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Abstract

West Nile virus (WNV) is a mosquito-borne flavivirus that has spread rapidly throughout the U.S.
and there is currently no effective treatment. Understanding the pathogenesis of WNV infection in
humans is critical for development of a potent therapy. In this study, we examined the activation of
primary human macrophages in response to WNV infection, and showed that WNV interacts with
human macrophages at multiple levels. While infection with WNV induced production of interleukin
(IL)-8, production of IL-18, and type | interferon was inhibited. Infection with WNV interferes with
the downstream JAK/STAT pathway, which is important for macrophage activation. In comparison
to other related flaviviruses, the differential response of proinflammatory cytokines is distinct to
WNV.

INTRODUCTION

West Nievirus (WNV) is @ mosquito-borne single-stranded positive-polarity RNA FLAVI-
VIRUS related to dengue, St. Louis, and Japanese encephalitis viruses (7). WNV is endemic
in parts of Asia, Africa, and Europe, and it was introduced to North America in 1999. WNV
has spread rapidly throughout the United States with over 4000 cases in 2006, including 161
fatalities (12), and no effective prophylactic or therapeutic measures are currently available
(7). Understanding the pathogenesis of WNV infection in humans is crucial for the
development of effective treatments.

Dissemination of WNV occurs before development of a full adaptive immune response, thus
the innate immune response is critical for resistance to infection. The essential role of
macrophages in resistance to WNV infection has been shown in mice depleted of macrophages,
which show accelerated development of WNV encephalitis and a 50% increase in mortality
(1). WNV has been shown to attenuate antiviral responses in certain cell lines (11,13), but it
is unknown if human macrophage responses are inhibited.

MATERIALS AND METHODS

To determine the responses of human macrophages upon WNYV infection, we isolated
peripheral blood mononuclear cells from the blood of healthy donors and cultured cells for 6-8
d, as previously described (14). Serum from these individuals indicates no prior infection with
WNV as determined by ELISA and Western blot against WNV envelope protein (data not
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shown). To determine optimal infection conditions, we infected unstimulated monocyte-
derived macrophages with WNV isolate CT-2741 at three multiplicities of infection (MOl
0.1, 1, and 10). Culture supernatants were collected at day 0, 1, 2, and 3 post-infection and
assessed for the production of IL-8, as it has been shown to be among the first cytokines to be
secreted by macrophages on infection with other flaviviruses (2). IL-8 was detected at a basal
level (~2 ng/mL) from uninfected macrophages or from macrophages infected with WNV at
a MOl of 0.1. The levels of IL-8 were significantly higher from cells infected with WNV at an
MOI of 1, and levels increased on each of the 3 days (n = 3; day 1, 6.7 + 1.3 ng/mL; day 2, 8.0
+ 1.3 ng/ml; day 3, 9.3 + 2.0 ng/ml). At an MOI of 10, the IL-8 levels were strongly elevated
at all time points (n = 3; day 1, 11.5 + 2.6 ng/mL; day 2, 20.5 + 3.0 ng/ml; day 3, 12.7 + 2.2
ng/mL), but we observed cytopathic effects at 48 h post-infection at this MOI (data not shown).
Thus, all subsequent studies with WNV and human primary macrophages were performed over
the course of 3 d using an MOI of 1. The production of IL-8 after infection with WNV shows
that initial steps of the proinflammatory innate immune response are intact in WNV-infected
human macrophages.

Human macrophages secrete proinflammatory cytokines, such as IL-14 and tumor necrosis
factor (TNF)-a, upon encountering pathogens (9). Since other flaviviruses have been
demonstrated to inhibit antiviral responses in cell lines (5,6,11,16), we postulated that WNV
would downregulate the production of proinflammatory cytokines in primary human
macrophages. Production of IL-14 and IFN-$ from resting macrophages infected with WNV
was undetectable by ELISA (data not shown). This effect may be in contrast to infection with
the related dengue virus, in which infected primary macrophages produce elevated levels of
IL-15 over the course of 2 wk (2). However, differences in experimental systems or different
efficiencies of viral infection may also contribute to these apparent differences. To assess
whether WNV inhibits the proinflammatory response of macrophages, primary macrophages
were stimulated with 10 ng/mL of IFN-y and 1ug/mL of lipopolysaccharide (LPS). Activation
of the cells was confirmed by RT-PCR of IFN-response gene RNase L/actin, showing a 9.2-
fold increase over unstimulated cells (data not shown). WNV was able to infect activated
macrophages and the majority of treated cells were infected (day 1: 86.7%; day 2: 83.6%; day
3:97.6%), as assessed by immunofluorescent staining of fixed cells using a rabbit anti-WNV
E protein antibody (4) according to our standard imaging protocols (14). This finding is
consistent with earlier work showing that monocyte-derived macrophages from healthy donors
are able to support WNV infection (15). The infection decreased gradually from day 1 to day
3 as shown by the level of WNV envelope (E) gene transcript (Fig. 1A). As expected, the
activation of macrophages with IFN-y and LPS significantly increased the expression of
IL-15, IL-8, and IFN-41 (Fig. 1B, C, and D). At day 1, the IL-1/ transcript level was elevated
ninefold, and declined at day 2 and day 3 (Fig. 1B). The production of proinflammatory
cytokines by activated macrophages, however, was significantly inhibited as a result of WNV
infection. Production of IL-15 was inhibited most dramatically on day 1 post-infection, when
there was a 3.7-fold and 30.4-fold reduction in IL-1/ transcript and protein level, respectively,
in WNV-infected activated macrophages, as compared to uninfected activated macrophages
(Fig. 1B and E). The inhibitory effect of WNV was observed over the course of 3 d, albeit the
difference on day 2 did not reach statistical significance. This finding provides the first evidence
of an anti-inflammatory effect of WNV on activated human macrophages.

Interestingly, when we assessed the effect of WNV infection on the production of IL-8 by
activated macrophages, there was no significant change in IL-8 at either the mRNA or protein
levels at any time point examined (Fig. 1C and F). This suggests that the production of IL-8
by activated macrophages is regulated differently than IL-14, and is not subject to viral
inhibition.
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Production of proinflammatory cytokines follows phosphorylation of the signaling kinases
JAK/STAT (8). WNV can inhibit the phosphorylation of STAT-1 and STAT-2 in human cell
lines, including inhibiting IFN-g-dependent phosphorylation of STAT-1 (11,13). To identify
a mechanism of viral inhibition of the macrophage cytokine response, we assessed the effect
of WNV infection on phosphorylation of JAK/STAT in human primary macrophages. Infection
with WNV led to an increase in the production of STAT-1 protein by activated macrophages
over the course of 3d (Fig. 2A). However, the increased levels of STAT-1 protein did not lead
to a concomitant increase in phosphorylation (Fig. 2A and B). The decrease in the ratio of p-
STAT to STAT will lead to a lower degree of activation for WNV-infected macrophages,
including reduced production of IL-14 (10). Our findings of JAK/STAT inhibition by WNV
in primary macrophages is consistent with previous reports in which a WNV replicon inhibited
the phosphorylation of STAT-1 and STAT-2 in Vero cells, and interfered with the nuclear
translocation of these transcription factors to upregulate an antiviral response (6,11,13,16).

DISCUSSION

The fact that WNV was able to upregulate the production of IL-8 in unstimulated macrophages,
and that the production of this cytokine was not inhibited by WNYV infection in activated
macrophages, suggests that WNV may not suppress chemotaxis induced by macrophages.
Although IL-8 may modulate the permeability of endothelial cells (3,17), it is unknown whether
it plays a role in blood-brain barrier permeability in human cases of WNV encephalitis. These
differences in host response to viruses provide important insights into understanding the human
immune response toward WNYV infections.

WNV inhibits the production of type I interferons in various human cell lines (6,11,16). When
activated macrophages were infected with WNV, the production of IFN-A1 was dramatically
reduced (Fig. 1D). On day 1 post-infection, there was a 95% reduction in the transcription of
IFN-A1 by infected macrophages as compared to uninfected macrophages. As the IFN-A1 level
declined over the course of infection, WNV infection consistently diminished the production
of IFN-A1 (Fig. 1D).

CONCLUSION

In summary, our studies provide insight into understanding the human immune response
toward WNV infection. WNV suppresses functions of human macrophages by inhibiting the
production of proinflammatory and antiviral cytokines, and interfering with the JAK/STAT
signaling pathway.
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FIG. 1.

Effects of WNV infection on cytokine production by activated macrophages. Peripheral blood
mononuclear cells (PBMCs) were isolated by Ficoll-Hypaque density gradient centrifugation
from blood of healthy donors (14) in accordance with the regulations of the Human
Investigation Committee of Yale University. PBMCs were suspended in RPMI 1640 medium
containing 20% human serum (Cambrex, East Rutherford, NJ), 1000 U/mL penicillin, and
1000 ug/mL streptomycin (Invitrogen, Carlsbad CA). Cells were plated at 5 x 10%/35 mm? per
well, or 10 x 106/60 mm? per plate. After 2 h, non-adherent cells were removed by washing,
and the cells were incubated for 6-8 d to obtain mature primary monocyte-derived
macrophages. Macrophages from seven healthy blood donors were stimulated with 10 ng/mL
of IFN-y and 1ug/mL of LPS upon inoculation of WNV at an MOI of 1. At time points of day
0, 1, 2, and 3 post-infection, total MRNA was harvested and used to quantitatively determine
the cytokine transcripts (17). Each expression profile is expressed as the copy number of
cytokine gene transcripts/the copy number of the S-actin gene transcript for each sample; each
gene assessed is 100-fold above the detection limit of the instrument. Two determinations were
done in each sample and significance was determined by ANOVA. (A) The envelope gene
copy of WNV. (B) IL-15 (**Day 1, p = 0.025). (C) IL-8. (D) IFN-$1 (**Day 1, p = 0.0007).
Supernatants were collected and levels of secreted cytokines were determined by ELISA. Each
individual sample (n = 7) was assessed in duplicate in independent ELISA assays. (E) IL-1/8
(**Day 1, p = 0.0013). (F) IL-8.
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FIG. 2.

(A) Western blot analysis of tyrosine phosphorylation of STAT1. Human primary macrophages
from healthy blood donors were stimulated with 10 ng/mL of IFN-y and 1ug/mL of LPS in the
absence (-) or presence (+) of WNV at an MOI of 1. Total proteins were harvested at days 0,
1, 2, and 3 post-infection, with modified RIPA lysis buffer containing 1 mM sodium vanadate
(NagzVQy,), 1 mM sodium fluoride (NaF), 1 mM phenylmethylsulfonyl fluoride (PMSF), and
protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland). Equal amounts of protein
lysates were electrophoresed on a 4-12% Bis-Tris NUPAGE gel (Invitrogen) and processed for
immunoblotting. Phosphorylated and total STAT were detected using 1:600 dilutions of rabbit
anti-phospho-STAT1(Tyr701) and anti-STAT-1 antibodies (Cell Signaling Technology Inc.,
Danvers, MA), respectively, and detected by horseradish peroxidase-conjugated mouse anti-
rabbit antibody (Cell Signaling Technology). The immunoblot was developed using a Western
Lightning chemiluminescence kit (Pierce, Rockford, IL). The positions of the pre-stained
molecular mass marker are indicated. The immunoblot shown represents two equivalent
experiments from different blood donors. (B) Densitometric ratios show average + SEM of p-
STAT1 (X) and total STAT1 (m) to S-actin, as determined using Scion imaging software (Scion
Corp., Frederick, MD).
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