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Abstract

Experimental evidence has shown that antibody responses to West
Nile virus (WNYV) are critical for protection from WNV-mediated disease.
Antibody responses are also an important immune correlate of protec-
tion for the clinical evaluation of WNYV vaccines. However, little direct
study has been carried out on the characteristics of the human antibody
response to natural WNV infection. Preliminary evidence suggests that
there are important differences in the way humans and experimental
animals mount humoral responses to WNV. In humans, IgM is remarkably
persistent in the serum and specific IgG is slow to appear. In addition,
mapping of the IgG response to the functionally relevant E-protein
suggests that it directed away from critical protective epitopes and
towards weakly neutralizing immunodominant epitopes. These findings
have important implications for vaccine design and testing.
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1 Introduction

In experimental models, humoral immunity is critical to protection
from WNV-mediated disease (Ben-Nathan et al., 2003; Camenga et al.,
1974; Diamond et al., 2003a,b; Engle and Diamond, 2003; Gould
et al., 2005; Tesh et al., 2002; Wang et al., 2001). B cell-deficient mice are
more susceptible to disease (Diamond et al., 2003a; Halevy et al., 1994),
and passive transfer of antibodies to these mice restores immunity
(Engle and Diamond, 2003). Clinical case reports describing the use of
human intravenous immunoglobulin (Ig) containing WNYV antibodies in
patients with neurological disease suggest some therapeutic benefit (Haley
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et al., 2003; Hamdan et al., 2002; Shimoni et al., 2001). Placebo-controlled
clinical trials are in progress to determine the validity of these observa-
tions (http://clinicaltrials.gov.htm).

Analysis of humoral responses to WNV have mainly been carried
out after experimental infection of rodents (Oliphant et al., 2005;
Sanchez et al., 2005). Isolation of monoclonal antibody (mAb) panels
has been used to determine the antigenic variability of WNYV, and challenge
studies have been performed to test vaccines for clinical development.
Classically, the human antibody response to WNYV infection has been
studied by looking at serological responses to infection. Recently, more
advanced protein engineering approaches and display technologies have
been utilized to probe the human repertoire against WNV. Collectively,
these studies have identified important differences in the humoral
response against natural WNYV infection in humans compared to experi-
mental WNYV infection in rodents. In particular, the persistence of
WNV-specific IgM after infection and the immunodominance of weakly
neutralizing epitopes of the domain II region of E-protein appear to be
unique to the human immune response to WNV. These differences
potentially have important consequences for the design and testing of
preventative vaccines.

2 Natural Infections in Humans

The source of human WNYV infections is almost invariably through
the bite of an infected mosquito, although transmissions through other
routes such as transplantation or blood transfusion have been reported
(Iwamoto et al., 2003). The initial replication of WNYV after inoculation
is thought to occur in dendritic cells in the skin, which migrate to second-
ary lymphoid tissues and the replicating virus enters the circulation (Byrne
et al., 2001). Viremia is transient and of low titer. Virus can typically be
detected by reverse transcriptase polymerase chain reaction (RT-PCR)-
based assays 4-9 days post infection (Lanciotti et al., 2000). Symptoms
generally appear at the time viremia disappears, and the virus becomes
detectable in the cerebral spinal fluid (CSF). The period in which WNV is
detectable in the CSF is variable, but can last several weeks in some
patients often correlating with the severity of symptoms. The clinical
course ranges from a self-limited febrile disease to a severe neuroinvasive
disease that can lead to permanent disability or death (Klee et al., 2004).

Serological surveillance data from the New York epidemic of 1999
showed that one in five people infected with WNV develop fever and 1 in
150 develop neurological symptoms (Mostashari et al., 2001). These
data are supported by subsequent seroprevalence studies which suggest
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that most human WNYV infections do not result in significant symptoms
(Busch et al., 2006). Risk factors for severe disease have not been well
defined apart from age. Individuals over the age of 50 have up to a 20-fold
increased risk to develop severe disease. Hypertension and diabetes have
also been causally associated with serious WNYV disease (Granwehr
et al., 2004).

3 Serology

Patients suspected of WNV infection are tested for the presence of
IgM and IgG antibodies to WNV using a commercially available IgM-
capture enzyme-linked immunosorbent assay (ELISA) and indirect IgG
ELISA, respectively. In some cases, a diagnosis of WNYV infection is
confirmed by a definitive plaque reduction neutralization assay (PRNT).
However, while the PRNT assay is more specific for WNYV, it requires
specialized laboratory facilities and is not routinely performed. For this
reason, most serological data relating to human WNYV infections is
based on ELISA experiments alone, which give no direct information on
the functional activity of detected antibodies.

The first antibody responses detected in humans after primary
infection with WNYV are of the decavalent, pentameric IgM isotype.
Clinical case studies report that serum IgM levels appear 10-14 days
after infection (Gea-Banacloche et al., 2004). This correlates well with
an analysis of WNV-positive blood donations where the time between
infectious mosquito bite and index donation was calculated using the
measured viral load and models of virus doubling time (Prince et al.,
2005). The peak IgM serum titers are reached 18 days after infection and
can persist for more than 12 months. On the basis of regression analysis,
IgM levels were estimated to persist above baseline on average 7-8
months post infection (Prince et al., 2005). In one study of patients with
meningitis and encephalitis, specific I[gM against WNV was measured
500 days after infection (Roehrig et al., 2003). The serum persistence of
IgM against WNYV is unusual particularly given that viremia is transient
and, in general, the titer of WNYV antibodies is low. However, it is con-
sistent with reported serology to other flaviviruses such as dengue and
St. Louis encephalitis viruses (Han et al., 1988; Summers et al., 1984).
Somewhat surprisingly, WNV-specific IgM can appear in the CSF
before detection in serum, soon after the virus is detected in the CSF
(Gea-Banacloche et al., 2004). IgM is too large to diffuse across the
blood-brain barrier (BBB), and therefore may be produced locally by B
cells that have trafficked into the CSF (Binder and Griffin, 2003) or
though inflamed vessels when the BBB integrity has been compromised
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(Wang et al., 2004). In addition, consistent with the persistence of IgM
in the serum, IgM can be measured in the CSF 199 days post infection
(Kapoor et al., 2004).

Extended maintenance of serological responses have been pro-
posed to result from the presence of long-lived plasma cells in the bone
marrow that secrete antibody, from boosting of memory responses
through interaction with antigen retained on follicular dendritic cells, or
through bystander stimulation of memory B cells by heterologous
vaccination or infection (Bernasconi et al., 2002). These responses are
generally associated with isotype-switched and affinity-matured immu-
noglobulin (e.g. IgG). The short serum half-life of human IgM (2 days)
requires a larger number of plasma cells to maintain serum levels in
contrast to switched isotypes (e.g. IgG1 has a serum half-life ~21 days).
Although there is a limited capacity in the bone marrow and spleen to
accommodate plasma cells (Cassese et al., 2003; Manz and Radbruch,
2002), there may be a benefit in retaining the IgM isotype compared to
switched isotypes at the cost of efficiency in maintaining serological
surveillance. This could be due to specific functionality of the IgM
constant region (e.g., efficient complement fixation) or detrimental
functionality of a switch isotype constant region. Alternatively, viral
elements could block isotype switching by interfering with T-cell help to
reduce the potential effectiveness of the immune response. Longitudinal
studies analyzing the neutralizing potency of serum IgM, and investiga-
tion into the nature of the persistent IgM-secreting plasma cells in
humans, are required to better understand the relationship between IgM
levels, WNV pathogenesis, and clinical outcome.

The serum persistence of IgM has diagnostic implications. WNV-
reactive IgM in serum samples is generally regarded as confirmation of
WNYV infection when taken with the seasonal and clinical information.
However, if IgM levels persist over 1 year, they can overlap WNYV seasons
of infectivity, creating the possibility of false positives. The IgM assay
can be additionally confounded, as it fails to distinguish WNYV infection
from other closely related flaviviruses such as the Japanese or St. Louis
encephalitis virus (Martin et al., 2002).

Isotype-switched isoforms of immunoglobulin generally follow the
initial detection of IgM in a primary immune response. Potent virus-
neutralizing antibodies are generally of the IgG isotype and reflect a
process of affinity maturation (Hangartner et al., 2006). In humans,
measurable IgG against WNV does not appear in the serum until after
the second or third week of infection, a time during which most symp-
toms would have disappeared (Prince et al., 2005). In most patients,
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serum IgG titers are low, a finding that is also observed with live
attenuated viral vaccines that have been tested in clinical trials (Monath
et al., 2006). The avidity of IgG increases over time and in response to
a secondary infection (Fox et al., 2006), consistent with somatic hyper-
mutation. IgG can sometimes be found in the CSF but this is highly
variable and does not necessarily follow an IgM response even when
IgG is measurable in the serum (Gea-Banacloche et al., 2004).

4 Antibody Repertoire Analysis

The antigen-binding site of human Ig is derived from the trans-
lated product of two rearranged genes VH and VL coupled via constant
regions. The VH gene is made up of the V-D-J regions that are chosen
from pools of V (~50), D (25), and J (6). Similarly the VL gene is made
up of two segments V (~70) and J (9) (V-base http://vbase.mrc-cpe.cam.
ac.uk/). The rearrangement of these gene segments theoretically gives
rise to more than 10 million combinations, which is certain to be an
underestimation given the extra variability introduced at junctions and
through processes such as receptor editing (Neuberger, 2002). The process
of somatic hypermutation (SHM), which occurs in B cells specifically
activated by T-cell interaction, can further modify the antigen-binding
site to increase its binding affinity to cognate antigen (Di Noia and
Neuberger, 2007).

Analyses of antibody repertoires generated against infectious
pathogens have revealed diverse strategies to elicit protective immunity.
In some cases, a single V gene combination binding to a conserved car-
bohydrate epitope dominates the immune response. This kind of restric-
tion usually results from surface exposure of a low-complexity antigen,
such as the repetitive capsule polysaccharide of Haemophilus influenza
(Lucas and Reason, 1999). In cases where the pathogen displays a more
complex antigenic surface, greater repertoire diversity is observed. In
one study analyzing the antibody repertoire in two donors after boosting
with tetanus vaccine, ~100 unique VH-VL combinations were calcu-
lated to comprise the complete response to the complex protein target
tetanus toxoid (Poulsen et al., 2007).

Two studies have analyzed the human antibody repertoire against
WNYV using display approaches. In one approach, scFv phage libraries
were constructed from B cells of donors following a symptomatic
infection with WNYV (Throsby et al., 2006). Blood samples were taken
from convalescent patients 1, 2, and 3 months after clinical presentation.
Serum IgG ELISA titers were maximum at 1 month after infection. The
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ELISA titers from the different patients did not correlate with neutrali-
zation, nor did neutralization titers increase over the sampled time
points. The IgG VH and VL genes were amplified from these patients
and pooled in combinatorial libraries (Kramer et al., 2005). VH and VL
gene representation in clones sequenced from the unselected libraries
were in accordance with previously published analysis of naive human
repertoires (de Wildt et al., 1999; Poulsen et al., 2007). These libraries
were screened for antibodies binding to WNYV antigenic preparations
that included either purified inactivated virus, virus-like particles (VLPs)
consisting of prM and E-protein, or soluble recombinant E-protein.
A total of 72 different unique VH genes defined at the level of HCDR3
and VH gene alignment use were identified. Sequencing of the V genes
demonstrated ample diversity among the selected scFv VH-VL combi-
nations; but in contrast to the unselected library, the selection of
anti-WNYV clones revealed a bias to VH1 (32% vs. 21%) and VH3 genes
(39% vs. 23%) and to VA 1-3 (67% vs. 28%). The diversity in the reper-
toire is consistent with antigenic complexity displayed on the WNV
surface. Structural analysis of the flavivirus envelope protein has
revealed that a relatively large proportion of the envelope protein is
solvent exposed (Rey et al., 1995) compared to the dense packing of
spike glycoproteins such as on the vesicular stomatitis virus (VSV) or the
SARS coronavirus. In addition, the structural proteins of WNV are
arranged in a complex pattern on the viral surface that potentially creates
further antigenic diversity (Kaufmann et al., 2006). From the unique
human mAbs identified from immune libraries, ~90% bound to
E-protein, a single mAb was reactive with prM, and the remaining small
number was bound to unidentified targets. Heterogeneity was observed
among the panel in terms of ELISA, immunoprecipitation, and western
blot reactivity to E-protein, indicating that the WNV mAbD binds to a
diverse number of epitopes. In contrast, only nine of the mAbs in the
panel demonstrated activity in a microneutralization assay against
WNYV. This observation was not due to affinity, as some of the highest
affinity antibodies in the panel had poor or no neutralizing activity, but
rather suggests that only a restricted number of the epitopes displayed
by WNYV are targets of neutralizing mAb.

Unfortunately, in this study the repertoire of IgM expressing B
cells was not examined. It would be valuable to compare the IgM to the
IgG repertoire in convalescent patients after WNV infection given the
important protective role of anti-WNYV IgM in animal models and its
persistence in serum.

In a complementary set of experiments, two large combinatorial
libraries built from naive donors were extensively screened for antibodies
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binding to recombinant WNV-E-protein (Gould et al., 2005). Although
not formally tested, it is assumed that none of the 57 donors used to
generate the library was seropositive for WNYV. Only five unique scFv
against WNV were isolated, of which two had neutralizing activity when
converted into a bivalent IgG-like format. Although the poor recovery
of WNV-specific binders from these libraries could be related to techni-
cal issues (library panning was only carried out on recombinant
E-protein, which may have restricted the diversity), high-affinity scFv
have been isolated against a variety of targets in previous experiments
using these libraries (http://research.dcfi.harvard.edu/nfcr-ctae/research/
mehta.php), including a potent neutralizing mAb against SARS corona-
virus with nanomolar affinity (Sui et al., 2004). This may indicate that
in the normal repertoire of individuals not infected with WNYV, rear-
ranged immunoglobulins with specificity to WNYV are rare.

5 Epitope Mapping

The antigenic structure of various flaviviruses including WNV has
been extensively studied. Effective development of vaccines against
WNYV depends on a sound knowledge of the key neutralizing and
protective epitopes on WNV. However, a detailed understanding of how
the human immune system responds to the presentation of these
epitopes is currently lacking. In experimental WNV infections, antibodies
develop against E, prM, NS1, NS3, and NS5 but only antibodies against
E-protein have been identified as neutralizing and protective. E-protein
mediates two important functions in flavivirus replication: virus
attachment to susceptible host cells and the fusion of the viral and the
cellular membranes (Mukhopadhyay et al., 2005). The only other target
of protective antibodies that has been described is the NS1 protein,
which is secreted from infected cells and not present on the virus surface
(Chung et al., 2006; Henchal et al., 1988; Roehrig, 2003). The mecha-
nism of protection by these NS1-specific antibodies has not been
formally elucidated but is likely due to antibody-dependent cellular
cytotoxicity of infected cells expressing NS1 on their surface (Chung
et al., 20006).

Fine mapping of neutralizing epitopes on E-protein domains using
a novel yeast display system (Oliphant et al., 2005), (escape) mutant
generation (Beasley and Barrett, 2002; Sanchez et al., 2005), NMR
(Wu et al., 2003), and strain comparison (Li et al., 2005) have identified
several critical residues required for neutralization activity. Residues
consistently identified as important for potent neutralization cluster
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around E-protein amino acid positions 305-312, 330-333, and 365. The
recent co-crystallization of WNV E-protein domain III in complex with
the potent neutralizing mAb E16 showed that these residues, located on
adjacent exposed loops of the domain III, form a discontinuous epitope
referred to as the domain III lateral ridge (DIII-Ir) (Nybakken et al.,
2005). When sequences of these loops from other flaviviruses such as
Japanese encephalitis and dengue viruses are aligned, considerable vari-
ation is observed compared to the E-protein as a whole (Nybakken et
al., 2005). This is consistent with the observation that E-protein DIII
binding neutralizing antibodies are virus-type specific (Roehrig, 2003).
Several studies have mapped cross-reactive, neutralizing mAbs to
regions outside of DIII. Most of these bind in or around the fusion loop
at the distal tip of domain II (DII-f1) (Crill and Chang, 2004; Goncalvez
et al., 2004; Oliphant et al., 2006; Stiasny et al., 2006). Antibodies
directed against this region are not as potent in vitro or protective in
vivo as the DIII-binding antibodies. Recent evidence suggests that many
of these epitopes are partially occluded on the surface of the infectious
virus, in part explaining their lack of efficient neutralizing activity
(Oliphant et al., 2006; Stiasny et al., 2006).

Mapping studies were carried out with a representative panel of
human mAbs isolated from the WN V-immune libraries described above
(Throsby et al., 2006). In an ELISA competition assay, 47% of WNV
antibodies from the panel competed for binding with the DII-fl-binding
mAb 6B6C, while in contrast only 8% competed with DIII-Ir-binding
mAb 7H2. Results from in vitro and in vivo functional testing of the
human mAb panel were consistent with experimental systems: potently
neutralizing and protective mAbs were exclusively directed to domain
II1 of E-protein, whereas mAbs that recognized domain II had weak, if
any, in vitro neutralizing activity and no in vivo protective activity
(Throsby et al., 2006). CR4374 was the most potent inhibitory human
anti-WNV mAb identified from the panel. Fine mapping using yeast
display demonstrated that the binding activity of CR4374 was lost by
mutation at residue E307, indicating that its epitope is located in the
DIII-Ir (Oliphant et al., 2007). However, in contrast to E16, 7H2, and
other potent mAbs binding in this region, mutation at position 332 did
not affect binding, suggesting it may bind a novel overlapping epitope.
Taken together, the data from these experiments indicate that in humans
the immunodominant epitopes on WNYV are situated predominantly in
E-protein domain II and generate only weak neutralizing activity, while
the weakly immunogenic E-protein domain III is associated with the
most potent antiviral activity.
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Experimental evidence has suggested that antibodies against
E-protein domain II of flaviviruses can, under certain conditions,
enhance infectivity of WNYV in vitro (Nybakken et al., 2005; Pierson
et al., 2007). In animal models, sub-neutralizing concentrations of anti-
bodies against a related flaviviruses resulted in lower levels of survival
compared to animals that were treated with a control antibody (Hawkes
and Lafferty, 1967), and the administration of nonprotective YF mAb
at the time of YF or JEV virus challenge was shown to enhance neuro-
virulence (Gould and Buckley, 1989). In humans, a serious hemorrhagic
disease is associated with previous exposure to a heterologous subtype
of dengue (Cardosa, 1998; Halstead, 1988). This process called
antibody-dependent enhancement (ADE) is thought to result from the
internalization and productive infection of macrophages and other
myeloid cells through Fc-y receptors (Cardosa et al., 1986; Iankov et al.,
2006; Takada and Kawaoka, 2003; Tirado and Yoon, 2003). In a similar
way, complement fixation and viral uptake through complement recep-
tors on macrophages have also been associated with enhanced infectivity
(Cardosa et al., 1986; Tirado and Yoon, 2003). A significant proportion
of non-neutralizing mAbs (~30%) isolated from the WNV-immune
repertoire above bound to an epitope depending on the homodimeric
form of the E-protein and were particularly active in fixing the comple-
ment (Throsby et al., 2006). Thus, the most commonly identified
antibodies from the human antibody repertoire could, in theory,
enhance infection via mechanisms that allow the virus to be internalized
by a larger number of cell types. It is important to note that enhance-
ment of WNYV infection has also been demonstrated in vitro for the very
potent anti-E-protein domain I1I-neutralizing antibodies at low concen-
tration and that neutralization and enhancement activity overlap
(Pierson et al., 2006, 2007); however, this finding has not been repro-
duced experimentally in vivo (Engle and Diamond, 2003).

Two studies, one screening the naive human B cell repertoire before
infection (Gould et al., 2005) and the other looking at the B cell reper-
toire after infection (Throsby et al., 2006), indicate that the human
immune response is skewed toward E-protein domain II of WNYV, and
the potent neutralizing E-protein domain III antibodies are rare in the
human B cell repertoire. To address this point further, analysis of human
serum samples has been carried out with gain or loss of function WNV
E-protein mutants (Oliphant et al., 2007). Convalescent serum samples
screened at various time points after clinical disease demonstrated a
skewing toward DII epitopes compared to DIII-binding epitopes.
Although substantial variation was observed, on average, only 7.3%
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(range, 0.6-50.5%) of the total IgG response was directed to DIII and
an even smaller fraction (1.6%) to the potent neutralizing epitope
DIII-Ir. These percentages are remarkably close to those derived from
repertoire analysis described above (8% for DIII and 2% for DIII-Ir). In
contrast, 61% (range 8.8-91%) of total IgG was directed to a single
epitope at the tip of domain II. Again, this is consistent with repertoire
analysis, where 47% of antibodies were shown to bind in the same region
(Throsby et al., 2006).

A second observation to emerge was the clear difference in the
response of experimental animals and humans to WNYV infections. In
mice, the WNV E-protein-specific IgM appeared early after infection,
peaked by 8 days, and declined rapidly. Interestingly, and in contrast to
the situation in humans, a specific IgM response against DIII was
already present in naive serum and increased after infection. Pre-infection
immunoreactivity to viral proteins is frequently observed (Avrameas,
1991) and is generally ascribed to natural IgM (Casali and Schettino,
1996; Ochsenbein and Zinkernagel, 2000). In mice, natural IgM is
produced in a T-independent fashion by Bl cells that are defined by
surface expression of CDS5 and localization to the peritoneum
(Baumgarth et al., 2000; Casali and Notkins, 1989). Natural antibodies
are characterized by polyspecific low-affinity binding and generally
encoded by germline V genes without much evidence of somatic muta-
tion. Natural antibodies are proposed to form a first line of defense
against infection (Ochsenbein and Zinkernagel, 2000). In humans, the
existence of a specific lineage of B cells producing natural antibodies is
controversial and, to date, has not been conclusively demonstrated.
T-independent antibody responses to carbohydrate antigens are
mediated by marginal zone B cells which harbor mutated V genes
(Lucas and Reason, 1999) that may be prediversified (Weller et al.,
2004). However, most human polyreactive immunoreactivity is ascribed
to naive B cells that have not undergone antigen-driven proliferation
and maturation (Tsuiji et al., 20006).

Although there was a prompt IgM response directed toward
DIII-Ir in mice, IgG against this critical protective epitope was not
detected until days 10-15. Sequence analysis of several strongly neutral-
izing murine mAb binding the DIII-Ir epitope showed that their V
regions were in germline configuration (Oliphant et al., 2007). Under
these circumstances, a rapid protective IgG response would be expected
as observed for other acute cytopathic viruses (Bachmann et al., 1997).
A possible explanation is that during the explosive B-cell proliferation
and expansion in germinal centers, antibody specificities directed against
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the multiple immunodominant DI and DII epitopes simply outcompete
the more restricted DIII-Ir epitope.

Although delayed, a robust murine IgG response was observed
against the DIII-Ir epitope, indicating that there is nothing intrinsic in
its molecular structure that makes DIII-Ir nonimmunogenic. Rather, the
failure in humans to generate IgM and consistent IgG responses against
DIII-Ir may result from a hole in the human antibody germline
repertoire, which makes it difficult to develop high-affinity antibodies
to the DIII-Ir epitope. This phenomenon has been reported in the
immune response to lymphocytic choriomeningitis virus (LCMYV) in
mice. LCMYV was shown to be an effective immunogen when transgenic
mice already bearing high-affinity cognate receptors were infected, but
in wild-type mice infection results in a very poor antibody response
against the principal neutralizing epitope (Hangartner et al., 2003). It is
speculated that the coevolution of LCMYV with its host has selected a
neutralizing epitope not recognized with high avidity by antibodies in
the murine germine repertoire (Hangartner et al., 2006). It is unlikely
that WNV has evolved in an analogous manner. Most mammals, including
humans, are dead-end hosts for the virus (Hayes and Gubler, 2006).
B-cell immunoglobulin receptors against DIII-Ir may simply be absent
in the repertoire of many individuals, or are so rare that they are out-
competed for antigen by antibodies against immunodominant epitopes.
Alternatively, the conformational epitope on DIII-Ir may mimic anti-
genic structures on human self-proteins. If this were the case, then B
cells expressing high-avidity Ig receptors to these cross-reactive epitopes
would be purged by negative selection during B-cell differentiation and
not contribute to the humoral immune response against WNV.

6 Conclusion

Healthy individuals appear to be able to mount a robust protective
response against WNV infection. Only a relatively small number of
those infected display clinical signs and an even smaller number develop
serious symptoms. Innate resistance mechanisms such as interferon
secretion and signaling likely explain much of this protective activity. In
experimental models, humoral immunity plays an important role in
protection from lethal infection; however, the protective role antibodies
play in humans is less clear. The studies performed to date suggest that
there are several deficits in the human antibody response to natural
WNYV infection when compared to experimental models. In particular,
the antibody response to a critical potent neutralizing epitope on
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E-protein domain III of the envelope protein only develops in a minority
of individuals compared to immunodominant but poorly neutralizing
epitopes. Another anomalous observation is the persistence of IgM
serum levels that could result from viral interference in isotype switching.
Deficits in the human antibody response to WNV infection may impact
protection from disease when the innate response is weakened owing to
age or immunosuppression. Further analysis of the human antibody
response to WNV will likely help direct development of effective and
safe vaccines that can be targeted to high-risk groups such as the elderly.
The current findings suggest that vaccine developmental efforts should
focus on increasing the immunogenicity of E-protein domain 111 while
maintaining the broad coverage of WNYV strains and preventing escape
within an individual due to the formation of quasispecies.

References

Avrameas S (1991) Natural autoantibodies: from ‘horror autotoxicus’ to ‘gnothi seauton’.
Immunol Today, 12:154-9.

Bachmann MF, Kalinke U, Althage A, Freer G, Burkhart C, Roost H, Aguet M, Hengartner
H, Zinkernagel RM, Roost HP, Haag A, and Pliska V (1997) The role of antibody
concentration and avidity in antiviral protection. Early high-affinity neutralizing anti-viral
IgG responses without further overall improvements of affinity. Science, 276:2024-7.

Baumgarth N, Herman OC, Jager GC, Brown LE, Herzenberg LA, and Chen J (2000) B-1 and
B-2 cell-derived immunoglobulin M antibodies are nonredundant components of the
protective response to influenza virus infection. J Exp Med, 192:271-80.

Beasley DW, and Barrett AD (2002) Identification of neutralizing epitopes within structural
domain IIT of the West Nile virus envelope protein. J Virol, 76:13097-100.

Ben-Nathan D, Lustig S, Tam G, Robinzon S, Segal S, Rager-Zisman B, Roehrig JT, Staudinger
LA, Hunt AR, Mathews JH, and Blair CD (2003) Prophylactic and therapeutic efficacy
of human intravenous immunoglobulin in treating West Nile virus infection in mice
Antibody prophylaxis and therapy for flavivirus encephalitis infections. J Infect Dis,
188:5-12.

Bernasconi NL, Traggiai E, and Lanzavecchia A (2002) Maintenance of serological memory
by polyclonal activation of human memory B cells. Science, 298:2199-202.

Binder GK, and Griffin DE (2003) Immune-mediated clearance of virus from the central nerv-
ous system. Microbes Infect, 5:439-48.

Busch MP, Wright DJ, Custer B, Tobler LH, Stramer SL, Kleinman SH, Prince HE, Bianco C,
Foster G, Petersen LR, Nemo G, and Glynn SA (2006) West Nile virus infections pro-
jected from blood donor screening data, United States, 2003. Emerg Infect Dis,
12:395-402.

Byrne SN, Halliday GM, Johnston LJ, and King NJ (2001) Interleukin-1beta but not tumor
necrosis factor is involved in West Nile virus-induced Langerhans cell migration from the
skin in C57BL/6 mice. J Invest Dermatol, 117:702-9.

Camenga DL, Nathanson N, and Cole GA (1974) Cyclophosphamide-potentiated West Nile
viral encephalitis: relative influence of cellular and humoral factors. J Infect Dis,
130:634-41.

Cardosa MJ (1998) Dengue vaccine design: issues and challenges. Br Med Bull, 54:395-405.

Cardosa MJ, Gordon S, Hirsch S, Springer TA, and Porterfield JS (1986) Interaction of West
Nile virus with primary murine macrophages: role of cell activation and receptors for
antibody and complement. J Virol, 57:952-9.



18.The Human Antibody Response Against WNV 413

Casali P, and Notkins AL (1989) CD5 + B lymphocytes, polyreactive antibodies and the
human B-cell repertoire. Immunol Today, 10:364-8.

Casali P, and Schettino EW (1996) Structure and function of natural antibodies. Curr Top
Microbiol Immunol, 210:167-79.

Cassese G, Arce S, Hauser AE, Lehnert K, Moewes B, Mostarac M, Muehlinghaus G, Szyska
M, Radbruch A, and Manz RA (2003) Plasma cell survival is mediated by synergistic
effects of cytokines and adhesion-dependent signals. J Immunol, 171:1684-90.

Chung KM, Nybakken GE, Thompson BS, Engle MJ, Marri A, Fremont DH, and Diamond
MS (2006) Antibodies against West Nile virus nonstructural protein NS1 prevent lethal
infection through Fc gamma receptor-dependent and -independent mechanisms. J Virol,
80:1340-51.

Crill WD, and Chang GJ (2004) Localization and characterization of flavivirus envelope glyco-
protein cross-reactive epitopes. J Virol, 78:13975-86.

de Wildt RM, Hoet RM, van Venrooij WJ, Tomlinson IM, and Winter G (1999) Analysis of
heavy and light chain pairings indicates that receptor editing shapes the human antibody
repertoire. J Mol Biol, 285:895-901.

Di Noia JM, and Neuberger MS (2007) Molecular mechanisms of antibody somatic hypermu-
tation. Annu Rev Biochem, 76:1-22.

Diamond MS, Shrestha B, Marri A, Mahan D, and Engle M (2003a) B cells and antibody play
critical roles in the immediate defense of disseminated infection by West Nile encephalitis
virus. J Virol, 77:2578-86.

Diamond MS, Sitati EM, Friend LD, Higgs S, Shrestha B, and Engle M (2003b) A critical role
for induced IgM in the protection against West Nile virus infection. J Exp Med,
198:1853-62.

Engle MJ, and Diamond MS (2003) Antibody prophylaxis and therapy against West Nile virus
infection in wild-type and immunodeficient mice. J Virol, 77:12941-9.

Fox JL, Hazell SL, Tobler LH, and Busch MP (2006) Immunoglobulin G avidity in differentia-
tion between early and late antibody responses to West Nile virus. Clin Vaccine Immunol,
13:33-6.

Gea-Banacloche J, Johnson RT, Bagic A, Butman JA, Murray PR, and Agrawal AG (2004)
West Nile virus: pathogenesis and therapeutic options. Ann Intern Med, 140:545-53.
Goncalvez AP, Purcell RH, and Lai CJ (2004) Epitope determinants of a chimpanzee Fab
antibody that efficiently cross-neutralizes dengue type 1 and type 2 viruses map to inside
and in close proximity to fusion loop of the dengue type 2 virus envelope glycoprotein.

J Virol, 78:12919-28.

Gould EA, and Buckley A (1989) Antibody-dependent enhancement of yellow fever and
Japanese encephalitis virus neurovirulence. J Gen Virol, 70:1605-8.

Gould LH, Sui J, Foellmer H, Oliphant T, Wang T, Ledizet M, Murakami A, Noonan K,
Lambeth C, Kar K, Anderson JF, de Silva AM, Diamond MS, Koski RA, Marasco WA,
and Fikrig E (2005) Protective and therapeutic capacity of human single-chain Fv-Fc
fusion proteins against West Nile virus. J Virol, 79:14606-13.

Granwehr BP, Lillibridge KM, Higgs S, Mason PW, Aronson JF, Campbell GA, and Barrett
AD (2004) West Nile virus: where are we now? Lancet Infect Dis, 4:547-56.

Halevy M, Akov Y, Ben-Nathan D, Kobiler D, Lachmi B, and Lustig S (1994) Loss of active
neuroinvasiveness in attenuated strains of West Nile virus: pathogenicity in immunocom-
petent and SCID mice. Arch Virol, 137:355-70.

Haley M, Retter AS, Fowler D, Gea-Banacloche J, and O’Grady NP (2003) The role for intra-
venous immunoglobulin in the treatment of West Nile virus encephalitis. Clin Infect Dis,
37:88-90.

Halstead SB (1988) Pathogenesis of dengue: challenges to molecular biology. Science, 239:
476-81.

Hamdan A, Green P, Mendelson E, Kramer MR, Pitlik S, and Weinberger M (2002) Possible
benefit of intravenous immunoglobulin therapy in a lung transplant recipient with West
Nile virus encephalitis. Transpl Infect Dis, 4:160-2.



414 M. Throsby et al.

Han XY, Ren QW, Xu ZY, and Tsai TF (1988) Serum and cerebrospinal fluid immunoglobulins
M, A, and G in Japanese encephalitis. J Clin Microbiol, 26:976-8.

Hangartner L, Senn BM, Ledermann B, Kalinke U, Seiler P, Bucher E, Zellweger RM, Fink
K, Odermatt B, Burki K, Zinkernagel RM, and Hengartner H (2003) Antiviral immune
responses in gene-targeted mice expressing the immunoglobulin heavy chain of virus-
neutralizing antibodies. Proc Natl Acad Sci U S A, 100:12883-8.

Hangartner L, Zinkernagel RM, and Hengartner H (2006) Antiviral antibody responses: the
two extremes of a wide spectrum. Nat Rev Immunol, 6:231-43.

Hawkes RA, and Lafferty KJ (1967) The enchancement of virus infectivity by antibody.
Virology, 33:250-61.

Hayes EB, and Gubler DJ (2006) WEST NILE VIRUS: epidemiology and clinical features of
an emerging epidemic in the United States. Annu Rev Med, 57:181-94.

Henchal EA, Henchal LS, and Schlesinger JJ (1988) Synergistic interactions of anti-NS1
monoclonal antibodies protect passively immunized mice from lethal challenge with den-
gue 2 virus. J Gen Virol, 69 (Pt 8):2101-7.

Iankov ID, Pandey M, Harvey M, Griesmann GE, Federspiel MJ, and Russell SJ (2006)
Immunoglobulin G antibody-mediated enhancement of measles virus infection can
bypass the protective antiviral immune response. J Virol, 80:8530-40.

Iwamoto M, Jernigan DB, Guasch A, Trepka MJ, Blackmore CG, Hellinger WC, Pham SM,
Zaki S, Lanciotti RS, Lance-Parker SE, DiazGranados CA, Winquist AG, Perlino CA,
Wiersma S, Hillyer KL, Goodman JL, Marfin AA, Chamberland ME, and Petersen LR
(2003) Transmission of West Nile virus from an organ donor to four transplant recipients.
N Engl J Med, 348:2196-203.

Kapoor H, Signs K, Somsel P, Downes FP, Clark PA, and Massey JP (2004) Persistence of
West Nile Virus (WNV) IgM antibodies in cerebrospinal fluid from patients with CNS
disease. J Clin Virol, 31:289-91.

Kaufmann B, Nybakken GE, Chipman PR, Zhang W, Diamond MS, Fremont DH, Kuhn R1J,
and Rossmann MG (2006) West Nile virus in complex with the Fab fragment of a neutral-
izing monoclonal antibody. Proc Natl Acad Sci U S A, 103:12400-4.

Klee AL, Maidin B, Edwin B, Poshni I, Mostashari F, Fine A, Layton M, and Nash D (2004)
Long-term prognosis for clinical West Nile virus infection. Emerg Infect Dis,
10:1405-11.

Kramer RA, Marissen WE, Goudsmit J, Visser TJ, Clijsters-Van der Horst M, Bakker AQ, de
Jong M, Jongeneelen M, Thijsse S, Backus HH, Rice AB, Weldon WC, Rupprecht CE,
Dietzschold B, Bakker AB, and de Kruif J (2005) The human antibody repertoire specific
for rabies virus glycoprotein as selected from immune libraries. Eur J Immunol,
35:2131-45.

Lanciotti RS, Kerst AJ, Nasci RS, Godsey MS, Mitchell CJ, Savage HM, Komar N, Panella
NA, Allen BC, Volpe KE, Davis BS, and Roehrig JT (2000) Rapid detection of West Nile
virus from human clinical specimens, field-collected mosquitoes, and avian samples by a
TagMan reverse transcriptase-PCR assay. J Clin Microbiol, 38:4066-71.

Li L, Barrett AD, and Beasley DW (2005) Differential expression of domain III neutralizing
epitopes on the envelope proteins of West Nile virus strains. Virology, 335:99-105.

Lucas AH, and Reason DC (1999) Polysaccharide vaccines as probes of antibody repertoires
in man. Immunol Rev, 171:89-104.

Manz RA, and Radbruch A (2002) Plasma cells for a lifetime? Eur J Immunol, 32:923-7.

Martin DA, Biggerstaff BJ, Allen B, Johnson AJ, Lanciotti RS, and Roehrig JT (2002) Use of
immunoglobulin m cross-reactions in differential diagnosis of human flaviviral encepha-
litis infections in the United States. Clin Diagn Lab Immunol, 9:544-9.

Monath TP, Liu J, Kanesa-Thasan N, Myers GA, Nichols R, Deary A, McCarthy K, Johnson
C, Ermak T, Shin S, Arroyo J, Guirakhoo F, Kennedy JS, Ennis FA, Green S, and Bedford
P (2006) A live, attenuated recombinant West Nile virus vaccine. Proc Natl Acad Sci U S
A, 103:6694-9.



18.The Human Antibody Response Against WNV 415

Mostashari F, Bunning ML, Kitsutani PT, Singer DA, Nash D, Cooper MJ, Katz N, Liljebjelke
KA, Biggerstaff BJ, Fine AD, Layton MC, Mullin SM, Johnson AJ, Martin DA, Hayes
EB, and Campbell GL (2001) Epidemic West Nile encephalitis, New York, 1999: results
of a household-based seroepidemiological survey. Lancet, 358:261-4.

Mukhopadhyay S, Kuhn RJ, and Rossmann MG (2005) A structural perspective of the flavivi-
rus life cycle. Nat Rev Microbiol, 3:13-22.

Neuberger MS (2002) Novartis Medal Lecture. Antibodies: a paradigm for the evolution of
molecular recognition. Biochem Soc Trans, 30:341-50.

Nybakken GE, Oliphant T, Johnson S, Burke S, Diamond MS, and Fremont DH (2005)
Structural basis of West Nile virus neutralization by a therapeutic antibody. Nature,
437:764-9.

Ochsenbein AF, and Zinkernagel RM (2000) Natural antibodies and complement link innate
and acquired immunity. Immunol Today, 21:624-30.

Oliphant T, Engle M, Nybakken GE, Doane C, Johnson S, Huang L, Gorlatov S, Mehlhop E,
Marri A, Chung KM, Ebel GD, Kramer LD, Fremont DH, and Diamond MS (2005)
Development of a humanized monoclonal antibody with therapeutic potential against
West Nile virus. Nat Med, 11:522-30.

Oliphant T, Nybakken GE, Engle M, Xu Q, Nelson CA, Sukupolvi-Petty S, Marri A, Lachmi
BE, Olshevsky U, Fremont DH, Pierson TC, and Diamond MS (2006) Antibody recogni-
tion and neutralization determinants on domains I and II of West Nile virus envelope
protein. J Virol, 80:12149-59.

Oliphant T, Nybakken GE, Austin SK, Xu Q, Bramson J, Loeb M, Throsby M, Fremont DH,
Pierson TC, and Diamond MS (2007) Induction of epitope-specific neutralizing antibod-
ies against West Nile virus. J Virol, 81:11828-39.

Pierson TC, Sanchez MD, Puffer BA, Ahmed AA, Geiss BJ, Valentine LE, Altamura LA,
Diamond MS, and Doms RW (2006) A rapid and quantitative assay for measuring anti-
body-mediated neutralization of West Nile virus infection. Virology, 346:53-65.

Pierson TC, Xu Q, Nelson S, Oliphant T, Nybakken GE, Fremont DH, and Diamond MS
(2007) The stoichiometry of antibody-mediated neutralization and enhancement of West
Nile virus infection. Cell Host Microbe, 1:135-45.

Poulsen TR, Meijer PJ, Jensen A, Nielsen LS, and Andersen PS (2007) Kinetic, affinity, and
diversity limits of human polyclonal antibody responses against tetanus toxoid. J Immunol,
179:3841-50.

Prince HE, Tobler LH, Lape-Nixon M, Foster GA, Stramer SL, and Busch MP (2005)
Development and persistence of West Nile virus-specific immunoglobulin M (IgM), IgA,
and IgG in viremic blood donors. J Clin Microbiol, 43:4316-20.

Rey FA, Heinz FX, Mandl C, Kunz C, and Harrison SC (1995) The envelope glycoprotein
from tick-borne encephalitis virus at 2 A resolution. Nature, 375:291-8.

Roehrig JT (2003) Antigenic structure of flavivirus proteins. Adv Virus Res, 59:141-75.

Roehrig JT, Nash D, Maldin B, Labowitz A, Martin DA, Lanciotti RS, and Campbell GL
(2003) Persistence of virus-reactive serum immunoglobulin m antibody in confirmed West
Nile virus encephalitis cases. Emerg Infect Dis, 9:376-9.

Sanchez MD, Pierson TC, McAllister D, Hanna SL, Puffer BA, Valentine LE, Murtadha MM,
Hoxie JA, and Doms RW (2005) Characterization of neutralizing antibodies to West Nile
virus. Virology, 336:70-82.

Shimoni Z, Niven MJ, Pitlick S, and Bulvik S (2001) Treatment of West Nile virus encephalitis
with intravenous immunoglobulin. Emerg Infect Dis, 7:759.

Stiasny K, Kiermayr S, Holzmann H, and Heinz FX (2006) Cryptic properties of a cluster of
dominant flavivirus cross-reactive antigenic sites. J Virol, 80:9557-68.

Sui J, Li W, Murakami A, Tamin A, Matthews LJ, Wong SK, Moore MJ, St Clair Tallarico A,
Olurinde M, Choe H, Anderson LJ, Bellini WJ, Farzan M, and Marasco WA (2004) Potent
neutralization of severe acute respiratory syndrome (SARS) coronavirus by a human mAb
to S1 protein that blocks receptor association. Proc Natl Acad Sci U S A, 6:6.



416 M. Throsby et al.

Summers PL, Eckels KH, Dalrymple JM, Scott RM, and Boyd VA (1984) Antibody response
to dengue-2 vaccine measured by two different radioimmunoassay methods. J Clin
Microbiol, 19:651-9.

Takada A, and Kawaoka Y (2003) Antibody-dependent enhancement of viral infection:
molecular mechanisms and in vivo implications. Rev Med Virol, 13:387-98.

Tesh RB, Arroyo J, Travassos Da Rosa AP, Guzman H, Xiao SY, and Monath TP (2002)
Efficacy of killed virus vaccine, live attenuated chimeric virus vaccine, and passive immu-
nization for prevention of West Nile virus encephalitis in hamster model. Emerg Infect
Dis, 8:1392-7.

Throsby M, Geuijen C, Goudsmit J, Bakker AQ, Korimbocus J, Kramer RA, Clijsters-van der
Horst M, de Jong M, Jongeneelen M, Thijsse S, Smit R, Visser TJ, Bijl N, Marissen WE,
Loeb M, Kelvin DJ, Preiser W, ter Meulen J, and de Kruif J (2006) Isolation and charac-
terization of human monoclonal antibodies from individuals infected with West Nile
virus. J Virol, 80:6982-92.

Tirado SM, and Yoon KJ (2003) Antibody-dependent enhancement of virus infection and
disease. Viral Immunol, 16:69-86.

Tsuiji M, Yurasov S, Velinzon K, Thomas S, Nussenzweig MC, and Wardemann H (2006) A
checkpoint for autoreactivity in human IgM + memory B cell development. J Exp Med,
203:393-400.

Wang T, Anderson JF, Magnarelli LA, Wong SJ, Koski RA, and Fikrig E (2001) Immunization
of mice against West Nile virus with recombinant envelope protein. J Immunol,
167:5273-7.

Wang T, Town T, Alexopoulou L, Anderson JF, Fikrig E, and Flavell RA (2004) Toll-like
receptor 3 mediates West Nile virus entry into the brain causing lethal encephalitis. Nat
Med, 10:1366-73.

Weller S, Braun MC, Tan BK, Rosenwald A, Cordier C, Conley ME, Plebani A, Kumararatne
DS, Bonnet D, Tournilhac O, Tchernia G, Steiniger B, Staudt LM, Casanova JL, Reynaud
CA, and Weill JC (2004) Human blood IgM “memory” B cells are circulating splenic
marginal zone B cells harboring a prediversified immunoglobulin repertoire. Blood,
104:3647-54.

Wu KP, Wu CW, Tsao YP, Kuo TW, Lou YC, Lin CW, Wu SC, and Cheng JW (2003)
Structural basis of a flavivirus recognized by its neutralizing antibody: solution structure
of the domain III of the Japanese encephalitis virus envelope protein. J Biol Chem,
278:46007-13.



	Chapter 18
	18. The Human Antibody Response Against WNV
	1 Introduction
	2 Natural Infections in Humans
	3 Serology
	4 Antibody Repertoire Analysis
	5 Epitope Mapping
	6 Conclusion
	References





