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Abstract

Infections with West Nile virus (WNV) are typically asymptomatic, but some patients experience severe
neurological disease and even death. Over 1500 fatalities have resulted from the more than 37,000 WNV cases
in the USA between 1999 and 2012. While it is clear that age is a significant risk factor, markers of immune
status associated with susceptibility to severe infections are incompletely defined. We have taken advantage of
stable characteristics of individual status to profile immune markers from a stratified cohort of healthy subjects
with a history of asymptomatic or severe infection with WNV. We characterized individual variations in
antibody and serum cytokine levels and genome-wide transcriptional profiles of peripheral blood cells
(PBMCs). While antibody levels were not significantly different between cohorts, we found that subjects with a
history of severe infection had significantly lower levels of serum IL-4, and that these changes in IL-4 levels
were associated with altered gene expression patterns in PBMCs. In addition, we identified a signature of 105
genes that displayed altered expression levels when comparing subjects with a history of asymptomatic or
severe infection. These results suggest that systems-level analysis of immune system status can be used to
identify factors relevant for susceptibility to severe infections, and specifically point to an important contri-
bution for IL-4 in resistance to WNV infection.

Introduction

West Nile virus (WNV) is a mosquito-borne en-
veloped positive-strand RNA virus belonging to the

family Flaviviridae, which includes yellow fever and dengue
viruses (12). From 1999–2012, 37,088 cases were reported to
the Centers for Diseases Control, including 1549 fatalities,
and the cumulative incidence of WNV infection may include
as many as three million people (27). WNV infections are
typically asymptomatic, but patients may experience fever
and myalgias to meningoencephalitis and death with severe
symptoms being more common in older patients ( > 55 years
old) (4,6,12). Individual variations in immune status and
function shape responses to infection and contribute to dis-
ease severity and outcome. Markers of immune status asso-

ciated with susceptibility to severe WNV infection include
advanced age, and polymorphisms in several genes, includ-
ing HLA, and interferon response pathway elements OAS,
IRF3, and MX-1 (4). However, variability in individual re-
sponses that contribute to susceptibility to WNV infection
remain incompletely defined.

Serum cytokines and immune cell gene expression of healthy
individuals have intrinsic variation but are remarkably stable
characteristics of individual status (40,41,44). Embedded in this
normal variation of immune mediators are elements relevant to
susceptibility or resistance to infection. In an effort to define
markers of susceptibility to WNV, we recruited healthy subjects
with a documented history of infection with WNV—asymp-
tomatic or severe—and profiled markers that define individual
immune status and may be associated with infection outcome.
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Materials and Methods

Human subjects

Blood from study volunteers was obtained with written
informed consent under approved protocols following
the guidelines of the Human Investigations Committees of
The University of Texas Health Science Center, Baylor
College of Medicine, and Yale University School of Medi-
cine. The Human Investigations Committee of each institu-
tion approved this study. Severity of WNV infection was
determined at the time of acute illness according to estab-
lished CDC guidelines (http://www.cdc.gov/ncidod/dvbid/
westnile/clinicians/clindesc.htm) and described in detail
previously (25,26). Asymptomatic subjects were identified
by Gulf Coast Regional Blood Center (25,26) or by immu-
noblot (16) and absence of illness history was confirmed by
study coordinators. Study participants (n = 102) were 41.1%
female and 86.3% white and included asymptomatic and
severe patients (Table 1). At the time of sample collection,
study participants had no acute illness, and took no antibi-
otics or nonsteroidal anti-inflammatory drugs. Subjects with
a history of severe disease (n = 59) were enrolled after re-
covery from illness, with a mean of 6.16 – 3.1 years between
disease onset and sample collection (range 0.66–9.85 years).
Samples from asymptomatic subjects (n = 43) for whom
onset date could be established were collected a minimum of
6 months after enrollment at a mean of 3.55 – 2.6 years fol-
lowing detection of infection (range 0.51–9.82). Due to limi-
tations of sample size, it was not possible to assess each donor
for each assay. Samples were randomly chosen for experiments
over > 2 years for assays under study at the time of recruitment
and sample number is indicated in each figure legend.

Preparation of cells and serum

Blood samples from both recruiting sources were col-
lected in CPT tubes (Becton Dickinson and Co., Franklin
Lakes, NJ), processed according to the manufacturer’s in-
structions (including centrifugation within 2 hours of col-
lection), and cells were harvested the following day.
Peripheral blood mononuclear cells (PBMCs) were isolated
from CPT tubes, washed in phosphate-buffered saline, and
suspended in RPMI-1640 containing L-Glutamine supple-
mented with 10% (v/v) human serum (Lonza, MD), 100 U/
mL penicillin and 100 lg/mL streptomycin (Invitrogen,
Carlsbad, CA) (16). Whole blood without anticoagulant was
collected for preparation of serum that was stored at - 80�C
until assay.

Microsphere assay

Microspheres (Luminex Corporation) were coupled to
recombinant WNV proteins: envelope (E; L2 Diagnostics);
nonstructural protein 1, NS1 (generous gift of Dr. Michael
Diamond, Washington University, St. Louis, MO); and NS5
as described (43). WNV-infected subjects provided serum
samples at multiple time points from 0.6–10 years following
onset of infection (26). De-identified serum samples from
these study participants, asymptomatic subjects, and labo-
ratory standard sera were assessed for anti-WNV antibodies
by microsphere immunoassay using RPE conjugates to anti-
human IgG + IgA + IgM as described (42). Assays were re-
peated twice.

Assays of serum cytokines

Serum cytokines were quantified using the Luminex
Human High Sensitivity Cytokine/Chemokine multianalyte
ELISA kit (HSCYTMAG-60SK-09) according to the man-
ufacturer’s instructions (EMD Millipore Corporation, Bill-
erica, MA). When samples were available from multiple
dates from severely infected subjects, the most recent sample
was used to match the sampling interval of asymptomatic
subjects. Several safeguards were included to minimize
variation in cytokine quantitation, including use of five bat-
ched control sera in duplicate in each plate; randomization of
sera to plates; conducting serum assays with one lot of re-
agents; including ‘bridging’ sera from 1 asymptomatic and 1
severe WNV study subject in each plate. Validation of in-
terplate reproducibility showed that values from control sera
were reproducible across plates with a coefficient of varia-
tion between 0.15 to 0.5 for control sera and 0.15 to 0.68 for
bridging patient sera (for cytokines > 10 pg/mL). The con-
centration levels of all samples were mean normalized by a
plate-specific normalization factor that was calculated by
taking the mean across all cytokines.

Expression microarray

Total RNA from freshly isolated unfrozen PBMCs
(2 · 106 cells) was harvested using the RNeasy mini kit
(Qiagen, Alameda, CA) and processed for the Illumina
HumanHT-12 v4 BEADCHIP whole human genome ex-
pression array for probes derived from the NCBI RefSeq
Release 38 (November 7, 2009) and selected from Gen-
Bank�, dbEST, and RefSeq. Arrays were processed at
Yale’s Keck Biotechnology Resource Laboratory. The mi-
croarray analysis was carried out using packages in R (35).

Table 1. Demographic Information for Healthy Subjects with a History of WNV Infection

Asymptomatic (N = 43) Severe (N = 59) Total (N = 102) P value*

Age (y), mean(SD) (range) 50 (18.6) 60 (13.7) 56 (16.7) 0.002
(22–88) (31–86) (22–88)

Female gender, N (%) 20 (46.5) 22 (37.3) 42 (41.1) 0.42
Race, N (%)

White 38 (88.4) 50 (84.8) 88 (86.3) 0.36
Black 2 (4.7) 7 (11.9) 9 (8.8)
Other 3 (7.0) 2 (3.4) 5 (4.9)

Hispanic 1 (2.3) 5 (8.5) 6 (5.8) 0.40

*The p values were calculated based on T-test for continuous variables and Fisher exact tests for categorical variables.
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Raw expression data were normalized using the quantile
method provided by the lumi package in R/Bioconductor (8).
Differential gene expression between samples from asymp-
tomatic and severe disease subjects was defined by two cri-
teria: (1) an absolute log2 fold-change (FC) ‡ 0.26, and (2) a
statistically-significant change in expression as determined by
LIMMA (31) using a Benjamani-Hochberg false discovery
rate cutoff of 0.25. Potential batch effects and age-related
effects were included as independent variables in the linear
model of LIMMA. Age was incorporated as a factor and was
defined as young 21–39, middle aged 40–59, and older > 60
years. Gene set enrichment analysis (GSEA) was conducted
on a set of immune-related KEGG pathways (34). Pre-ranked
GSEA was run by ranking the genes according to the t-statistic
from LIMMA and signed log2 (FC). False discovery rates
were based on 3000 permutations of the gene sets, and a cutoff
of 0.05 was used to define significance. Microarray data files
have been deposited in a public database (Gene Expression
Omnibus (GEO), http://www.ncbi.nlm.nih.gov/projects/geo/)
and are accessible through GEO Series accession number
GSE43190.

Statistical analysis

The distribution of cytokine levels and antibody titers was
compared between groups using the nonparametric Mann-
Whitney test. To control for age, a generalized linear model
was constructed including age as a factor. To account for
measurements below the detection limit, cytokine levels
were ranked and transformed into a normal distribution
using the pnorm function (Normal package in R). Correla-
tion between cytokines was measured by Pearson correla-
tion coefficients. Associations between gene clusters and
serum cytokine levels were identified by performing a
weighted correlation network analysis (19). In this case,
gene expression data was first processed using ComBat (14)
to correct for any batch effects.

Results

Longevity of WNV antibody response
in subject cohorts

To investigate whether markers of immune status may be
associated with susceptibility to severe WNV infection, we
enrolled a cohort of healthy study participants (n = 102) with
a defined history of WNV infection. Subjects were stratified
into asymptomatic and severe disease cohorts as defined by
clinical criteria and/or laboratory testing at the time of in-
fection (24,26). Subjects were enrolled long after resolution
of the acute response (0.6–10 years after recovery from
infection), when these measurements reflect baseline im-
mune status (3). Participants were of both genders (41.1%
female) and were predominantly white (86.3%; Table 1).

To investigate markers of the immune status associated
with B cell responses and humoral immunity, we quantified
antibody levels to WNV antigens. We employed a fluores-
cent microsphere assay that reliably discriminates between
an inactivated flavivirus vaccine and natural WNV infec-
tion, and between infections with WNV or dengue virus
(43). We quantified anti-WNV antibodies from a subset of
symptomatic WNV subjects (n = 17 severe) who had serum
collected on four dates reflecting an average of 7.3 years of

follow-up surveillance (range 4.8–8.6 years) and from
asymptomatic subjects (single date, n = 10) drawn during the
same sampling period (Fig. 1). We detected high antibody
levels to WNV envelope (E) protein (range 121–20,432),
and somewhat lower levels for nonstructural protein 1 (NS1,
range 34–14,517) and WNV NS5 (range 691–15,075).
Moreover, the levels of antibody titers against WNV E and
NS1 proteins were highly correlated with one another
(R = 0.73), suggesting that these proteins may have similar
exposure in the host.

When we compared cohorts of participants by disease
severity, we noted no significant differences between study
groups whether they experienced asymptomatic or severe
infection (Fig. 1A), showing that both severe and asymp-
tomatic subjects induce a humoral response. Our data sug-
gest that the level of the antiviral titers is not a driving
feature of disease severity, which is similar to findings of
antibody levels in human subjects infected with the related
flavivirus hepatitis C virus, for which antibody responses do
not predict clearance of infecting virus (2,29). Notably, the
kinetics of antibody development during infection may play
a role in response to infection and this was not assessed in
our cohort. Among study participants with severe disease,
females showed higher titers against WNV E than males
(data not shown, p < 0.05) consistent with general findings of
higher antibody responses in females (15).

Differences in severity of clinical disease may reflect
differences in infecting strains of virus in different years.
However, we found no significant differences in the anti-
body levels related to year of sample collection (Fig. 1B),
consistent with the observation that strains of WNV circu-
lating in the continental USA have been largely unchanging
since 2002 (5). Moreover, antibody levels were remarkably
stable over time (Fig. 1C). Thus, the range of antibody
levels appears to reflect inherent immune responses in the
subjects whenever it occurs, rather than any difference in
viral strains, duration, or other environmental variations.

Low basal levels of IL-4 in serum
are associated with severity

As humoral responses did not correlate with infection
outcome, we quantified serum cytokines to assess variations
in circulating cytokines across the cohort that might identify
factors relevant to susceptibility to infection. We investi-
gated cytokine levels from sera of WNV-exposed subjects
(n = 88) drawn 0.6–10 years after recovery from WNV in-
fection, after baseline levels are restored (3), as a reflection
of variation in individual host milieu that might be relevant
to antiviral immune pathways. For this purpose, all subjects
being compared share a history of exposure to WNV, which
supports more relevant and pertinent comparison groups
than using unexposed healthy controls, whose susceptibility
to WNV is undefined. Serum cytokines were quantified
using a high sensitivity multiplex ELISA format and in-
depth analysis of bridging control sera showed high repro-
ducibility across different plates in the assays (see Methods).
When study participants were compared for baseline levels
of cytokines, significant differences were noted between age
groups with older donors showing elevations in TNFa
( p < 0.05), consistent with the pro-inflammatory milieu in
normal aging described as ‘inflammaging’ (9). Comparison
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of baseline cytokine levels between asymptomatic and
symptomatic subjects revealed that several cytokines, IL-1ß,
IL-2, and IL-4, were significantly higher in asymptomatic
subjects ( p < 0.05). However, as fewer asymptomatic pa-
tients were older (4), we corrected for age, and found that
after correcting for age, only higher levels of IL-4 in
asymptomatic subjects remained significant (Fig. 2,
p < 0.05). This cytokine is involved in proinflammatory
signaling pathways and in differentiation and survival of
naive helper T cells (10), suggesting that asymptomatic
subjects, who mount an effective anti-WNV response, may
be more efficient in initiating adaptive immune pathways.
While serum IL-4 levels varied across the cohort, all sub-
jects with levels of IL-4 greater than 54 pg/mL were from
the asymptomatic cohort, while 50% of the subjects in the
severe cohort had levels of IL-4 less than 4 pg/mL.

Gene expression patterns correlate
with cytokine levels

Many host genes could contribute to and/or be affected
by the differential levels of IL-4 noted in serum from our
cohort. To investigate how altered levels of IL-4 may in-
fluence susceptibility to WNV, we investigated association

of serum cytokine levels with transcriptional profiles of
peripheral blood mononuclear cell (PBMC) populations.
We examined baseline global gene expression from a
subset of these subjects (severe disease, n = 21; asymp-
tomatic, n = 18) by microarray analysis of 31,427 genes
using Illumina Human HT-12 v4 beadchip. In light of the
significant elevation of IL-4 in the serum of asymptomatic
subjects, we were particularly interested in examining IL-4
in our cohorts. However, basophils, a major circulating
source of IL-4, would be excluded from the CPT cell
preparations employed to collect subject samples (32).
Indeed, the gene expression intensities of IL-4 itself were
low in all subjects, and below detection in microarray
samples from 12/39 subjects (detection p value > 0.05 for
probe ILMN_1669174). However, we found that TNF and
IL-6 gene expression values were significantly correlated
with their serum cytokine levels across subjects ( p < 0.05).
This suggests that one or more PBMC subsets are a main
source for these cytokines. Additionally, levels of some
serum cytokines were significantly correlated with their
receptors, namely IL-1ß with IL1R1 expression and TNF
with TNF receptors (TNFRSF12A and TNFRSF9), sug-
gesting a possible correlation between receptor mediated
signaling and serum cytokine levels.

FIG. 1. Antibody levels in WNV subject sera. Sera from healthy subjects with a history
of WNV infection (n = 17 severe, n = 10 asymptomatic) were assessed by microsphere
immunoassay for reactivity to WNV antigens E, NS1, NS5. Data represent fluorescent
units for (A). Antibody levels against WNV antigens by cohort of severity of infection for
asymptomatic (A) and severely infected (S) subjects; (B) Antibody levels assessed by
year of sample collection; (C) Antibody levels assessed by duration of follow-up.
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To investigate the impact of differential IL-4 levels on the
immune system, we employed a weighted correlation net-
work approach (19) to identify clusters of genes that were
associated with serum cytokine levels. Significant associa-
tions were found for two clusters (Fig. 3A, c6 and c10). The
larger cluster c10 includes 397 genes and is highly corre-
lated with IL-4 (R = 0.74, FDR < 10 - 4) (Supplementary Fig.
F1 and Supplementary Table S1; supplementary material is
available online at www.liebertpub.com).

One strongly correlated gene is the WNT signaling protein
WNT5A, which has been shown to be critical for T lym-
phocyte differentiation and survival (11). The cluster also
includes chemokines (CCL19, CCL20, CCL23), which play a
role in flavivirus replication in neurons (22,36); SERPINB7,
which was shown to play a role in viral resistance in our
whole genome RNAi study in HeLa cells (17); and metallo-
proteinases (MMPs 1, 10, 14), which be may be relevant to
entry of WNV into the brain, shown for MMP9 (39).

Differential gene expression between severe
and asymptomatic subjects

To test whether altered transcriptional profiles were di-
rectly related to infection susceptibility, differential ex-
pression analysis was carried out to compare gene
expression between subjects with a history of asymptomatic
or severe WNV infection. After correcting for age, we
identified 105 genes that were differentially expressed be-

tween asymptomatic and severe WNV subject cohorts (log2

(fold-change) ‡ 0.26 and p < 0.002) (Fig. 3B; Supplemen-
tary Table S2). Severe disease subjects had higher expres-
sion levels of several cytokine and chemokine genes (IL-8,
TNF), antiviral signaling genes including TMEM158 (or
STING), an endoplasmic reticulum adaptor protein that
plays a pivotal role in antiviral immune signaling (13), and
CD69, a C-type lectin that is involved in T cell activation,
proliferation, and signaling (23). In addition to higher ex-
pression of pro-inflammatory genes, subjects with history of
severe infection also showed higher levels of anti-inflam-
matory genes such as PI3, a protease inhibitor that acts to
reduce inflammation (37), and TNFAIP3, which inhibits
NF-kappa B activation (33). Gene set enrichment analysis
(GSEA) (34) identified several immune-related pathways
that were differentially expressed between asymptomatic
and severe subjects (FDR < 0.05). Pathways associated with
inflammation such as cytokines, cytokine receptors, and
viral-recognition signaling were significantly enriched
among subjects with a history of severe disease (Table 2).
Enrichment of these pathways may reflect an inflammatory
state of the host that would contribute to viral susceptibility.

Asymptomatic subjects, who mount an effective antiviral
response, showed elevations in a distinct set of genes,
generally not associated with antiviral activity, although
elevated levels were detected for TRIM25, which has been
shown to be involved in ubiquitinylation of RIG-I and
promoting anti-WNV pathways (38); autophagy gene

FIG. 2. Serum cytokines from WNV subject cohorts. Sera were collected from a
cohort of healthy subjects with a defined history of WNV infection (n = 41 asymp-
tomatic, n = 47 severe) for multiplex cytokine determination. The coefficient of vari-
ation across different plates was between 0.15 to 0.5 for control sera and 0.15 to 0.68
for bridging patient sera. Data shown are cytokine concentration (log10) showing
median, 25th and 75th percentiles, and outliers (o) for asymptomatic (open bars) and
severely infected subjects (filled bars); *p < 0.05 after correcting for age effects.
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ATG4C, one of a family of proteins that facilitate sensing
of intracellular viral elements by pattern-recognition re-
ceptors (7,21); and other less recognized genes, such as
MS4A6A and CHST13, which were detected by our recent
RNA-Seq-based high-throughput gene expression analysis
of macrophages from healthy donors infected in vitro with
WNV (30). GSEA identification of genes differentially
expressed by asymptomatic subjects revealed enrichment
of the lysosome pathway and two metabolic pathways
(Table 2).

Since IL-4 levels in serum were significantly different in
our subject cohorts, and we found a positive correlation
between serum IL-4 level and expression of genes from

cluster c10, we assessed whether genes in the cluster were
differentially expressed between subject cohorts. While
many genes in the cluster were expressed equally by sub-
jects in both cohorts, a subset of immune pathway genes
were higher in subjects with severe disease (Fig. 3C).
Comparison of the expression patterns of the two subject
groups suggests differences in factors relevant to viral in-
fection that may play a role in susceptibility.

Discussion

In an effort to identify markers of immune status that are
associated with susceptibility to severe infection, we per-
formed a systems level analysis of characteristic stable
individual immune parameters in a cohort of healthy sub-
jects with a defined history of WNV infection. Control of
WNV infection by the immune system is multifactorial and
relies on elements including viral recognition receptors
(Toll-like receptors, TLRs; Rig-I like receptors, RLRs),
control of permeability of the blood brain barrier, and both
innate and adaptive immune determinants (4). No signifi-
cant difference in antibody levels was observed between
subjects with a history of asymptomatic or severe WNV
infection, suggesting that susceptibility was not a conse-
quence of an inability to mount a humoral response. This
has been noted previously from comparisons of asymp-
tomatic and mild WNV patients (20) and in patients in-
fected with the related hepatitis C virus, for which antibody
levels do not correlate with viral clearance (2,29). In our
subjects, anti-E antibody serum levels were relatively
constant for up to 8 years after infection, consistent with
previous reports of persistence of anti-WNV antibodies for
> 1 year (3,28). Moreover, humoral responses to other viral
antigens have also been shown to be long-lasting, in con-
trast to antibody responses to nonreplicating protein anti-
gens, which tend to wane over time (1).

We investigated serum cytokines from our stratified co-
hort and found that while many cytokines were not different,
asymptomatic subjects had elevated baseline levels of the
proinflammatory cytokine IL-4, which is important in en-
hancing immune responses. This difference remained sig-
nificant after controlling for age. Notably, severe WNV
infections are defined by meningitis and/or encephalitis and
IL-4 has recently been reported to serve an anti-inflamma-
tory effect in the brain, perhaps mediated by skewing of
meningeal macrophages to an alternatively activated phe-
notype (10). It is possible that the higher levels of IL-4 in
asymptomatic subjects contribute to their lower incidence of
encephalitis, although our studies of convalescent sera do
not address acute infection or whether lower levels of IL-4
in severe subjects may result from WNV infection in the
central nervous system or effects of persistent antigen (24).
Moreover, we identified a cluster of genes whose expression
in PBMCs is correlated with the serum levels of IL-4, and
immune response against flavivirus, of which some were
differentially expressed between our subject groups. Thus,
our results suggest an important role for IL-4 in contribution
to a more favorable outcome to WNV infection. Notably, a
comparison of patients infected with the related dengue
flavivirus also shows elevations of IL-4 and IL-1 in patients
with the milder form of dengue fever compared to more
severe infection during acute infection (although later time

FIG. 3. Clusters of co-expressed genes are associated with
serum cytokine levels. (A) The weighted correlation net-
work approach was applied to identify clusters of genes
(rows) whose expression was correlated with serum cyto-
kine levels (columns). Coloring indicates the degree of
positive (red) or negative (green) correlation, with white
indicating no relationship. (B) Row-normalized log2 ex-
pression levels for genes differentially expressed between
subjects with a history of asymptomatic and severe disease.
Coloring indicates the Z-score ranging from lower (green)
to higher (red) relative expression levels. (C) Average ex-
pression of genes that are part of cluster c10 from (A).
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points differ) (18), and such individual variations in the host
immune milieu may reflect patterns with more successful
resistance to flavivirus infections.

Further investigation of gene expression by PBMCs of
subjects from these cohorts revealed 105 genes that were
differentially expressed between subjects with a history of
asymptomatic and severe infections. Analysis of these
genes showed that susceptibility to severe disease is as-
sociated with higher levels of genes in viral-recognition
and antiviral pathways. Some of these differences may be
expected from mechanistic studies in vitro, which have
identified an important role for chemokines in flaviviral
response signatures and WNV pathogenesis (22), and
higher levels of these immune-pathways at baseline might
suggest disregulation of the pathways. Further, genomic
studies of WNV patient cohorts have identified IFN re-
sponse elements and the chemokine CCR5 to be involved
in susceptibility (4). Additional investigation of these
genes may provide insights into mechanistic roles in anti-
WNV immune responses.

The majority of people exposed to WNV mount successful
immune responses and may be unaware of being infected.
Through investigation of stable characteristics of individual
immune milieu in a stratified cohort of subjects, we have
identified serum cytokine and gene expression patterns that
are associated with susceptibility to severe WNV infection.
These results suggest that a systems-level analysis can be
used to identify factors relevant for susceptibility to severe
infections, and specifically point to an important contribution
for IL-4 in resistance to WNV infection.
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