
competence for and propensity towards apoptosis. Interaction of
virus–infected cells with virus-specific T cells possessing cytokine-
mediated effector functions that can eliminate viral RNA and B cells
that can provide antibodies capable of downregulating viral replication
influences this process in a region-specific manner. The balance among
these factors results in a spectrum of outcomes that may range from
either clearance to merely suppression of viral infection, with variable
consequences for long-term neurologic function.
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I. INTRODUCTION

Yellow fever (YF) virus causes a systemic illness characterized
by high viremia, hepatic, renal, and myocardial injury, hemorrhage,
and high lethality. YF is only found in tropical South America
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and sub-Saharan Africa, where the enzootic transmission cycle
involves tree-hole breeding mosquitoes and nonhuman primates.
Two distinct YF virus genotypes in South America and five geno-
types in Africa have been distinguished by nucleotide sequencing.
However, the genotypes represent a single serotype defined by neutral-
ization. Between 1985 and 1999, 25,846 cases and 7118 deaths were
reported, of which 22,952 cases (89%) occurred in Africa. Most cases
escape official notification. It is estimated that the true incidence
may be 200,000 cases and 40,000 deaths annually (Robertson et al.,
1996).

YF has many features in common with other viral hemorrhagic
fevers but stands apart by causing the most severe injury to liver
and a clinical syndrome in which fulminating hepatitis predominates
over other features. The hepatic injury induced by YF virus is patho-
logically distinct, and the pathogenesis is different from other viral
hepatitides.

The YF virus was first isolated in 1927. The complete genome
sequence of the YF virus (the 17D-204 vaccine substrain) was
reported in 1985 (Rice et al., 1985), and some information has accumu-
lated about the virus-specified virulence factors by comparing the
sequences of virulent and attenuated strains. Overall, however, know-
ledge about pathogenesis from the perspectives of virus and
host remains descriptive and fragmentary, and the complex patho-
physiological disturbances leading to death of the host remain largely
obscure.

This review approaches the subject in the following way. The disease
syndrome is presented briefly. The virus-specified determinants identi-
fied at the molecular level and associated with virulence are then dis-
cussed. We then describe, in sequence, the interactions of virus and
host at the level of the cell, organized tissues (organs), and intact host,
including innate and adaptive immunological mechanisms responsible
for recovery from infection. The response to the YF 17D vaccine and
the occurrence and pathogenesis of severe adverse events associated
with the YF 17D vaccine are then discussed.

II. DISEASE SYNDROME

YF infection may be subclinical or abortive with a nonspecific
grippe-like illness. On the other end of the spectrum, it causes
potentially lethal pansystemic disease with fever, jaundice, renal fail-
ure, and hemorrhage. This variability in response is associated with
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differences in the pathogenicity of virus strains and genetic and
acquired host resistance factors.

After an incubation period of 3–6 days, the onset of illness is abrupt,
with fever, chills, and headache. Three stages of disease have been
described in humans (Beeuwkes, 1936; Berry and Kitchen, 1931;
Monath, 1987). The initial ‘‘period of infection’’ lasts several days,
during which virus is present in blood. Few data are available on the
levels of viremia in humans, and no data exist on viremia during the
incubation period. In one report (MacNamara, 1955), viremia peaked
on day 2–3 after the onset of illness, with titers of up to 5.6 log10 mouse
intracerebral (IC) LD50/ml (approx 7 log10 PFU/ml).

Symptoms during the ‘‘period of infection’’ include generalized
malaise, headache, photophobia, lumbosacral pain, generalized myal-
gia, nausea, vomiting, restlessness, irritability, and dizziness. On
examination the patient appears acutely ill, with hyperemia of the
skin, conjunctival injection, and tenderness and enlargement of
the liver. The heart rate is slow relative to fever (Faget’s sign). The
average fever is 102–103 �F and lasts 3.3 days, but the temperature
may rise as high as 105 �F—a poor prognostic sign. Clinical laboratory
abnormalities include leukopenia (1.5–2.5 � 109 cells/liter) with a
relative neutropenia and minimal elevations of serum aspartate
aminotransferase (AST) and alanine aminotransferase (ALT).

The ‘‘period of infection’’ may be followed by a ‘‘period of remission’’
with disappearance of fever and symptoms lasting up to 48 h. In cases
of abortive infection, the patient may recover at this stage.

The third stage, the ‘‘period of intoxication,’’ begins on the third to
sixth day after onset. Approximately one in seven persons infected
with YF virus progress to this stage, developing moderate to severe
hemorrhagic fever and dysfunction of multiple organs (MacNamara,
1957; Monath, 1987). Symptoms and signs include fever, severe asthe-
nia, nausea, vomiting, epigastric pain, jaundice, oliguria, cardiovascu-
lar instability, and hemorrhage. Virus disappears from blood, and
antibodies appear. The patient is jaundiced, and the liver is typically
enlarged and tender. In contrast to other viral hepatitides, AST levels
exceed ALT, presumably due to viral injury to the myocardium
and skeletal muscle, but also possibly due to increased mitochondrial
permeability associated with apoptotic cell death. The rise in serum
transaminase and bilirubin is proportional to disease severity, and
very high levels carry a poor prognosis (Elton et al., 1955; Oudart
and Rey, 1970). The serum ammonia level may be elevated.

Renal dysfunction is characterized by albuminuria, oliguria, azote-
mia, and rising blood urea nitrogen and creatinine. The concentration
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of albumin in the urine may reach high levels, reflecting an increase in
glomerular permeability. Urinalysis shows elevated albumin, micro-
scopic hematuria, and proteinaceous casts. Specific gravity is high, in
part due to the presence of albumin. Urine pH is low, reflecting
reabsorption of bicarbonate as a response to metabolic acidosis.
Edema, ascites, and pleural effusion are not described despite the
severity of renal failure, but most patients have not received inten-
sive care that may result in fluid overload. In some patients who sur-
vive the acute phase, renal failure requiring dialysis predominates as
a late manifestation (Boulos et al., 1988).

Hemorrhagic manifestations include coffee-grounds hematemesis
(‘‘black vomit’’), melena, hematuria, metrorrhagia, petechiae, ecchy-
moses, bleeding from the gums and nose, and prolonged bleeding at
needle puncture sites. Laboratory findings include thrombocytopenia,
prolonged clotting and prothrombin times, and reductions in clotting
factors synthesized by the liver (factors II, V, VII, IX, and X). Tests in-
dicating disseminated intravascular coagulation include diminished
fibrinogen and factor VIII and elevated fibrin split products (Borges
et al., 1973; Santos et al., 1973).

The heart is also affected in YF, presumably the result of virus repli-
cation in the myocardial cells. Electrocardiograpic abnormalities
include sinus bradycardia without conduction defects and ST-T
changes, particularly elevated Twaves (Chagas and De Freitas, 1929).
Bradycardia may contribute to the physiological decompensation asso-
ciated with hypotension, reduced perfusion, and metabolic acidosis in
severe cases. Acute cardiac enlargement indicative of heart failure
may occur during the course of YF infection (Berry and Kitchen, 1931).

Central nervous system (CNS) signs include delirium, agitation,
convulsions, stupor, and coma. In severe cases, the cerebrospinal fluid
is under increased pressure and may contain elevated protein without
inflammatory cells. In patients dying of YF, CNS signs appear to result
from cerebral edema or metabolic factors, based on the virtual absence
of inflammatory changes in brain tissue. Pathological changes include
petechiae, perivascular hemorrhages, and edema (Stevenson, 1939).
Neuroinvasion and YF encephalitis are extremely rare, with few
reports of paralysis, optic neuritis, and cranial nerve palsy suggesting
neurological infection (Stefanopoulo and Mollaret, 1934). If neuro-
invasion of YF virus occurred during the acute phase, late enceph-
alitis (after recovery from hepatitis) would be the likely outcome,
but this is not observed. Significantly, nonhuman primates succumb
to viscerotropic disease even when virus is inoculated directly into
the brain.
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The critical phase of the illness occurs between the fifth and the
tenth day, at which point the patient either dies or recovers rapidly.
The terminal illness is characterized by hypotension, shock, hemor-
rhage, and metabolic acidosis. Case–fatality rates in various reports
vary widely between 5% and 70%, principally due to differences in
reporting. In recent outbreaks, the case–fatality rate in patients with
jaundice approximated 20% (Monath et al., 1980; Nasidi et al., 1989).
Severity of illness and case fatality rates are highest in infants and
the elderly (Beeuwkes, 1936; Hanson, 1929).

III. VIRUS-SPECIFIC VIRULENCE FACTORS

YF virus is genetically distant from other flaviviruses and is
the most distantly related agent among mosquito-borne flaviviruses
based on its antigenic relationships and nucleotide sequence studies
(Kuno et al., 1998; Zanotto et al., 1996). In the most recent taxonomic
classification based on a synthesis of epidemiological, antigenic, and
genetic relationships, YF virus is the type species in a complex that in-
cludes Wesselsbron, Sepik, Edge Hill, Bouboui, Uganda S, Banzi, Ju-
gra, Saboya, and Potiskum viruses. Genetically, the closest relative to
YF virus is Sepik virus, which is found only in Asia. There is very
limited nucleotide sequence information for YF virus. To date, only
four wild-type strains have been sequenced: three from west Africa
and one from Trinidad. As seven genotypes of YF virus have been de-
scribed, there is still much to be learned about the genetics of YF virus.
It is noteworthy that Wesselsbron virus induces a disease in sheep that
resembles many features of YF, but this is the sole example of shared
pathogenesis across members of the virus complex. Members of other
mosquito-borne flavivirus complexes very rarely cause illness resem-
bling YF. These include West Nile hepatitis (Georges et al., 1987) and
dengue hemorrhagic fever (DHF). It is likely that liver cells are in-
volved in viral replication of many heterologous flaviviruses, but that
dysfunction of the liver is typically subclinical.

From the perspective of pathogenesis, YF virus elicits two distinct
and separate patterns of infection and injury: viscerotropism and neu-
rotropism. ‘‘Viscerotropism’’ refers to the ability of YF virus to infect
and cause damage to extraneural organs, including liver, spleen, heart,
and kidneys, whereas ‘‘neurotropism’’ refers to the ability to infect the
brain parenchyma and cause encephalitis. Wild-type YF virus strains
are predominantly viscerotropic in nonhuman primates and humans,
but are neurotropic following intracerebral challenge of other species,
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including rodents and rabbits. Neurotropism in rodent hosts is a
feature of virtually all flaviviruses, although many cause lethal en-
cephalitis only in infant animals. Neuroinvasiveness in rodents
following peripheral inoculation is a charactistic of the encephalitic
flaviviruses, and wild-type strains of YF virus are rarely neuroinvasive
in rodents aged 10 days or older. As discussed later, neurotropism
and viscerotropism are distinct features of YF virus at the molecular
level.

Although no systematic studies have been performed, it has long
been noted that wild-type YF virus strains differ with respect to viscer-
otropism and lethality for nonhuman primates. The rhesus monkey
was widely investigated as a model of the human disease virus. The
lethality of South American virus strains for monkeys ranged between
<10% and 100% (Laemmert, 1944; Sawyer et al., 1930). Similar vari-
ability was observed across African isolates (T. P. Monath, unpublished
data). A systematic study in a large number of South American mar-
mosets (Callithrix jacchus) showed that South American YF virus
strains were more lethal than African viruses (Laemmert, 1944).
These observations indicate that YF virus virulence is highly depen-
dent on the pairing of virus strain and host species. A confounding
factor in all early studies is the laboratory passage history of virus
strains being compared, which was often not controlled carefully.
In particular, the passage of wild-type strains in cell culture results
in the attenuation of viscerotropism in nonhuman primates (A. D. T.
Barrett, unpublished data).

The genome of YF virus was the first flavivirus to be fully sequenced
(Rice et al., 1985). The 50 and 30 noncoding regions (NCR) of the genome
have secondary structure and complementary sequences and serve as
promoters for negative and positive RNA strands during replication.
The 30 NCR contains conserved consensus sequences that pair with
core gene sequences during cyclization and has a secondary structure
characterized by a pseudoknot (Olsthoorn and Bol, 2001). Mutations or
deletions in the NCRs may thus modulate virus replication, and such
changes have been shown to attenuate dengue-4 virus. Genomic se-
quencing of wild-type YF virus strains has demonstrated variability
of the 30 NCR structure due to the presence of one to three repeat se-
quence elements (Wang et al., 1996), but there is no evidence that this
variability is associated with differences in virulence.

As for other flaviviruses, the envelope (E) protein of YF virus con-
tains the most important determinants for cell tropism, virulence,
and immunity (Lindenbach and Rice, 2001). The crystallographic
structure of the YF E glycoprotein has not been studied directly, but
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is predicted to be similar to that revealed for tick-borne enceph-
alitis virus. Molecular coordinates of YF virus virulence factors are
discussed with reference to this generalized flavivirus structure.

The Asibi and French viscerotropic strains represent the first two
YF viruses isolated in 1927. The entire genomes of these strains have
been sequenced, as well as the genomes of two live-attenuated vaccines
derived from them: the 17D and the French neurotropic vaccines
(Hahn et al., 1987; Jennings et al., 1993; Rice et al., 1985; Wang et al.,
1995). Two substrains of YF 17D (17D-204 and 17DD) used for vaccine
production and variants of 17D-204 virus (ATCC, France, and ARIL-
VAX vaccine produced in the United Kingdom, and the 17D-213
WHO vaccine seed) have also been sequenced partially or fully (Duarte
dos Santos et al., 1995; Dupuy et al., 1989; Jennings et al., 1993; Post
et al., 1992; Pugachev et al., 2002; Ryman et al., 1997b).

The YF 17D virus has reduced neurotropism after intracerebral (IC)
inoculation of mice compared to parental Asibi and reduced neurotro-
pism and viscerotropism after inoculation of rhesus monkeys. Because
the vaccine strain has lost the ability to induce tissue injury and clin-
ical disease, genomic comparisons of the parental and vaccine strains
provide clues to the molecular basis of virulence. However, many mu-
tations occurred during the >230 passages that separate parental and
vaccine strains, and the specific determinants encoding virulence
properties remain uncertain. Some virulence determinants on the E
glycoprotein have been identified, as discussed later. It is clear that
virulence is multigenic, involving both structural and nonstructural
genes of the virus. It is also important to note that nearly all studies
on the molecular determinants of virulence have employed mouse
models, which reveal only one of the three major biological properties
of the virus (neurotropism versus viscerotropism and vector compe-
tence). Hamsters have been shown to be susceptible to a lethal disease
with hepatic dysfunction and necrosis resembling wild-type YF after
infection with virus strains adapted by serial passage in hamster liver
(Tesh et al., 2002; Xiao et al., 2001). This model will permit dissection of
the molecular determinants associated with viscerotropism (at least
for the hamster).

Comparisons of the wild-type Asibi and attenuated 17D vaccine
genomes have revealed 20 amino acid differences (0.59%) and four nu-
cleotide differences in the 30 NCR (Table I). The coding differences are
distributed disproportionately within the E and NS2A proteins.

Because the E protein is implicated in tropism for and virus entry
into cells, the eight amino acid differences between Asibi and vaccine
strains are suspected to play a role in attenuation. The role of the
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flavivirus E glycoprotein in neurovirulence was demonstrated by
studies in which the E gene of a nonneurovirulent dengue virus was re-
placed by the corresponding gene of a neurovirulent tick-borne enceph-
alitis virus, resulting in a conversion to neurovirulent phenotype
(Pletnev et al., 1993), by heterologous YF chimeras having donor genes
from viruses with different neurovirulence profiles (Chambers and
Nickells, 2001), and by site-directed mutagenesis (Arroyo et al.,
2001). Although the possibilities have been reduced to a limited
number of mutations (Table I), it has not been possible to pinpoint
precisely which underlie the difference in neurovirulence between
parental and vaccine strains.

A number of studies with monoclonal antibodies have identified
E protein epitopes that are vaccine specific (17D-204 and 17DD sub-
strains and FNV), wild-type specific, and 17D-204 substrain specific
(Gould et al., 1985, 1989; Schlesinger et al., 1983; Sil et al., 2000).
Ryman et al. (1997b, 1998) mapped one of the wild-type epitopes
to E173 and a 17D-204 substrain-specific epitope to E305 and E325.
Such epitopes have been predicted to be involved in the virulence
phenotype of YF virus, but to date only the 17D-204 substrain-specific
epitope has been found to alter the phenotype of the virus (Ryman
et al., 1998).

Studies of YF and heterologous flaviviruses have identified three
areas of the crystallographic structure of the E glycoprotein in which
mutational changes alter virulence properties. These include the tip
of the fusion domain (domain II), the hinge region between domains I
and II, and the upper lateral surface of domain III containing the re-
ceptor-binding site (Rey et al., 1995; Mandl et al., 2000). Locations of
the eight amino acids that distinguish Asibi and 17D viruses are
shown in Table I. Four are nonconservative changes (E52 Gly ! Arg;
E200 Lys! Thr; E305 Ser! Phe; and E380 Thr! Arg). At least three
wild-type yellow fever strains with different passage histories or geo-
graphic origins [Asibi (Hahn et al., 1987), the French viscerotropic
virus (Wang et al., 1995), and Peruvian strain 1899/81 (Ballinger-
Crabtree and Miller, 1990)] are identical at these amino acid residues,
suggesting that one or more of the mutations in these four determin-
ants in the 17D vaccine strain are responsible for attenuation (Duarte
dos Santos et al., 1995).

Amino acid residues E52, E173, and E200 are in the hinge region be-
tween domains I and II, and mutations could alter the acid-dependent
conformational change in the endosome during virus internalization.
Neuroadaptation of YF17D virus by brain–brain passage resulted in
an increase in neurovirulence of the virus and reversion (Ile ! Thr)
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at E173 (Chambers and Nickells, 2001; Schlesinger et al., 1996). The
Thr ! Ile mutation at E173 corresponds to a site in the tick-borne
encephalitis virus at which a neutralization escape mutant reduced
neuroinvasiveness in mice (Holzmann et al., 1997). Mutations in the
hinge region at nearby locations E176 and E177 of a YF/Japanese
encephalitis chimera were also implicated in attenuation (Arroyo
et al., 2001). Ryman et al. (1997b) obtained further evidence for the im-
portance of residue E173, showing that it encodes an epitope recog-
nized by a wild-type-specific monoclonal antibody (Mab 117; Gould
et al., 1989) and that reversion at this site may have contributed to

TABLE I
AMINOACIDDIFFERENCES BETWEEN PARENTALASIBI VIRUS ANDATTENUATED 17D VACCINES

Gene Amino acid Asibi 17D (17D-204 and 17DD
substrain) vaccines

M 36 Leu Phe

E 52 Gly Arg

170 Ala Val

173 Thr Ile

200 Lys Thr

299 Met Ile

305 Ser Phe

380 Thr Arg

407 Ala Val

NS1 307 Ile Val

NS2A 61 Met Val

110 Thr Ala

115 Thr Ala

126 Ser Phe

NS2B 109 Ile Leu

NS3 485 Asp Asn

NS4A 146 Val Ala

NS4B 95 Ile Met

NS5 836 Glu Lys

900 Pro Leu

(30 NCR) U C

U C

G A

A C
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the neurovirulence phenotype of a variant [17D(wtþ)] recovered from
a 17D-204 vaccine.

Studies of heterologous flaviviruses also suggest that the hinge
region may also play a role in the viscerotropic properties of YF virus.
This was suggested by a study of the attenuated YF/Japanese enceph-
alitis chimeric virus in which a reversion to the wild-type JE residue at
E279 (in the domain I–II interface) caused an increase in neuroviru-
lence for mice and a significant decrease in viscerotropism for monkeys
(Monath et al., 2002a). Results indicated that molecular determinants
for mouse neurovirulence have little relevance to viscerotropic viru-
lence of YF virus strains for humans. This is not surprising, as the
French neurotropic vaccine (used widely for human immunization be-
tween 1933 and 1982) was developed by over 128 sequential passages
in mouse brains, resulting in an adapted virus that was highly neuro-
tropic for mice but had lost viscerotropism for monkeys and humans.
Dengue type 2 virus adapted by mouse brain passage was also attenu-
ated for humans (Bray et al., 1998; Wisseman et al., 1963). A mutation
at E126 in the E protein hinge region from a negatively charged to a
positively charged amino acid (Glu ! Lys) has been implicated in the
attenuation of dengue ‘‘viscerotropism’’ (Bray et al., 1998; Gualano
et al., 1998). In a separate study, dengue-1 virus adapted by mouse
brain passage had increased neurovirulence and caused apoptosis
of neural cells but reduced apoptosis in human hepatocytes, again
suggesting that mutational changes caused opposing effects on neuro-
tropic and viscerotropic properties of the virus (Duarte dos Santos
et al., 2000). The adapted virus contained mutations in regions of the
genome affecting virus replication and assembly: the hinge region at
E196 (Met ! Val), the interface between domains I and III at E365
(Val ! Ile), and two mutations in the proximal stem–anchor of E
(E405, Thr ! Ile) and in the NS3 helicase region.

Mutations at E305 and E380 of YFAsibi virus are located in domain
III and E299 at the interface of domains I and III. Domain III is pro-
posed to contain determinants for tropism and cell–receptor inter-
actions. E305 is in the upper lateral surface of domain III, and
residue E380 is in a highly conserved region implicated in virus–recep-
tor interactions, as well as hemagglutination (Rey et al., 1995).
Changes in the cell attachment motif could alter tropism of the
virus. Mutations in region E308–311 of tick-borne encephalitis virus
resulted in significant attenuation (Mandl et al., 2000). Residue E305
was implicated in the attenuation of 17D vaccine by the sequence an-
alysis of virus recovered from the brain of a child with in postvaccinal
encephalitis (Anonymous, 1966; Jennings et al., 1994). The brain virus
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was found to have increased neurovirulence for mice and monkeys, in-
dicating that a mutation increasing neurovirulence may have occurred
during replication in the affected patient (Jennings et al., 1994). The
virus differed from 17D vaccine at E303 Glu ! Lys, at a position in
domain III very near the 17D-204 substrain-specific E305 residue,
Two other mutations (at E155 and NS4B76) were also present in the
brain isolate and could have contributed to the phenotypic change
(Jennings et al., 1994; E. Wang et al., unpublished results).

The change at residue E380 changes the putative cell (integrin)
attachment motif from Thr-Gly-Asp in Asibi to Arg-Gly-Asp (RGD) in
17D vaccine (Post et al., 1992). In one study, mutations in the RGD
sequence predicted to alter integrin binding did not interfere with YF
virus replication (van der Most et al., 1999). Mutations in the RGD
sequence of Murray Valley encephalitis attenuated neurovirulence
for mice (Hurrelbrink and McMinn, 2001; Lobigs et al., 1990).
However, the mutants were not significantly inhibited by heparin,
suggesting that receptors other than integrins were responsible for
interacting with viral ligands. Heparan sulfate and other carbohy-
drate-containing molecules on cell surfaces have been identified as
cell-binding sites or receptors for flaviviruses (Martinez-Barragan
and del Angel, 2001), including YF virus (Germi et al., 2002), but it is
clear that receptors for flaviviruses differ across cell lines and virus
strains (Bielefeldt-Ohhmann et al., 2001). Attenuation of Murray
Valley and Japanese encephalitis virus neuroinvasiveness by passage
in adenocarcinoma cells was associated with mutations in the cell re-
ceptor-binding domain at E306 and E390, respectively (Lee and Lo-
bigs, 2002). The mutants had enhanced susceptibility to inhibition by
heparin and enhanced affinity for glycosaminoglycan (GAG) receptors
on extraneural cells. These observations suggested that changes in
charged amino acids that enhanced affinity for GAG receptors reduced
viremia and neuroinvasion.

The (Val ! Ala) mutation at position E407 of Asibi virus occurs in
helix I of the N-terminal stem–anchor region of the E protein. Muta-
tions in the stem–anchor region may alter the structural integrity
and spatial characteristics of the prM–E heterodimer. Such mutations
have been associated with the attenuation of multiple flaviviruses,
including dengue (Bray et al., 1998; Duarte dos Santos et al., 2000),
tick-borne encephalitis group virus (Holbrook et al., 2001), Japanese
encephalitis (Ni and Barrett, 1988), and YF/Japanese encephalitis
chimeras (Arroyo et al., 2001). The stem–anchor region is involved in
reconfiguration of the E protein from a dimeric to a trimeric structure
during acid-induced fusion (Allison et al., 1999; Wang et al., 1999).
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The 17D vaccine is not ‘‘fixed’’ with respect to neurovirulence so that
sequential mouse brain passage of the vaccine results in increasing
mouse virulence (Collier et al., 1959). The neuroadapted 17D virus
reverted to the wild-type (Asibi) sequence at amino acid residues E52
and 173 and also had other mutations, including one at the putative
virulence determinant at residue E305 (Ser! Val) and amino acid mu-
tations in nonstructural genes (NS1, NS2A, NS4A, NS4B, and NS5)
(Chambers and Nickells, 2001; Schlesinger et al., 1996). A chimera
with the 17D backbone and the E protein from the neuroadapted
YF virus did not have increased neurovirulence compared to 17D.
However, introduction of all mutations in E and NS genes into the
17D infectious clone increased neurovirulence. This observation dem-
onstrated that multiple genes were involved in virulence and impli-
cated mutations in the NS proteins or the 30 noncoding region of the
virus. Studies with other flaviviruses have also shown that mutations
in the NS coding region may reduce neurovirulence (Duarte dos Santos
et al., 2000; McMinn et al., 1995), presumably by restricting the rate of
viral RNA and protein production.

There are 11 amino acid changes in the nonstructural proteins of
Asibi virus associated with the attenuation of 17D (Table I). One
change occurs in the NS1 protein; 4 in NS2A; 1 each in NS2B, NS3,
NS4A, and NS4B; and 2 in NS5. The mutations in NS2A may affect as-
sembly or release of YF virus particles (Kümmerer and Rice, 2002).
The change in NS3 occurs at residue 485, in a region of the protein
with RNA helicase and triphosphatase activities involved in unwind-
ing RNA during replication. The two mutations in the RNA polymer-
ase (NS5) may affect replication efficiency and may contribute to the
attenuation of 17D. A plaque variant purified from a 17D vaccine
had reduced mouse neurovirulence and differed at an amino acid resi-
due in NS5 137 Pro ! Ser (Xie et al., 1998). This mutation is in a
region encoding the methyltransferase activity of NS5.

The 30 NCR plays a critical role in replication and virulence. The 30

NCR is divided into a proximal region that is variable in length
among YF virus strains and contains one to three repeat sequence
elements (depending on genotype) (Wang et al., 1996) and a 30-terminal
region that contains a 90–120 nucleotide conserved region. The latter
is involved in folding of the stem–loop structure and serves as a pro-
moter for minus strand synthesis during replication. Studies with
other flaviviruses have shown that mutations in the stem–loop region
may affect replication adversely (Mandl et al., 1998; Zeng et al., 1998).
In the case of dengue-4 virus, the proximal region of 30 NCR does
not appear to be critical for replication but mutations or deletions in

354 THOMAS P. MONATH AND ALAN D. T. BARRETT



this region may nevertheless attenuate virulence (Men et al., 1996).
Thus, one or more of the mutations in the 30 NCR of 17D present in
both the variable and the conserved proximal region may contribute
to virulence determinants of YF virus. The change at nucleotide
10367 might be an exception, as one 17D vaccine contains a heteroge-
neous mixture, including the wild-type sequence (Pugachev et al.,
2002).

Less is known about the determinants of YF virus viscerotropism,
principally because of the difficulty of assessing this property in non-
human primates. As pointed out earlier, the hinge region of E might
contain residues implicated in viscerotropism. To address this ques-
tion, Wang et al. (1995) compared the sequence of the French viscero-
tropic strain with that of the French neurotropic vaccine (FNV) from
which it was derived by >128 mouse brain passages. The principal
phenotypic change in FNV is loss of viscerotropism for monkeys and
humans, whereas FNV remains enhanced in neurovirulence for mice
and monkeys. Comparison of parental and vaccine strains revealed
35 (1%) amino acid changes in multiple genes, with the highest fre-
quency of mutations in C, M, E, NS2A, and NS4B. The large number
of differences and lack of biological data on the role of these mutations
preclude speculations on the genetic basis of viscerotropism. Sequence
comparison of FNV with 17DD and 17D-204 vaccines (both of which
have markedly attenuated viscerotropism) revealed only two shared
differences from the parental and other wild-type YF viruses. These
common differences, which evolved during the development of vaccine
strains by adaptation to different hosts, were in the M protein (M36
Leu ! Phe) and NS4B (95 Ile ! Met). Unfortunately, little was
revealed with respect to the molecular structures involved in
viscerotropism.

The discovery that Syrian hamsters develop an illness and patho-
logical changes resembling human YF (Tesh et al., 2001) represents a
potential breakthrough in the identification of molecular determinants
responsible for viscerotropism. To induce disease in the hamster, it is
necessary to adapt most strains of wild-type YF virus by serial liver–
liver passage in hamsters. For example, Asibi virus becomes hamster
virulent between the six and seventh passage. The genome of the
viscerotropic hamster-adapted P7 virus has 14 nucleotide changes
encoding seven amino acid substitutions (McArthur et al., 2003). Five
of the seven substitutions are in the E glycoprotein at positions E27
(Gln ! His), E28 (Asp ! Gly), E155 (Asp ! Ala), E323 (Lys ! Arg),
E331 (Lys ! Arg). None of these mutations represent reversions
to wild-type Asibi sequence. However, two changes (E323 and E331)
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are in the upper lateral surface of domain III involved in binding to cell
receptors and are suspected to play a role in tropism for hamster liver.
In addition to the mutations in E, there were two substitutions leading
to amino acid changes in NS2A48 (Thr! Ala) and NS4B98 (Val! Ile).
A mutation near the latter site in NS4B (at residue 95) is associated
with attenuation of YF 17D and FNV vaccines. In addition, a mutation
at E155 was associated with reversion to virulence (neurotropism) of
YF 17D (Jennings et al., 1994).

In another study, a mutation at E279 in the hinge 4 region of a
YF/JE chimeric virus reduced viscerotropism of the virus in nonhuman
primates (Monath et al., 2002a), suggesting that mutations in
the hinge region of the YF genome during derivation of 17D virus
(Table I) could be responsible for the attenuation of viscerotropism.
The Met ! Lys mutation at position E279 in the YF/JE chimera is
within the � strand of the secondary structure, increases the net posi-
tive charge of the protein, and results in a shortening of the � strand
secondary structure.

Both Asibi and the French viscerotropic virus (FVV) lost both neuro-
tropism and viscerotropism after a few passages in HeLa cells (Barrett
et al., 1990; Dunster et al., 1999). The HeLa-passaged virus accumu-
lated 10 amino acid mutations, including 5 in the E protein, 1 in
NS2A, and 3 in NS2B. The NS4B (95 Ile ! Met) associated with at-
tenuation of Asibi to 17D by passage in chick embryo tissue and of
FVV to FNV by passage in mouse brain also appeared during HeLa cell
passage, indicating an important role in the attenuation of YF vac-
cines. All three attenuation processes share two phenotypic markers:
loss of viscerotropism and loss of vector competence for Aedes aegypti.
To date the potential role of NS4B in viscerotropism or vector compe-
tence has not been investigated. The changes in the HeLa-passed virus
E protein are at residues E27 (Gln ! His), E155 (Asp ! Ala), E228
(Met ! Lys), E331 (Lys ! Arg), and E390 (His ! Pro). Interestingly,
three of these mutations (E27, E155, and E331) were also associated
with adaptation in the hamster (McArthur et al., 2003), suggesting
that they could be viscerotropism virulence factors. The reversion at
E155 was present in the virus recovered from a fatal case of postvac-
cinal encephalitis (Jennings et al., 1994), suggesting that this locus
(possibly in concert with other mutations) may also play a role in neu-
rovirulence. However, the mutation at E155 may not be important in
neurovirulence, as some 17D strains have a wild-type residue at this
locus (Post et al., 1992) and as a neutralization escape mutant of 17D
at E155 did not show any change in neurovirulence (Ryman et al.,
1997a).
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IV. VIRUS–CELL INTERACTIONS

YF virus infects cells of diverse origin, including those derived
from mosquitoes, ticks, birds, and mammals. AP61 A. pseudoscutel-

laris mosquito cells are exquisitely susceptible to infection. Among a
number of tick cell lines, only Dermacentor variabilis was susceptible
(Pudney, 1987), but cells from Amblyomma ticks implicated in
YF virus transmission in nature (Germain et al., 1979) have not been
evaluated. Primary chick and duck embryo cells replicate YF viruses
and develop cytopathic effects. Mammalian cell cultures, such as
baby hamster kidney (BHK), monkey kidney (Vero, CV-1, MA-104,
LLC-MK2), porcine kidney (PS-1), human adrenocortical adenocarci-
noma cells (SW-13), and human histiocytic lymphoma cells (U937),
are also efficient host cells for YF virus replication. Unadapted wild-
type YF virus strains generally replicate to lower titers than 17D
vaccine. This was illustrated by comparative studies in primary
human mononuclear cell cultures (Liprandi and Walder, 1983).
Among the cell types represented in peripheral blood mononuclear
cells, CD14þ monocytes were most susceptible to infection with
dengue virus (Sydow et al., 2000) and may also be the preferred targets
for YF virus.

Virus ligand–host cell receptor interactions, insofar as they are
known, were discussed earlier in Section III. Mechanisms by which
flaviviruses enter cells include receptor-mediated endocytosis in cla-
thrin-coated vesicles, phagocytosis by monocyte/macrophages, and
direct penetration following fusion of the viral envelope with the cell
membrane, as seen in mosquito cells.

The response of cells to YF virus infection is understood principally
at the descriptive level. Cells propagate new virus particles, accumu-
late viral antigen, and undergo cytopathic effects. Morphogenesis of
YF and other flaviviruses in cell culture, in mouse brain, monkey liver,
and in mosquitoes have been studied by electron microscopy (David-
West et al., 1972; McGavran and White, 1964; Murphy, 1980). Mature
virus particles accumulate in membrane-bound cisternae of the rough
endoplasmic reticulum (ER). Controversy still surrounds how virions
mature in these spaces, as a nucleocapsid budding process has been
difficult to confirm. Virus particles are released from infected cells by
exocytosis from plasma membranes or by cell rupture when cytopathic
effects are at a very advanced stage. Virus infection proceeds rapidly,
with intracellular virus reaching maximal levels in approximately
24 h. The most prominent morphological changes in the infected
cell are proliferation and hypertrophy of the ER to accommodate
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accumulating virions. It is not known how flavivirus infection stimu-
lates the synthesis of ER membranes. As the infection progresses,
damage to mitochondria is evident, large vacuoles containing virus
particles and ribosomes at the margins appear, and there is an in-
crease in lysosomal bodies. As the cell disintegrates, the cytoplasm be-
comes rarified and subsequently condensed. Cytopathic effects are
relatively retarded in flavivirus infections compared to many other
cytopathic virus infections and develop over a period of 3–5 days after
infection, with the time course being highly dependent on multiplicity
of infection.

Host cell macromolecular synthesis is also affected relatively slowly
by YF and other flaviviruses. This is not unexpected, as posttransla-
tional processing of viral proteins is highly dependent on host cell pro-
teases. The mechanism or mechanisms whereby flaviviruses shut
down cellular protein translation are not known. The host cell protein
elongation factor-1� interacts with cis-acting sequences in the 30 stem-
loop structure of flavivirus RNA (Blackwell and Brinton, 1997). Flavi-
virus C protein has also been shown to interact with heterogeneous
nuclear ribonucleoprotein K (Chang et al., 2001). Similar interactions
with host cell proteins that are normally involved in cellular mRNA
translation or regulation of gene expression have been described
for other virus families and may represent a common mechanism for
shutting down host cell protein synthesis.

Various lines of evidence from morphological and biochemical stud-
ies suggest that flaviviruses typically induce cell death by apoptosis
rather than necrosis. Thus, flavivirus-infected cells are characterized
by shrinkage and condensation of cytoplasmic and nuclear material,
surface membrane blebbing, and fragmentation of cellular DNA
detectable as ladders in agarose gels. YF and dengue virus-induced
apoptotic cell death of cultured human hepatocyte cells has been
reported (Marianneau et al., 1997, 1998). Both viruses activate the
transcription factor NF-�B, which in turn induces apoptosis. YF virus
caused higher replication and antigen accumulation than dengue virus
and was not associated with CPE or apoptosis until late in infection
(Marianneau et al., 1998). Apoptosis represents a protective mecha-
nism whereby the host eliminates virus-infected cells, and the propen-
sity of dengue virus to program cell death at an early stage of the
infection may explain the minimal damage to liver tissue in human in-
fection compared to that seen in YF. Bcl-2 and bcl-X gene expression
appears to control flavivirus-induced apoptosis in a cell-specific
manner (Su et al., 2001), but hepatocytes have not yet been investi-
gated in this regard. In the case of another flavivirus (West Nile), the
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capsid C protein destabilizes mitochondrial membranes and is respon-
sible for inducing apoptosis through caspase-9 induction (Yang et al.,
2002). It is uncertain whether the C protein of YF virus plays a similar
role (Fig. 1).

An increase in cell membrane permeability accompanies cytopathol-
ogy associated with infection by many viruses, and flaviviruses appear
to be no exception. Membrane permeability changes are dependent on
the synthesis of viral proteins, in particular the small hydrophobic
proteins NS2A, NS2B, NS4A, and NS4B. Chang et al. (1999) ex-
pressed flavivirus nonstructural proteins in Escherichia coli and found
that the protease NS2B-NS3 increased cell membrane permeability.
However, it is uncertain how the NS proteins function to modify
membrane permeability.

Hepatocyte

Virus replication

Intracellular stress

Fas

FasL

TNF

Mitochondria

Mitochondrial

permeability

Release of

cytochrome c

Caspase 3, 9

ATP

Apoptosis

Shrinkage

DNA

fragmentation

Mitochondrial

permeability

Release of

cytochrome c

Caspase 3, 9

ATP

Apoptosis

Shrinkage

DNA

fragmentation

Reactive oxygen and
nitrogen species

Kupffer cell

Virus replication

Intracellular stress
YF C protein

Yellow
fever
virus

Yellow
fever
virus

Mitochondria

YF C protein

Death receptors

FIG 1. Hypothetical pathway of yellow fever virus-induced apoptotic cell death.
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FIG 2. Histopathology of liver from a YF patient. (A) Hepatocytes exhibit cytoplasmic
condensation and degeneration, many of which still retain a nucleus. Numerous council-
man bodies are present in this field (arrowheads). Residual microvesicular steatosis is
evident. Magnification 100�. (B) Immunohistochemical stain demonstrating the YFV
antigen in the cytoplasm of many hepatocytes. The midzonal distribution of cell damage
and antigen staining is less evident in this patient than in most cases; the figure is meant
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V. INFECTION OF ORGANIZED TISSUES

The liver, spleen, lymph nodes, heart, and kidneys are the organs
most affected by YF virus. Pathological changes in other organs are
characterized by capillary hemorrhage (petechiae) and bile staining
rather than parenchymal damage or by secondary bacterial superin-
fection (e.g., pneumonia). As noted previously, the brain typically
shows swelling without evidence of viral infection.

A. Skin

Resident dendritic cells in the epidermis are permissive to infection
with dengue virus and are believed to play an important role in initiat-
ing infection after a mosquito bite (Marovich et al., 2001). It is likely
that YF infection follows a similar pathway, but no data are currently
available.

B. Liver

There are five central features of YF liver pathology: (1) Eosinophilic
degeneration of hepatocytes and Kupffer cells; (2) midzonal hepatocel-
lular necrosis; (3) absence of inflammation; (4) microvesicular fatty
changes; and (5) retention of the reticulin structure, with return to
normal histology without fibroblastic response (scarring) in surviving
cases.

Injury to hepatocytes is manifest in the period of intoxication, ap-
proximately 10–15 days after infection. In fatal human cases, an aver-
age of 80% of hepatocytes are affected (Klotz and Belt, 1930a). Injury is
characterized by the eosinophilic degeneration of Kupffer cells and he-
patocytes, with condensation of nuclear chromatin (so-called ‘‘Council-
man bodies’’), a manifestation of apoptotic cell death (Fig. 2). A unique
feature of YF is the predominance of hepatocellular necrapoptosis in
the midzone (zone 2) of the liver lobule, with sparing of cells bordering
the central vein and portal tracts (Fig. 2). Hepatocytes undergo cloudy
swelling, accumulate fat, and subsequently collapse as Councilman
bodies. Ballooning necrosis of cells as seen in other viral hepatitides
is not a feature of YF (Vieira et al., 1983). The virtual absence of

to illustrate the similarity of pathological effects to that seen in the hamster model (Fig.
3) Magnification 100�. Contributed by Shu-Yuan Xiao, University of Texas Medical
Branch, Galveston, TX. (See Color Insert.)
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inflammation is another feature of YF and is consistent with apoptotic
cell death, whereas ballooning necrosis caused by viral hepatitis is as-
sociated with diffuse mononuclear cell infiltration. Microvesicular
fatty changes are a consistent finding in YF and are seen throughout
the liver lobule. The changes are characterized by the presence of tiny
fat globules within the cytoplasm of hepatocytes, without displacement
of the cell nucleus, and are quite distinct from the large intracellular
fat bodies seen in alcoholic steatosis or kwashiorkor. The microsteato-
sis in YF probably reflects decreased apoprotein synthesis by hepato-
cytes, leading to reduced coupling with lipid and secretion of
lipoproteins. Finally, YF hepatitis is rarely associated with significant
hemorrhage or extravasation of erythrocytes.

The reason for the peculiar midzonal distribution of hepatic cell
injury is unknown. Dengue, a close relative and cause of hemorrhagic
fever rarely manifest by jaundice, generally causes minimal liver
lesions that are paracentral (around the central vein) rather than mid-
zonal, although exceptions occur, with extensive midzonal necrosis and
microsteatosis as seen in YF (Huerre et al., 2001). Midzonal necrosis
has been described in low-flow hypoxia due to ATP depletion and oxi-
dative stress of marginally oxygenated cells at the border between
anoxic and normoxic cells (Marotto et al., 1988). Oxidative stress in-
duces a variety of cytokines, such as NF-�B, interleukin (IL)-6, and
RANTES, as shown for dengue virus-infected human hepatocytes
(Lin et al., 2000). Because the last phase of illness in YF is character-
ized by shock, oxidative stress might contribute to midzonal injury in
YF infection. However, YF virus antigen and RNA have been observed
principally in hepatocytes in the midzone (Monath et al., 1989),
suggesting that the predilection of these cells to virus replication is
responsible for the midzonal distribution of pathological changes.
Why the midzone should be preferential sites for virus replication is,
nevertheless, unclear.

In studies employing the monkey model, it was suggested that
endotoxin might contribute to the pathogenesis of YF (Monath et al.,
1981a). In other liver diseases, such as carbon tetrachloride intoxica-
tion, hepatic damage may be accentuated by enterically derived
endotoxin (Nolan and Leibowitz, 1978). Damage to organized intes-
tinal lymphoid tissue (e.g., Peyer’s patches) in YF may provide a
portal of entry and reduce the clearance of enterically derived endo-
toxin. This hypothesis has not been explored experimentally, nor
is there empirical evidence that such a mechanism operates in
human YF.
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C. Spleen and Lymph Nodes

These tissues undergo profound changes in YF infection, character-
ized by the appearance of large mononuclear or histiocytic cells in and
distension of the follicles and the disappearance of small lymphocytes
(Klotz and Belt, 1930b). Lymphocytic elements in the germinal centers
of spleen, lymph nodes, tonsils, and Peyer’s patches are depleted, and
the large mononuclear or histiocytic cells accumulate in the splenic fol-
licles. Necrosis of B-cell germinal centers is more striking in monkeys
than in humans (Monath et al., 1981a).

D. Kidneys

On gross examination the kidneys appear swollen. Light micro-
scopic changes are characterized by severe eosinophilic degeneration
and a microvesicular fatty change of renal tubular epithelium
without inflammation, analogous to the injury sustained by hepato-
cytes. Antigen is demonstrable by immunocytochemistry in renal
tubular cells of fatal human cases (DeBrito et al., 1992), suggesting
direct viral injury. Despite the heavy loss of albumin in the urine
indicating glomerular damage, little attention has been paid to these
structures. Glomerular lesions [Schiff-positive changes in the base-
ment membrane (Barbareschi, 1957) and cloudy swelling and degener-
ation of cells lining Bowman’s capsule] and the presence of YF antigen
in glomerulae 2–3 days after infection of monkeys (T. P. Monath,
unpublished observations) indicate that direct viral injury
accounts for albuminuria observed in advance of renal failure. Ultra-
structural studies of glomeruli would be illuminating but have not
been reported.

E. Heart

Myocardial cells undergo similar necrapoptotic changes as seen
in liver and kidney, including microsteatosis. As in other organs,
damage may be discontinuous and patchy and there is no significant
inflammatory response. Lesions have been noted in the sinoauricular
node and bundle of His (Lloyd, 1931), suggesting a basis for the para-
doxical bradycardia (Faget’s sign) observed in YF, and possibly for
late deaths attributed to disturbances of cardiac rhythm. Antigen is
found by immunocytochemistry, indicating direct viral damage to
myocardial fibers. As in the liver, the reticulin structure is preserved,
and no fibrosis occurs after recovery.
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F. Blood Vessels and Endothelium

Damage to and plasma leakage from capillaries are characteristic of
many viral hemorrhagic fevers, and YF is no exception. Gross findings
at autopsy include widespread petechial hemorrhages of skin and
mucosae, moderate pleural and peritoneal effusions, and pulmonary
edema. Edema of the brain and other organs, particularly around blood
vessels, is seen on microsopic examination. The pathogenesis of vascu-
lar leakage in YF is unknown. In the case of DHF, endothelial cells in
culture are permissive to virus replication. Activation of NF-�B, which
regulates the expression of proinflammatory cytokines, especially IL-8,
is suspected to play a role in plasma leakage in vivo (Bosch et al., 2002).
Elevated plasma levels of IL-8 (presumably released from endothelial
or mononuclear cells) have been observed in patients with DHF.
Soluble vascular adhesion molecule �1 (sVCAM-1) levels in serum
are elevated in DHF, a marker for endothelial damage (Murgue et al.,
2001). While there are no reports on cytokine dysregulation in vascular
leak in cases of YF, it most certainly is a factor.

VI. PATHOGENESIS AND PATHOPHYSIOLOGY IN THE INTACT HOST

A. Experimental Animal Models

In rodents (mice, hamsters, and guinea pigs), the unadapted wild-
type YF virus is principally neurotropic. Suckling mice are susceptible
to lethal encephalitis after intracerebral (IC) or intraperitoneal (IP)
inoculation, whereas adult animals develop overt encephalitis only
after Ic, intraocular, or intranasal inoculation. The time to death is
typically 7–10 days, depending on the virus strain and the history of
sequential brain passage of the virus. Encephalitis can be induced in
adult mice following infection by the peripheral route if the blood-brain
barrier is disturbed by sham IC inoculation, allowing virus entry from
the bloodstream (Sawyer and Lloyd, 1931). Examination of the mouse
neuroinvasive phenotype of strains of YF virus has revealed that 17D
vaccine is not virulent when inoculated by the IP route in mice older
than 5 days, whereas mouse-adapted FNV is virulent in mice under 3
weeks of age. Wild-type strains differ in mouse neuroinvasiveness
when 8-day-old mice are used. East and central African strains are
attenuated, whereas west African and South American strains are
virulent (Deubel et al., 1987; Fitzgeorge and Bradish, 1980).

The inverse relationship between age and susceptibility to neuroin-
vasion after peripheral infection seen in mice is also observed in
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humans following vaccination with 17D or FNV vaccines. This obser-
vation underlies the contraindication of vaccine for very young infants.
Zisman et al. (1971) suggested that the development of resistance with
age was related to the maturation of macrophages involved in clear-
ance of YF virus. The mechanism for age-related intrinsic resistance
to infection of macrophages with YF viruses has not been studied,
but may relate to the secretion of antiviral factors, such as inter-
ferons-� and -�, as shown for many other viruses. Macrophages from
infant mice produce little endogenous interferon compared to cells
from older animals.

Nonhuman primates develop viscerotropic infection characterized
by hepatitis. Asian monkey species, such as rhesus and cynomolgus
macaques, develop fulminant hepatitis resembling the human disease,
whereas African and many New World nonhuman primates have
silent infections (Bugher, 1951; Monath, 1988). However, the course
of infection in susceptible monkey species is highly dependent on the
YF virus strain. Experimentally infected European hedgehogs (Erina-
ceus europaeus, an insectivore), but not the African hedgehog, develop
viscerotropic infections (Theiler, 1951), but these animals are not ac-
cessible for laboratory studies. Tesh and colleagues (2001; Xiao et al.,
2001) developed a hamster model of viscerotropic YF. Hamsters
(Mesocricetus auratus) developed lethal infection characterized by
high viremia, elevated serum aminotransferases, and bilirubinemia.
Pathological changes resembled human YF (Figs. 2 and 3), including
hepatocellular necrosis with apoptosis [eosinophilic degeneration
(Councilman bodies)], microvesicular steatosis, and lymphoid hyper-
plasia in the spleen, with antigen demonstrable by immunocytochem-
istry. This model will be useful for future research, including
comparison of wild-type YF strains, dissection of the molecular basis
for virulence, and studies of pathogenesis. Lethal hepatitis in the ham-
ster required adaptation by serial passage. The molecular changes that
occurred with conversion from an avirulent to a hamster-lethal virus
strain were described earlier in Section III.

The pathogenesis of YF in the rhesus monkey resembles that in
humans and is characterized by jaundice, renal failure, coagulopathy,
and shock (Dennis et al., 1969; Monath et al., 1981a; Tigertt et al.,
1960). However, these animals sustain a more fulminating illness than
humans, lasting only 3–4 days between onset and death, and have
viral loads 100-fold higher than humans based on viremia levels.
Organ dysfunction and failure appear approximately 24 h before
death. Pathological changes closely resemble those in humans, except
that the liver and splenic and lymph node changes are more severe.
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FIG 3. Histopathology of liver from a hamster infected by the Jimenez strain of yellow
fever virus (postinfection day 6). (A) Hepatocytes contain small and large lipid droplets in
the cytoplasm (vacuoles). Many hepatocytes are undergoing necrapoptosis (arrowhead).
Hematoxylin and eosin stain. Magnification 100�. (B) Immunohistochemical staining for
YFV antigen using the anti-YFV antibody. Magnification 50�. Contributed by Shu-Yuan
Xiao, University of Texas Medical Branch, Galveston, TX. (See Color Insert.)
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The rhesus monkey model is discussed further in the section on
pathophysiology.

B. Spread of Virus within the Host

The course ofYFvirus infection in the host is believed to follow the gen-
eralized scheme described by Mims (1987) (Fig. 4). The virus is intro-
duced into the epidermis or dermis in saliva from a blood-feeding
mosquito. The dose of virus inoculated by the mosquito under conditions
of natural infection is not known exactly, but is probably in the range of
3–4 log10PFU.Rhesusmonkeys develop lethal infection after inoculation
of doses <1 PFU, with higher doses simply shortening the incubation
period but not affecting outcome. After inoculation, the virus is dissem-
inated via lymphatic channels to the draining lymph nodes. These
structures release extracellular virus into the bloodstream, seeding
multiple organized tissues, including the reticuloendothelial system.
The latter releases virus, causing a secondary viremia with subsequent
involvement of other target tissues such as kidney and heart.

In point of fact, few empirical data are available allowing confir-
mation of the hypothetical life cycle of YF virus. The cells involved in
early infection at the cutaneous portal of entry are unknown, but
observations on dengue viruses suggest that dendritic cells may play
a primary role (Marovich et al., 2001). Evidence from experimental
animals (Monath et al., 1981a; Tigertt et al., 1960) suggests that
lymphoid cells are important targets for YF replication (Fig. 4). After
IP inoculation of rhesus monkeys, which may cause infection of the
liver via the portal circulation, fixed macrophages (Kupffer cells) in
the liver were infected first, within 24 h after inoculation. Viremia
was detected on day 2, presumably representing the secondary
viremia shed from the liver. Virus appeared in hepatocytes and renal
tubules on day 2 and in bone marrow, spleen, and lymph nodes on
day 3. Early infection and injury to Kupffer cells were also noted after
a subcutaneous infection of monkeys. It is hypothesized that Kupffer
cells play a critical role in extrinsic resistance, meaning that they pro-
tect the hepatocyte from YF infection, which progresses only after
these cells undergo necraptosis (Figs. 1 and 4). In the rhesus monkey
model, liver biopsies revealed only Kupffer cell degeneration, without
pathological changes in hepatocytes or elevated liver enzymes until
the last 24 h of life, at which point coagulative necraptosis began
and chemical dysfunction occurred (Monath et al., 1981a). Interferon
produced by these cells (Wheelock and Edelman, 1969) may inhibit
the viral infection of hepatocytes and superoxide anions, or TNF-�
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produced by Kupffer cells may contribute to bystander effects on sur-
rounding cells or killing of infected hepatocytes that display TNF-� re-
ceptors (CD120a) (Baker and Reddy, 1998). However, no mechanistic
studies have been reported in viscerotropic models on the role of
macrophages and their mediators.

C. Fever and Nonspecific Signs and Symptoms

Although patients with YF have not been studied, several lines of
evidence suggest that immune activation and release of cytokines are
responsible for nonspecific symptoms associated with the infection. Ap-
proximately 20% of persons inoculated with YF 17D vaccine develop
similar systemic symptoms, which, however, are mild and well toler-
ated (Monath et al., 2002c). These symptoms correspond temporally
to the course of viremia, elevated serum markers of T-cell activation
(neopterin and �2-microglobulin) (Reinhardt et al., 1998), interferon-�
(Wheelock and Sibley, 1965), TNF-�, and cytokines induced by
TNF-� (IL-1 receptor antagonist and IL-6) (Hacker et al., 1998). The
acute-phase symptoms in YF and those observed in patients treated
with interferon overlap (fever, chills, headache, myalgia/arthralgia,
anorexia, nausea, and vomiting).

D. Pathogenesis of Hepatic Failure

Whereas other viral hepatitides damage the liver indirectly via
the host’s antigen-specific cellular immune response, YF causes direct
cytopathic infection of hepatocytes. Indeed, the liver affected by
YF virus is virtually devoid of inflammatory cells, whereas the liver
infected with hepatitis B virus is characterized by a dramatic influx of
class I-restricted cytotoxic T lymphocytes (CTLs) and secondary waves
of lymphocytes and neutrophils attracted by cytokines released by the
CTLs. The extent of direct acute liver injury in YF is severe and
sufficient to explain the clinical course of the disease. Markers of ful-
minant hepatic dysfunction, such as the level of bilirubin and transami-
nase enzymes in blood, correlate directly with disease severity and
prognosis (Elton et al., 1955; Oudart and Rey, 1970).

E. Pathogenesis of Renal Failure

The pathogenesis of renal injury is poorly understood. In one study
of experimental YF in rhesus macaques, the disturbance in function
was prerenal until the terminal 24 h of life (Monath et al., 1981a). Pre-
renal failure was characterized by normal histology on needle biopsy,
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oliguria, and diminished urine Naþ excretion, indicative of reduced
renal perfusion. During the terminal phase of infection, oliguria
worsened and was accompanied by proteinuria, cylindruria, azotemia,
acidosis, hyperkalemia, and shock. At necropsy, severe tubular necro-
sis was observed. Although direct injury by YF virus may have contrib-
uted, the observations in this model suggested that hemodynamic
factors and renal ischemia caused renal failure (Fig. 4). Disordered
renal function and salt and water regulation may be secondary effects
of hepatic injury in YF, as well as other diseases. As seen in the rhesus
model of YF, functional renal failure characterized by normal renal
histology, renal retention of Naþ, low Kþ excretion, and reduced renal
blood flow (measured by p-aminohippurate clearance) has been noted
in fulminant hepatic failure when glomerular filtration rates are main-
tained above 3 ml/min, while below that level, acute tubular necrosis
occurred (Wilkinson et al., 1976).

F. Coagulation Defects

Few human patients have been studied with respect to coagulation
defects (Bendersky et al., 1980; Borges et al., 1973; Santos et al.,
1973). Global reduction in clotting factors and prolonged prothrombin,
partial thromboplastin, and clotting times have been demonstrated.
Hemorrhage in YF occurs in the setting of marked liver impairment,
and reduced synthesis of clotting factors by the liver is probably the
preeminent explanation for abnormal bleeding.

However, in patients with YF, there is also some evidence for dissem-
inated intravascular coagulation, including elevated fibrin split prod-
ucts and thrombocytopenia in YF (Borges et al., 1973; Santos et al.,
1973). Thus, both coagulation and fibrinolysis are activated by the
viral infection, and the balance of these countervailing effects deter-
mines hemostasis. These effects have been studied much more thor-
oughly in patients with DHF (Huang et al., 2001), where liver
function and synthesis of clotting factors are relatively well main-
tained compared to YF. Activation markers of coagulation (prolonged
activated partial thromboplastin time, F1þ2 and TATc) and of fibrino-
lysis (t-PA, PAPc, and D-dimer) have been found in blood from DHF
patients and are probably activated by cytokines, particularly TNF-�,
IL-6, and IL-1� (Huang et al., 2001; Suharti et al., 2002). In patients
with DHF, the intrinsic pathway of coagulation is activated, involving
factors XII, XI, IX, and VIII. However, contact activation triggered by
the exposure of collagen, elastin, and basement membrane (as in
acute injury to as blood vessel) is not responsible for activation of the
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intrinsic pathway in flavivirus infection, as kallikrein-C1 inhibitor
levels were not detectable (van Gorp et al., 2001). Inhibition of fibrino-
lysis is impaired in dengue [due to decreased thrombin-activatable fibri-
nolysis inhibitor (TAFI)] (van Gorp et al., 2002) and may contribute to
the severity of bleeding. Several reports suggest that dengue virus E
glycoprotein sequenceswith homology to plasminogenmay bind and ac-
tivate thismolecule, leading to fibrinolysis (Markoff et al., 1993;Monroy
and Ruiz, 2000). Some authors have suggested that virus-induced
fibrinolysis is the primary event in DHF, with secondary activation of
procoagulant pathways (as opposed to primary disseminated intravas-
cular coagulation). It is unclear at this time whether the mechanisms
that operate in DHF also underlie the pathogenesis of YF.

The coagulation defects in experimental YF of monkeys have been
investigated. Animals developing severe and lethal infection also had
global coagulation abnormalities (Dennis et al., 1969; Monath et al.,
1981a). All clotting factors declined to very low levels, particularly
fibrinogen and factors V, VII, VIII, and X, indicating that, unlike
DHF, YF infection did not specifically activate the intrinsic pathway.
Evidence for consumption coagulopathy was not striking, as fibrin-
split products were elevated modestly and platelet counts were
depressed only mildly. Heparin therapy did not change the outcome of
experimental YF (Dennis et al., 1969). Thus, it may be concluded that
the preeminent contributor to bleeding in YF is decreased synthesis of
clotting factors by the diseased liver (Fig. 4).

In two studies in rhesus monkeys, abnormalities of platelet function
(reduced activation by ADP and collagen and reduced aggregation by
arachidonic acid and thrombin) were demonstrated (S. Fisher-Hoch
and T. P. Monath, unpublished results). Thus, in addition to reduced
clotting factor synthesis, impairment of hemostasis by platelet
dysfunction contributes to bleeding.

G. Blood Cells and Bone Marrow

Leukopenia, particularly neutropenia, is a feature of the early phase
of YF infection in humans. Thrombocytopenia has been reported in
humans, but is generally modest. In fatal experimental YF of nonhu-
man primates, platelet counts may also be depressed, but generally
remain within normal limits (Dennis et al., 1969; Monath et al.,
1981a). Bone marrow was examined in one study of experimental YF
in rhesus monkeys (Cosgriff, unpublished data). The most prominent
findings were hyperplasia and degeneration of megakaryocytes, sug-
gesting that platelet production may have been impaired. Interferons,
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which are elevated following YF vaccination and may be induced more
markedly by wild-type virus, may contribute to leukopenia and
thrombocytopenia by bone marrow suppression and induction of a
wide array of cytokines as described in dengue (La Russa and Innis,
1995; Rothwell et al., 1996). Neutropenia and thrombocytopenia may
also be caused by cytokines (e.g., IL-1, IL-6, TNF-�) released during
the acute-phase response, upregulation of adhesion molecules on vas-
cular endothelium, and margination of white cells and platelets as de-
scribed in dengue. In dengue, infection of mononuclear cells was
associated with a release of MIP-1, which was postulated to play a role
in bone marrow suppression (Spain-Santana et al., 2001).

H. Metabolic Changes

Limited experimental studies in monkeys have revealed an array of
acid–base and electrolyte disturbances, principally occurring in the last
24–48 h of life (Liu and Griffin, 1982; Monath et al., 1981a). Significant
findings include increased plasma and total circulatory Kþ, increased
extracellular water, Naþ and Kþ, reflecting modification of cell trans-
port mechanisms, and increased cell membrane permeability. As noted
previously, these effects are likely the result of both direct YF viral
injury [possibly mediated by nonstructural protein synthesis (Chang
et al., 1999)] and pathophysiological factors, low perfusion and hyp-
oxia. During the preterminal period, a decrease in arterial pCO2 was
noted (reflecting respiratory compensation for metabolic acidosis). In
the last few hours of life, severe metabolic acidosis and respiratory
and acidosis are accompanied by hypotension and shock.

YF 17D vaccine administered to children 4–11 years old recovering
from malnutrition induced a significant catabolic effect lasting up to
12 days, in the absence of fever or other signs of increased metabolism
(Gandra and Scrimshaw, 1961). It is likely that wild-type YF virus
would have more dramatic effects that could result in a net loss of body
nitrogen and aggravate the clinical effects of protein malnutrition.
Further studies in fasted adults, however, showed that metabolic
changes and mobilization of protein associated with YF 17D were
affected by diet and were not observed in subjects consuming a high
protein diet (Bistrian et al., 1977, 1981).

I. Hypotension and Shock

Endothelial cells are hypothesized to play a central role in the
pathogenesis of many hemorrhagic fevers (Peters and Zaki, 2002).
As noted previously, primary endothelial cells are susceptible to
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infection by dengue virus and release proinflammatory cytokines, IL-6
and IL-8, which are also found in sera from cases with DHF (Huang
et al., 2001). Infection of endothelial cells and monocyte/macrophages,
leading to a cascade of events characterized by the release of cytokines
and oxygen-free radicals, may trigger a series of events, including co-
agulation, fibrinolysis, plasma leakage, and hypotension. Cytokine
dysregulation has not been studied in wild-type YF infections, nor
are there studies of direct endothelial infection and injury by YF virus,
but it may be conjectured that these are important factors in
pathogenesis (Fig. 4).

J. Encephalopathy

In the terminal stage of infection, humans and monkeys develop
depression, stupor, and coma, which is probably metabolic in origin.
Contributing factors include hypoglycemia (due to impaired glycogen-
olysis by the liver), hypotension, and acidosis. Changes in tissue
concentrations of water and electrolytes in various compartments of
the central nervous system have been described, particularly intracel-
lular dehydration of the medulla, cerebellum, and spinal cord (Liu and
Griffin, 1982). Liver failure probably contributes to encephalopathy.
Elevated plasma ammonia levels have been noted in one human case
(Colebunders et al., 2002). As noted previously, neuroinvasion by YF
virus and true encephalitis are extremely rare events in viscerotropic
YF infection.

K. Interactions with the Immune System

Approximately 3–4 log10 of YF virus are inoculated by the hema-
tophagous female mosquito (Turell, 1988). The virus is deposited
mainly in the extravascular tissues of the host during probing, as
saliva injected intravascularly is apparently reingested by the mos-
quito during blood feeding (Turell and Tammariello, 1993). If YF and
dengue share similar infection patterns, dendritic cells in the epider-
mis may be the first cells to undergo productive infection (Marovich
et al., 2001). In the immunized host, the small virus inoculum would
encounter antibodies in extracellular transudate and lymph. This sug-
gests that a low level of immunity would be sufficient to protect the
host against disease, but it is not known whether immunity is suffi-
cient to sterilize the mosquito inoculum. Individuals immunized previ-
ously with YF 17D vaccine (Monath et al., 2002b; Sweet et al., 1962)
or persons to whom a vaccine virus is inoculated together with immune
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serum (Sawyer et al., 1932) often show a booster or primary immune
response, respectively, indicating that preformed antibody is insuffi-
cient for sterilizing immunity.

In the immunologically naive human host infected with YF virus,
nonspecific innate immune responses provide the first line of defense
against infection. There are few specific studies on the innate immune
response to YF virus, but there is no reason to doubt that the mecha-
nisms differ from those described for other flaviviruses. Natural killer
(NK) cells and type I interferons protect the host during the early
phase of virus replication, before the appearance of specific cytotoxic
T cells and antibodies. Peripheral blood mononuclear cells from indi-
viduals inoculated with YF 17D had cytotoxic activity against unin-
fected K562 cell targets and were presumed to represent NK cell
antiviral activity (Fagaeus et al., 1982). Sabin (1952) demonstrated
that inoculation of dengue virus simultaneously or shortly after inocu-
lation of YF 17D vaccine delayed the onset and ameliorated dengue
illness. This is not the result of cross-protective adaptive immunity,
as interference between YF and a completely unrelated orbivirus
(UGMP-359) was demonstrated in vivo (David-West, 1975). Moreover,
nonhuman primates inoculated with YF 17D vaccine and challenged
with virulent virus 1–3 days later (prior to the appearance of anti-
bodies) were partially protected (Smithburn and Mahaffy, 1945). These
interference phenomena were mediated by interferons, other
cytokines, NK cells, or other nonspecific host resistance factors.

Because one in approximately seven persons infected with YF virus
develops clinical illness (Monath et al., 1980), it is clear that the innate
immune system may fail to protect the host. In flavivirus-infected
cells, TAP-dependent peptide transport into the ER is enhanced
(Momburg et al., 2001; Müllbacher and Lobigs, 1995). Unlike other vir-
uses that downregulate MHC I protein processing, flaviviruses may
increase the expression of MHC I proteins on the cell surface through
the increased supply of peptides and through the action of interferon.
Because MHC I proteins protect cells against attack by NK cells, the
flavivirus-infected cell may avoid clearance by this important innate
immune mechanism.

In vitro replication of YF is inhibited in vitro by type I interferons.
Rhesus monkeys treated with a potent inducer of interferon-�
[poly(I)–poly(C)] before or shortly after infection developed modestly
elevated serum interferon levels and were protected against lethal
YF infection (Stephen et al., 1977). Vaccination of humans with 17D
virus results in a serum interferon response (Wheelock and Sibley,
1965). During the early phase of infection with 17D virus, elevated
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levels of the interferon-dependent enzyme 20,50-oligoadenylate synthe-
tase were found in T and B cells (Bonnevie-Nielsen et al., 1995).
Because interferon appears shortly after viremia and interferon may
be effective if given shortly after infection (Stephen et al., 1977), it
could play a role in recovery from natural infection. Studies indicate
that the 20,50-oligoadenylate synthetase system is under genetic con-
trol, at least in the mouse. This host resistance mechanism could be
very important in determining susceptibility to YF virus.

Interferon-� activates nonspecific antiviral host defense mecha-
nisms, including NK cells and CD14þ monocyte/macrophages, and up-
regulates MHC class I and II, Th1-dependent immunoglobulin
synthesis, and CTL activity (Kurane et al., 1989a, 1989b). Monkeys
treated with interferon-� had lower YF viremia and liver injury
(Arroyo et al., 1988), and interferon-� knockout mice demonstrated de-
ficient YF viral clearance and had reduced numbers of inflammatory
cells after intracerebral inoculation compared to parental mice
(Liu and Chambers, 2001). It is uncertain whether the in vivo effects
were due to the immunomodulatory activity of interferon-�, cytokines
induced, or a direct antiviral effect (Kundig et al., 1993).

In addition to interferon-�, a variety of proinflammatory cytokines
and markers of T-cell activation have been found during the early vire-
mic period following vaccination in humans receiving YF vaccine, in-
cluding TNF-�, IL-1Ra, neopterin, �2-microglobulin, and circulating
CD8þ T cells (Hacker et al., 1998, 2001; Reinhardt et al., 1998). It is
likely that similar (if not more pronounced) responses occur in persons
infected with the wild-type YF virus.

As mentioned previously, at least seven persons are infected for
every one that develops illness, in contrast to the highly susceptible
rhesus macaque that develops uniformly fatal infection with some YF
virus strains. Following IP inoculation, the LD50 of the Asibi strain in
the monkey is 0.01 mouse intracerebral LD50, or approximately 0.2
PFU. Higher virus doses shorten the incubation period but not the
lethal outcome of infection, implying that NK cells, interferons,
and other innate immune responses are insufficient to clear even a
minimal infection in highly susceptible monkey species.

1. Adaptive Immune Response

Infection with YF virus or vaccine is followed by rapid development
of a specific immune response. Neutralizing antibodies, cytolytic anti-
bodies against viral proteins on the surface of infected cells, antibody-
dependent cell-mediated cytotoxicity (ADCC), and cytotoxic T cells are
presumed to mediate the clearance of primary infection. However,

PATHOGENESIS AND PATHOPHYSIOLOGY OF YF 375



there are few data on responses other than humoral immunity in YF.
Neutralizing antibodies appear 7–8 days after YF virus infection (4–5
days after disease onset) (Berry and Kitchen, 1931). The humoral
response to YF virus is characterized by the appearance of IgM-
neutralizing antibodies during the first week of illness (Lhuiller and
Sarthou, 1983; Monath et al., 1981b). Virus-specific cellular immune
responses have not been measured in cases of natural infection with
YF virus, but probably occur at the same time antibodies appear or
even earlier. Thus, the appearance of adaptive immunity coincides
with the clinical crisis and visceral injury during the period of intoxica-
tion. Circulating infectious virus or viral genomes detected by
polymerase chain reaction, (PCR), as well as hemagglutinating, com-
plement-fixing, or immunoprecipitating antigen (Hughes, 1933;
Tigertt et al., 1960), may be found in blood together with antibody
during the period of intoxication. This suggests that immune clearance
(virus–antibody complexes, complement activation, CTL-mediated
clearance of infected cells, and release of cytokines) may contribute
to pathogenesis, capillary leak, and shock. Although there is no direct
evidence to support the notion of an immunopathological mechanism
in acute YF infection, this is certainly an area for future investigation.
It is worth mentioning here reports in the literature of antibody-
mediated enhancement of YF (Barrett and Gould, 1986; Gould et al.,
1987) and other flavivirus encephalitis in rodent models. Acceleration
of death occurs when the IgG antibody directed against the E protein is
administered to animals that already have large amounts of viral anti-
gen in the brain parenchyma. Immunopathological events may also
contribute to naturally acquired flavivirus encephalitis, as neuroinva-
sion occurs late after infection. While there is no evidence that indirect
immunopathological mechanisms underlie visceral tissue damage in
YF, there have been no studies of immune suppression of hamsters
or monkeys undergoing viscerotropic infection to dissect the role of
immunity in liver injury.

Individuals with preexisting immunity to heterologous flaviviruses
develop broadly cross-reactive antibody responses following infection
with YF virus. In contrast to dengue, where the heterologous (enhan-
cing) antibody may aggravate disease, heterologous flavivirus immu-
nity may cross-protect against YF. Rhesus monkeys infected
previously with dengue virus were protected against YF virus chal-
lenge, whereas passive transfer of the dengue antibody had no effect,
suggesting that cellular immunity was responsible (Snijders et al.,
1934; Theiler and Anderson, 1975). Monkeys immunized actively with
Zika and Wesselsbron viruses were also protected against YF virus
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challenge (Henderson et al., 1970). Other studies indicated that
humans with prior exposure to unspecified African flaviviruses ex-
perienced a lower incidence of YF disease than individuals with
primary YF infections (Monath et al., 1980). These observations indi-
cate that prior flavivirus immunity provide protection rather than
immunological enhancement of YF infection.

Antibodies are generated against the YF virus NS1 protein, which is
present in the cytoplasm and on the surface of infected cells and is also
secreted from infected cells. Mice and monkeys immunized against
NS1 developed complement-mediated cytolytic antibodies and were
protected against YF challenge (Gould et al., 1986; Putnak and
Schlesinger, 1990; Schlesinger et al., 1986). Monoclonal antibodies
against NS1 having high complement-fixation (CF) activity protected
animals after passive administration (Gould et al., 1986; Schlesinger
et al., 1985). It was suggested that antibodies against NS1 expressed
on cell membranes lead to complement-mediated cytolysis and clear-
ance of infected cells (Schlesinger et al., 1995). In humans with acute
YF virus infections, a soluble complement-fixing antigen (presumably
NS1) is present in serum (Tigertt et al., 1960), and strong CF antibody
responses (presumably directed against NS1) are found by early conva-
lescence. It is presently uncertain whether anti-NS1 contributes to
protective immunity against reinfection, plays a role in virus clearance
and recovery from infection, or both.

Cytotoxic T lymphocytes mediate killing of flavivirus-infected
cells and contribute to viral clearance during primary infection. In stud-
ies of T- and B-cell knockout mice with YF virus encephalitis induced by
IC inoculation of virus, bothCD4þ cells and antibodies were shown to be
critical mediators of protection (Liu and Chambers, 2001). Very little is
known about the human cellular immune responses to YF. There are no
data on cellular responses to wild-type YF virus, and only four human
subjects vaccinated with YF 17D have been studied (Co et al., 2002).
All subjects responded to vaccination by lymphoproliferation and cyto-
toxic T-cell and interferon-� production in ELISPOT assays. Antigen-
specific responses by interferon-� ELISPOT assay were observed at
the earliest time point (14 days) and the latest time point (19 months)
examined after vaccination. CD8þ T-cell lines were established from
the subjects, most being HLA B35 restricted. CD8þ T-cell epitopes
were found in E, NS1, NS2B, and NS3, with T-cell frequencies specific
for these epitopes in the range of 10�4. van der Most et al. (2002)
used the mouse model to show that NS3 contained a CD8þ T-cell epi-
tope, whereas the E protein contained CD8þ epitopes and a CD4þ

epitope.
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2. Antibody-Dependent Enhancement

Antibody-dependent enhancement of YF replication in monocyte–
macrophages has been demonstrated in vitro. YF virus replicated to
higher titers in U937 cells in the presence of serum IgG from human
subjects immunized previously with 17D vaccine (Schlesinger and
Brandriss, 1981). Monoclonal antibodies with YF virus-specific or fla-
vivirus group reactivity enhanced YF virus growth in murine macro-
phage (P388D1) cells. Enhancement is mediated by virus complexed
with a nonneutralizing antibody, which attaches to Fc� type I or II re-
ceptors on cells. However, enhancement in macrophage-like cells was
demonstrated in the presence of neutralizing antibody. This suggested
that Fc� receptor-bearing cells may facilitate YF virus infection in an
immune host, whereas cells with other virus receptors are protected
(Schlesinger and Brandriss, 1981). This observation may explain why
individuals with YF-neutralizing antibodies who are revaccinated with
YF 17D vaccine develop increases in serum antibodies (Monath et al.,
2002b; Wisseman and Sweet, 1962).

Evidence for in vivo enhancement mediated by YF antibodies is
mixed. In one study, human volunteers immunized previously with
YF 17D had increased immune responses to live dengue-2 vaccine,
possibly due to an antibody-mediated enhancement of dengue virus
replication (Bancroft et al., 1981; Scott et al., 1983) or to a rapid expan-
sion of group-reactive memory T- and B-cell clones. Subjects with prior
YF immunity who were inoculated with a live chimeric YF/Japanese
encephalitis vaccine had slightly higher viremias than naı̈ve
subjects, also suggesting the possibility of immune enhancement
(Monath et al., 2002b). As noted earlier, there is no evidence for en-
hancement of YF infection by heterologous flavivirus immunity. How-
ever, it is possible that natural or artificial YF immunity may modulate
disease expression by dengue viruses. The ‘‘natural experiment’’ is un-
derway in South America, where dengue viruses have recently invaded
the region endemic for YF.

3. Other Host Factors Affecting Susceptibility

YF virus appears to be more lethal at the extremes of age, in infants
and in the elderly (Beeuwkes, 1936; Hanson, 1929; Jones and Wilson,
1972; MacNamara, 1955). YF occurs at higher incidence in males than
in females. The gender difference is determined by occupational expo-
sure to infected mosquitoes in South America, but an epidemiological
explanation for the excess of cases in males is less clear in Africa. In
a large clinical trial of YF 17D vaccines, the neutralizing antibody

378 THOMAS P. MONATH AND ALAN D. T. BARRETT



response was statistically significantly higher in males than in females
(Monath et al., 2002c). Moreover, the incidence of postvaccinal enceph-
alitis caused by FNV vaccine (Rey et al., 1966) and 17D vaccine (see
later) was higher in males than in females. These data suggest that
males undergo a more active infection with YF viruses than females.

Genetic determinants are known to determine the susceptibility of
mice to flavivirus infections and to influence immune responses. Some
evidence suggests that genetic factors determine the human responses
to YF infection. In older reports of YF epidemics, the lethality of YF
was noted to be lower in blacks than in whites, but the role of acquired
immunity in resistance could not be separated from genetic factors.
However, whites had a higher incidence of DHF than blacks during
the epidemic in Cuba in 1981, while there was no racial difference in
the background of immunity (Bravo et al., 1987). Reports of YF vac-
cine-associated viscerotropic adverse events (see later) also indicate
that genetic factors control susceptibility.

Protein-calorie malnutrition has been associated with a failure to
respond immunologically to 17D vaccine. In a study of eight children
(mean age 2 years) with kwashiorkor, only one seroconverted after 17D
vaccination, compared to five of six controls (Brown and Katz, 1966).
Although there are no reports, it is likely thatmalnourished individuals
would have more severe disease caused by wild-type YF virus.

The neutralizing antibody responses to 17D vaccine were impaired
significantly in pregnant women compared to nonpregnant females
(Nasidi et al., 1993). The difference was attributed to the immunosup-
pression associated with pregnancy. Surprisingly, pregnancy has not
been reported as a risk factor for the severity of wild-type YF disease.

The rising prevalence of HIV infection in YF endemic areas repre-
sents an important acquired risk factor affecting viremia and interhu-
man transmission of YF by mosquitoes, the severity of disease
expression, and susceptibility to YF 17D vaccine-associated adverse
events. Reduced seroconversion rates following YF 17D vaccination
of HIV-infected subjects have been reported (Sibailly et al., 1997).
Because both HIV and 17D target for human lymphoid cells, it is
possible that HIV infection interferes with replication of 17D vaccine.
However, it is significant that there has been no recorded increase in
the incidence of reversion to virulence of 17D vaccine in HIV-infected
subjects who are potentially immunosuppressed.

Smoking enhanced the immune response to YF 17D vaccine
(Monath et al., 2002c). There are few studies on the effect of smoking
on the immune system, butmost report a suppressive effect, for example,
after hepatitis B vaccine (Roome et al., 1993). In the case of 17D vaccine,
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it was postulated that the adaptive immune response might be en-
hanced by the suppression of innate immune responses (e.g., NK cell
function) attributable to smoking.

VII. RESPONSES TO LIVE YELLOW FEVER (YF) 17D
VACCINE IN HUMANS

The YF 17D vaccine was developed in 1936 by empirical passage
of the prototype Asibi virus in substrates that were restrictive for
growth (minced mouse embryo followed by minced whole chick
embryo). Loss of viscerotropism for monkeys occurred between the
89th and the 114th passages, and a marked reduction in mouse neuro-
virulence occurred between the 114th and the 176th passages (Theiler,
1951). Monkeys developed solid immunity against challenge with wild-
type YF virus. The vaccine came into wide-scale use in the late 1930s.
YF 17D vaccines are not plaque purified and contain heterogeneous
subpopulations of plaque-size variants with differing biological proper-
ties, including mouse neurovirulence (Gould et al., 1989; Liprandi,
1981; Xie et al., 1998). Nucleotide sequence heterogeneities within
structural and nonstructural genes and the 30 noncoding region
indicate the quasispecies nature of the YF 17D vaccine (Pugachev
et al., 2002). Despite these observations suggesting the possibility of
genetic instability, the vaccine has a long history of safe and effective
use. No individual plaque variant found in the commercial 17D vaccine
has shown a mouse neurovirulence phenotype that exceeds the vaccine
itself. Xie et al. (1998) sequenced 17D virus strains isolated from the
sera of six subjects given the YF 17D vaccine and found the genomes
to be identical to the vaccine virus administered to the recipients
except for no more than two nucleotide changes that were found in
NS5. Similarly, virus strains recovered from sera of monkeys 30 days
after the intracerebral inoculation of 17D-204 vaccine contained
no mutations or a single silent mutation in NS5 (Xie et al., 1998). In
addition, the truly clonal chimeric YF 17D virus used as a vector
for foreign genes has been safe and immunogenic (Monath et al.,
2002b), indicating that the quasispecies nature of the 17D vaccine is
not critical to vaccine performance.

This being said, rare mutational events in YF 17D vaccine have been
shown to alter virulence and pathogenicity in humans. The first of two
recorded fatal cases of encephalitis occurred in 1965 in a 3-year-old
child who received the 17D vaccine (Anonymous, 1966). Jennings
et al. (1994) defined the characteristics of the virus from brain tissue
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and commercial 17D vaccines at a similar laboratory passage level.
The virus was more neurovirulent for mice and monkeys than commer-
cial YF 17D, reacted with a wild-type specific monoclonal antibody, and
contained mutations at E155 and E303 and a mutation in NS4B. The
potential role of these mutations in neurovirulence, particularly the
change at position E-303, was discussed in Section III.

Viremia is a measure of virus replication in extraneural tissues and
is reflective of viscerotropism of the virus. Whereas the wild-type YF
virus causes high viremias in monkeys and humans, the 17D vaccine
induces minimal virus titers in circulating blood. Viremia has been
measured in a number of studies, but may be illustrated in three
reports using modern methods for infectivity determinations. In one
study of 15 young adults (Wheelock and Sibley, 1965), 14 (93.3%) had
low-titer viremias 3–6 days after vaccination. In a second study,
30–60% of the subjects had detectable viremias between days 4 and 6
after vaccination. (Monath et al., 2002b). The mean duration of viremia
was approximately 2 days; the mean peak virus titer in serum was<20
PFU/ml, and in no case did viremia exceed 2 log10 PFU/ml. Similarly,
Reinhardt et al. (1998) studied viremia in 12 naı̈ve adults 18–50
years of age, and by means of plaque assay and reverse transcrip-
tion-polymerase chain reaction (RT-PCR). The highest incidence of vi-
remia by the plaque assay was on days 5 (42%) and 6 (33%), the
duration of viremia was 1–3 days, and the peak titer was 97 PFU/ml
with most values <20 PFU/ml. All 12 subjects, including 5 who had
no viremia by plaque assay, were positive by RT-PCR, and sera con-
tained detectable viral RNA at least 1 day longer than by the infectiv-
ity assay. There are no data on viremia levels in infants or in the
elderly or in immunosuppressed subjects who are at higher risk of neu-
roinvasion with YF 17D virus.

Cessation of viremia occurs at the time of appearance of neutralizing
antibodies. Neutralizing antibodies following inoculation of YF 17D
are found in 10% of subjects by day 7 and in 90% 10–14 days
after immunization (Bonnevie-Nielsen et al., 1995; Lang et al., 1999;
Monath, 1971; Smithburn and Mahaffy, 1945). Immunity is remark-
ably long lasting. This was confirmed by a study of World War II vet-
erans conducted 30–35 years after vaccination with a single dose of
17D vaccine (Poland et al., 1981). The reason for durable immunity
following YF 17D is uncertain. Persistent YF infections in animals
have been reported, including virus recovery from brain up to 159 days
(Penna and Bittencorp, 1943), from sera 4 weeks after IC inoculation of
monkeys (Xie, 1997), and from brain tissue of mice 4 weeks after inocu-
lation (Gould et al., 1989). These observations, as well as the prolonged
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synthesis of IgM antibodies in persons immunized with 17D virus
(Monath, 1971), suggest that chronic persistent infection or storage
of antigen in vivo, possibly in follicular dendritic cells, may explain
the durability of the human immune response.

A. YF Vaccine-Associated Serious Adverse Events

1. Vaccine-Associated Neurotropic Adverse Events

(Postvaccinal Encephalitis)

Cases of encephalitis caused by YF 17D vaccine have occurred prin-
cipally, but not exclusively, in very young infants. A total of 26 cases
are recorded in the published literature, of which 15 (13 in infants �

4 months of old) occurred during the 1950s, before restriction of use
of the vaccine in infants under 6–9 months (the age restriction varies
according to different published guidelines) (Centers for Disease
Control, 2002; Monath, 1999).

The incidence of postvaccinal encephalitis in very young infants has
been estimated at 0.5–4/1000 based on two reports that provide de-
nominator data (Louis et al., 1981; Stuart, 1956). In contrast, the risk
of developing encephalitis in persons over 9 months of age (the current
minimum age recommended for routine immunization in the United
States) is estimated as �1/400,000 based on the number of doses dis-
tributed in the United States in 2001–2002 and reports to the Vaccine
Adverse Event Reporting System (Centers for Disease Control, 2002).
As might be expected from the attenuated phenotype of YF 17D
after IC inoculation of rhesus monkeys, YF 17D encephalitis in
humans is generally self-limited. The clinical course is typically brief,
and recovery is usually complete. One 3-year-old patient died
(Anonymous, 1966), and a 29 year old (Merlo et al., 1993) had residual
mild ataxia 11 months after onset. A report of fatal encephalitis in an
adult male with immune suppression due to HIV was presumably
caused by a diminished immune response, allowing neuroinvasion
and unrestrained replication of the vaccine virus in the CNS
(Kengsakul et al., 2002).

The increased risk of encephalitis in young infants parallels the in-
creased susceptibility of suckling mice to neuroinvasion and neuro-
virulence of YF 17D virus. The possible reasons for the age-related
susceptibility include (1) immaturity of the blood–brain barrier; (2)
prolonged or higher viremia; and (3) immaturity of the immune system
and delayed clearance of the infection. There are no data on 17D
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viremia levels or on the kinetics of the immune response in infants.
The incidence of encephalitis following 17D vaccine has been higher
in males (18/25 cases of known gender, 72%) than in females.

2. Vaccine-Associated Viscerotropic Adverse Events

This represents a newly recognized rare complication of 17D vac-
cines. Cases have been associated with vaccines manufactured in
Brazil (17DD substrain), France, England, and the United States
(17D-204 substrain). At least 13 cases (7 fatal, 54%) have been de-
scribed of a syndrome closely resembling wild-type yellow fever; 9 case
histories have been reported (Centers for Disease Control, 2002; Chan
et al., 2001; Martin et al., 2001; Vasconcelos et al., 2001 ). Eleven cases
occurred in adults immunized for travel and 2 were in children and
young adults living in an endemic region. Six cases were in persons
>60 years, who had a complex clinical presentation labeled ‘‘multior-
gan failure,’’ reflecting some uncertainty as to the role of YF 17D in
direct viral injury, and who did not have sufficient postmortem evalu-
ation to clarify pathogenesis. In persons surviving long enough to
evaluate the immune response, antibody titers to yellow fever were
much higher than expected (�1:10,240) (Martin et al., 2001), consis-
tent with an overwhelming infection (although a secondary response
in the setting of prior heterologous flavivirus exposure was not ruled
out). In contrast, virological evidence in cases occurring in Brazil and
Australia supported the conclusion that an overwhelming infection
with 17D virus was responsible (Chan et al., 2001; Vasconcelos et al.,
2001). The syndrome was essentially identical to wild-type YF, with
rapid onset of fever and malaise 2–5 days of vaccination, jaundice,
oliguria, cardiovascular instability, hemorrhage, and midzonal necro-
sis of the liver at autopsy. Large amounts of YF viral antigen were
found in liver, heart, and other affected organs. The incidence is still
uncertain, but may be as high as 1/300,000–400,000.

YF vaccine-associated viscerotropic adverse events are apparently
not caused by mutations arising in the virus, but appear to be related
to genetically determined host susceptibility. Analyses of the vaccine
lots, seed viruses, and isolates recovered from patients revealed no
mutations in the vaccine that could explain the adverse events (Galler
et al., 2001). Virus recovered from tissues of a fatal case was inoculated
into the livers of rhesus monkeys. The animals had typical YF 17D
viremias and showed no signs of hepatic dysfunction or anatomical
evidence of liver injury.
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VIII. SUMMARY

It will be apparent to the reader that there is much to learn about
the pathogenesis of YF. The role of specific genes and molecular deter-
minants of neurotropism and viscerotropism has been defined only
partially. The availability of infectious clones and a small animal (ham-
ster) model should allow dissection of virulence factors, which can then
be tested in the more difficult monkey model. The marked differences
between wild-type YF strains should be evaluated by evaluating the
relationships between virulence and genome sequence. The role of
cytokine dysregulation and endothelial injury in YF will be elucidated
as access to patients and of patients to more sophisticated medical
care improves. The number of cases of YF in unvaccinated travelers
hospitalized after return from the tropics has unfortunately increased,
but such cases afford unique opportunities to study the pathogenesis
of renal failure, coagulopathy, vascular instability, and shock, as well
as new treatment modalities. At the cellular level, there are also
important opportunities for research on YF virus–cell receptor inter-
actions, the control of apoptotic cell death, and the predilection for cells
of the midzone of the liver lobule. The role of dendritic cells in the early
stage of YF infection is deserving of study. Finally, the role of the
immune response to infection, particularly cellular immunity, is poorly
characterized, and the suggestion that immune clearance may aggra-
vate the condition of the host during the period of intoxication should
be evaluated in appropriate animal models.
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MacNamara, F. N. (1955). ‘‘Man as the Host of the Yellow Fever Virus,’’ pp. 1–140. MD
Thesis. Cambridge Univ. Press, Cambridge, UK.

MacNamara, F. N. (1957). A clinico-pathological study of yellow fever in Nigeria. W. Afr.

Med. J. 6:137.
Mandl, C. W., Allison, S. L., Holzmann, H., et al. (2000). Attenuation of tick-borne

encephalitis virus by structure-based site-specific mutagenesis of a putative flavivirus
receptor binding site. J. Virol. 74:9601–9609.

Mandl, C. W., Holzmann, H., Meixner, T., et al. (1998). Spontaneous and engineered
deletions in the 30 noncoding region of tick-borne encephalitis virus: Construction of
highly attenuated mutants of a flavivirus. J. Virol. 72:2132–2140.

Marianneau, P., Cardona, A., Edelman, L., et al. (1997). Dengue virus replication in
human hepatoma cells activates NF-kappa B which in turn induces apoptotic cell
death. J. Virol. 71:3244–3249.

Marianneau, P., Steffan, A.-M., Royer, C., et al. (1998). Differing infection patterns of
dengue and yellow fever viruses in a human hepatoma cell line. J. Infect. Dis.

178:1270–1278.

PATHOGENESIS AND PATHOPHYSIOLOGY OF YF 389



Markoff, L. S., Innis, B. L., Houghton, R., and Henchal, L. S. (1993). Development of
cross-reactive antibodies to plasminogen during the immune response to dengue.
J. Infect. Dis. 64:294–301.

Marotto, M. E., Thurman, R. G., and Lemasters, J. J. (1988). Early midzonal cell death
during low-flow hypoxia in the isolated, perfused rat liver: Protection by allopurinol.
Hepatology 8:585–590.

Marovich, M., Grouard-Vogel, G., Louder, M., Eller, M., Sun, W., Wu, S. J., Putvatana, R.,
Murphy, G., Tassaneetrithep, B., Burgess, T., Birx, D., Hayes, C., Bat Schlesinger-
Frankel, S., and Mascola, J. (2001). Human dendritic cells as targets of dengue virus
infection. J. Invest. Dermatol. Symp. Proc. 6:219–224.

Martin, M., Tsai, T. F., Cropp, C. B., et al. (2001). Fever and multisystem organ failure
associated with 17D-204 vaccination: a report on four cases. Lancet 358:98–104.

Martinez-Barragan, J. J., and del Angel, R. M. (2001). Identification of a putative
coreceptor on Vero cells that participate in dengue-4 virus infection. J. Virol.

75:7818–7827.
McArthur, M. A., Suderman, M. T., Mutebi, J.-P., Xiao, S.-Y., and Barrett, A. D. T. (2003).
Molecular characterization of a hamster viscerotropic strain of yellow fever virus.
J. Virol 77:1462–1468.

McGavran, M. H., and White, J. D. (1964). Electron microscopic and immunofluorescent
observations on monkey liver and tissue culture cells infected with the Asibi strain of
yellow fever virus. Am. J. Pathol. 45:501–517.

McMinn, P. C., Marshall, I. D., and Dalgarno, L. (1995). Neurovirulence and neuroinva-
siveness of Murray Valley encephalitis virus mutants selected by passage in a monkey
kidney cell line. J. Gen. Virol. 76:865–872.

Men, R., Bray, M., Clark, D., et al. (1996). Dengue type 4 virus mutants containing
deletions in the 30 noncoding region of the RNA genome: Analysis of growth restriction
in cell culture and altered viremia pattern and immunogenicity in rhesus monkeys.
J. Virol. 70:3930–3937.

Merlo, C., Steffen, R., Landis, T., et al. (1993). Possible association of encephalitis and
17D yellow fever vaccination in a 29-year-old traveller. Vaccine 11:691.

Mims, C. A. (1987). ‘‘The Pathogenesis of Infectious Disease.’’ Academic Press, London.
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borne encephalitis virus at 2Å resolution. Nature 375:291–298.

Rey, M., Satge, P., Collomb, H., et al. (1966). Aspects épidémiologiques et cliniques des
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50:1463.
Stephen, E. L., Sammons, M. L., Pannier, W. L., et al. (1977). Effect of a nuclease-

resistant derivative of polyriboinosinic-polyribocytidylic acid complex on yellow fever
in rhesus monkeys (Macaca mulatta). J. Infect. Dis. 136:122–126.

Stevenson, L. D. (1939). Pathological changes in the central nervous system in yellow
fever. Arch. Pathol. 27:249.

Stuart, G. (1956). Reactions following vaccination against yellow fever. In ‘‘Yellow
Fever Vaccination’’ (K. C. Smithburns, et al., ed.),p. 143. World Health Organization,
Geneva.

Su, H. L., Lin, Y. L., Yu, H. P., Tsao, C. H., Chen, L. K., Liu, Y. T., and Liao, C. L. (2001).
The effect of human bcl-2 and bcl-X genes on dengue virus-induced apoptosis in
cultured cells. Virology 282:141–153.

Suharti, C., van Gorp, E. C., Setiati, T. E., Dolmans, W. M., Djokomoeljanto, R. J., Hack,
C. E., Ten, C. H., and van der Meer, J. W. (2002). The role of cytokines in activation of
coagulation and fibrinolysis in dengue shock syndrome. Thromb Haemost 87:42–46.

PATHOGENESIS AND PATHOPHYSIOLOGY OF YF 393



Sweet, B. H., Wisseman, C. J., Jr., and Kitaoka, M. (1962). Immunological studies with
group B arthropod-borne viruses. II. Effect of prior infection with Japanese encephal-
itis virus on the viremia in human subject following administration of 17D yellow fever
vaccine. Am. J. Trop. Med. Hyg. 11:562.

Sydow, F. F., Santiago, M. A., Neves-Souza, P. C., Cerqueira, D. I., Gouvea, A. S.,
Lavatori, M. F., Bertho, A. L., and Kubelka, C. F. (2000). Comparison of dengue
infection in human mononuclear leukocytes with mosquito C6/36 and mammalian
Vero cells using flow cytometry to detect virus antigen. Mem. Inst. Oswaldo Cruz.

95:483–489.
Tesh, R. B., Guzman, H., da Rosa, A. P., et al. (2001). Experimental yellow fever virus
infection in the golden hamster (Mesocricetus auratus). I. Virologic, biochemical, and
immunologic studies. J. Infect. Dis. 183:1431–1436.

Theiler, M. (1951). The virus. In ‘‘Yellow Fever’’ (G. K. Strode, ed.),pp. 46–136. McGraw
Hill, New York.

Theiler, M., and Anderson, C. R. (1975). The relative resistance of dengue-immune
monkeys to yellow fever virus. Am. J. Trop. Med. Hyg. 24:115–117.

Tigertt, W. D., Berge, T. O., Gochenour, W. S., et al. (1960). Experimental yellow fever.
Trans. N. Y. Acad. Sci. 22:323–333.

Turell, M. J. (1988). Horizontal and vertical transmission of viruses by insect and tick
vectors. In ‘‘The Arboviruses; Epidemiology and Ecology’’ (T. P. Monath, ed.), Vol. 1, pp.
127–152. CRC Press, Boca Raton, Fla.

Turell, M. J., Tammariello, R. F., and Spielman, A. (1995). Nonvascular delivery of
St. Louis encephalitis and Venezuelan equine encephalitis by infected mosquitoes
(Diptera Culicidae) during feeding on a vertebrate host. J. Med. Entomol. 32:563–568.

van der Most, R. G., Corver, J., and Strauss, J. H. (1999). Mutagenesis of the RGD motif
in the yellow fever virus 17D envelope protein. Virology 265:83–95.

van der Most, R. G., Murati-Krishna, K., Ahmed, R., et al. (2000). Chimeric yellow fever/
dengue virus as a candidate dengue vaccine: Quantitation of the dengue-specific CD8+

T-cell response. J. Virol. 74:8094–8101.
van Gorp, E. C., Minnema, M. C., Suharti, C., Mairuhu, A. T., Brandjes, D. P., ten Cate,
H., Hack, C. E., and Meijers, J. C. (2001). Activation of coagulation factor XI, without
detectable contact activation in dengue haemorrhagic fever. Br. J. Haematol.

113:94–99.
van Gorp, E. C., Setiati, T. E., Mairuhu, C., Cate, Ht. H., Dolmans, W. M., Van Der Meer,
J. W., Hack, C. E., and Brandjes, D. P. (2002). Impaired fibrinolysis in the pathogenesis
of dengue hemorrhagic fever. J. Med. Virol. 67:549–554.

Vasconcelos, P. F. C., Luna, E. J., Galler, R., et al. (2001). Serious adverse events
associated with yellow fever 17DD vaccine in Brazil: Report of two cases. Lancet

358:91–97.
Vieira, W. T., Gayotto, L. C., De Lima, C. P., et al. (1983). Histopathology of the human
liver in yellow fever with special emphasis on the diagnostic role of the Councilman
body. Histopathology 7:195–208.

Wang, E., Ryman, K. D., Jennings, A. D., et al. (1995). Comparison of the genomes of the
wild-type French viscerotropic strain of yellow fever virus with its vaccine derivative
French neurotropic vaccine. J. Gen. Virol. 76:2749–2755.

Wang, E., Weaver, S. C., Shope, R. E., et al. (1996). Genetic variation in yellow fever
virus: Duplication in the 30 noncoding region of strains from Africa. Virology 225:274.

Wang, S., He, R., and Anderson, R. (1999). prM-and cell-binding activities domains of the
dengue virus E protein. J. Virol. 73:2547–2551.

394 THOMAS P. MONATH AND ALAN D. T. BARRETT



Wheelock, E. F., and Edelman, R. (1969). Specific role of each human leukocyte type in
viral infections. III. 17D yellow fever virus replication and interferon production in
homogeneous leukocyte cultures treated with phytohemagglutinin. J. Immunol

103:429–436.
Wheelock, E. F., and Sibley, W. A. (1965). Circulating virus, interferon and antibody after

vaccination with the 17-D strain of yellow-fever virus. N. Engl. J. Med 273:194–198.
Wilkinson, S. P., Arroyo, V. A., Moodie, H., Blendis, L. M., and Williams, R. (1976).

Abnormalities of sodium excretion and other disorders of renal function in fulminant
hepatic failure. Gut 17:501–505.

Wisseman, C. L., Jr., and Sweet, B. (1962). Immunological studies with group B
anthropod-borne viruses. III. Response of human subjects to revaccination with 17D
strain yellow fever vaccine. Am. J. Trop. Med. Hyg. 11:570.

Wisseman, C. L., Jr., Sweet, B. H., Rosenzweig, E. C., et al. (1963). Attenuated living type
1 dengue vaccines. Am. J. Trop. Med. Hyg. 12:620–623.

Xiao, S. Y., Zhang, H., Guzman, H., and Tesh, R. B. (2001). Experimental yellow fever
virus infection in the golden hamster (Mesocricetus auratus). II. Pathology. J. Infect.
Dis. 183:1437–1444.

Xie, H. (1997). Mutations in the Genome of Yellow Fever 17D-204 Vaccine Virus Accu-
mulate in the Nonstructural Protein Genes. Ph.D. Dissertation, University of Texas
Medical Branch, Galveston, Tex.

Xie, H., Ryman, H. D., Campbell, G. A., et al. (1998). Mutation in NS5 protein attenuates
mouse neurovirulence of yellow fever 17D vaccine virus. J. Gen. Virol. 79:1895–1899.

Yang, J. -S., Ramanathan, M. P., Muthumani, K., et al. (2002). Induction of inflammation
by West Nile virus capsid through the caspase-9 apoptotic pathway. Emerg. Infect. Dis.

8:1379–1384.
Zanotto, P. M., Gould, E. A., Gao, G. F., et al. (1996). Population dynamics of flaviviruses

revealed by molecular phylogenies. Proc. Natl. Acad. Sci. USA 93:548–553.
Zeng, L., Falgout, B., and Markoff, L. (1998). Identification of specific nucleotide se-

quences within the conserved 30-SL in the dengue type 2 virus genome required for
replication. J. Virol. 72:7510–7522.

Zisman, B., Wheelock, E. F., and Allison, A. C. (1971). Role of macrophages and antibody
in resistance of mice against yellow fever virus. J. Immunol. 107:236–243.

PATHOGENESIS AND PATHOPHYSIOLOGY OF YF 395



This Page Intentionally Left Blank



IMMUNOLOGY AND IMMUNOPATHOGENESIS OF
DENGUE DISEASE

Alan L. Rothman

Center for Infectious Disease and Vaccine Research
University of Massachusetts Medical School

Worcester, Massachusetts 01655

I. Introduction
II. Characteristics of Dengue Viruses
III. Sequential Infections with Dengue Viruses
IV. Clinical/Epidemiological Observations

A. Significance and Characteristics of the Plasma Leakage Syndrome
B. Association of Dengue Hemorrhagic Fever (DHF) with Secondary Infections

V. Cellular Immunology of Dengue Viruses
A. Populations Studied
B. Immunologic Techniques Used
C. T-Cell Recognition of DEN Proteins
D. Effector Functions of DEN-Reactive T Cells
E. T-Cell Cross-Reactivity
F. Responses to Primary versus Secondary DEN Infections

VI. Immunopathogenesis of DHF
A. Mechanisms of Plasma Leakage
B. Factors Influencing DHF Risk

VII. Needs for Future Research
References

The pathophysiological basis of severe dengue disease (i.e., dengue
hemorrhagic fever [DHF]), appears to be multifactorial, involving com-
plex interactions among viral factors, host genetics, and the immuno-
logic background of the host, principally prior exposure to dengue
virus. Analysis of these processes has been limited to observational
studies of naturally infected humans because there have not been
useful animal models of dengue disease. Substantial evidence points
to dengue virus-reactive T cells as a critical effector in the development
of DHF. We are beginning to define the critical elements of T-cell
epitope specificity and functional responses that contribute to DHF.
Additional studies in well-characterized patient cohorts from different
geographic regions will be needed to advance this research and guide
new approaches to prevention and treatment of DHF.
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I. INTRODUCTION

The focus of this review is on the cellular immune responses to
dengue viruses, specifically the responses of ‘‘classical’’ T lymphocytes,
and the evidence for their participation in the pathogenesis of dengue
disease. Other chapters in this volumehave described in detail the basic
biology of dengue and other flaviviruses as well as the typical clinical
features of dengue disease. However, several of these characteristics
are critical to the understanding of the immune response to dengue vi-
ruses and to the model of T lymphocyte-mediated immunopathogenesis
of dengue disease, and therefore a brief review is in order.

II. CHARACTERISTICS OF DENGUE VIRUSES

As noted elsewhere in this volume, the designation dengue virus
(DEN) refers to not a single member of the flavivirus genus but rather
to a complex of four closely related viruses. Initial studies found these
viruses to cause identical clinical syndromes but to be distinguishable
based on the ability of convalescent serum to prevent infection (Sabin,
1952), and these viruses were therefore designated as DEN serotypes
1, 2, 3, and 4.

Molecular analysis of DEN has supported the serologic definition of
four distinct viruses. The overall amino acid sequence homology
among the DEN serotypes is �70% (Irie et al., 1989). Sequence differ-
ences are not distributed evenly across the viral genome. Sequence
differences are more frequent in the region encoding the major enve-
lope (E) protein, as compared to other gene regions, such as the NS3
region, which are more highly conserved.

III. SEQUENTIAL INFECTIONS WITH DENGUE VIRUSES

Early challenge studies in human volunteers demonstrated that in-
fection with one DEN serotype induced solid immunity to other strains
of the same (homologous) DEN serotype (Sabin, 1952). However, pro-
tection against other (heterologous) DEN serotypes was short-lived,
lasting no more than �2 months, after which individuals showed no
reduction in clinical disease compared to nonimmune (DEN-naı̈ve)
individuals.

Based on these challenge studies and observations of individuals
who acquire natural infections in endemic regions, it can be said that
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each individual can develop multiple (theoretically, up to four) sequen-
tial symptomatic DEN infections during his or her lifetime. The
first exposure to any of the four DEN serotypes is termed a primary
DEN infection. The next infection, which must involve a DEN serotype
different from the primary infection, is termed a secondary DEN
infection.

Tertiary or quaternary DEN infections have been documented only
in a limited number of cases, and it has been suggested that such infec-
tions are less often symptomatic because of partial immunity from
the multiple prior DEN infections. However, difficulty in obtaining
virologic confirmation of three separate DEN infections in endemic
regions and inability to distinguish secondary and later DEN infec-
tions on the basis of serologic test results confound the interpretation
of epidemiologic data with regard to this point.

IV. CLINICAL/EPIDEMIOLOGICAL OBSERVATIONS

A. Significance and Characteristics of the Plasma Leakage Syndrome

Efforts to achieve a fuller understanding of the pathogenesis of
dengue disease rely on consistency in the description of dengue disease.
Although its name suggests that clinically evident bleeding is patho-
gnomonic for dengue hemorrhagic fever (DHF), the consensus opinion
based on clinical experience is that morbidity and mortality related to
dengue virus infection are more related to the associated plasma leak-
age syndrome and its potential to cause circulatory shock (Anonymous,
1997). In keeping with this opinion, adequate volume repletion has
proved to be a highly successful strategy for treatment of DHF, reducing
the case–fatality rate to less than 1% in experienced hands.

Although plasma leakage has been thought to clearly distinguish
DHF from dengue fever, (DF), recent studies have called this as-
sumption into question. Detailed prospective observation of children
with acute dengue disease has shown evidence of plasma leakage in
nearly half of cases, often consisting of small pleural effusions with
<20% hemoconcentration (Kalayanarooj et al., 1997). Furthermore,
calf plethysmography of children with dengue virus infection demon-
strated abnormal microvascular permeability in many children
without clinical shock (Bethell et al., 2001). These studies suggest that
recognized DHF may represent cases at one end of a wide spectrum of
disease severity, with the same underlying pathogenesis, rather than a
disease with a distinct pathogenesis.
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Plasma leakage in DHF follows a stereotypical pattern that itself
sheds light on the mechanism of disease. Clinically overt plasma leak-
age develops and resolves rapidly over a short period of time in the
absence of complications of systemic hypotension. Further, plasma
leakage nearly always occurs late during the acute illness, at or near
defervescence. This has been shown to be approximately coincident
with clearance of plasma viremia and falls several days after peak
plasma viral titers (Vaughn et al., 1997, 2000). These features have
suggested that plasma leakage is induced by immunologic responses
rather than direct viral effects and is likely to relate to vascular
dysfunction rather than direct tissue damage, characteristics that
have been observed in cytokine-mediated plasma leakage syndromes.

B. Association of Dengue Hemorrhagic Fever (DHF) with

Secondary Infections

One of themost striking epidemiologic observations is the association
of DHF with secondary DEN infections (Halstead, 1980; Vaughn et al.,
2000). DHF clearly can occur during a primary DEN infection. This has
been observed in infants during the first year of life who have residual
anti-DENantibody from transfer across the placenta (Kliks et al., 1988),
but also in DEN-naı̈ve older children and adults. However, observa-
tional studies, as well as several well-designed prospective cohort stud-
ies, have demonstrated convincingly that the risk of DHF is 15–80 times
higher during secondary DEN infections (Burke et al., 1988; Guzman
et al., 1987; Sangkawibha et al., 1984; Thein et al., 1997). The effect of
prior immunity on DHF risk may also depend on characteristics of the
infecting virus. DEN-2 viruses belonging to the so-called ‘‘American’’
genotype have not been associated with DHF, even during secondary
infections (Watts et al., 1999). However, the vast majority of DHF cases
in highly endemic areas, such as southeast Asia, are associated with
secondary DEN infections. This epidemiologic association supports
the hypothesis that plasma leakage is mediated immunologically.

V. CELLULAR IMMUNOLOGY OF DENGUE VIRUSES

A. Populations Studied

T lymphocyte responses to DEN have been studied both in humans,
the natural vertebrate host for DEN, and in experimentally infected
nonhuman primates andmice. However, there is only limited published
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information on T lymphocyte responses to DEN in these animal models.
The similarity to humans in the course of viremia after experimental
inoculation is a distinct advantage of the nonhuman primate model of
DEN infection (Halstead et al., 1973a, 1973b). However, the limited
availability and expense of this animalmodel and the limited character-
ization of genes influencing T lymphocyte responses, such as major his-
tocompatibility antigens, represent significant obstacles to the use of
thismodel for studies of cellular immune responses toDEN. These same
factors represent advantages for use of inbred mice, and more informa-
tion has been published about T lymphocyte responses to DEN in that
species (Roehrig et al., 1992;Rothman et al., 1989, 1993, 1996; Spaulding
et al., 1999). However, there is no measurable DEN replication
after systemic infection in immunocompromised mice, and therefore
attempts to develop a mouse model to define the relationship between
immunology and disease pathogenesis have been unsuccessful to date.

There is a substantial body of published data on the T lymphocyte
responses to DEN in humans. Important limitations on these studies
are the genetic heterogeneity of the population and safety restraints
on experimentation. Although techniques exist for the characteriza-
tion of important immune response genes and genes controlling sus-
ceptibility to other diseases, it is not possible to prospectively control
for such potential influences on the risk for severe dengue disease.
The safety considerations largely preclude experimental challenge
studies designed to have a highest risk of severe disease, such as se-
quential inoculation with virus strains known to be associated with
severe disease. Subjects with severe dengue disease have been acces-
sible only in field studies in endemic regions, in which cases the exact
timing and sequence of DEN infections have been difficult to define,
virus strains have often been unavailable (especially from the primary
DEN infections), and most cases have occurred in children, limiting
the size of specimens available for analysis.

Clinical trials of candidate live-attenuated DEN vaccines have
proved to be a useful setting in which to study T lymphocyte responses
to DEN. Many such studies have been conducted in nonendemic
regions and in flavivirus-naı̈ve adults. This has greatly simplified the
characterization of flavivirus exposure both before and after immu-
nization, although it has largely limited these studies to the charac-
terization of immune responses to primary DEN infections. A more
significant limitation on these studies has been that the virus strains
used have been modified from naturally circulating viral strains,
usually by serial in vitro propagation. While some candidate vaccines
have proved to be insufficiently attenuated, producing clinical illness
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indistinguishable from naturally acquired dengue fever (Innis et al.,
1988), it is still possible that viral characteristics acquired during
in vitro propagation could have modified the immune responses mea-
sured. In addition, the subjects who have participated in these vaccine
trials have not been followed through secondary DEN infections, and
no cases of DHF have been reported in vaccine recipients. Therefore,
it has not been possible to establish clear associations between the
immune responses detected and the pathogenesis of severe dengue
disease during secondary DEN infections.

B. Immunologic Techniques Used

A wide variety of techniques have been used to study T lymphocyte
responses to DEN and their potential roles in disease pathogenesis.
These have included in vitro functional assays of T lymphocyte reactiv-
ity to DEN antigens, as well as ex vivo assays of T-cell activation
occurring during acute DEN infections.

Functional responses of T lymphocytes to DEN antigens have been
characterized using bulk culture techniques and studies of antigen-
specific T-cell clones. Lymphocyte proliferation, in vitro cytokine
production, and cytotoxicity assays using peripheral blood mononu-
clear cells (PBMC) from DEN-immune individuals have provided a
basic characterization of T-cell responses to homologous and heterol-
ogous DEN, although these assays provide an imperfect quantitation
of antigen-specific T cells. Studies of DEN-reactive T-cell clones have
described in detail the specificity of T-cell recognition of DEN epitopes,
including cross-reactivity against heterologous DEN and other flavi-
viruses. However, the significance of these studies is somewhat limited
by their focus on a small subpopulation of the full DEN-responsive
T-cell repertoire. Several novel techniques to detect and enumerate
antigen-specific T cells in peripheral blood, such as cytokine ELISPOT
assays, intracellular cytokine staining, and staining with HLA-peptide
tetramers (McMichael and O’Callaghan, 1998), are being applied
to study DEN-reactive T cells, and it is hoped that these studies
will significantly enhance our understanding of DEN immunology
and pathogenesis.

C. T-Cell Recognition of DEN Proteins

Immunogenic epitopes of DEN have been defined using both T-cell
clones and PBMC (Gagnon et al., 1996; Kurane et al., 1993, 1995,
1998; Livingston et al., 1995; Mathew et al., 1998; Okamoto et al.,
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1998; Zeng et al., 1996; Zivna et al., 2002; Zivny et al., 1999). T-cell
epitopes are widely distributed on the DEN polyprotein. T-cell epitopes
have been found on nearly all of the DEN proteins (Table I). There
appears to be a concentration of T-cell epitopes on the DEN NS3 pro-
tein (Kurane et al., 1991a; Lobigs et al., 1994), although this may re-
flect biases related to technique. Characteristics of NS3 that might
explain its immunogenicity have not been defined; however, the high
homology among flaviviruses suggests that there may be functional
constraints on the amino acid sequence of this protein that could
counterbalance immunologic pressure.

The specific epitopes recognized by DEN-reactive T lymphocytes
have varied considerably between individuals in keeping with the het-
erogeneity of HLA class I and class II alleles. Zivna et al. (2002)
reported, however, that T cells specific for an epitope in the NS3 pro-
tein (amino acids 222–230) recognized in the context of HLA-B*07 were
detectable in 9 of 10 HLA-B*07-positive Thai subjects, suggesting that
this epitope is immunodominant in individuals with this HLA class I
allele. Identification of additional immunodominant T-cell epitopes
will provide important tools to further define the immune response to
DEN and its role in disease pathogenesis.

TABLE I
T-CELL EPITOPES ON DENGUE VIRAL PROTEINS DEFINED USING T-CELL CLONES

Epitope HLA allele(s) Serotypes recognizeda Reference

C (47–55) DPw4 4 Gagnon et al. (1996)

C (83–92) DR1, DPw4 2,4 Gagnon et al. (1996)

NS3 (71–79) B62 2,3 Zivny et al. (1999)

NS3 (146–154) DR15 1,2,3,4 Kurane et al. (1995)

NS3 (202–211) DR15 1,2,3 Zeng et al. (1996)

NS3 (222–231) B7 1,2,3,4 Mathew et al. (1998)

NS3 (224–234) DR15 2,3,4 Kurane et al. (1998)

NS3 (235–243) B62 2,3 Zivny et al. (1999)

NS3 (241–249) DR15 3 Zeng et al. (1996)

NS3 (255–264) DPw2 1,2,3,4 Okamoto et al. (1998)

NS3 (351–361) DR15 1,3 Zeng et al. (1996)

NS3 (500–508) B35 1,2,3,4 Livingston et al. (1995)

NS3 (527–535) B7 1,2,3,4 Zivna et al. (2002)

a The dengue serotype that each subject was infected or immunized with is
underlined.
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D. Effector Functions of DEN-Reactive T Cells

Memory DEN-reactive T lymphocytes detected after primary DEN
infection display a range of responses to in vitro stimulation with
DEN virus or viral antigens. Proliferation responses of PBMC from
DEN-immune donors or DEN-specific T-cell clones have beenmeasured
based on [3H]-thymidine incorporation (Kurane et al., 1989a). Prolifer-
ation of individual T cells in PBMC using flow cytometry, based on the
dilution of the fluoresent label CFSE, has also been detected. DEN-
specific proliferation has been observed in both CD4þ and CD8þ T-cell
populations, although under most conditions the [3H]-thymidine
incorporation assay predominantlymeasures CD4þT-cell proliferation.

Cytokine production in response to stimulation with DEN has been
detected in culture supernatants of stimulated PBMC or established T-
cell clones (Gagnon et al., 1999; Kurane et al., 1989a, 1989b). In addition,
individual CD4þ and CD8þ cytokine-producing cells have been enumer-
ated by cytokine ELISPOT assays as well as intracellular staining with
anticytokine antibodies, both in slide preparations and by flow cytometry
(Mori et al., 1997). Gagnon et al. (1999) found a predominant type 1 cyto-
kine response in bulkPBMCaswell as T-cell clones involving the produc-
tion of interferon (IFN)-�, as well as tumor necrosis factor (TNF-�),
interleukin (IL)-2, and TNF-�. Interestingly, minimal production of type
2 cytokines such as IL-4, except in a few subjects, has been detected
even under in vitro conditions favoring type 2 cytokine responses.

Cytolytic responses to DEN have also been detected in both CD4þ

and CD8þ T-cell populations, although CD8þ cytotoxic T cells contrib-
ute the majority of activity in short-term stimulated T-cell lines
(Mathew et al., 1996). Gagnon et al. (1999) studied the mechanisms
of target cell lysis by a panel of DEN-reactive CD4þ cytotoxic T-cell
clones. In addition to lysis of cognate target cells (autologous cells
expressing DEN antigens), most of the CD4þ T-cell clones also lysed
uninfected bystander target cells once they were activated by contact
with cognate target cells. Lysis of cognate target cells was predomi-
nantly perforin mediated, whereas lysis of bystander target cells
involved Fas–FasL interactions. The ability of DEN-reactive CD4þ

Tcells to lyse cells not expressing viral antigens could result in damage
to uninfected cells such as hepatocytes in vivo.

E. T-Cell Cross-Reactivity

The relatively high sequence homology among the four DEN
serotypes, as well as other flaviviruses, contributes to substantial
cross-reactivity among DEN-reactive memory T cells. In assays of
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bulk PBMC responses, proliferation, cytokine production, and cytolytic
responses to one or more of the heterologous DEN serotypes have
been detected after primary DEN infection in nearly all subjects
studied, although the responses to the homologous DEN serotype
nearly always have been significantly higher than the responses
to the heterologous serotypes (Dharakul et al., 1994; Kurane et al.,
1989a; Mathew et al., 1996). Studies of T-cell clones have demon-
strated that the pattern of cross-reactivity in bulk PBMC reflects
the presence of individual T-cell clones specific for the homologous
serotype, as well as clones that recognize one of more of the heter-
ologous serotypes. This has been demonstrated directly in PBMC
using flow cytometry to measure IFN-� production at the single
cell level.

Individual T-cell clones have been identified that recognize other
flaviviruses, including Kunjin, Japanese encephalitis, West Nile, and
yellow fever viruses (Kurane et al., 1995; Spaulding et al., 1999). Re-
sponses to these flaviviruses in bulk PBMC have generally been low
or undetectable in the absence of exposure to these viruses. However,
T-cell cross-reactivity between DEN and other flaviviruses may ex-
plain the observed enhanced antibody responses to candidate live-
attenuated DEN vaccines in yellow fever virus-immunized individuals
(Scott et al., 1983).

Patterns of cross-reactivity with heterologous DEN serotypes and
other flaviviruses have been somewhat predictable in bulk PBMC in
that greater cross-reactivity has been noted between serotypes 2 and
4 or between serotypes 1 and 3 than for other pairs (Green et al.,
1993). However, cross-reactivity becomes less predictable at the level
of individual T-cell clones because the effect of specific amino acid
changes on T-cell recognition depends on their position within the
epitope. Individual T-cell clones also display different sensitivity to
amino acid substitutions, even within the same epitope. Thus, T-cell
clones have been identified that recognize other flaviviruses but do
not recognize all DEN serotypes.

Cross-reactivity to heterologous DEN serotypes also appears to be
diverse with regard to specific effector functions. Zivny et al. (1999)
noted that CD8þ T cells from a DEN-3-immunized individual specific
for an epitope on the NS3 protein (amino acids 71–79) could recognize
cells expressing the corresponding DEN-2 sequence in cytotoxicity
assays, but did not demonstrate IFN-� production or proliferation
responses to the DEN-2 sequence. The DEN-3 (SVKKDLISY) and
DEN-2 (DVKKDLISY) sequences differ by a single amino acid. It has
been suggested that the heterologous DEN-2 sequence does not fully

IMMUNOPATHOGENESIS OF DHF 405



activate the CD8þ T cells and therefore induces only a part of the
available effector response profile of these cells.

F. Responses to Primary versus Secondary DEN Infections

As noted earlier, primary DEN infections induce a combination of
T-cell responses specific to the homologous serotype, as well as T-cell
responses cross-reactive to one or more heterologous serotypes. During
secondary DEN infections, these memory DEN-reactive T cells would
be expected to be present at a higher frequency than naı̈ve T cells
reactive only with the novel DEN serotype. In addition, because
memory Tcells have a lower threshold for activation than naı̈ve T cells,
the preexisting memory DEN-reactive T cells would be expected to
respond more rapidly than naı̈ve DEN-reactive T cells. The competi-
tion from memory T cells would likely alter the profile of the T-cell
response to secondary DEN infection.

Although limited, available data on T-cell responses to DEN
following secondary DEN infection support these predictions. Mathew
et al. (1998) found that the predominant cytolytic responses in bulk
PBMC obtained after secondary DEN infection and in T-cell clones
isolated from these PBMC were broadly serotype cross-reactive and
were also directed predominantly at epitopes on nonstructural DEN
proteins.

VI. IMMUNOPATHOGENESIS OF DHF

A. Mechanisms of Plasma Leakage

Based on the aforementioned in vitro observations regardingmemory
T lymphocyte responses after primary DEN infection, Rothman and
Ennis (1999) proposed a model of immunopathogenesis of plasma leak-
age in DHFmediated through interactions between DEN-infected cells
and memory CD4þ and CD8þ DEN-reactive T lymphocytes (Fig. 1). It
was hypothesized that viral entry into target cells (principally mono-
cytes and/or macrophages) through the putative viral receptor, as well
as through the uptake of virus–antibody complexes via Fc� receptors,
represents the initial, afferent phase of disease. Subsequently, these
target cells present DEN peptides in the context of both HLA class I
and class II molecules. This stimulates the efferent, response phase of
disease, involving the activation of DEN-reactive memory T lympho-
cytes to proliferate and produce proinflammatory type 1 cytokines, such
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as IFN-� and TNF-�, which directly affect vascular endothelial cells to
produce plasma leakage.

The increased incidence of DHF in secondary DEN infections is
explained in this model by the greater magnitude and more rapid ki-
netics of activation of memory T lymphocytes already present at the
time of secondary DEN infections. Therefore, the major predictions of
this model are (1) that there is a higher level of T-cell activation in vivo

in individuals with DHF than in individuals with mild disease; (2) that
the levels of proinflammatory cytokines produced in vivo in individuals
with DHF are higher than in individuals with mild disease; and (3)
that memory T lymphocytes that recognize serotype cross-reactive

FIG 1. Model of T-cell-mediated immunopathogenesis of plasma leakage in dengue
hemorrhagic fever. This model proposes that plasma leakage is caused directly by effects
of cytokines such as IFN-� and TNF-� and products of complement activation on vascu-
lar endothelial cells. In this model, memory dengue virus-specific T cells induced by an
earlier primary dengue virus infection are capable of recognizing cells infected with the
new dengue virus serotype; memory T cells are activated more rapidly than naı̈ve T cells,
resulting in greater cytokine production in the secondary dengue virus infection. Anti-
body-enhanced viral uptake in monocytes (and other Fc� receptor-bearing cells) results
in a greater burden of virus-infected cells, which express viral antigens, further aug-
menting activation of virus-specific T cells. Source: www.umassmed.edu/cidvr/faculty/
rothman.cfm.
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epitopes (found more commonly in the more highly conserved non-
structural proteins) will be expanded preferentially during secondary
DEN infection, particularly in patients with DHF.

1. T-Cell Activation

These predictions have been tested in patients with acute dengue
virus infection. Circulating levels of soluble CD4 (sCD4), sCD8, soluble
IL-2 receptor � chain (sIL-2R), and soluble TNF receptors (sTNFR)
have been measured (Bethell et al., 1998; Green et al., 1999b; Hober
et al., 1996; Kurane et al., 1991b). These products are released from
activated T lymphocytes and serve as markers of T-cell activation, al-
though some, such as sTNFR, are not completely specific for T lympho-
cyte activation. Elevated serum or plasma levels of these molecules
have been reported. Elevated levels of sCD4 were found in one study
(Kurane et al., 1991b) but not in a separate cohort of subjects (Green
et al., 1999b). Elevations in sTNFR, particularly the 75-kDa form
(sTNFR-II), was the most striking finding (Green et al., 1999b; Hober
et al., 1996). Interestingly, elevations in plasma levels of sTNFR-II
correlated with the degree of plasma leakage as early as 2 days prior
to the onset of plasma leakage (Green et al., 1999b).

Green et al. (1999a) also directly demonstrated high levels of T-cell
activation in DHF using flow cytometry to examine the expression
of activation markers on circulating T cells. In particular, a high per-
centage of CD8þ T cells expressing the early activation marker CD69
was noted. The percentage of CD69þ cells among CD8þ T cells was
significantly higher in individuals with DHF than in those with
dengue fever. The percentage of CD69þ cells was highest at the earliest
time point studied, during the febrile period, indicating that T-cell
activation preceded plasma leakage.

2. Cytokine Production

The aforementioned evidence of T-cell activation is consistent with
the model of immunopathogenesis, but does not identify the specific
mediators of plasma leakage. Therefore, levels of various cytokines
in serum or plasma of patients with acute DEN infections were mea-
sured (Bethell et al., 1998; Green et al., 1999b, 1999c; Hober et al.,
1993; Kurane et al., 1991b). Interpretation of the results of these stud-
ies is subject to several limitations, however. If cytokine production
occurs predominantly in extravascular sites, cytokine levels in the
circulation may sample a small fraction of the total cytokine produc-
tion. Furthermore, the half-life of cytokines in the circulation is short;
therefore, analysis of single samples or even of samples collected once
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daily may not accurately reflect in vivo cytokine production during all
phases of disease.

Elevated levels of several proinflammatory type 1 cytokines, such as
TNF-�, IFN-�, and IL-18, have been detected in acute-phase sera or
plasma of patients with DHF (Table II) (Green et al., 1999b; Hober
et al., 1993; Mustafa et al., 2001). Green et al. (1999b) found that
plasma levels of IFN-� were also higher in patients with DF than in
normal controls; however, IFN-� elevations were more striking in
patients with DHF than in those with DF. Some groups have also
reported elevations in serum levels of IL-1� and IL-6; however, these
have not been confirmed in other studies (Green et al., 1999b; Hober
et al., 1993).

Interestingly, elevated levels of type 2 cytokines, which have pre-
dominantly anti-inflammatory activity in animal models, have also
been detected (Chaturvedi et al., 2000; Green et al., 1999c). In particu-
lar, plasma levels of IL-10 were significantly higher in patients with
DHF than in those with DF, and the levels of IL-10 correlated with
the degree of plasma leakage (Green et al., 1999c). This apparent
contradiction may reflect normal homeostatic mechanisms providing
negative feedback for proinflammatory cytokine production.

Gagnon et al. (2002) have demonstrated cytokine production in vivo

by PBMC of patients with acute DEN infections. Expression of mRNA
for IFN-�, TNF-�, and TNF-� was detected ex vivo by RT–PCR. Fur-
thermore, intracellular IFN-�, TNF-�, and TNF-�, as well as IL-2
and IL-4, proteins were detected by antibody staining of cytospin prep-
arations of PBMC without in vitro restimulation. Although these data

TABLE II
ALTERED CYTOKINE LEVELS IN PATIENTS WITH ACUTE DENGUE VIRUS INFECTIONS

Cytokine Findingsa Reference

TNF-� DHF > normal Hober et al. (1993)

DHF > DF ¼ OFI ¼ normal Green et al. (1999b)

IL-2 DHF ¼ DF > normal Kurane et al. (1991)

IL-6 DHF > normal Hober et al. (1993)

IL-10 DHF > DF Green et al. (1999c)

IL-12 DHF < DF Green et al. (1999c)

IL-18 DHF > DF > normal Mustafa et al. (2001)

IFN-� DHF > DF > OFI ¼ normal Green et al. (1999b)

a DHF, dengue hemorrhagic fever; DF, dengue fever; OFI, other (nondengue) febrile
illnesses.
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indicate that PBMC contribute to cytokine production in vivo, the
frequency of cytokine-containing cells in PBMC was extremely low.
This finding may reflect localization of cytokine-secreting cells in
tissues rather than in the circulation, as suggested earlier.

3. Expansion of DEN-Reactive T Cells

Both molecular and functional approaches have been used to define
the T-cell population that is responding during acute DEN infection.
The molecular approach takes advantage of the unique pattern of
DNA rearrangements that occur in the genes for the T-cell receptor
(TCR) � and � chains during T-cell maturation in the thymus. Individ-
ual T-cell clones can therefore be distinguished from one another in the
circulation. Gagnon et al. (2001) analyzed the pattern of TCR � chain
gene V region usage in PBMC obtained at several time points during
and after acute DEN infection using a semiquantitative RT–PCR
method. Marked oligoclonal T-cell expansions, evidenced by shifts in
TCR V� gene usage, were detected during the acute DEN infection.
Because nonspecific T-cell activation and expansion would be expected
to affect all T-cell populations equally, these data provide evidence of
an antigen-driven expansion of T cells by the acute DEN infection.
Specificity of the expanded T-cell population for DEN must be inferred,
however, because the molecular approach does not provide functional
information about antigen specificity.

To demonstrate formally that in vivo cytokine production and T-cell
activation reflect activation of memory DEN-reactive T cells, it is
therefore essential to study these antigen-specific T cells directly.
Direct detection of antigen-specific cells ex vivo is difficult; however,
such work is now progressing using techniques developed to study
other viral infections. The techniques of cytokine ELISPOT assays,
intracellular cytokine staining, and HLA-peptide tetramer staining
have been adapted to study the frequency of DEN-reactive T cells at
various time points in patients with DHF and DF.

Loke et al. (2001) used an IFN-� ELISPOTassay to examine the T-cell
response to a series of peptides predicted to bind well to common HLA
alleles in Vietnam. They detected peptide-specific T cells in PBMC of
several subjects with DHF. Interestingly, some of the individuals in
whom peptide-specific Tcells were detected did not have the HLA allele
predicted to bind that peptide. These results demonstrated the presence
of DEN-reactive T cells in PBMC at the time of plasma leakage.

Zivna et al. (2002) analyzed the response to a highly conserved HLA-
B*07-restricted epitope (NS3 222–230) in 10 HLA-B*07þ subjects, of
whom five had DHF and five had DF. Peptide-specific T cells were
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detected by an IFN-� ELISPOT assay in PBMC obtained after the
acute DEN infection from nine of the 10 subjects; the nine responders
had experienced secondary DEN infections, whereas the one nonre-
sponder had experienced a primary DEN infection. The frequency of
peptide-specific T cells was significantly higher in the subjects with
DHF than in those with DF. It was possible to study PBMC obtained
during the acute phase of illness from five subjects; high frequencies
of peptide-specific T cells were detected in PBMC from two of three
subjects with DHF but not in PBMC from two subjects with DF. In
one subject with DF but no detectable response to this epitope, DEN-
reactive T cells were directed at a different viral epitope. These data
suggest that the epitope specificity of the T-cell response to DEN may
influence the risk for DHF.

B. Factors Influencing DHF Risk

1. HLA

The possibility that specific T-cell responses may be more likely to
induce DHF has raised interest in associations between DHF and
specific immune response genes, particularly HLA class I and class II
alleles. Earlier studies from Thailand (Chiewsilp et al., 1981) and Cuba
(Paradoa Perez et al., 1987) identified several candidate HLA class I as-
sociations with disease, as did a study from Vietnam (Loke et al., 2001).
All three studies followed a similar approach, comparingHLA allele fre-
quencies in subjects with DHF to those in the general population of the
same country. However, the specific HLA alleles found to be associated
positively or negatively with DHF differed in each study (Table III).

The differences in results among these studies could be attributed to
differences in the genetic background of the population studied or
to differences in the viruses that predominated in the study popula-
tion. Experiments in inbred laboratory mice demonstrated that the
infecting DEN serotype can influence the T-cell response to a highly
conserved epitope even in genetically identical subjects (Spaulding
et al., 1999). To analyze the associations of DHF with both HLA class
I alleles and DEN serotype, Stephens et al. (2002) studied a prospec-
tively enrolled cohort of Thai children, among whom the infecting
DEN serotype was known in >95% of cases. This study cohort also in-
cluded children with DF to provide additional comparisons to confirm
HLA associations with disease severity. Results of this analysis
showed that specific HLA alleles, such as A*0207, were associated with
DHF only during secondary DEN infections. Interestingly, other HLA
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alleles, such as A*0203, showed an association with DF rather than
DHF. Furthermore, the strength of association of specific HLA class I
alleles with DHF depended on the DEN serotype. These findings of
complex associations among HLA, viral serotype, and disease will
require confirmation in other patient cohorts.

2. Viral Burden

Several studies have demonstrated that in vivo viral replication,
measured as viremia, is greater in subjects withDHF than in thosewith
DF (Murgue et al., 2000; Vaughn et al., 2000). As shown in the model of
DHF immunopathogenesis described earlier, presentation of DEN anti-
gens by infected cells is the driving force for activation of DEN-reactive
memory T cells. If viral replication is higher in DHF than in DF, this
could itself induce greater activation of T cells in vivo. To address this
possibility, Libraty et al. (2002) analyzed levels of both viral RNA and
key cytokines and immune activationmarkers in serial plasma samples
obtained from a group of Thai children with acute secondary DEN-3 in-
fections. These data demonstrated a correlation between viremia and
immune activation. By multivariate logistic regression analysis, the
viral RNA level was the only factor that independently correlated with
plasma leakage, as measured by the size of the pleural effusion. Alter-
natively, viral RNA, IL-10, and sTNFR-II levels were each indepen-
dently (negatively) correlated with the lowest platelet count during
illness, and sIL-2R was the only factor that showed an independent
correlation with the highest levels of hepatic transaminases.

This analysis also showed a characteristic timing of peak viremia,
innate immune responses, and type 1 and type 2 adaptive immune

TABLE III
HLA CLASS I ASSOCIATIONS WITH DENGUE HEMORRHAGIC FEVER

Reference
Alleles showing

positive association
Alleles showing

negative association

Chiewsilp et al. (1981) A2, B blank B13

Paradoa-Perez et al. (1987) A1, B blank, Cw1 A29

Loke et al. (2001) A24 A33

Stephens et al. (2002)

Any serotype A*0207, B*51 A*0203, B*52, B4,
B62, B76, B77

Dengue-1 A*0207, B*51 A*0203

Dengue-2 A*0207 B*52

Dengue-3 B*51 A*0203
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responses during illness. Plasma viremia was typically highest on the
day of presentation. IFN-� levels were also highest at presentation.
IFN-� and IL-10 reached their highest levels a median of 2 days after
the peak of viremia, whereas sIL-2R and sTNFR-II levels reached their
highest levels 3 days after the peak of viremia. The peak of plasma
IFN-� levels occurred significantly earlier in subjects with DHF than
in those with DF; in all patients with DHF but in only 50% of those
with DF, the IFN-� peak occurred within 2 days of the peak of viremia.
No significant difference was noted in the timing of peak IL-10 levels
relative to peak viremia. These data suggest that the timing of the
type 1 (proinflammatory) and the counterbalancing type 2 (anti-
inflammatory) responses relative to viremia may be critical in the
development of DHF.

3. Chemokines

The association between viremia and immune activation may in-
volve other mechanisms than antigen presentation alone. Interactions
between the innate and adaptive immune responses might also
contribute to the immunopathogenesis of DHF. Studies have demon-
strated that DEN infection induces the production of various chemoat-
tractant cytokines (chemokines), including IL-8, RANTES, MIP-1�,
and MIP-1� (Avirutnan et al., 1998; Bosch et al., 2002; Chen andWang,
2002; Huang et al., 2000; King et al., 2002; Lin et al., 2000; Murgue
et al., 1998; Spain-Santana et al., 2001). This effect has been demon-
strated in many different cell types, including primary human mono-
cytes and monocyte-derived macrophages, myelomonocytic cell lines,
mastocyte cell lines, endothelial cells, and epithelial cell lines. Ex-
pression of chemokines in vivo during acute DEN infection has also
been demonstrated by ELISA and ribonuclease protection assays
(Avirutnan et al., 1998; Juffrie et al., 2000; Raghupathy et al., 1998;
Spain-Santana et al., 2001). Chemokines attract T lymphocytes and
other inflammatory cell types (Luster, 1998), often with a greater effect
on memory T cells than on naı̈ve T cells. This would be expected to
result in a greater recruitment of DEN-reactive T cells during second-
ary DEN infections than during primary DEN infections, enhancing
the opportunity for activation of DEN-reactive T cells.

4. Characteristics of Preinfection T-Cell Responses

As noted earlier, considerable differences exist between individuals
in the T-cell response to primary DEN infections, which reflect differ-
ences in viral serotypes, HLA alleles, and perhaps other uncharacter-
ized factors. To what extent then do these differences influence the risk
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for DHF? The answer to this question has enormous implications for
DEN vaccine development. This question is being addressed through
prospective cohort studies. As an initial approach, Mangada et al.
(2002) analyzed in vitro proliferation and cytokine responses to DEN
antigens in PBMC collected prior to secondary DEN-3 infections in
22 Thai children. While no differences were found in mean prolifer-
ation or cytokine (IFN-� and TNF-�) responses to DEN antigens be-
tween subjects who were hospitalized during the acute infection and
those who did not require hospitalization, several patterns of T-cell
responses appeared to be associated with increased or decreased
disease severity. Four subjects demonstrated in vitro TNF-� produc-
tion in response to one or more DEN serotypes; all four were hospital-
ized during the acute DEN infection. In contrast, four subjects did
not have detectable proliferation or cytokine responses to any DEN
serotype, despite serologic evidence of prior DEN infection; none of
these four subjects were hospitalized during the acute DEN infection.
Subjects with broadly serotype cross-reactive IFN-� responses were
also less likely to be hospitalized during acute DEN infection.

VII. NEEDS FOR FUTURE RESEARCH

The emerging picture based on recent research findings is of com-
plex interactions between functional characteristics of the memory
T-cell response after primary DEN infection and the viral burden early
in secondary DEN infection contributing to the pathogenetic cascade
that presents clinically as DHF. However, this model needs to be
viewed cautiously in light of regional differences in the genetic makeup
of the human population and the circulating viral strains (and perhaps
the mosquito vector?). We are only beginning to scratch the surface of
these interactions, and current understanding is not yet sufficient to
guide vaccination or therapeutic strategies or to define DHF risk on
an individual level. It is to be hoped that further research in the
context of ongoing prospective studies, using newer immunologic
techniques, will achieve this potential.
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I. INTRODUCTION

Dengue (DEN) viruses cause a wide spectrum of diseases from
dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS) to
dengue fever and undifferentiated febrile illnesses. The four dengue
viruses are unique among human pathogens in that the natural dengue
immunity status can modify disease in two directions: lessened or in-
creased severity (Vaughn et al., 2000).Whilemany genetic as well as ac-
quired factors affect the severity of human dengue virus infections, the
most important of these is the dual role of IgG1 dengue antibodies. The
regulatory roles of dengue antibodies appear to derive from two attri-
butes of the dengue virus group: (1) four types have evolved from a
common ancestor (Wang et al., 2000), resulting in viruses with many
common antigens but a sufficient critical structural difference(s) to
permit sequential infections, and (2) dengue viruses have a tropism
for and ability to replicate in cells of themononuclear phagocyte system.
These cells support antibody-dependent enhanced (ADE) infection.

Demonstrations of dengue virus–antibody interactions are to be seen
in many natural experiments in human beings, as well as in laboratory
animal studies. In this review, studies on the neutralization and pro-
tection against dengue infection by antibodies and many relevant
clinical and epidemiological as well as experimental studies that sup-
port the phenomenon of ADE are discussed. Epidemiological studies
provide the background evidence that shows ADE to be a biologically
plausible hypothesis.

For further details on host factors that control dengue infection, on
the growth of dengue viruses in mononuclear phagocytes, dengue
ADE in humans, and ADE in vivo and in vitro involving viruses from
a wide spectrum of taxons and many species of animals, the reader
is referred to published reviews (Halstead, 1980, 1982, 1988, 1994;
Mascola, 1993; Porterfield, 1986; Sullivan, 2001; Wu et al., 2000).

II. NEUTRALIZATION (NT) AND PROTECTION BY ANTIBODIES

Current understanding concerning in vivo protection against dengue
infection by antibodies is sound epidemiologically, but organized re-
search has been limited. There have been no systematic studies on the
natural history of dengue antibody responses in humans following first
or heterotypic infections. A critical unknown for designed research is
the precise identity of the cells that support human dengue infection
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and their relative contribution to disease. The absence of such data
means that little is known about the biologically relevant receptor
systems for attachment, entry, and replication of dengue viruses in
human cells. The literature on dengue viral neutralization by anti-
bodies is composed largely of in vitro observations on common labora-
tory cell systems. The most important observations have been made
on other viruses.

A. Mechanisms of Neutralization in Vitro

Antibodies are a major defense against arboviral infections. Several
mechanisms have been proposed for the neutralization of viruses
in vivo: (1) aggregation of viruses resulting in elimination by phagocytic
cells; (2) blocked attachment to one or another cell receptor by (a)
stearic interference, (b) capsid stabilization, or (c) structural changes;
or (3) neutralization of uncoating due to (a) capsid stabilization or (b)
interference with fusion (Smith, 2001).

B. Mechanisms of Attachment and Internalization of

Dengue Viruses

The consensus of researchers is that antibodies, enhanced signifi-
cantly by in vivo amplifying accessory systems, such as complement,
block the attachment and entry of flaviviruses into cells. The steps
involved in cell entry appear to be initial attachment to the plasma
membrane followed by uptake via receptor-mediated endocytosis with
pH-dependent fusion to the endocytic vesicle membrane (Gollins and
Porterfield, 1986). There may be a requirement for attachment to
another primary receptor and/or coreceptors prior to endocytosis. Ex-
posure of dengue viruses to acidic pH in endosome vesicles results
in major structural modifications at the virion surface, including
trimerization of the E protein and a rearrangement of domain II expos-
ing the putative flavivirus-conserved fusion domain (Allison et al.,
1995; Stiasny et al., 1996). The initial attachment of dengue and other
flaviviruses in vitro to plasma membranes of cell lines of mammalian
and mosquito origin has been reported to be dependent on the presence
of glycosoaminoglycans, particularly heparan sulfate (Chen et al.,
1997; Hung et al., 1999). Binding of viruses is reported to be inhibited
by preincubation or coincubation with heparin or treatment with he-
parinase. The consensus of these and other authors is that this is a gen-
eric binding mechanism followed by viral attachment to another cell
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type-specific, possibly multicomponent receptor or receptor complex
(Bielefeldt-Ohmann, 1998).

Specific binding of dengue virus to proteins from cells of mammalian
and arthropod origin has been identified to several proteins with
molecular masses ranging from approximately 30 to 80 kDa. None
have been fully characterized (Bielefeldt-Ohmann, 1998; Bielefeldt-
Ohmann et al., 2001; Ramos-Castaneda et al., 1997). Cell receptor sites
on dengue viruses are also not identified, although an important deter-
minant of pathogenicity for the related Murray Valley encephalitis
virus (MVE) E protein involves residues 388–390. This is close to the
Mab 3H5-binding site identified by Trirawatanapong et al., (1992).
Neutralization sites on the dengue 2 E protein are reasonably well
identified, with small domains at amino acids 35–55, 352–368, and
386–397, whereas larger domains have been identified using Mabs
and truncated recombinant fusion proteins, 60–205 and 298–397
(Megret et al., 1992; Roehrig et al., 1990). The lipid envelope of dengue
viruses is derived from host cell membranes and constitutes 15–20% of
the total weight of the virus particle. Carbohydrates represent 9–10%
of the weight of virus particles and are found as glycolipids and glyco-
proteins. Therefore, the cells used to prepare dengue viral seeds
contribute critically to the measurement of neutralization in vitro. In
retrovirus research, the antibodies to host cells used to prepare viral
seeds resulted in false-positive vaccine efficacy because antibodies
directed against host cell antigens protected monkeys subsequently
challenged with homologous virus (Hoxie et al., 1987).

C. Observations on Neutralization and Protection in Vivo

There is abundant epidemiological evidence of lifelong homotypic pro-
tective immunity. For example, older Cubans were protected against
DEN-2 infections in 1981 because they had been infected with the same
virus in the early 1940s (Guzman et al., 1990). Challenges with homolo-
gous strains performed by Sabin (1952) resulted in no viremia. Heterol-
ogous infection is more complicated. As described by Sabin, adult
human volunteers infected with DEN-1 or DEN-2 viruses were pro-
tected from clinical illness when challenged with heterologous virus
within ‘‘2months’’ of primary infections. However, viremic infections oc-
curred in monoimmune volunteers challenged with heterologous virus
between 2 and 3 months after primary infection. These infections ‘‘gave
rise to malaise and slight fever.’’ Mild illnesses accompanies cross-
challenges up to 9 months following primary infection and classical
dengue fever occurs thereafter (Sabin, 1952). Other than the studies
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of Sabin, cross-protection among various dengue viruses and strains
has not been studied systematically. Third and fourth dengue infections
are documented in prospective seroepidemiological studies, but seldom
result in clinical illness (Graham et al., 1999; Sangkawibha et al., 1984).

The ADE phenomenon implies that undiluted sera from individuals
convalescent from a single dengue infection must contain more than
40–50 dengue antibody molecules capable of attaching to virions (see
later). Despite this high concentration of cross-reactive antibodies,
second dengue infections occur regularly. Most of these are silent. In
a Thai school children cohort, 85% who experienced documented sec-
ondary DEN-2 infections were not sick. Undiluted preinfection sera
from these children prevented DEN-2 infection of human monocyte
cultures. However, the smaller group of hospitalized children circu-
lated dengue antibodies that did not neutralize DEN-2 in this culture
system (Kliks et al., 1989). In a more recent study, Thai children
acquired clinically overt secondary DEN-3 infections even when their
preillness sera contained DEN-3 neutralizing antibodies measured
in LLC-MK2 cells, but when an autologous DEN-3 strain was used,
neutralizing antibody titers were significantly lower than with a heter-
ologous strain. The severity of illnesses associated with secondary
DEN-3 infections was inversely related to titers of autologous DEN-3
neutralizing antibodies (T. Endy and D. Libraty, personal communica-
tion). It seems likely that solid nonviremic protection resides in avid
antibodies that are directed against a viral attachment receptor
unique to each serotype.

III. STUDIES IN MONKEYS: DEFINITION OF THE ‘‘PROTECTED’’
ANTIBODY RESPONSE

Hemagglutination-inhibition (HI) and neutralizing responses to
DEN-1–4 viruses were studied in a large group of rhesus monkeys that
were subsequently challenged with heterologous or homologous vir-
uses at varying intervals (Halstead and Palumbo, 1973; Halstead
et al., 1973a). Viremia was detected reliably following infection of sus-
ceptible monkeys but never following challenge with homologous
virus. Animals given a homologous challenge developed transient four-
to eightfold HI antibody responses over a period of 10 days, notably to
the homologous hemagglutination (HA) antigen. However, neutraliz-
ing antibody titers did not change. This was defined as a ‘‘protected’’
response and suggested that the inoculum itself stimulated an anti-
body response, possibly to noninfectious immune complexes and that
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no viral replication occurred in the monkey. When anamnestic HI re-
sponses were observed following heterologous challenge, it was pos-
sible to document infection by the recovery of viruses from tissues
(Halstead et al., 1973a).

A. Affinity Maturation

During an immune response, the affinity of antibodies that react
with the antigen that triggered the response increases with time, a
phenomenon known as affinity maturation. Generally, this is assumed
to be a phenomenon that occurs during the early stages of the immune
response. As an example, IgG rhesus monkey antibodies obtained on
day 7 following a primary dengue 2 infection only enhanced DEN-2
infection in monocytes and did not neutralize homologous virus in vitro

(Halstead and O’Rourke, 1977b). Despite current doctrine, the affinity
maturation of an antibody response may progress for years following
flavivirus infections. This was demonstrated by rising log neutraliza-
tion indices over a 4-year period in sera from American servicemen
infected subclinically with Japanese encephalitis virus while stationed
in Korea. They were bled at 1 and 5 years after infection (Halstead and
Grosz, 1962). The phenomenon has not been studied in dengue but
could explain why neutralizing antibody responses following inappar-
ent primary dengue infections become relatively monotypic over the
period of 1 year (S. B. Halstead, unpublished observation). Long-term
affinity maturation may explain the observation that DSS case fatality
rates were significantly greater when viruses of the same DEN-2 geno-
type were involved in secondary infections at 20 compared with 4 years
after DEN-1 infection (i.e., at the longer interval after primary infec-
tion there was diminished heterotypic neutralization as antibody
was directed more avidly at the type-specific neutralization site[s]
permitting ADE antibodies to operate) (Guzman et al., 2002a, 2002b).

B. Number of Antibody Molecules Required to

Neutralize Dengue Viruses

Two major hypotheses of the neutralization of animal viruses have
been proposed: single-hit and multiple-hit neutralization (Della-Porta
and Westaway, 1977; Dulbecco et al., 1956). The latter authors, who
favor the multi-hit theory, have summarized experimental evidence
that reconciles single-hit and multi-hit kinetics. Their hypothesis
might be termed the ‘‘straw that breaks the camel’s back.’’ Multiple
molecules of neutralizing antibody attach to critical sites on animal
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virions and when the final critical site is covered, neutralization occurs
(Della-Porta and Westaway, 1977). The initial attachment of anti-
bodies to virions occurs extremely rapidly, but covering of the final
neutralizing site occurs more slowly and obeys single-hit kinetics.

Stoichiometric studies of antibody binding have established a regu-
lar relationship between virion size and the number of antibody mol-
ecules required to neutralize. For picornaviruses, with a diameter of
30 nm, 5–6 antibody molecules are required. It should be recognized
that antibodies are large relative to virion, 150 Å, or equal to the radius
of a picornavirus particle (Burton et al., 2001; Smith, 2001). Different
antibodies may attach with unique stearic orientations. Effective
IgG antibodies bind primarily as the result of electrostatic inter-
actions. Bivalent binding of IgG is both more energetic and more
avid than monovalent binding. Papilloma viruses, spherical particles
40–55 nm in diameter, require 38 antibody molecules to neutralize,
whereas influenza A particles, irregular in shape with a diameter of
80–120 nm, require 70 antibody molecules (Burton et al., 2001). Anti-
body saturation of virions is considerably greater than the minimal
binding for neutralization. Picorna, papilloma, and influenza viruses,
respectively, accommodate 30, 150, and 400 antibody molecules at
saturation. It can be predicted that complete neutralization of dengue
viruses will require 40–50 molecules of avid antibody.

C. Data from Dengue Monoclonal Antibody Studies:

Ratio between NT and Antibody-Dependent Enhancement (ADE)

High concentrations of type-specific and group-specific dengue 2-
derived monoclonal and polyclonal antibodies neutralize many differ-
ent strains of dengue 2 viruses both in non-Fc receptor and in Fc
receptor-bearing cells (Halstead et al., 1984; Morens et al., 1987). Gen-
erally speaking, peak enhancement titers were 100- to 1000-fold
higher than the highest dilution, demonstrating significant neutraliza-
tion in non-Fc receptor-bearing cells (Halstead et al., 1984; Morens
et al., 1987, 1991).

D. Measuring Neutralizing Antibodies in Vitro

The first dengue neutralization tests were introduced by Sabin, who
adopted DEN-1 and -2 viruses to kill weanling mice and measured
antibody usually by the serum-constant virus dilution method (Sabin,
1952; Sabin and Schlesinger, 1945). Sabin (1952) also developed an
ingenious human in vivo neutralization test based on the regular
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appearance of an indurated erythematous lesion at the site of intra-
cutaneous inoculation of DEN-1 and -2 viruses within 2-3 days. The
seed viruses used for these studies were viremic human sera. To per-
form the test viremic and immune test, sera were mixed and held
at 37 �C for 2 h and then inoculated intracutaneously, often in a
row on the backs of volunteers. The absence of the lesion was read as
neutralization.

The classical neutralization reaction as defined by Dulbecco et al.
(1956) consists of a reaction mixture (usually high concentrations of
virus and antibody) and a measuring system (usually plaque assay).
After varying periods of incubation of reactants, virus and antibody
are diluted in chilled medium and residual virus assayed. When virus
survival (defined as the logarithm of the ratio of residual virus to virus
in control tube) is plotted as a function of time, the kinetic curve
descends as a straight line, the slope decreasing and finally ending in
a horizontal line. The descending part of the kinetic curve is first order;
the slope is the same irrespective of the concentration of virus (per-
centage law). The horizontal portion of the curve is a function of the
concentration of antibody compared with virus. At very high concen-
trations of antibody, final survival (persistent fraction) is a constant
for the assay system. The same concentration of reactants inocu-
lated into different assay systems may give difference percentage per-
sistent fractions. When virus in the persistent fraction is incubated
with antiantibody, complete neutralization usually results (Ashe and
Notkins, 1966).

After the introduction of a dengue plaque assay, plaque reduction
has been the preferred method of measuring dengue antibodies
(Sukhavachana et al., 1966). The classic description of the 50% plaque
reduction neutralization test (PRNT) is in LLC-MK2 cells (Russell
et al., 1967). This test was modified to a single overlay, and cells were
incubated in the dark to prevent photoinactivation by neutral red
(Halstead et al., 1970b). Tests were adapted to micro methods without
loss of accuracy and simplified by the introduction of the suspension
assay using BHK21 clone 15 cells (Morens et al., 1985a, 1985b). Given
the rapid changes in dengue virus genomes affected by even a single
passage in cells and the fact that cell antigens can be integrated into
virions during such passages, the huge number of cell systems, virus
strains, and methods of preparing virus seeds used to measure neu-
tralizing antibodies must be of concern and argues urgently for greater
standardization.

Statistical considerations of Poisson-distributed particles support
the use of a 50% end point for the most accurate quantification of
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antibody titers rather than the 90% end points adopted by many in the
field (Russell et al., 1967). Use of a computer algorithm or plotting data
on log probit graph paper makes possible the determination of 50% end
points using only three dilutions (e.g., 1:10, 1:100, and 1:1000) Mea-
surement of PRNT antibodies depends on the accurate quantitation
of plaques in both control and serum dilutions. It is important to avoid
plaque overlap (usually below 15–20 plaques in each well of a 12-well
plate). It is also important to have sufficient replicates, usually three
per serum dilution. For best power, plaque counts can be summed
rather than averaged (Detre and White, 1970).

IV. ANTIBODY-DEPENDENT ENHANCEMENT: CLINICAL AND EPIDEMIOLOGICAL

EVIDENCE OF IMMUNOLOGICALLY ENHANCED DISEASE

A. Dengue Hemorrhagic Fever (DHF)/Dengue Shock Syndrome (DDS)

Is Associated with Heterotypic Dengue Infections

That a previous dengue infection can modify the severity of a subse-
quent dengue infection was inferred from a highly significant associ-
ation between severe illness and secondary-type flavivirus antibody
responses (Halstead et al., 1967). Relevant data from 1962 to 1964
hospital and epidemiological studies are summarized in Table I. De-
spite many independent documentations of the high frequency of
secondary antibody responses and severe dengue disease, some critics
have suggested that countries endemic for several dengue serotypes

TABLE I
CORRELATION BETWEEN PRIMARY AND SECONDARY DENGUE INFECTIONS AND SYNDROMES OF VARYING

SEVERITY IN CHILDREN AGES <1–14 YEARS, BANGKOK AND THONBURI, 1962, DENGUE-INFECTED

OUTPATIENTS, AND DENGUE-INFECTED INPATIENTS, BANGKOK CHILDREN’S HOSPITAL, 1962–1964

Severity group Primary Secondary % Secondary

All children 165,794 126,728 29a

FUO/OPD 33 61 65b

FUO/Hospital 13 21 64c

DHF/no shock 65 262 80c

DSS 2 160 99c

a After Halstead (1980).
b After Halstead et al. (1969a).
c After Nimmannitya et al. (1969).
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must have more secondary than primary dengue infections (Rosen,
1977, 1986, 1989, 1999). From the standpoint of the individual child,
it is obvious that a second can only follow a first dengue infection
and, therefore, second cannot be more common than first infections.

However, neutralizing antibody profiles on sera from residents of
dengue-hyperendemic areas do provide evidence that infections with
third and fourth dengue serotypes (also referred to as ‘‘secondary’’
infections) occur. If so, then both the prevalence of multitypic anti-
bodies and the incidence of second, third, and fourth infections are
likely to be greater than primary infections across older childhood.
However, ‘‘secondary’’ infections of high parity (third or fourth infec-
tions) are largely inapparent, there being little evidence that such
infections are associated with clinical disease (see later).

Mathematical models of age-specific sequential dengue infection
rates fit observed age-specific DHF hospitalization rates in dengue
endemic countries best with second but not third or fourth sequential
infections (Fischer and Halstead, 1970). Of interest, this model pre-
dicted there would be 58.5 DHF/DSS cases per 1000 secondary dengue
infections, nearly the same ratio found in prospective studies (see
later).

B. DHF Occurs with Passively Acquired Dengue Antibodies

The strongest evidence that antibodies are sufficient to enhance
dengue infections is the regular occurrence of DHF/DSS in infants less
than 1 year during their first dengue infection (Halstead et al., 1970a).
Indeed, it was the bimodal age distribution of children hospitalized
with DHF that first suggested there might be two different causal im-
munological mechanisms (Fig. 1). The unique distribution of ages at
which infants were hospitalized for DHF pointed to an etiological role
for maternal antibody (Fig. 2). As illustrated in Fig. 3, maternal anti-
bodies can be viewed as acting in two ways: initially protecting infants
from clinical disease but later enhancing dengue infections. Evidence
for this hypothesis was found in a study of 13 infants with DHF accom-
panying primary DEN-2 infections (Kliks et al., 1988). Infants were
hospitalized between 4 and 12 months of age, all born to mothers
whose dengue serum neutralizing antibody profiles suggested multiple
earlier dengue infections. In laboratory studies, maternal dengue anti-
bodies were used as surrogates for cord blood. All infants received anti-
bodies that neutralized DEN-2 (Table II). When these antibodies were
catabolically degraded below protective levels, infants were at risk of
developing DHF during a DEN-2 infection. As shown in Table II, the
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FIG 1. Age distribution of serologically confirmed dengue hemorrhagic fever/dengue
shock syndrome cases hospitalized at the Queen Sirikit National Institute for Child
Health (Bangkok Children’s Hospital), Thailand 1990–1999 (courtesy Dr. Ananda
Nisalak, AFRIMS, Bangkok).
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FIG 2. Hospitalization rate by month of age of infants with DHF/DSS during the first
year of life at Bangkok and Thonburi hospitals, Thailand, 1962–1964 (after Halstead
et al., 1969b).
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higher the PRNT of maternal anti-DEN-2 at birth, the older infants
were when hospitalized for DEN-2 infections.

Despite a lack of research attention, infants in Bangkok are at an
especially high risk of developing DHF during primary dengue infec-
tions. Hospitalization rates were estimated for infant DHF/DSS from
a random sample of infant DHF/DSS cases studied virologically at
Bangkok Children’s Hospital in 1962 and extrapolated to the entire
urban population (Halstead et al., 1969b). It was estimated that 12.3
infants were hospitalized per 1000 primary infections (Table III) or
about one half the secondary infection DHF rate (see Table VII). If,
as suggested by Kliks et al. (1988), infants are at risk to DHF for only
a 1-month period, the rate becomes 110.6/1000 or four times the DHF
hospitalization rate for Bangkok children during a second dengue
infection (Halstead, 1980). This rate is higher than the 42.7/1000 mean
rate of childhood DHF hospitalizations/secondary infections (see later),
suggesting that the passive antibody is more effective than actively
acquired postinfection immunity in enhancing dengue disease.

FIG 3. Explanation of shape of age-specific hospitalizations of infants with DHF/DSS:
infants acquire protective levels of maternal antibody at birth, which degrade to below
protective levels, permitting antibody-dependent enhancement. At the end of 1 year,
ADE antibodies decline. After Halstead (1981), with permission.
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C. DHF in Prospective Seroepidemiological Studies

The role for second dengue infections has been documented in seven
prospective population-based seroepidemiological studies (Table IV),
and the role of second, not third or fourth, heterotypic infections is
documented in prospective studies in which DHF cases were hospital-
ized among a prebled cohort (Table V). In three of the cohorts, sera
taken from children prior to hospitalization for DHF had neutralizing
antibody profiles consistent with a single antecedent dengue infection.
In all cohort studies combined, 21 children were hospitalized with
DHF/DSS among 379 who experienced a second dengue infection,
whereas no DHF was observed among 312 children who experienced
a primary infection (p < 0.0001). Clear evidence that a second dengue
infection produces DHF was provided by two epidemics in Cuba where
DHF/DSS occurred following 1981 and 1997 introductions of DEN-2 in
a population partially immune to DEN-1 (Guzman et al., 1990, 2000b).
These data are discussed in greater detail later.

TABLE II
RELATIONSHIP BETWEEN DEN-2 NEUTRALIZING ANTIBODY TITERS IN MOTHER’S SERA AND AGE OF

ONSET OF DHF/DSS IN THEIR INFANTS
a

Case
number

DEN-2
PRNT50 mother’s

serumb

Estimated
DEN-2 PRNT50 at

onset of DHFc

Age at onset of
DHF (months)

1 30 1.9 4

2 50 6.2 3

3 80 2.5 6

4 90 0.7 8

5 200 3.1 7

6 290 4.5 7

7 350 2.7 8

8 360 45.0 4

9 420 3.3 8

10 500 15.2 6

11 720 5.6 8

12 2000 3.9 11

13 8200 4.0 12

a After Kliks et al. (1988).
b Reciprocal plaque reduction neutralization titer (PRNT) as determined by the

method of Russell and Nisalak (1967).
c Predicted assuming half-life of maternal IgG dengue antibody of 35 days.
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The role of antibody in changing the clinical expression of dengue
may be dramatic. It now appears that primary DEN-2 and -4 infec-
tions, certainly in children, are almost entirely silent, clinically overt
disease accompanying only second dengue infections (Guzman et al.,
2000b; Vaughn et al., 2000). Table VI summarizes evidence for adults
and children from the 1997 epidemic in Santiago de Cuba in which
primary infections with Asian genotype DEN-2 were nearly all inap-
parent. During this same outbreak, a very high proportion of DEN-
1-immune adults infected with DEN-2 developed either dengue fever
or DHF/DSS.

From cohort studies and prospective seroepidemiological studies of
defined populations, it has been possible to calculate hospitalization
rates for individuals experiencing secondary dengue infections, with
most being in the range of 2–3% (Table VII). In seven studies, serologi-
cally characterized DHF cases were observed in a community in which
primary and secondary dengue infection rates were measured by
testing antibodies in representative pre- and postrainy season serum
pairs (Table IV). Two of these were in Cuba. In the first, DEN-2 was
introduced in 1981 following a 1977–1979 DEN-1 outbreak. Prior to
1977, there had been no dengue in Cuba since before World War II
(Guzman et al., 1990). After 1981, years of strict mosquito control pre-
vented the introduction of dengue viruses. However, in 1997, DEN-2
was again introduced, this time producing an outbreak restricted to
Santiago de Cuba. Only individuals older than 18 years were immune
to DEN-1; correspondingly, in 1997, all DHF/DSS cases were restricted
to the 18 years plus age group.

Hospitalization rates during secondary dengue infection have been
measured in the dengue-endemic countries of Thailand and Myanmar
(Burma) (Table VII). Among seven population-based studies on dengue

TABLE III
HOSPITALIZATION RATES FOR DHF IN INFANTS LESS THAN 1 YEAR OLD PER 1000 PRIMARY DENGUE

INFECTIONS ESTIMATED USING AT RISK PERIODS OF 9 OR 1 MONTH

Place, date At-risk period At risk DHF cases DHF/1000 Reference

Bangkok, 1962 9 months 26,519a 326 12.3 Halstead (1980)

1 month 2,947b 326 110.6

a Estimated dengue infections in infants, ages 3–11 months (see Fig. 1) based on 1962
infection rate of 41%.

b Estimated dengue infections assuming infant is at risk to DHF/DSS for period of
4 weeks. See text.
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TABLE IV
PRIMARYAND SECONDARY DENGUE INFECTIONS MEASURED IN SELECTED OPEN POPULATIONS AND AMONG DHF/DSS CASES IN CHILDREN AGE 1 YEAR OR

OLDER FROM EIGHT PROSPECTIVE SEROEPIDEMIOLOGICAL STUDIES

Place Year
Serol.
test

Age
(years)

Total
population

Infections DHF/DSS

ReferencePrimary Secondary Primary Secondary

Bangkok 1962 HI 1–15 2097 412 313 n.d n.d. Halstead et al. (1969b)

842,451 165,794 125,728 297a

(DHF)
2528a

(DHF)
Nimmannitya
et al. (1969)
Halstead (1980)

12a

(DSS)
1428a

(DSS)

Koh Samui 1966 HI 1–15 13,975 1,900 2,700 1 33b Russell et al. (1968)

Koh Samui 1967 HI 1–15 13,975 n.d. n.d. 0 15c Winter et al. (1969)

Rayong 1980 PRNT <1–10 8,885 1717 920 0 18d Sangkawibha et al. (1984)

Yangon,
Myanmar

1984–1988 PRNT 2–7 3,579 (25,320) 472 (8,512) 448 (4,181) 7e 138f Thein et al. (1997)

Havana 1981 PRNT 3–14 359,879 20,393 59,875 18 1213g Guzman et al. (1990)

Santiago
de Cuba

1997 PRNT 20þ 325,310 13,116 4810 3 202 Guzman et al. (2000b)

a Children’s Hospital study only: DEN-1 (10), DEN-2 (10), and DEN-3 (4).
b DEN-1 (1), DEN-2 (16), and DEN-3 (7).
c Only from DF cases: DEN-4 (7).
d DEN-2 (7).
e DEN-1 (1), DEN-2 (1), and DEN-3 (1).
f DEN-1 (3), DEN-2 (23), DEN-3 (4), and DEN-4 (1).
g DEN-2 isolated only.4
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TABLE V
DHF HOSPITALIZATIONS IN CHILDREN wITH AND wITHOUT PREILLNESS DENGUE ANTIBODY IN FOUR PROSPECTIVE COHORT STUDIES

Place Year
Serol.
testa

Age
(years)

Cohort
total

Infections DHF cases

ReferencePrimary Secondary Primary Secondary

Koh Samui 1966 HI 2–12 336 26 83 0 3 Russell et al. (1968)

Rayong 1980 PRNT 4–10 881 93 112 0 4 Sangkawibha et al. (1984)

Bangkok 1980 PRNT1 4–15 1757 31 59 0 7 Burke et al. (1988)

Jogjakarta 1995–1996 PRNT 4–9 1837 162 120 0 7 Graham et al. (1999)

a HI, hemagglutination-inhibition; PRNT, plaque reduction neutralization test.
1 Paired sera screened by HI and then tested by PRNT.
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in children, DHF rates ranged from 12.2 to 118.6/1000 secondary
dengue infections, with a mean of 42.7/1000. Four independent studies
in Thailand, Myanmar, and Cuba produced tightly clustered values of
20.1–36.1/1000 secondary dengue infections. An eighth measurement
was made on Cuban adults infected with DEN-1 and then DEN-2 at
an interval of 18–20 years. Four studies estimated attack rates per
1000 secondary dengue infections separately for dengue shock syn-
drome (Table VII). The highest DSS rate, 208.0 per 1000 secondary
dengue infections, was calculated for infections occurring in the
specific infection sequence of DEN-1 and then DEN-2. The same infec-
tion sequence was thought to cause most DHF cases in the 1980
Bangkok school study (Burke et al., 1988) and also yielded high case
to infection ratios.

All large studies include a few DHF/DSS cases in children older than
1 year associated with infections classified as primary type (Table IV).
In Bangkok, 1962, Yangon 1984–1988, Havana, 1981, and Santiago,
1997, primary infections comprised 7.3, 5.0, 1.5, and 1.5% of all hospi-
talized DHF cases, respectively. DHF hospitalizations per 1000
primary infections in children in Bangkok, Yangon, Havana, and
Santiago were 1.9, 0.9, 0.9, and 0.23/1000, respectively (data derived
from Table IV). When means of primary (1.0) and secondary infection
population-based hospitalization rates are compared, DHF/DSS occurs
about 40 times more frequently during secondary than primary infec-
tions. These comparisons, of course, exclude infants under the age
of 1 year.

TABLE VI
DENGUE 2 EPIDEMIC IN SANTIAGO DE CUBA, 1997a

Cases Total Primary % Secondary %

Deaths 12 1 0.008 11 0.2

DHF/DSS 193 2 0.015 191 1.9

Dengue fever 5003 395 3.0 4608 95.8

Total 5208 398 3.0 4810 100

Inapparent 12,718 12,718 97.0 0 0

Total dengue infections 17,926 13,116 4810

a High rate of inapparent infections in susceptible persons. Overt disease in persons
with antibodies from previous dengue 1 infection. Primary infections included persons of
all ages. Secondary infections occurred only in persons age 18 and above. After Guzman
et al. (2000b).
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TABLE VII
DHF/DSS OR DSS HOSPITALIZATION RATES PER 1000 SECONDARY DENGUE INFECTIONS CALCULATED FROM DATA DERIVED FROM PROSPECTIVE COHORT

STUDIES OR FROM EPIDEMIOLOGICALLY DEFINED POPULATIONS (FOR DATA, SEE TABLE IV)a

Place Year Age
Second
infection DHF/DSS

DHF/104 second
infection

DSS/104

second infection Reference

Bangkok 1962 1–15 125,728 2528/1428 20.1a 11.4a Halstead (1980)

Koh Samui 1966 2–12 83 3 36.1 Russell et al. (1968)

Koh Samui 1966 1–15 2,700 33 12.2 Russell et al. (1968)

Rayong 1980 4–10 112 4 — 35.7a Sangkawibha et al. (1984)

Rayong 1980 <1–10 920 18 — 19.6a Sangkawibha et al. (1984)

Rayong 1980 <1–10 48 10 — 208.0a,b Sangkawibha et al. (1984)

Bangkok 1980 4–15 59 7 118.6a,c Burke et al. (1988)

Havana 1981 3–14 59,875 1213 20.3 Guzman et al. (1990)

Yangon 1984–1998 2–6 4,181 138 33.0a Thein et al. (1997)

Jogyakarta 1995–1996 4–9 120 7 58.3a Graham et al. (1999)

Santiago
de Cuba

1997 18þ 4,810 202 42.0a Guzman et al. (2000b)

a Cases graded by WHO criteria.
b DSS cases among secondary DEN-2 infections only.
c Denominator likely to be too small as secondary infections determined by insensitive HI test.
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D. Factors Controlling Illness Severity during Secondary Infections

Many factors have been identified that influence the clinical expres-
sion of secondary dengue infections. Factors intrinsic to the host, such
as HLA types, have been described (Chiewsilp et al., 1981; Loke et al.,
2001; Paradoa Perez et al., 1987). The role of sex, age, genetic, and
nutritional status are reviewed or described elsewhere (Halstead,
1997). Antibody and viral factors are discussed here.

1. Heterotypic Neutralizing Antibodies

Varying amounts and kinds of heterotypic neutralizing antibodies
are raised following primary dengue infections. As shown in Table VIII,
when preinfection sera were studied at low dilutions in human mono-
cyte cultures, those from children whose secondary DEN-2 infections
were inapparent consistently neutralized DEN-2, whereas sera from
children who developed an illness requiring hospitalization lacked
heterotypic DEN-2 neutralizing antibodies (Kliks et al., 1989). This
observation shows that low levels of heterotypic neutralizing anti-
bodies (most were anti-DEN-1) do not prevent but downregulate
DEN-2 infections. Around one fifth of monotypically dengue-immune
school children lacked heterotypic DEN-2 antibodies and developed
DHF when infected by DEN-2. This is virtually the same ratio for
DSS during sequential DEN-1 and then DEN-2 in Rayong, Thailand
(see Table VII).

The degree to which heterotypic antibodies are raised to antigens
common to two or more dengue viruses or as a result of a specific
antibody response repertoire controlled by the host is unknown. How-
ever, evidence shows that DEN-2 viruses may evolve to escape from
heterotypic neutralization (see later).

2. Sequence of Viral Infection

The sequence of infection may be highly determinative of disease se-
verity. Although infections in all possible sequences were documented,
only secondary DEN-2 infections were pathogenic in the 1980 cohort
study at Rayong, Thailand (Table IX) (Sangkawibha et al., 1984). Infec-
tion sequences associated with DSS cases were known from virus iso-
lations from acute-phase sera or neutralizing antibodies in preillness
sera interpreted by the original antigenic sin phenomenon (Halstead
et al., 1983). Burmese workers came to a similar conclusion in their
1984–1988 longitudinal seroepidemiological study in Yangon, Myan-
mar (Thein et al., 1997). DHF/DSS is not universally associated
with secondary DEN-2 infection. In an Indonesian study (Table IX),
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DSS was associated with sequences ending in DEN-1, -3, and -4, but
not DEN-2, even though secondary DEN-2 infections were common
(Graham et al., 1999). Dengue 3 was associated with an outbreak of
DHF/DSS on Tahiti in a population that had prior infection experience
with DEN-1 and DEN-2 (Chungue et al., 1990). In 2001 in Tahiti,
DEN-1 produced a large DHF outbreak in children exposed to DEN-2
and -3 viruses (Hubert, personal communication). The pathogenicity of
secondary infections with various dengue viruses appears to change
over time as illustrated by the changing dominance of different viruses
recovered from DHF cases over a 30-year observation at the Bangkok
Children’s Hospital (Fig. 4).

TABLE VIII
MODERATING EFFECT OF HETEROTYPIC NEUTRALIZING ANTIBODIES

DURING SECONDARY-DENGUE INFECTIONS
a

Dengue 2 NT antibodies
in undiluted sera, June 1980

Admitted to hospital
for DHF

No school
absences

Yes 1 29

No 6 4

a Undiluted preillness sera from 40 children experiencing secondary dengue 2
infections were incubated with dengue 2 virus and added to human monocyte cutures.
No virus was scored as neutralization, growth of virus as enhancement. Sera from
children with inapparent infections neutralized, whereas sera from clinically ill children
enhanced dengue 2 infection. After Kliks et al. (1989) and Burke et al. (1988).

TABLE IX
INCIDENCE OF DHF/DSS CASES AMONG SECONDARY DENGUE INFECTIONS BY SPECIFIC SEQUENCE

IN CHILDHOOD COHORTS STUDIED IN THAILAND AND INDONESIA
a

Place, year, age
First dengue
infection

Second dengue infection

Dengue 1 Dengue 2 Dengue 3 Dengue 4

Rayong, Thailand,
1980, ages <1–10

Dengue 1 — 10/48 0/9 0/20

Dengue 2 0/257 — 0/34 0/82

Dengue 3 0/125 6/92 — 0/40

Dengue 4 0/114 2/84 0/15 —

Jogyakarta, Indonesia,
1995–1996, ages 4–9

Dengue 1 — 0/31 1/6 0/6

Dengue 2 3/41 — 0/7 1/8

Dengue 3 0/9 0/2 — 0/4

Dengue 4 0/4 0/5 0/1 —

a After Sangkawibha et al. (1984) and Graham et al. (1999).
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3. Interval between First and Second Dengue Infections

DHF/DSS was observed when DEN-1 and then DEN-2 infections oc-
curred at intervals of 4 and 20 years in Cubans. In both the nationwide
and Santiago epidemics, severe disease was caused by Asian genotype
dengue 2 viruses (Guzman et al., 1995). Dengue 1 was transmitted
in 1977–1979 and is the only known introduction of this virus into
Cuba. After each epidemic, comprehensive vector control was insti-
tuted and dengue transmission was terminated. The absence of
new dengue infections permitted an accurate study of epidemic infec-
tion rates by measuring neutralizing antibody prevalence in randomly
collected sera (Guzman et al., 1990, 2000b). Age-specific secondary
DEN-2 infection rates were used to estimate infections. DHF cases
and deaths reported by age from Havana in 1981 and Santiago in
1997 were then used to calculate DHF and death rates per 10,000
secondary DEN-2 infections (Guzman et al., 2002a). When DHF and
death rates were compared in identical age groups of adults (essen-
tially 20–65þ years), the 1997 epidemic was 8 and 25 times more
severe than that of 1981, respectively (Table X). Case fatality rates
among adults who experienced secondary DEN-2 infections at inter-
vals of 4 and 20 years were 0.6 and 2.6%, respectively, differing by a
factor of 4.7-fold.

E. Factors Controlling Illness Severity during Primary Infections in

the Presence of Passively Acquired Antibody

It was noted (Table II) that sera from mothers whose infants
acquired primary infection DHF had variable amounts of DEN-2 neu-
tralizing antibodies. Figure 5 demonstrates the positive correlation be-
tween the DEN-2 PRNT50 titer of maternal antibodies (presumably the
titer in infant sera at birth) and the age of the infant at hospitalization

TABLE X
INCREASED SEVERITY OF CLINICAL DISEASE IN ADULTS EXPERIENCING DENGUE 2 INFECTIONS 4

AND 20 YEARS FOLLOWING DENGUE 1 INFECTION
a

Place Date

Secondary
DEN-2

infections
DHF
cases Deaths

DHF/104

secondary
DEN-2

Deaths/104

secondary
DEN-2

Case fatality
rate (%)

Havana 1981 242,070 1329 21 54.9 0.9 1.58

Santiago 1997 4,810 202 11 419.9 22.8 5.4

a After Guzman et al. (2002b).
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for DHF. Most infants were admitted within 3 weeks of the time that
maternal antibodies were expected to fall to a titer of 1:10 (Kliks
et al., 1988). Infants are at risk when neutralizing antibodies have
fallen below a protective threshold but titers of ADE antibodies are
maximal (Fig. 3).

V. VIRAL FACTORS

A. Genotypes

The concept that DHF/DSS is caused by intrinsic differences in den-
gue viruses has been a favored explanation for the ‘‘emergence’’ of this
syndrome in Southeast Asia. When DEN-3 and -4 were associated with
DHF/DSS in the Philippines in 1956, Hammon et al. (1960) speculated
that these viruses might be responsible for the ‘‘new’’ disease. Later,
putative DEN-5 and -6 viruses were thought to be DHF associated
(Hammon and Sather, 1964). When DEN-1 and -2 viruses were shown
to cause dengue fever as well as DHF (Halstead et al., 1969c), research-
ers looked for virulent and nonvirulent dengue viruses circulating in
different biological niches, for example, Aedes aegypti- versus Aedes

albopictus-transmitted viruses (Rudnick, 1965, 1967).

FIG 5. Correlation between maternal dengue 2 neutralizing antibody titers and age
their infants were hospitalized for DHF/DSS caused by primary dengue 2 infections.
After Kliks et al. (1988), with permission.
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It seemed logical to expect that intrinsic virulence would have
a genetic basis. Many dengue viruses recovered from mild and severe
dengue infections have been partially sequenced and compared
(Table XI), but no reproducible viral genetic differences have been
found as yet within DHF-endemic areas.

However, a disease severity-related genetic difference is well estab-
lished. The first dengue virus recovered in the American hemisphere
was DEN-2 TR 1751 (Anderson and Downs, 1956). Reports of out-
breaks of dengue prior to World War II are attributed to DEN-2 by
serological studies in Panama and Cuba (Guzman et al., 1990; Rosen,
1958). In 1963, DEN-3 was introduced into the hemisphere and was
first recognized in Puerto Rico (Neff et al., 1967). It is not known
how widely these two viruses were transmitted, but conditions for se-
quential infection existed. This epidemiological situation was not ac-
companied by DHF/DSS. In 1977, DEN-1 was introduced into the
Caribbean and spread quickly throughout the region (Anonymous,
1978). Again, sequential infections were possible, but there were no
reports of DHF/DSS. However, DHF/DSS immediately accompanied
the introduction of an Asian genotype DEN-2 in Cuba in 1981
following an earlier 1977–1979 virgin soil epidemic of DEN-1 (Guzman
et al., 1995; Kouri et al., 1989). Similar sequential introductions into
Peru of DEN-1 in 1990 and an American genotype DEN-2 in 1995
did not result in DHF/DSS (Watts et al., 1999). This occurred in the

TABLE XI
SUMMARY OF STUDIES LOOKING FOR GENETIC SEQUENCES THAT CORRELATE WITH

DENGUE DISEASE SEVERITY

Serotype
Gene

sequenced DF DHF, I&II DSS Observation Reference

2 E 4 2 2 No differences Blok et al. (1989)

3 E (amino acids
25–89)

9 11 1 No differences Chungue
et al. (1993)

3 PrM–E 1 2 2 No differences Lee et al. (1993)

2 E 1 1 1 No differences Lee et al. (1993)

2 E/NS-1
(240 nucleotides)

1 2 1 No differences Lee et al. (1993)

2 E/NS-1 0 2 1 No differences Thant et al. (1995)

2 C–PrM–E 1 2 1 1–2 amino
acids

Thant et al. (1996)

2 Entire 4 3 1 No differences Mangada and
Igarashi (1998)

2 E/NS-1
(240 nucleotides)

30 462 — No differences Rico-Hesse
et al. (1998)
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Amazonian city of Iquitos, population 344,686, where ongoing sero-
logical monitoring made it possible to measure secondary DEN-2 infec-
tions. Using rates of DHF during secondary infections cited earlier
(Table VII), the estimated 49,000 secondary DEN-2 infections should
have resulted in thousands of DHF/DSS hospitalizations and hun-
dreds of deaths. Careful examination of hospital records revealed no
DHF/DSS-like disease. In fact, secondary infections were accompanied
only by mild disease with low attack rates of overt disease despite high
infection rates. When Asian and American DEN-2 genomes were se-
quenced directly from viremic sera, a total of six encoded amino acid
differences were found in prM, E, NS4b, and NS 5 genes along with
mutations conferring predicted structural changes in the 50- and
30-nontranslated regions (Leitmeyer et al., 1999).

B. Antigenic Structure

A significant correlate of genetic differences can be in the structure
of virion antigens. When Peruvian anti-DEN-1 sera were tested, they
significantly neutralized the American genotype DEN-2, whereas
Asian DEN-2 was much less neutralized (Table XII) (Kochel et al.,
2002). This observation points to the existence on the envelope of
American genotype DEN-2 viruses of DEN-1-like structure(s) and the
absence of this structure on Asian genotype DEN-2 viruses.

C. Escape Mutants

During the 1981 and the 1997 DHF/DSS epidemics in Cuba, month-
to-month increases were observed in the fraction of severe compared
with mild cases and also in case fatality rates (Table XIII) (Guzman
et al., 2000a). The possibility of the rapid selection of dengue virus

TABLE XII
GEOMETRIC MEAN NEUTRALIZING ANTIBODY TITERS IN 44 SERA FROM DEN-1-IMMUNE RESIDENTS

OF IQUITOS, PERU, WHEN TESTED BY HOMOLOGOUS DENGUE VIRUS (DEN-1) OR DEN-2 STRAINS

REPRESENTING EITHER AMERICAN OR ASIAN GENOTYPES
a

Genotype Asian American Asian Asian

Virus DEN-1 DEN-2 DEN-2 DEN-2

Strain 16007 IQT 2913 16881 OBS 8041

Isolated,
place, date

Thailand, 1964 Peru, 1996 Thailand, 1964 Venezuela, 2000

GMT, N = 44 578 549 56 29

a After Kochel et al. (2002).
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neutralization escape mutants seemed an obvious explanation. It was
hypothesized that the serial transfer of DEN-2 viruses in DEN-1-
immune hosts might result in the selection of mutants that lacked
their DEN-1-like antigenic structure(s). These viruses should have a
selection advantage being enhanced by antibodies directed against
noncritical structural sites.

VI. ADE IN VIVO

A. Animal Studies

Crucial to the biological relevance of ADE is the fact that the enhance-
ment phenomenon was discovered in an in vivo model (Halstead et al.,
1973c; Marchette et al., 1973). Three key papers were published in
1973. The first, describing the enhanced growth of dengue virus in vitro,
reported laboratory work performed earlier that year (Halstead et al.,
1973b). However, observations on rhesus monkey viremia reported as
‘‘clinical laboratory studies’’ on primary and heterologous dengue infec-
tions had been in progress from 1965 (Halstead et al., 1973d). It was also
observed that dengue viruses were abundant in tissues of monkeys
experiencing secondary infections (Marchette et al., 1973).

B. Viremia in Primary versus Secondary Dengue Infections inMonkeys

Primary infections and all 12 combinations of sequential infections
with four dengue viruses (i.e., 1-2, 1-3, 1-4, 2-1, 2-3, 2-4, 3-1, 3-2, 3-4,

TABLE XIII
MONTHLY DHF/DSS ATTACK RATES, CASE FATALITY RATES, AND DEATH RATES DURING

DEN-2 EPIDEMICS IN CUBA, 1981, AND SANTIAGO DE CUBA, 1997a

Cuba—1981 Santiago—1997

June July August Pb May June July Pb

DHF/DSS 1,881 6,223 2,120 37 132 29

Deaths 38 77 40 1 6 5

Total dengue 96,664 183,443 43,315 705 1785 244

DHF/DSS/dengue (%) 1.9 3.4 4.9 <10�7 5.2 7.4 11.9 <0.01

Deaths/DHF/DSS (%) 2.0 1.2 1.9 >0.05 2.7 4.5 17.2 <0.05

Deaths/dengue (%) 0.04 0.04 009 <0.01 0.14 0.34 2.05 <0.01

a After Guzman et al. (2000a).
b First month versus third month.
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4-1, 4-2, 4-3) were studied in groups of rhesus monkeys (Halstead et al.,
1973d). After primary and secondary infections, monkeys were bled
daily for 10 days to measure viremia, blood platelets, prothrombin
time, serum proteins, hematocrit, and, in some cases, total serum com-
plement. A single animal, infected in the sequence DEN-4 and then
DEN-2, had a physiological response consistent with DHF. Animals
given dengue 2 as their second infection had peak viremias that were
more than 10-fold higher than those in animals infected for the first
time using the same strain, dose, and route of infection (Table XIV).
The mean duration of secondary DEN-2 viremias (3.4 days) was
slightly shorter than that of primary viremias (4.0 days). Smaller
numbers of animals with primary and secondary DEN-1 and DEN-4
viremias were studied. Viremias did not differ quantitatively, although
the onset of viremia was a little later during secondary compared with
primary infections.

C. Viremia in Monkeys Receiving Passive Dengue Antibodies

In the only study on this phenomenon, two groups of five rhesus
monkeys were given dengue-immune or nonimmune human cord blood
serum diluted to a final dilution in blood of 1:300 (Halstead, 1979).
Animals were infected with 1000–9000 pfu of DEN-2 and were
then viremia quantitated daily for 10 days. The dengue-immune cord
blood pool was from infants born to mothers of southeast Asian origin
and contained neutralizing antibodies to all four dengue viruses.
Control monkeys received dengue antibody negative cord blood. The
DEN-2 PRNT50 of pooled cord blood was 1:140, whereas the enhancing
titer, measured in nonimmune human monocytes, was greater than
1:10�6. Following inoculation of antibodies, monkeys had no detect-
able dengue neutralizing antibodies, but enhancing antibodies were
detected to dilutions of 1:10�4. Viremia levels were consistently higher
in animals receiving dengue antibodies (Fig. 6).

TABLE XIV
DENGUE 2 VIREMIA AND INFECTION PARITY IN MONKEYS

a

Infection
parity n

Viremia onset
day (mean) P

Duration
(days) (mean) P

Mean
peak viremia

(pfu log10/1.0 ml) P

Primary 24 3.0 4.0 2.7

Secondary 44 3.6 0.05 3.4 0.5 3.7 <0.001

a After Halstead et al. (1973d).
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D. ADE during Human Dengue Infections

Studies on DHF in Indonesian children provided the first evidence
that mean viremias were higher during secondary than primary
dengue 3 infections (Table XV) (Gubler et al., 1979). Because these
were single point determinations rather than serial bleedings, only
the range provides relevant data. Better data are now available.
DEN-1 and -2 peak viremia titers measured early during secondary
dengue infections predict imminent disease severity (Table XVI).
These data were obtained from children admitted to study soon after
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FIG 6. Daily reciprocal viremia titers in H-251(^) and W-38 (~) susceptible rhesus
monkeys given human dengue immune cord blood serum and H-252 (&) and W-92 (
)
given normal cord blood serum intravenously and then infected with dengue 2 (16681
strain). After Halstead (1979).

TABLE XV
VIRUS LOAD IN ACUTE PHASE SERA, DISEASE SYNDROME, AND INFECTION PARITY

a

Syndrome

Primary infection Secondary infection

n

Mean
(log10) Range n

Mean
(log10) Range

Dengue 3
Dengue fever 5 5.5 4.3–7.0 5 6.6 4.2–8.0

DHF I&II 1 7.3 7.3 3 6.0 2.8–8.2

DSS 2 5.4 4.6–6.4 9 6.1 3.8–8.2

a After Gubler et al. (1979).
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the onset of fever and were bled for 5 consecutive days, making it
possible to identify peak viremia (Vaughn et al., 2000). Thus, viremia
correlates strongly with disease severity. Disease severity, in turn,
is correlated with secondary dengue infections. Because most primary
dengue infections in children are mild or inapparent, it may never be
possible to assay viremias in this immunological group. There can be
little doubt that antibody-dependent enhancement of human dengue
viral infections has been documented and correlates with, even
predicts, disease severity.

VII. ADE IN VITRO

In vitro antibody-enhanced infections, or underneutralization of
viruses probably due to antibody-dependent enhancement, have been
described in the literature since the 1930s (Halstead, 1982). The first
explicit descriptions of antibody-related plaque enhancement were by
Hawkes (1964) and Hawkes and Lafferty (1967). These authors conjec-
tured that enhanced plaque formation of MVE by avian anti-MVE on
chick embryo ‘‘fibroblasts’’ (CEF) was due to the stabilization of viral
infectivity by antibody. It remained for Kliks and Halstead (1980,
1983) to demonstrate that CEF monolayers were ‘‘contaminated’’ with
2% functional mononuclear phagocytes. At a relatively low multiplicity
of infection (MOI), MVE virions did not infect mononuclear phago-
cytes. However, some of the other 98% chick fibroblastic cells were
permissive to MVE infection. The addition of MVE antibody at low
dilutions directed viruses to infect mononuclear phagocytes. Efficient
antibody-mediated infections in this small population accounted for
the 20–30% increase in infected cells observed.

TABLE XVI
‘‘PEAK’’ VIRUS LOAD IN ACUTE PHASE SERA FROM SECONDARY DENGUE INFECTIONS IN

RELATION TO INFECTION SEVERITY
a

Syndrome

Dengue 1 Dengue 2

n Peak mean (log10) n Peak mean (log10)

Dengue fever 13 5.5b 16 6.5c

DHF I&II 10 7.3b 26 7.6c

DSS 3 8.6b 5 8.5c

a After Halstead et al. (1973d).
b R ¼ 0.5; p ¼ 0.01.
c R ¼ 0.5; p < 0.01.
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The explanation of the Hawkes–Lafferty phenomenon had been
made possible by studies on the immune enhancement of dengue virus
infection in peripheral blood mononuclear phagocytes (Halstead et al.,
1973b; Halstead and O’Rourke, 1977a, 1977b). These studies had de-
fined the phenomena of immune-enhanced viral infection of cells as
possessing several possible attributes: (1) cells are infected in the pres-
ence of antibody or cells are infected that are derived from an immune
host. In vivo, this may translate to an enhanced susceptibility to infec-
tion, which is decoupled from the number of infectious particles in an
infectious inoculum. (2) Cells may be infected more quickly. This can be
illustrated most clearly at low incubation temperatures. In vivo, the
incubation period from infection to onset of disease may be shortened
in the presence of enhancing antibodies. (3) There are increased
numbers of productively infected cells. This phenomenon may be
derivative of attributes 1 and/or 2. In vivo, this could translate into
increased viremia and/or increased severity of disease. (4) Altered cell
tropism is a hypothetical but unexplored attribute of enhanced infec-
tion. The in vivo correlate might be an altered disease course (e.g.,
atypical measles or neurological AIDS).

A. Factors Controlling ADE in Vitro

In vitro and in vivo studies demonstrate that indirect virus–cell
entry is controlled by many factors, some interconnected. Each is
discussed briefly.

1. Ligands

Infection enhancement may result when bivalent ligands bind to
receptors on viruses and on cells. Ligand binding increases the forces
that bring viruses in close approximation to other usually normal
cell–virus receptors. For the most part, in well-studied systems, virus
entry into cells follows the normal route by mechanisms described by
Marsh and Helenius (1989). Bivalent ligands described to date include
immunoglobulin G (IgG), immunoglobulin M (IgM) plus complement,
IgG plus complement, complement alone, and an unidentified factor
in unheated plasma.

2. Antibody

The best studied and possibly the most powerful and ubiquitous
ligand that enhances the infection of animal viruses is antibody. In
both natural and experimental settings, there is a corresponding re-
quirement for an appropriate receptor on the cell surface—for example,
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Fc receptors for IgG immunoglobulins and complement receptors when
IgM serves as an intermediate ligand.

a. Immunoglobulin Class Most published studies on ADE have
used antiviral IgG as a source of enhancing antibody. It is known
that a number of cell types also carry FcR for IgA, IgE, and IgM.
Whether any of these latter immunoglobulin types contribute signifi-
cantly to ADE is unknown. In early studies on rhesus monkeys, whole
sera obtained 14 days after dengue 2 infection contained neutralizing
antibodies (PRNT) when assayed in continuous rhesus monkey kidney
cells, but when assayed on rhesus peripheral blood mononuclear cells
(PBMC), weak ADE was noted at dilutions between 1:160 and 1:2560
(Halstead, 1982). When IgM and IgG were assayed separately, the
IgG fraction exhibited only ADE to a serum-equivalent dilution of
1:10,240, while decomplemented IgM only neutralized virus. However,
when fresh complement was added, the IgM fraction neutralized
dengue 2 to a serum equivalent dilution of 1:40, but enhanced infection
in rhesus PBMC to a serum-equivalent dilution of 1:800. ADE, due to
IgG, was unaffected by complement. When whole serum was assayed
in PBMC in the presence of complement, virus was neutralized at low
dilution (1:10 and 1:40) and weak ADE was noted at higher dilutions
(1:160–1:2560). These studies show that early IgM is very efficient at
neutralizing dengue virus, but at high dilutions in the presence of com-
plement, IgM can mediate ADE. Cardosa et al. (1983) studied this phe-
nomenon and showed that the IgM–virus–complement complex
attaches to C3 receptors and initiates virus entry into cells via this
ligand–receptor interaction.

While low concentration of IgM antibodies can mediate ADE, in an
autologous system, it is well to remember that in vivo, at least in the
dengue system, infection enhancement by IgM could be expected to
occur only very early in the immune response and then only transiently.
In whole serum, antidengue IgM effectively ablated the pro-ADE effect
of IgG (Halstead, 1982; Halstead and O’Rourke, 1977b). The reason
why early antidengue IgG enhanced but failed to neutralize dengue 2
has not been investigated further. It is likely that this reflects the
rather poor avidity and conformational ‘‘fit’’ of early IgG idiotypes to
critical virion epitopes.

b. Ig Subclass In humans, principally IgG1 and IgG3 are respon-
sible for ADE, whereas in mice it is IgG2a. This reflects receptors on
the mononuclear phagocyte cell system used: human PBMC have
IgG1 and IgG3 receptors. There is a large family of Fc receptors that
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have parallel functions but are only loosely related on a structural
basis. These are discussed later. Mouse macrophages have at least
three types of FcR: FcR I, which binds to IgG2a; FcR II, which binds
to IgG2b; and FcR III, which binds to IgG3 (Porterfield, 1986).

c. Phylogenetic Class of Fc Terminus Hawkes (1964) and Hawkes
and Lafferty (1967) observed that avian antisera enhanced viral
plaque formation on CEF and chorioallantoic membranes (CAM).
However, enhancement was not observed when the same reagents
were assayed on pig kidney cell cultures or in suckling mice. Mouse
and rabbit antisera failed to enhance viral plaque or pock formation
on CEF and CAM. This latter phenomenon is explained by the struc-
tural similarities between Fc termini and FcR receptors at the level
of phylogenetic class. Fc–FcR interactions do not occur regularly
when the antibody source and cells providing the FcR differ between
avians and mammals. Curiously, guinea pig anti-MVE enhanced
MVE plaque formation on CEF (Kliks and Halstead, 1983).

d. Idiotype Specificity Controversy continues to swirl around the
idiotype specificity that mediates ADE and the corresponding epitopes
on viral surfaces. A fundamental fact established repeatedly, both with
polyclonal and monoclonal antibodies, is that antibodies directed at
epitopes that neutralize viruses efficiently can, in general, produce
ADE when tested at concentrations below the neutralization thresh-
old (Halstead, 1982; Porterfield, 1986). The importance of antibody
concentration is discussed later.

It is well established that ADE occurs when antibodies, even at rela-
tively high concentrations, are directed against virion epitopes that
are not thought to mediate attachment to and entry through the
plasma membrane. The classical example is infections with dengue 1,
3, or 4 viruses, which raise antibodies against dengue subgroup or fla-
vivirus group epitopes, which can enhance dengue 2 infection in vitro

and are thought to enhance infection and disease in vivo (Halstead,
1982). In fact, the most powerful risk factor ever identified for the
occurrence of DHF/DSS in humans was the circulation of antibodies
raised by heterotypic dengue viral infections, which exhibited dengue
2 ADE when undiluted serum was tested in human PBMC in vitro

(Kliks et al., 1989). In contrast, even small amounts of cross-reactive
dengue 2 neutralizing antibody raised during primary infections
due to dengue 1, 3, or 4 viruses downregulated secondary dengue 2
infections to produce inapparent disease. In vitro, a wide range of
heterotypic polyclonal and monoclonal antibodies have been shown to
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produce ADE in the flavivirus family (Halstead, 1980; Halstead et al.,
1980; Porterfield, 1986).

e. Concentration A large number of studies have shown that homo-
typic neutralizing antibodies, polyclonal or monoclonal, produce ADE
at dilutions above the neutralization end point. Dengue neutralizing
antibodies transferred passively to human infants by mothers with
multiple previous dengue infections can produce severe disease in
such infants when primary infections occur in the first few months of
life (Kliks et al., 1988).

f. Enhancing Titer As illustrated in Fig. 7, measurements of viral
infections in PBMC cultures have three parameters. The highest dilu-
tion of antibody that produces significant and reproducibly enhanced
infections is called the ‘‘enhancing titer.’’ With respect to in vivo phe-
nomena, it is important to point out that many sera, when tested at
low dilutions, neutralize; infection enhancement is only demonstrable
at higher dilutions. Many authors confuse the highest dilution at
which ADE can be demonstrated as a measure of biological potency.

FIG 7. Diagram defining the various parameters of antibody-dependent enhancement.
The test is performed by adding virus plus antibody dilutions to mononuclear phagocyte
cultures. At low dilution of serum, little or no virus growth is observed; at a higher
dilution, enhanced viral growth occurs (peak enhancement). At a still higher dilution,
the enhancement effect is gradually lost (enhancement titer). From Halstead (1994).
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It is not. In vivo, antibodies that neutralize in undiluted serum will
neutralize regardless of the enhancing titer of this same serum
when diluted. It is a general rule that sera that competently neu-
tralize to relatively high titer will demonstrate extremely high
enhancing titers.

g. Peak Enhancement Titer The dilution of sera at which fold en-
hancement is greatest is labeled the peak enhancement titer (Fig. 7).
Those infants who developed severe disease during primary dengue 2
infections acquired their infections at a time when it was estimated
that peak infection enhancement would occur.

h. Enhancing Power The fold increase in the number of cells
infected or the amount of virus produced at peak enhancement in
antibody-supplemented assays as compared with controls is expressed
as ‘‘power.’’ As illustrated in Fig. 7, over many dilutions at the low
range, enhancing and neutralizing antibodies are mixed. Under these
conditions, infection enhancement is suboptimal. At some dilution of
antibody, optimal viral infections occur; at still higher dilutions, the
concentration of infectious antibody–virus complexes is not great
enough to saturate the system. Power must also reflect the abundance
of virus receptors on FcR-bearing cells, the efficiency of entry of virus,
the viability of virus after reaching the cytosol, and competence to
complete all steps to achieve assembly and final release of virions.

3. Cells

a. FcR Bearing With the few exceptions noted, the sine qua non of
antibody-dependent and noncomplement-dependent enhancement
of viral infection is the existence of permissive FcR-bearing cells. FcR
can be distributed naturally or can be induced following infection by
one of several members of the herpes virus family (Bell et al., 1990;
McKeating et al., 1990). A large family of distinct classes of Fc recep-
tors exists. They have been defined partially by monoclonal antibodies.
Each receptor is represented differentially on cells in various tissues.
Among the reasonably characterized immunoglobulin Fc receptors,
there are three for IgG (FcR I, FcR II, FcR III), at least one for IgM,
one for IgE, and one for IgA (Unkeless et al., 1988). In humans, Fc
receptors have been detected on T, B, and natural killer lymphocytes,
polymorphonuclear leukocytes, mononuclear phagocytes, and den-
dritic cells, including Langerhans cells. Monocytes bear two Fc recep-
tors. FcR I is found on monocytes/macrophages and binds human IgG1

and IgG3 with high avidity. Fc receptors are also found at high density
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on epithelial cells of the intestinal tract (Kobayashi et al., 1989). FcR I
numbers are augmented by interferon-�, and such augmentation can
be shown to increase dengue viral ADE (Kontny et al., 1988).

b. Cytophilia While noncomplexed monomeric IgG1 and IgG3
occupy FcR furtively, this weak and brief interaction merely reflects
the concentration of immunoglobulins in the extracellular medium. At-
tempts to ‘‘stick’’ a monomeric-enhancing antibody on human or
monkey PBMC prior to the addition of virus have failed (Halstead
and O’Rourke, 1977b). When antibody was incubated with PBMC
from nonimmune donors for 1 h at 37 �C and cells were washed in a dif-
ferent IgG-containing medium, no ADE occurred unless antibody was
added back to the reaction mixture. In contrast, despite extensive
washing to remove original serum or loosely bound IgG, PBMC from
dengue-immune rhesus monkeys or human beings are permissive to
dengue infection in vitro (Halstead et al., 1973a, 1973b; Halstead and
O’Rourke, 1977b). Using silica, these cells have been identified as
monocytes (Halstead, 1982; Halstead and O’Rourke, 1977b). Enhanced
infection was reduced or ablated by treatment with trypsin or anti-IgG
prior to the addition of dengue virus.

The incubation of human anti–yellow fever serum with U937 con-
tinuous human monocytoid cells resulted in an irreversible cytophilic
attachment of antibody that could not be eluted off at 37 �C (Schle-
singer and Brandriss, 1981). This may be related to the finding of
Anderson and Abraham (1980) that monomeric IgG myeloma im-
munoglobulins showed a higher affinity for U937 Fc receptors than ag-
gregated immunoglobulin of the same subclass. Thus, in U937, but
not PBMC, monomeric immunoglobulins may become cell associated
in vitro.

c. Age of Cells In the dengue system, ADE is optimal when human
or rhesus PBMC are held in culture for 24 h at 37 �Cbefore adding virus
and antibody (Halstead and O’Rourke, 1977b). In cells infected at
48–96 h, a sharp decline in viral replication was observed. Similar
results were obtained in PBMC, which were plated onto glass or plastic
surfaces. Under both conditions, but especially the latter, monocytes
differentiate into macrophages. Splenic, thymic, and lymph mode
macrophages from rhesus monkeys showed a similar reduction in
permissiveness when held in culture for 2–4 days prior to infection
(Halstead et al., 1977). Bone marrow mononuclear phagocytes showed
no such maturational phenomenon, being equally permissive on days
0 and 4 after removal from their rhesus monkey host. This may
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reflect the fact that the progeny of stem cells in vitro are relatively
immature cells.

d. Activation The effects of macrophage activation on viral replica-
tion have been examined in a number of studies, the majority of which
report that activated macrophages are more restrictive (Mogensen,
1979; Morahan et al., 1985). There are some contrary reports. van
der Groen et al. (1976) found that Semliki forest virus replicated better
in protease-peptone-elicited macrophages than in resident macro-
phages, and Hotta and colleagues (Hotta and Hotta, 1982; Wiharta
et al., 1985) reported increased yields of dengue viruses in macro-
phages activated by extracts of bacterial and parasitic cell walls and
peptidoglycans. Cardosa et al. (1986) showed that IgG–West Nile virus
complexes grew better in BCG-infected mouse peritoneal macrophages
than in resident or thioglycolate-elicited macrophages. In contrast, in
the IgM–complement–West Nile virus system, virus grew better in
thioglycolate-elicitedmacrophages than in others (Cardosa et al., 1986).

The effect of macrophage activation has even been demonstrated in

vivo when two susceptible rhesus monkeys were inoculated with
Cornybacterium parvum and an additional two animals were inocu-
lated with pertussis vaccine intravenously. Three days later, the
four animals were infected with dengue 2 (S. B. Halstead, unpub-
lished results). Viremias were measured daily and compared with
sham-inoculated controls. Viremia levels were significantly higher
in animals given substances known to stimulate and activate the
mononuclear phagocyte system.

Clearly, age or differentiation of cells in vitro plus activation (a
separate process) of monocytes/macrophages has a profound effect on
ADE, although not in predictable or yet understandable ways.

e. Tissue Source For many of the animal diseases for which ADE
may be operative in vivo, the sites of replication of virus in the intact
animal are known to be one or more varieties of tissue macrophages
(Halstead, 1982; Porterfield, 1986). For reviews of nonarboviruses,
see Burke (1992), McGuire et al. (1990), and Stott et al. (1984). In vitro

systems rarely employ these biologically relevant cells. Usually, mono-
cytes are obtained from peripheral blood. Several workers have used
macrophages obtained by lavage of the peritoneal cavity. Most such
techniques activate these cells. Whether such activation affects viral
growth and the ability to demonstrate ADE has been carefully studied
in some but not all systems (see earlier discussion).
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f. Primary Cells versus Cell Line Reference was made earlier to
differences in FcR on primary versus monocytoid cell lines. Finally,
primary cells and cell lines may differ in the distribution and density
of viral receptors. The number of human and other mammalian mono-
nuclear phagocyte cell lines is too large to be reviewed here. Suffice it to
say, great care must be taken in extrapolating results from surrogate
models to predict or interpret in vivo phenomena.

4. Virus Receptor

Elegant studies in the West Nile model (Gollins and Porterfield,
1986) have demonstrated that in ADE the entry of the virus into the
cytosol is critically dependent on the normal virus receptor and
the process of endocytosis. Bispecific Fab dengue antibodies linked
chemically to antibodies to the three Fc receptors and to �2-
microglobulin all enhanced dengue infection equally, suggesting that
infection did not occur via a phagocytic event (Mady et al., 1991). In
other words, antibody attracts virus to the cell surface, after which
virus attaches and enters via normal cell receptors.

Convincing experiments demonstrating the mode of entry of virus
into cells have not been published for most viruses that participate
in ADE. Most authors assume infection is via Fc-mediated endocytosis,
yet several different kinds of outcomes of the attachment to cells
of virus–IgG complexes to FcR are evident. For a review, see
Halstead (1994).

5. Viruses

a. Infective Agent (Sensitizing versus Eliciting Viruses) In systems
requiring two infections or an immunization process to sensitize to
ADE, the virus whose cell entry is enhanced is referred to as the
eliciting virus or infection, whereas the initial infection or immuniza-
tion is referred to as the sensitizing virus or infection or the sensitizing
immunization.

b. Eliciting Virus MOI has been studied carefully in the dengue
system (Halstead and O’Rourke, 1977b). Serial 10-fold dilutions of
virus were tested in human and monkey PBMC. When MOI ranged
between 0.001 and 0.1, the infection of cells occurred regularly in the
presence of antibody with 3- to 10-fold lower infection in the absence
of antibody. When the MOI was raised to between 1 and 100, the differ-
ential effect of adding antibody was often lost. The day of peak
infection is related directly to MOI. In the dengue system, MOI in
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the range 0.01–0.05 resulted in peak extracellular virus yields between
days 2 and 4 after infection.

Hawkes and Lafferty (1967) found that infection enhancement could
be optimized when reactants were held at 4 �C for 30–90 min. At 37 �C,
enhancement was optimal if reactants were incubated on PBMC for
less than 6 min. Longer periods of incubation pushed the reaction in
the direction of neutralization.

i. Nonenhanceable Viruses. Burke et al. (1988) published data sug-
gesting that prior dengue infection in human beings does not enhance
the severity of a secondary dengue 1 infection (Burke et al., 1988). It
is important to note that there is no in vitro correlate of this observation.
Dengue 1 infections can be enhanced in vitro by dengue antibodieswhen
assayed in a macrophage-like cell line (Morens and Halstead, 1990).

ii. Intratypic Variants. Genetic but not antigenic studies have
shown that DHF/DSS epidemics have resulted when the eliciting infec-
tion is due to a southeast Asian genotype (Rico-Hesse, 1990). Prelimi-
nary data from Kliks (personal communication, 1990) suggest that in
the presence of a polyclonal enhancing antibody, southeast Asian
dengue 2 topotypes grow in primary human PBMC better than Carib-
bean dengue 2 strains under the same antibody and cell culture condi-
tions. Morens et al. (1991) reported preliminary evidence that the
ability of dengue 2 strains to grow in PBMC varied directly with the se-
verity of infection in the hosts from whom virus strains were recovered.
Similar results were obtained when DEN-2 viruses recovered from
varying syndromes were enhanced by dengue 4 monoclonal antibodies
(Morens and Halstead, 1987).

c. Sensitizing Infections or Immunization (Passive/Active)

i. Intragenus Viruses. So far as is known, DHF/DSS is not regu-
larly caused by sequential flavivirus infection outside the dengue sub-
group. Yellow fever, Japanese encephalitis, and West Nile viruses
circulate in dengue-endemic areas, but are not associated epidemiolo-
gically with DHF/DSS. There has been one report of a DHF-like illness
in a dengue-infected individual given Japanese encephalitis vaccine
previously (Okuno et al., 1989). Adult males who were yellow fever
immune when given the S-1 live-attenuated dengue 2 virus had
enhanced vaccine infectivity (higher seroconversion rates) but were
not more symptomatic than in nonimmune dengue vaccine recipients
(Bancroft et al., 1984).

ii. Intragroup Viruses. In the dengue system, sequential infections
with DEN 1–2, DEN 3–2, and DEN 4–2 produced DHF/DSS, but the
attack rate decreased in descending order (Sangkawibha et al., 1984).
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The large Cuban and Venezuelan DHF/DSS epidemics were due to
dengue 1–2 infection sequences. Secondary dengue 3 and second-
ary dengue 4 infections result in DHF/DSS, but which sensitizing
dengue types or strains play in the outcome of secondary dengue 3
and 4 infections is not well studied.

VIII. DISCUSSION

A. Mechanisms Regulating Severity of Dengue Illnesses

1. Infected Cell Mass

Although this review focuses on viral factors that contribute to the
host’s preillness immunological response, the mechanisms controlling
disease severity should not be ignored. It is self-evident that the most
important regulator of disease severity is the total infected cell mass
and possibly infection kinetics. Dengue infection enhancement has been
demonstrated in sequentially infected rhesus monkeys (Halstead et al.,
1973d). Why do monkeys not get sick with dengue? Secondary DEN-2
infections in monkeys produced enhanced peak viremia, but monkey
viremias were five logs lower than in humans (Tables XIV and XV).
Studies in Indonesia provided the first evidence that mean viremias
were higher during secondary than primary dengue 3 infections (Table
XVI) (Gubler et al., 1979). Because these were single point determin-
ations rather than serial bleedings, only the data range is of interest.
Evidence that high DEN-1 and -2 viremias actually predict disease se-
verity is shown in Table XV. Studied childrenwere bled early after onset
of fever and then for 5 consecutive days. This permitted the identifica-
tion of peak viremias (Vaughn et al., 2000). The highest concentration
of extracellular virions is the best known surrogate measure of infected
cell mass. This value is now known for clinically apparent secondary
dengue infections. There may be problems in ever knowing the range
of primary dengue infections. Primary DEN-2 and -4 infections are usu-
ally mild or inapparent, making it unlikely that sequential bleedings
will ever be available to study infection kinetics. Can there be any doubt
that peak viremia accompanying mild primary infections will be far
lower than those accompanying secondary dengue infections?

B. Emergence of Neutralization Escape Mutants

A model for a mechanism resulting in ADE in the dengue group of
viruses and, in turn, controlling the emergence of DHF in dengue
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hyperendemic regions can be made. The model derives from longitu-
dinal studies on dengue infections in humans that were able to detect
minor disease (Watts et al., 1999). A DEN-2 strain was identified that
does not produce DHF/DSS following a DEN-1 infection. The reason
appears to be that this virus is partially neutralized by DEN-1 anti-
bodies (Kochel et al., 2002). It is likely that the American genotype
DEN-2 circulated relatively silently in the American tropics for a long
period of time. During most of this time, the strain was not placed
under selection pressure from antibodies raised to heterotypic dengue
serotypes. In contrast, those DEN-2 viruses that have cocirculated
with other serotypes have lost a structure(s) highly reactive with
DEN-1 antibodies. Can it be that the American genotype of DEN-2
represents a structure close to that of ancestral DEN-2 viruses?

Might this same phenomenon be occurring in southeast Asia?
Dengue types circulating silently (with cross-reactive epitopes) may
be selected as escape mutants to circulate without cross-reactive
epitopes, suddenly allowing a new virus to emerge to cause enhanced
infections and DHF. These American genotype dengue strains, suscep-
tible to cross-neutralization, might be found in persons with very mild
illnesses or in wild-caught mosquitoes. Observations in Cuba suggest
that strains of ‘‘increased virulence’’ emerge rapidly and reproducibly
within one dengue serotype. These may be due not to a major muta-
tion, but to another escape phenomenon occurring when a clonal virus
is passaged in a population immune to a different serotype. Research
on dengue should shift forcefully to population-based studies directed
at understanding the mechanisms driving the emergence of severe
disease in dengue-hyperendemic regions.
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