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To understand early host responses controlling West Nile vi-
rus (WNV) infection, acutely viremic blood donors, identified
by nucleic acid amplification testing, were enrolled and mon-
itored for RNA-clearance and WNV-specific IgM and IgG an-
tibodies. Viral load and chemokine and cytokine assays were
performed on serial samples from donors whose index and
first follow-up samples tested negative for IgM. A total of 84%
of the specimens obtained from viremic donors before IgM/
IgG seroconversion demonstrated a decreasing viral load. Lev-
els of interferon (IFN)–� were significantly increased before
IgM seroconversion, relative to those in control specimens.
CXCL10 and CCL2 were significantly elevated in donor speci-
mens obtained before IgM seroconversion, compared with
those obtained after IgM seroconversion. These findings sug-
gest that IFN-mediated innate immunity plays a key role in
initial control of WNV replication.

The molecular and cellular bases of how West Nile virus (WNV)

infection impacts the human host and consequent antiviral im-

mune responses are not well understood. One important re-

search question, confined at present to animal and in vitro mod-

eling [1–3], is the extent of interferon (IFN) responses in the

control of viremia early after infection onset. Implementation of

WNV nucleic acid–amplification testing (NAT) of US blood do-

nors allowed us to identify individuals who were in the earliest

stages of infection at the time of their donation [4]. To define the

kinetics of viral replication and IFN-mediated host responses to

WNV infection during the earliest stages of viremia, we longitu-

dinally analyzed viral loads (VLs), serological data, and plasma

cytokine and chemokine levels in infected blood donors before

and after seroconversion during the acute phase of infection.

Subjects, materials, and methods. The health of each do-

nor was assessed on the day of donation by interview and mea-

surement of blood pressure, pulse, temperature, and hemoglo-

bin and hematocrit levels. Individuals who were prescribed

antibiotics or whose temperature was �99.6°F were excluded

from donating. NAT (Procleix WNV transcription-mediated

amplification [TMA] assay [Gen-Probe/Chiron]) for WNV

RNA identified 245 viremic donors, and all were subsequently

enrolled into institutional review board–approved follow-up

studies during 2003–2004 [5]. Donors were followed up weekly

for 4 weeks and monthly for up to an additional 2 months. TMA-

reactive index donations (obtained on day 0) were considered to

be positive for WNV if results of either an alternative TMA assay

were positive or anti-WNV IgM antibodies were detected in the

index donation or a follow-up specimen [5].

Of the 245 viremic donors, a subset of 31 individuals (13 from

2003 and 18 from 2004) who contributed 31 index and 128

follow-up specimens were further evaluated in the present study.

Selection criteria were based on the availability of at least 2 serial

samples, including the index donation, that tested positive for

WNV RNA by TMA and negative for anti-WNV IgM antibody.

Control specimens consisted of 194 plasma aliquots collected

from adult blood donors when there was no WNV activity in the

community. Control samples were unlinked from identifiers af-

ter documentation of age and sex. Sixty percent of the control

subjects were male, and the average age was 47 years (range,

16 –77 years). This process was approved by the University of

California, San Francisco’s Committee on Human Research.

VLs were determined at the National Genetics Institute (Los

Angeles, CA) for 153 serial plasma specimens from the 31 do-

nors. The index donation and 3– 4 follow-up specimens from

each donor were available for VL analysis. Sixty-two samples

were collected in 2003, and 91 samples were collected in 2004.

RNA was extracted, reverse transcribed into cDNA, amplified,
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detected by Southern blot, and quantified by interpolation of the

signal intensity versus the signals produced by a dilution series of

viral stock.

Serological testing of plasma for WNV IgM/IgG was per-

formed using ELISA kits (Focus Diagnostics) in accordance with

the manufacturer’s instructions. Samples that tested positive for

anti-WNV IgM/IgG were sent to the Centers for Disease Control

and Prevention for plaque-reduction neutralization testing

(PRNT). Plasma proteins in 18 of 31 panels described above

were measured by human Th1/Th2 cytokine, inflammation, and

chemokine cytometric bead array (CBA) kits (BD Biosciences)

in accordance with the manufacturer’s protocol. Insufficient re-

sidual volume was available for the remaining 13 panels. Detec-

tion limits were 2–5 pg/mL. Results were generated using BD

CBA analysis software. IFN-� was assayed using human IFN-�

serum sample ELISA kits (R&D Systems) in accordance with the

manufacturer’s high sensitivity protocol. Sensitivity was 5–500

pg/mL. Plasma was diluted 1:2 in PBS.

Unless otherwise stated, the Mann-Whitney rank sum test

(nonparametric) for 2 independent populations was used for

statistical analysis via SPSS software for Windows, version 13.0

(SPSS). A P value of �.05 was considered significant.

Results. All 31 donors had seroconverted to WNV IgM by the

time the second follow-up specimen was collected. The mean times

between the index donation and follow-up phlebotomy were 4.8

days for the first follow-up specimen, 12.9 days for the second, 20.5

days for the third, 30.9 days for the fourth, and 63.8 days for the fifth.

The first follow-up specimen was obtained 1–9 days after the index

donation, and the second follow-up specimen was obtained 6–19

days after the index donation. ELISA revealed that the index and

first follow-up specimens from 3 of 31 viremic donors were weakly

reactive to anti-WNV IgG antibody, despite nonreactive WNV IgM

results (table 1). Index donations in the remaining 28 donors were

not reactive to anti-WNV IgG antibody, and IgG followed IgM se-

roconversion with increasing ELISA signal-to-cutoff ratios. IgG se-

roconversion was further evaluated by PRNT for donors whose in-

dex specimens were reactive to anti-WNV IgG antibody. This

analysis demonstrated detectable levels of WNV-neutralizing anti-

bodies that coincided with the second IgM-reactive follow-up spec-

imen. Neutralizing antibodies for a related arthropod-borne virus,

St. Louis encephalitis virus, were undetectable in 2 of 3 donors

whose index donation tested positive for anti-WNV IgG antibody.

For the third such donor, the first follow-up sample had neutraliz-

ing antibodies to St. Louis encephalitis virus but no neutralizing

antibodies to WNV. In the second follow-up specimen from this

donor, neutralizing antibodies to WNV (titer, 1:2560) and St. Louis

encephalitis virus (titer, 1:5120) were present (table 1).

VLs were measured in 128 (79%) of 162 specimens from the

31 WNV-infected donors. In 5 donors (16%), the VL in the

index donation was lower than the VL in the first follow-up

Table 1. Serial test results for 3 blood donors infected with West Nile virus (WNV).

Donor
Days after

index donation

Immunoglobulin
detection, S/C ratioa

Antibody
titerb

IgM IgG WNV SLE

Donor 1
Index donation 0 0.49 2.07 �10 �10
Follow-up specimen

First 4 0.24 4.43 �10 �10
Second 12 4.22 5.06 1:160 �10
Third 88 2.02 8.23 1:1640 1:20

Donor 2
Index donation 0 0.77 1.57 �10 �10
Follow-up specimen

First 9 0.82 1.71 �10 �10
Second 76 2.03 6.34 1:1280 1:20

Donor 3
Index donation 0 �0.9 2.84 �10 1:10
Follow-up specimen

First 2 �0.9 2.90 �10 1:20
Second 7 2.68 5.23 1:2560 1:5120
Third 14 4.08 5.25 1:10,240 1:40,960
Fourth 21 3.73 3.86 1:5120 1:20,480
Fifth 56 2.8 3.16 1:2560 1:10,240

NOTE. SLE, St. Louis encephalitis virus.
a Data are sample-to-calibrator (S/C) ratios determined by an enzyme immunoassay.
b Determined by a plaque-reduction neutralization assay.
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specimen, whereas in 26 donors (84%), the VL in the index do-

nation was greater than the VL in the first follow-up specimen.

As seen in figure 1, the majority of donors had decreasing VLs in

the absence of detectable IgM/IgG seroconversion. Further-

more, in 12 (46%) of the 26, the decrease in VL from index

donation to first follow-up IgM-negative specimens was 2–3

logs.

Ninety-four longitudinal plasma samples from 18 donors

were screened for cytokine and chemokine levels by CBA (figure

2, which appears only in the electronic edition of the Journal). A

total of 36 specimens (i.e., the index donations plus the first

follow-up specimens) were collected before IgM seroconver-

sion, whereas 58 specimens (60%) were obtained after IgM se-

roconversion. The mean times between the index donation and

collection of the first, second, third, and fourth follow-up spec-

imens were 4.8 , 12.9, 20.5, and 30.9 days, respectively.

Findings of statistical analyses of the median values for each

cytokine and chemokine are summarized in table 2, which ap-

pears only in the electronic edition of the Journal. Median levels

of IFN-�, IFN-�, IL-4, IL-10, TNF-�, CCL2 (also known as

“MCP-1” [monocyte chemoattractant protein-1]), CXCL9 (also

known as “MIG” [monokine induced by IFN-� MIG]), and

CXCL10 (also known as “IP-10” [IFN-�–inducible protein-10])

were significantly increased in acute-phase viremic samples ob-

tained before IgM seroconversion, compared with those in con-

trol specimens (P � .05). In samples obtained after IgM sero-

conversion, IFN-�, IL-4, IL-10, TNF-�, CCL2, CXCL9, and

CXCL10 levels were significantly increased, compared with

those in control specimens (P � .05). Interestingly, IL-2 and

IL-6 levels in samples obtained before and after IgM seroconver-

sion samples were significantly less than those in control samples

(P � .05). The most biologically significant results (i.e., those

with a difference of at least �2-fold between medians; P � .05)

are plotted in figure 1B and 1C. Comparison of levels of IFN-�,

IFN-�, IL-4, and TNF-� revealed significant, �2-fold increases

between control specimens and samples obtained before and

those obtained after IgM seroconversion (for IFN-�, the only

significant difference was found between control specimens and

specimens obtained before seroconversion). Despite the statisti-

cally significant �2-fold decreases in IL-6 expression between

the control specimens and the specimens obtained before and

after seroconversion, findings were not as impressive as those for

other cytokines, owing to overlaps in interquartile ranges. On

the other hand, comparison of CCL2, CXCL9, and CXCL10 lev-

els revealed significant, �2- to 5-fold increases between control

specimens and specimens obtained before and after IgM sero-

conversion.

Comparison of the median cytokine levels in samples ob-

tained before IgM seroconversion with those in samples col-

lected after IgM seroconversion revealed that CXCL10 and

CCL2 levels in the former were significantly greater than those in

the latter (difference, �1.5–2.5-fold; P � .001) (table 2 and fig-

ure 1C). Collectively, our results identify novel IFN and IFN-

induced chemokine signatures temporally associated with a de-

crease in the VL during the acute viremic phase of infection.

Discussion. A total of 245 WNV-confirmed blood donors

identified by NAT throughout the Blood Systems network were

enrolled into our 2003–2004 follow-up studies. Of these 245 do-

nors, 31 (13%) had nonreactive IgM results in both the index

donation and the first follow-up specimen. We sought to deter-

mine acute-phase VL dynamics and corresponding serologic

characteristics and cytokine and chemokine levels in these do-

nors. Surprisingly, most donors demonstrated a decrease in VL

during the preseroconversion stage of infection. A limitation in

our study was the use of commercial WNV IgM/IgG assays that

did not detect antibodies in immune complexes.

Before the spread of WNV, St. Louis encephalitis virus was the

most common cause of arboviral encephalitis in North America

[6]. Furthermore, WNV and St. Louis encephalitis virus are an-

tigenically closely related [7]. These facts almost certainly ex-

plain our observation of “original antigenic sin” by PRNT anal-

ysis in the donor with robust St. Louis encephalitis virus

neutralization concomitant with ostensibly preexisting WNV-

specific IgG. On the basis of PRNT analysis, findings for the

other 2 donors with non–IgM reactive index donations in the

presence of IgG probably represent false reactivity or exposure to

other flaviviruses.

In the majority (84%) of donors studied, VLs were decreasing

before IgM development. Furthermore, in 13 (42%) of the do-

nors, the decrease in VL from the index donation to the first

follow-up specimen was 2–3 logs. Because of length biasing, the

probability that data from the 5 donors with an increasing VL

represent the “true” viral replication rate during the ramp-up

phase of viremia is very low and therefore not presented.

Type I IFNs, such as IFN-� and �, are critical to innate im-

mune responses against viruses and act in concert with IFN-� in

the activation of antiviral IFN-stimulated genes and the immu-

nomodulation of innate and adaptive immunity [8]. The donors

in this study exhibited significant up-regulation of IFN-� during

the acute viremic phase (i.e., before IgM seroconversion) and

after IgM seroconversion, compared with median plasma levels

Table 2. Comparison of cytokine and chemokine levels among
control plasma samples and plasma samples obtained from 18
West Nile virus–infected donors before and after IgM serocon-
version.

This table is available in its entirety in the online
edition of the Journal of Infectious Diseases.

The figure is available in its entirety in the online
edition of the Journal of Infectious Diseases.

Figure 2. Levels of cytokines and chemokines for 18 donors infected
with West Nile virus, by time after the index donation.
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in IFN-� in control specimens (table 2 and figure 1B). Also,

IFN-� levels in donor specimens were higher than those in con-

trol specimens only before IgM seroconversion, which is indic-

ative of an early period of IFN-mediated proinflammation and

antiviral host immunity. The similar expression patterns of up-

regulated TNF-� and IFN-� in infected blood donors was not

surprising, given their linkage as proinflammatory mediators

and roles in the pathogenesis of WNV encephalitis [3, 9 –11].

Concomitant increases of IL-4 in plasma samples obtained be-

fore and after IgM seroconversion was unexpected because hu-

moral immune responses in specimens obtained before IgM se-

roconversion are not detectable by commercial serology kits

(figure 1B). IL-4 has recently been associated with immunogenic

responses in a WNV subunit vaccine study [12]. IL-4 may there-

fore function in an immunoregulatory role during acute infec-

tion, to counterbalance proinflammatory T cell–mediated im-

mune responses and support early humoral adaptive immunity.

Indeed, blood donors in this study were in the earliest stages of

WNV infection and appeared otherwise healthy at the time of

donation.

In figure 1C, median plasma levels of CXCL10 and CCL2,

both stimulated by IFNs, were strikingly increased before IgM

seroconversion, compared with controls; levels of both chemo-

kines decreased after IgM seroconversion. We did not observe a

similar decrease in CXCL9 levels following IgM seroconversion,

although CXCL10 and CXCL9 share the same receptor

(CXCR3). Disparate regulation of CXCL10 and CXCL9 has been

noted in studies of herpes simplex virus type 1 and the agent of

SARS, suggesting that CXCL10 and CXCL9 play nonredundant

roles in acute viral infection [13, 14]. CXCL10 is a potent che-

moattractant for activated Th1 lymphocytes (adaptive immu-

nity) and natural killer cells (innate immunity), whereas CCL2 is

a monocyte and basophile chemoattractant (innate immunity).

Therefore, CXCL10 and CCL2 are important host response me-

diators, with CXCL10 in particular thought to play a role in the

temporal development of innate and adaptive immunity in con-

cert with IFNs. In murine models of WNV infection, CXCL10

has been shown to play a neuroprotective role [15]; however,

recent results have argued that early CXCL10 expression (pre-

ceding IFN-�) and other chemokines may trigger inflammation

and neuropathological conditions [9]. Our study suggests a role

for CXCL10 in the control of early acute WNV viremia. The

temporal and site-specific relationships between persistent

CXCL10 expression and neuropathological outcomes during in-

fection remain to be determined.

In conclusion, we suggest that vigorous immune responses,

primarily associated with robust and concurrent expression of

IFN-� and IFN-� and high levels of IFN-stimulated chemo-

kines, are involved in the initial control of viral replication dur-

ing early infection. Decreasing VLs in blood donors with acute

WNV infection, corresponding with elevated levels of type I and

II IFNs and IFN-induced chemokines, followed by down-

regulation of CCL2 and CXCL10 upon IgM seroconversion, may

denote the critical role of IFN-mediated innate and adaptive im-

mune responses in resolving acute viremia during WNV infec-

tion.
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Figure 2. Levels of cytokines and chemokines for 18 donors infected with West Nile virus, by time after the index donation.

Table 2. Comparison of cytokine and chemokine levels among control plasma samples and plasma samples obtained
from 18 West Nile virus–infected donors before and after IgM seroconversion.

Cytokine or
chemokine

Level, median (interquartile range), pg/mL P b

Control
specimens (A)

(n � 194)a

Preseroconversion
specimens (B)

(n � 36)

Postseroconversion
specimens (C)

(n � 58) A vs. B A vs. C B vs. C

IFN-� 18.3 (10.5–25.1) 35.1 (5.8–63.7) 17.9 (0–50.7) .019 .745 .148
IFN-� 21.7 (17.1–29.5) 43.9 (32.2–62.7) 39.7 (20.4–61.6) �.001 .002 .226
IL-1� 166.0 (40.4–704.1) 99.0 (51.7–282.7) 107.8 (51.1–300.2) .491 .482 .929
IL-2 9.1 (7.6–11.7) 8.1 (4.4–11.8) 8.7 (0–11.7) .027 .029 .975
IL-4 7.0 (5.8–9.5) 13.6 (9.1–18.0) 12.7 (5.2–17.6) �.001 .004 .328
IL-5 3.2 (2.7–3.9) 3.1 (2.7–4.4) 3.3 (2.5–4.3) .927 .767 .934
IL-6 25.4 (10.4–128.3) 11.6 (7.7–19.2) 11.3 (8.7–30.4) .001 .001 .504
IL-8 21.1 (14.5–43.4) 25.8 (19.0–42.9) 24.5 (18.1–48.7) .056 .052 .718
IL-10 8.0 (6.9–9.7) 11.5 (9.9–15.3) 12.5 (10.7–16.1) �.001 �.001 .290
IL-12p70 22.4 (9.3–139.2) 22.0 (16.9–61.7) 23.0 (16.1–69.4) .429 .201 .715
TNF-� 4.0 (3.0–6.4) 8.3 (6.4–14.9) 8.7 (6.1–17.2) �.001 �.001 .978
CCL2 105.1 (74.3–191.6) 304.9 (217.1–407.2) 199.4 (160.0–271.0) �.001 �.001 �.001
CXCL9 587.2 (359.2–1044.0) 1372.3 (1123.6–1733.9) 1276.8 (918.7–1780.4) �.001 �.001 .148
CXCL10 446.1 (352.4–591.4) 2412.9 (1852.5–3200.7) 945.4 (756.5–1363.0) �.001 �.001 �.001

a IFN-� levels were determined in 29 samples.
b By the Mann-Whitney test


