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Dendritic cells (DCs) play a central role in innate immunity and antiviral responses. In this study, we
investigated the production of alpha interferon (IFN-a) and inducible chemokines by human monocyte-derived
dendritic cells (mDCs) and plasmacytoid dendritic cells (pDCs) infected with West Nile virus (WNV), an
emergent pathogen whose infection can lead to severe cases of encephalitis in the elderly, children, and
immunocompromised individuals. Our experiments demonstrated that WNV grown in mammalian cells
(WNVYe™®) was a potent inducer of IFN-« secretion in pDCs and, to a lesser degree, in mDCs. The ability of
WNVYer to induce IFN-« in pDCs did not require viral replication and was prevented by the treatment of cells
with bafilomycin Al and chloroquine, suggesting that it was dependent on endosomal Toll-like receptor
recognition. On the other hand, IFN-« production in mDCs required viral replication and was associated with
the nuclear translocation of IRF3 and viral antigen expression. Strikingly, pDCs failed to produce IFN-a when
stimulated with WNV grown in mosquito cells (WNV<7*%), while mDCs responded similarly to WNVY*™ or
WNVES71% Moreover, the IFN-dependent chemokine IP-10 was produced in substantial amounts by pDCs in
response to WNVY*™ but not WNV<7°, while interleukin-8 was produced in greater amounts by mDCs infected
with WNVE71° than in those infected with WNVY°™, These findings suggest that cell-specific mechanisms of
WNYV recognition leading to the production of type I IFN and inflammatory chemokines by DCs may contribute

to both the innate immune response and disease pathogenesis in human infections.

West Nile virus (WNV) is an arthropod-borne pathogen that
belongs to the genus Flavivirus of the family Flaviviridae, a
genus that includes dengue virus (DENV), Japanese enceph-
alitis virus, yellow fever virus (YFV), and tick-borne encepha-
litis virus (8). The flavivirus virion is composed of a positive-
sense, single-stranded RNA encased in a protein capsid and
surrounded by a spherical envelope. The genomic RNA en-
codes seven nonstructural proteins as well as three structural
proteins, capsid (C), premembrane (prM), and envelope (E),
the latter of which has been shown to mediate the entry of the
virus into cells (43).

WNV was first isolated in Uganda in 1937 and is widely
spread across the Eastern Hemisphere. Since its appearance in
the Western Hemisphere in 1999, WNV has spread throughout
North America, Latin America, and the Caribbean (28). The
majority of human WNYV infections produce either asymptom-
atic cases or a mild febrile disease. However, in some cases
(~1%), WNV infection can lead to encephalitis, meningitis, or
other neurological diseases that can culminate in death. Severe
symptoms are more common in the immunosuppressed and
the elderly, suggesting that the immune system plays a critical
role in the outcome of the disease (56, 58).

* Corresponding author. Mailing address: Department of Pathology,
3.206B Mary Moody Northen Pavilion, University of Texas Medical
Branch, 301 University Boulevard, Galveston, TX 77555-0436. Phone:
(409) 747-8143. Fax: (409) 747-8150. E-mail: pwmason@utmb.edu.

# M.C.S. and A.G.-P. contributed equally to this work.

¥ Published ahead of print on 3 October 2007.

The precise role of different cells and organs in the initial
immune response to flavivirus infection is not completely under-
stood. Several lines of evidence indicate that the type I interferon
(IFN) (alpha/beta IFN [IFN-o/B]) system plays a critical role
determining the outcome of infection. In the case of WNV, IFN-
o/B has been shown to be a potent inhibitor of replication in vitro
(14). In addition, it has been demonstrated that pretreatment with
IFN can protect mice and hamsters from morbidity and mortality
following WNV infection (54). Furthermore, studies with IFN
receptor-deficient mice have demonstrated that these animals
display enhanced susceptibility to a variety of flaviviruses (31, 46,
63). The importance of IFN in controlling flavivirus infection can
also be inferred from studies with multiple viruses, demonstrating
that flavivirus-infected cells block the JAK-STAT signal transduc-
tion pathway triggered by IFN binding to its receptor (7, 26, 32,
42, 44, 55, 65).

Dendritic cells (DCs) play a pivotal role in the recognition of
pathogens and in the linkage between innate and adaptive immu-
nity. Different DC subsets have specialized functions including
antigen presentation to T cells or secretion of proinflammatory
cytokines. Immature myeloid-derived DCs are remarkably effi-
cient in antigen capture in peripheral tissues. Following antigen
capture, these cells become activated and migrate to secondary
lymphoid organs, where they present their antigens to other im-
mune system cells (13). Unlike myeloid-derived DCs, plasmacy-
toid DCs (pDCs) are not experts in antigen capture; rather, pDCs
are able to secrete large amounts of IFN-« following the recog-
nition of pathogens (2, 9, 67).

In many cell types, IFN synthesis is induced following the
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recognition of a pathogen-associated molecular pattern
(PAMP) molecule, such as double-stranded RNA. This partic-
ular PAMP has been shown to induce IFN following binding to
pathogen recognition receptors such as Toll-like receptor 3
(TLR3) or the RNA helicases RIG-I and mda5 (35). Following
the ligation of double-stranded RNA, these pathogen recogni-
tion receptors instigate a signaling pathway that results in the
phosphorylation of the IFN regulatory factor 3 (IRF3) tran-
scription factor. The phosphorylation of IRF3, which is con-
stitutively expressed in the cytoplasm of most cells, results in
dimerization and translocation to the nucleus, where it acti-
vates the transcription of multiple genes, including those for
IFN-B and IFN-a4 (50). When these IFNs are secreted from
the activated cell, they can then bind to type I IFN receptors on
the surface of the activated cells or surrounding cells. Receptor
binding activates the JAK-STAT pathway, inducing the expres-
sion of a wide variety of IFN-stimulated genes, which can
establish an antiviral state. One of these IFN-stimulated genes
is IRF7, which is not constitutively expressed in most cell types.
Like IRF3, IRF7 is phosphorylated in cells that are exposed to
PAMPs, such as single-stranded RNA that binds to TLR7/
TLRS8 and unmethylated CpG DNA that binds to TLR9 (5).
Following phosphorylation, IRF7 translocates to the nucleus,
where it is able to activate large numbers of IFN-a genes.
Thus, an initial IRF3-mediated IFN response can be potently
amplified by an IRF7-amplified response (27, 64).

Unlike many cells, pDCs constitutively express IRF7 as well
as high levels of TLR7, TLRS, and TLR9Y (3, 34, 45). Thus, the
recognition of PAMPs by these cells can lead directly to the
activation of a large number of IFN-a genes. This functional
capability is also supported by the fact that pDCs, also called
IFN-producing cells, have the ability to secrete up to 1,000
times more type I IFN than other cell types (38, 45, 67). Unlike
other DC subtypes, pDCs are not good antigen presenters due
to their low capacities for phagocytosis and antigen loading
onto major histocompatibility complex molecules (5, 45). Fol-
lowing activation, pDCs secrete IFN for a limited amount of
time and then differentiate into antigen-presenting mature
DCs that activate and modulate T-cell responses (33, 45).
Therefore, pDCs first play a critical role as effector cells in
antimicrobial innate immune responses and subsequently dif-
ferentiate into antigen-presenting cells to initiate adaptive im-
mune responses.

The production of high levels of IFN in response to initial
PAMP recognition (rather than in a secondary amplification
following IRF7 expression) may be particularly important for
controlling flavivirus infections, since a number of studies dem-
onstrated that flaviviruses block JAK-STAT signal transduc-
tion pathways (see above), and flavivirus-infected cells may
suppress PAMP-activated signaling pathways (22, 23, 65).

DCs have been shown to be targets of flavivirus infection.
DENV has been shown to be able to infect and activate DCs in
vitro, resulting in cell maturation and cytokine production (37,
38, 40, 51, 59, 71). More recently, it was reported that the YFV
vaccine strain (YF-17D) is able to replicate in both immature
and mature DCs obtained from human peripheral blood cells
(4), and YF-17D has been shown to induce the expression of
multiple costimulatory molecules and cytokines in myeloid
DCs obtained from peripheral blood monocytes (monocyte-
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derived DCs, referred to as mDCs throughout the rest of this
paper) (4, 60) and pDCs in a TLR-dependent manner (60).

In this paper, we have compared levels of production of
IFN-a (and other cytokines) in cultures of human pDCs and
mDCs infected with WNV. WNV triggers the expression of
IFN-« in both of these subsets of human DCs. However, we
have noted important differences in the mechanisms of IFN
gene activation. In pDCs, IFN-a production does not require
viral replication and is blocked by chloroquine and bafilomycin
Al, which prevent endosome acidification/maturation, indicat-
ing that IFN-a gene activation is likely triggered in a TLR-
dependent manner, as has been observed for several other
viruses. In contrast, IFN-a production by mDCs requires viral
replication and is associated with IRF3 translocation to the
nucleus, suggesting a role for an intracellular signaling pathway
leading to the induction of IFN. Additionally, we compared the
ability of mammalian cell- and mosquito cell-derived viruses to
activate the synthesis of IFN-a and other cytokines in pDCs
and mDCs. Our results demonstrate that mDCs synthesize
IFN-a upon stimulation with both viruses, whereas pDCs are
unable to synthesize IFN-a upon stimulation with the mos-
quito cell-derived viruses. These studies produce important
new information about how WNV engages this important set
of immune cells, which drive the initial innate response to
infection and direct the adaptive responses as well.

MATERIALS AND METHODS

DC cultures. This study was approved by the Institutional Review Board of the
University of Texas Medical Branch (UTMB). Human DCs were obtained as
previously described (25). Briefly, peripheral blood mononuclear cells (PBMC)
were obtained by Ficoll-Hypaque (GE Healthcare, Bio-sciences, Piscataway, NJ)
gradient centrifugation from 100 ml of peripheral blood collected from healthy
donors. Human pDCs were isolated by using magnetic microbeads coated with
anti-BDCA-4 monoclonal antibody (Miltenyi Biotec, Auburn, CA). The result-
ing pDC population had a purity of >97% based on the positive expression of
BDCA-2 and CD123. Cells were cultured in RPMI 1640 supplemented with 10%
fetal bovine serum (FBS), antibiotics, 1 mM sodium pyruvate, and 10 ng/ml of
interleukin-3 (IL-3) (R&D Systems). mDCs were generated from PBMC (ob-
tained as mentioned above for pDCs) by selecting adherent cells. The mononu-
clear cells were laid on 25-cm? flasks for 60 to 90 min at 37°C, after which
nonadherent cells were removed by five washes with plain RPMI medium.
Adherent cells were cultured for 7 days in RPMI 1640 supplemented with 10%
FBS, antibiotics, 50 wM 2-mercaptoethanol, 100 ng/ml granulocyte-macrophage
colony-stimulating factor (PeproTech, Rocky Hill, NJ), and 20 ng/ml IL-4 (R&D
Systems, Minneapolis, MN).

Cell lines. MRC-5 cells (ATCC) were grown in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% FBS, 1% nonessential amino acids, 1% sodium
pyruvate, and antibiotics. K-562 cells (provided by T. Shenk, Princeton Univer-
sity) were maintained in DMEM with 10% FBS and antibiotics. Huh-7 cells and
Vero cells were grown as previously described (62). Aedes albopictus C7/10
mosquito cells (provided by I. Frolov, UTMB) were grown at 30°C in L15
medium with 10% FBS, 10% tryptose phosphate broth, and antibiotics.

Viruses. The WNV used in this study was a low-passage virus recovered from
BHK cells transfected with a synthetic RNA derived from an infectious cDNA
clone of a human 2002 isolate from Texas (62). This virus seed was initially grown
in Vero cells and then amplified in either Vero or C7/10 cells in modified Eagle’s
medium (Vero) or L15 medium (C7/10) containing 1% FBS. Supernatants were
collected when cytopathic effect was evident, clarified, and then concentrated by
precipitation with 10% (wt/vol) polyethylene glycol (8,000 molecular weight) and
0.64 M NaCl (final concentration), followed by collection by centrifugation and
solubilization in tissue culture medium. These viruses are referred as
WNVVer© and WNVE10, “WNV” used without a superscript refers to WNVVere,
The titer of the WNV stocks was determined by focus formation assay in Vero
and K562 cells as previously described (62). Briefly, serial dilutions of virus were
added to the cells, and after a 1-h adsorption at 37°C, the virus inoculum was
removed, and cells were overlaid with a semisolid overlay. Twenty-four hours
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later, the foci of infection were stained by immunohistochemistry using WNV-
specific murine hyperimmune ascitic fluid (MHIAF). For some experiments,
WNV was inactivated by subjecting virus preparations to UV light (4 W at a
254-nm wavelength and at a distance of 10 cm for 2 min); virus inactivation was
confirmed by the detection of WNV antigen-positive focus-forming units in the
treated preparations as described above. The vesicular stomatitis virus (VSV)
used in all experiments was the Hazelhurst strain of the New Jersey serotype
(obtained from R. B. Tesh, UTMB). VSV was grown in Vero cells, and titers
were determined using methods similar to those described above by using VSV-
specific MHIAF (provided by R. B. Tesh). The Sendai virus (SeV) preparation
used for all studies consisted of allantoic fluid harvested from SeV-infected
embryonated eggs (obtained from Charles River Laboratories), which is known
to be a strong stimulator of IFN production.

Cell stimulation. pDCs, mDCs, or MRCS cells were seeded in 96-well plates
at density of 5 X 10* to 2 X 10° cells per/well in a total volume of 200 ul of
medium. Cells were mock treated or exposed to WNVVere  UV-inactivated
WNVVYere WNVE”10 or VSV at the multiplicities of infection (MOIs) indicated
in the figure legends and text. All MOIs used for WNV and VSV studies were
based on focus-forming units determined on Vero cells as described above. All
infections with SeV were performed at a dose of 16 hemagglutinating units
(HAU)/ml, and poly(I:C) was always used at 25 wg/ml. For some experiments,
cells were preincubated with chloroquine (Sigma, St. Louis, MO) or bafilomycin
Al (Sigma, St. Louis, MO) for 30 min before virus addition. Twenty-four hours
after virus [or poly(I:C)] addition, supernatants were collected from the cells and
frozen at —80°C for subsequent assays.

IFN measurement. IFN-a (isoforms IFN-aA, -a2, -aA/D, -aD, -oK, and -a4b)
was measured in the supernatants by using a human IFN-a enzyme-linked
immunosorbent assay (ELISA) kit (PBL Biomedical Laboratories, New Bruns-
wick, NJ) according to the manufacturer’s instructions. At the time of the assay,
supernatants were thawed, and the residual virus was inactivated with Triton
X-100 (0.1% final concentration). In some experiments, IFN was measured by
bioassay. For these assays, the supernatants collected from virus-treated cells
were inactivated with UV as described above to ensure that residual virus input
did not confound the results; complete viral inactivation was checked by immu-
nohistochemistry (as described above). To detect IFN activity in these samples,
Huh7 cells (1 X 10* cells/well) were seeded in 96-well, black-wall plates in
DMEM with 10% FBS and antibiotics. The next day, the medium was removed,
and fourfold serial dilutions of the test samples or a human IFN-B standard
(from the NIAID Reference Reagent Repository, which is operated by Braton
Biotech, Gaithersburg, MD) was added to the monolayers. After 12 to 16 h, the
medium was removed, and WNV-like particles expressing a firefly luciferase
reporter gene (19) were added to the cells (1 X 10* to 3 X 10* infectious
units/well) in a final volume of 50 wl. After a 24-h incubation time, 50 pl of
reconstituted Steady-Glo luciferase assay substrate (Promega, Madison, WI)
diluted with 3 volumes of lysis buffer (25 mM Tricine, 15 mM MgSO,, 4 mM
EDTA, 0.1% Triton X-100 [pH 7.8]) was added to the wells. The plate was
shaken for 5 min, and light output was measured in a TR717 microplate lumi-
nometer (Applied Biosystems). The amount of sample needed to reduce lucif-
erase activity by 50% and the amount of NIAID standard required to inhibit
activity by 50% (2 to 5 U/ml, determined in each assay) were used to calculate the
U/ml of IFN in the test samples.

Cytokine measurement. To assess the production of cytokines, Triton-treated
supernatants from mock- or virus-infected mDCs or pDCs (prepared as de-
scribed above) were tested using the Luminex-based Bio-Plex system (Bio-Rad
Laboratories, Hercules, CA) according to the manufacturer’s instructions. Sam-
ples were diluted up to 10-fold prior to analysis to obtain values within the
dynamic range of the assay. Data were collected from samples obtained from
four different donors for each cell type (three of these donors provided cells for
both subtypes of DCs); cytokines showing consistently low activity or no induc-
tion were not reported.

Indirect immunofluorescence. For immunofluorescence microscopy, mDCs
were plated in LabTek chamber slides (5 X 10* cells/well) and infected with
WNV or SeV (16 HAU/ml) for 8, 12, and 24 h. After infection, cells were washed
once with 1X phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde
for 10 min, and blocked with a solution containing 2% bovine serum albumin, 5%
normal horse serum, and 10 mM glycine in PBS for 10 min. After blocking, cells
were permeabilized with 0.1% Triton X-100 and incubated with a rabbit poly-
clonal anti-IRF3 antibody (1:200) (Santa Cruz Biotechnology, Santa Cruz, CA)
and WNV-specific MHIAF. Samples infected with SeV were incubated only with
anti-IRF3 antibody. After 1 h, cells were washed two times with PBS and
incubated with a fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit an-
tibody (1:100) (Southern Biotechnology, Birmingham, AL) and Texas Red-la-
beled goat anti-mouse antibody (1:100) (KPL, Gaithersburg, MD) for the dou-
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FIG. 1. WNV induces IFN-a production in mDC and pDC cultures.
IFN-a production was assessed in pDC (A) and mDC (B) cultures treated
with the indicated virus or poly(I:C) as described in Materials and Meth-
ods. MOIs are based on WNV and VSV titration in Vero cells. SeV was
added at 16 HAU/mI, and poly(I:C) was added at 25 pg/ml. IFN-a
production was measured by ELISA and is presented as picograms of
IFN-a produced by 100,000 cells. Bar graphs represent means from two
different donors (a single blood collection from each of these two donors
was used to generate both pDCs and mDCs) * standard deviations (SD),
except for SeV and poly(I:C) treatments, which were performed only on
cultures from a single donor. Limits of detection (LODs) for IFN-« in
these assays were 5 pg/100,000 pDCs and 1.25 pg/100,000 mDCs.

ble-labeled WNV-infected samples. Single-labeled SeV-infected samples were
incubated with FITC-labeled goat anti-rabbit antibody only. After secondary
antibody incubation, the cells were washed two times with PBS and incubated
with DAPI (4',6'-diamidino-2-phenylindole) (500 ng/ml) for 5 min for nucleus
counterstaining. Stained cells were analyzed with a 1.0 Zeiss LSM 510 UV
META laser scanning confocal microscope at the UTMB Infectious Disease and
Toxicology Optical Imaging Core Facility.

Statistical analysis. Statistical analyses were performed by the Mann-Whitney
U test using the InStat 3.05 biostatistics package (GraphPad, San Diego, CA).
Unless otherwise indicated, means * standard errors of the means are shown.

RESULTS

WNV induction of IFN-« is replication independent in
pDCs and replication dependent in mDCs. To investigate the
ability of WNV to induce IFN-a production in human DCs,
pDC and mDC cultures obtained from PBMC of healthy do-
nors were incubated with WNV for 24 h, and IFN-a protein
concentration in the cell culture supernatants was determined
by ELISA. WNV elicited the expression of IFN-a in both
pDCs (Fig. 1A) and mDCs (Fig. 1B) in an MOI-dependent
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FIG. 2. UV inactivation blocks the ability of WNV to induce IFN-a
production by mDC but not by pDC cultures. Production of IFN-a was
determined in pDC (A) and mDC (B) cultures treated with WNV or
UV-treated WNV. Incubations were performed at an MOI of 1,000 (based
on Vero titrations). IFN-a production was measured by ELISA and is pre-
sented as picograms of IFN-a produced by 100,000 cells. Bar graphs repre-
sent means from two or three different donors = SD. LODs for IFN-a in
these assays were 5 pg/100,000 pDCs and 1.25 pg/100,000 mDCs.

manner. As expected, the pDC cultures produced about 10
times more IFN-a on a per-cell basis than the mDC cultures
(Fig. 1). To further characterize the responses of our cultures
to other stimuli, we treated these cells with poly(I:C), VSV, or
SeV. These studies showed that mDCs produced some IFN-a
in response to extracellular poly(I:C) and, in agreement with a
previous report (47), we did not detect any increase in IFN-a
production following poly(I:C) treatment of pDCs. However,
both cultures produced high levels of IFN-a when exposed to
SeV, but only the pDCs produced IFN-a when treated with
VSV (Fig. 1). Microscopic examination of our WNV-treated
DC cultures failed to detect any cytopathology at any dose
used, and immunofluorescent antibody staining with a very
potent polyclonal MHIAF failed to reveal any evidence of
infection in the pDC cultures 24 h after the addition of WNV.
However, this same MHIAF readily stained WNV antigen in
mDCs at 24 h postinfection, with approximately 5% of the cells
displaying antigen at this time point when infected with WNV
at an MOI of 10, 50% of the cells displaying antigen at an MOI
of 100, and 100% of the cells displaying antigen at an MOI of
1,000 (all MOIs were based on Vero titration) (see Materials
and Methods) (data not shown). We were surprised at the
large amount of WNV that we needed to use to obtain signif-
icant infection of mDC cultures, since Davis and coworkers
reported previously that they obtained high levels of infection
of mDC cultures at an MOI of 1 (15). However, they used
K562 cells to quantitate their infectious dose of WNV (15),
whereas we used Vero cells. In side-by-side titrations on these
two cell types, we found that our WNV was 100 times more
infectious on Vero cells than on K562 cells (data not shown),
indicating that our mDC cultures were as susceptible to infec-
tion as the cultures utilized in previously reported studies (15).
We did not have access to serum to help us determine the
number of cells infected with SeV, but the egg-derived prep-
aration used for our studies is known to be highly effective at
inducing IFN in many cell types (see Materials and Methods).
In the case of VSV infection, we did note a small number
(approximately 5%) (results not shown) of VSV antigen-pos-
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FIG. 3. Chloroquine and bafilomycin Al inhibit the ability of WNV to
induce IFN-a in pDC cultures. Cultures of pDCs were either untreated or
pretreated with chloroquine (A) or bafilomycin Al (B) and then exposed
to WNV or UV-inactivated WNV at an MOI of 1,000 (based on Vero
titration). Each bar represents the average of the IFN-a ELISA values
obtained from two different donors expressed as a percentage of the
amount of IFN-a produced by that donor’s cells in the absence of drug
treatment; error bars show the SD between these percentages.

itive cells in VSV-treated preparations of both pDCs and
mDCs, and VSV infection in the absence of IFN induction in
murine mDCs was previously reported by others (1).

To determine if WNV replication was required for the in-
duction of IFN-« in cultures of pDCs and mDCs, these cul-
tures were exposed to UV-inactivated WNV. As shown in Fig.
2A, pDCs exposed to the UV-inactivated WNV or untreated
WNV produced similar levels of IFN-a. However, no IFN-«
was detected in supernatants of mDCs incubated with UV-
inactivated WNV (Fig. 2B), indicating that WNV replication is
not required for IFN-a production in pDCs but is required for
IFN-a production by mDCs.

Endosome acidification is necessary for the production of
IFN-a by WNV in human pDCs. Multiple studies reported that
the recognition of viruses or viral products by pDCs occurs
through a TLR-dependent pathway that requires endosome
maturation and acidification (6, 18, 48, 49, 60, 70). To verify
the involvement of endosome maturation and acidification in
IFN-«a induction in WNV-treated pDCs, we examined WNV-
induced IFN-a production in pDCs pretreated with either
chloroquine or bafilomycin Al, two well-characterized inhibi-
tors of endosomal acidification. As shown in Fig. 3A, treatment
of pDCs with low levels of chloroquine partially inhibited
WNV-induced IFN-a production by pDC cultures, and the
more potent acidification inhibitor, bafilomycin A1, completely
blocked WNV-induced IFN-a synthesis (Fig. 3B). Taken to-
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A. IRF3 translocation in SeV-infected mDCs

Nucleus IRF3

Merge

J. VIROL.

B. IRF3 translocation in WNV-infected mDCs

Nucleus

Merge

FIG. 4. Infection with WNV or SeV results in IRF3 translocation in mDC. Micrographs of mDC cultures treated with SeV (16 HAU/ml) (A) or
WNV (MOI of 100, based on titration on Vero cells) (B) were exposed for the indicated times and then fixed and subjected to indirect
immunofluorescent staining as described in Materials and Methods. Nuclei were stained with DAPI (500 ng/ml); IRF3 was detected with rabbit
polyclonal anti-IRF3 decorated with an FITC label, and WNV antigen was detected with anti-WNV MHIAF decorated with a Texas Red label.

gether, these data argue that the endosomal uptake of viral
PAMPs present in these WNV preparations was required for
WNV-induced IFN synthesis in these pDC cultures. Consistent
with these findings, both drugs had a similar effect on IFN-a
synthesis induced by treatment with UV-inactivated WNV
(Fig. 3). Since the disruption of endosomal acidification has
been shown to block WNV infection (11) and we have shown
that WNV replication was required for IFN-a production by
mDCs (Fig. 2B), data from chloroquine/bafilomycin Al-
treated mDCs could not be unambiguously interpreted.

IRF-3 is translocated to the nucleus at late times of WNV
infection in human mDCs. The fact that WNV replication was
required for the induction of IFN-« synthesis in mDCs (Fig. 2B)
suggested that a pathway requiring the intracellular production of
a PAMP was responsible for IFN-a induction in these cells. Sev-
eral of these pathways include IRF3, which has been implicated in
the initiation of the antiviral response in other types of cells
infected with WNV (23, 65). Therefore, we compared the nuclear
translocation of IRF3 in mDCs treated with WNV to that in
mDCs treated with SeV, a well-known activator of this pathway
(41). As expected, IRF3 was detected in the nucleus of mDCs
treated with SeV at 8 h posttreatment (Fig. 4A). In the case of
WNV, translocation appeared to be slower, consistent with the
replication of kinetics of this virus and the slow accumulation of
antigen in cells infected with WNV (Fig. 4B.) However, by 24 h
postinfection, when many of the cells were strongly immunopo-
sitive for WNV antigen, there was readily detectable IRF3 trans-
location in cells expressing high levels of WNV antigen (Fig. 4B),
demonstrating an association of infection with signaling through
an IRF3 pathway.

Mosquito cell-derived WNV does not induce IFN-« produc-
tion in pDCs. Recently, Davis and coworkers reported that mos-
quito cell-derived WNV and mammalian cell-derived WNV dis-

played different infectivities in mDC cultures (15). Thus, we were
interested in comparing the abilities of WNV derived from mam-
malian cells (WNVY*™) and mosquito cells (WNV<"1Y) to in-
duce IFN-a production in pDCs and mDCs. The infection of
mDCs with WNV<”1° resulted in approximately twofold-higher
levels of IFN-a than those detected in parallel cultures infected
with WNVVe™ (Fig. 5B). The higher level of IFN-a produced by
the WNV<"“infected mDCs, although not statistically signifi-
cant, is consistent with the results of Davis and coworkers, who
reported previously that mosquito cell-grown WNV showed
greater infectivity than mammalian cell-grown WNV on mDCs
and other DC-SIGN-expressing cells (15). Surprisingly, no IFN-a
was detected in the supernatants of pDCs treated with WNV<7/10
(Fig. 5A). To confirm this observation and determine if some-
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FIG. 5. Differential ability of mosquito cell-derived and mamma-
lian cell-derived WNV to stimulate IFN-a production by mDC and
pDC cultures. IFN-a production was determined in pDC (A) and
mDC (B) cultures treated with WNVVe™ or WNV<”10 at an MOI of
10 (based on Vero titration). Bar graphs represent means from two
different donors = SD. LODs for IFN-« in these assays were 5 pg/
100,000 pDCs and 1.25 pg/100,000 mDCs.
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A. PDC IFN detected by activity
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FIG. 6. Comparison of levels of IFN induced by treatment of pDC
cultures or MRC-5 cells by mosquito cell-derived and mammalian cell-
derived WNV in the absence or presence of SeV. (A) IFN activity de-
tected by bioassay (see Materials and Methods) in pDC cultures treated
with WNVVYere, WNVE10 SeV, or WNVE1? and SeV. (B) IFN-a de-
tected by ELISA in the same pDC-derived samples described above (A).
(C) IFN activity detected by bioassay (see Materials and Methods) in
MRC-5 cells treated with the indicated preparations of WNVVYer©,
WNV10 SeV, or WNVC7/1? and SeV. WNV treatments were done at
an MOI of 100 (based on Vero titration), and SeV treatment was per-
formed at 16 HAU/ml. IFN activities or IFN-a protein concentrations are
presented as units or picograms produced by 100,000 cells. LODs for IFN
in pDCs were 9 U/100,000 cells (A) and 5 pg/100,000 cells (B). The LOD
for IFN in MRC-5 cells was 2.2 U/100,000 cells (C).

thing in the mosquito cell-propagated virus preparations was in-
hibiting IFN-« induction by WNV<"'% we compared WNV-in-
duced IFN production in a side-by-side experiment with pDCs
and the MRC-5 human cell line. In these experiments, we also
included SeV challenge in the presence and absence of WNV<7/10
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FIG. 7. Comparison of the levels of chemokines to be induced by
treatment of pDC or mDC cultures with mosquito cell-derived and
mammalian cell-derived WNV. Chemokine production was detected
in pDC (A) and mDC (B) cultures treated with WNVVYe™ or WNV<710
at an MOI of 10 (based on Vero titration). Chemokine concentrations
were determined by Bio-Plex assay as described in Materials and
Methods. For all values shown, a single treated sample from four
different donors was assayed (three of these donors provided cells for
both subtypes of DCs). Bar graphs represent means = standard errors
of the means. *, P < 0.05. MCP-1, monocyte chemoattractant protein
1; MIP-1a, macrophage inflammatory protein la.

treatment. Both an IFN bioassay (Fig. 6A) and an IFN-a ELISA
(Fig. 6B) confirmed that WNV<"1? was unable to stimulate the
production of IFN-a in pDC cultures, and these same experi-
ments demonstrated that WNV<”! did not interfere with the
ability of SeV to induce IFN synthesis by our pDC cultures.
Furthermore, MRC-5 cells produced IFN when stimulated with
either WNVE719 or WNVVere and WNV<”10 treatment did not
appear to inhibit the ability of SeV to produce IFN in these cells
either (Fig. 6C). As expected, no IFN-a was detected in super-
natants from the MRC-5 cells by ELISA (data not shown), con-
sistent with the fact that these cells, which do not constitutively
express IRF7, would produce IFN-a at late times postinfection
following IFN-B-mediated induction of IRF7 only.

Evaluation of selected chemokines and cytokines produced
by pDCs and mDCs treated with mammalian cell- and mos-
quito cell-derived WNV. DCs have been shown to produce a
number of cytokines that affect both humoral and T-cell-me-
diated immune responses. To examine whether the difference
in the response of DC cultures to WNVVe™ and WNV<7*0
could be extended to chemokines and cytokines other than
IFN-a, we used a Luminex-based Bio-Plex assay to measure
cytokines in these samples. From the panel of 27 chemokines
and cytokines analyzed, most of the cytokines were expressed
below detection levels in cultures of both cell types exposed to
the two viruses (data not shown). On the other hand, several
chemokines appeared to be induced after exposure of mDCs to
either WNVVer® or WNV<71° (Fig. 7). Interestingly, in pDCs,
we observed that only IP-10, a known IFN-dependent chemo-
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kine, was induced by WNVY™, This cytokine was not induced
by exposure to WNV<”!? (Fig. 7A), in agreement with our
observations of the differential abilities of viruses from these
two sources to stimulate IFN-a production (see above). On the
other hand, in mDCs, infection with WNVVe™ or WNV<7/10
resulted in the production of comparable amounts of IP-10
(Fig. 7B). Although not statistically significant, we consistently
observed (all four donors) that only WNV<”!Y was able to
induce IL-8 in mDC cultures (Fig. 7B and results not shown),
a finding that may have implications for disease pathogenesis.

DISCUSSION

The production of IFN in response to viral infections is
crucial for the development of an appropriate innate immune
response and likely plays a role in directing the adaptive im-
mune response. The goal of this study was to investigate the
induction of IFN and other cytokines during exposure of hu-
man DCs to WNV derived from different hosts. We demon-
strate here that mammalian cell-derived WNV stimulates the
production of IFN-a in human pDCs and mDCs, whereas the
mosquito cell-derived virus is able to promote IFN-« induction
only in mDCs. Furthermore, in mDCs, IFN-« induction re-
quired viral replication, whereas in pDCs, inactivated virus
preparations were sufficient to induce IFN synthesis. Analysis
of the pathways to induction via IRF3 translocation (in the
case of mDCs) and through an endocytic pathway, likely in-
volving TLRs (in the case of pDCs), was consistent with these
differences in replication activity needed to induce IFN syn-
thesis in these two important classes of DCs.

This report is the first to demonstrate that pDCs produce
high levels of IFN when exposed to WNV. We detected ap-
proximately 10-fold more IFN in pDC cultures treated with
WNV than in mDC cultures treated with WNV (on a per-cell
basis). This high level of IFN production by pDCs that we
noted following exposure to WNV is consistent with data re-
ported previously for other viruses including human immuno-
deficiency virus (HIV) (20), herpes simplex virus type 2
(HSV-2) (24, 48), DENV (59), influenza virus (18), VSV (49),
and YFV (60).

Virus-induced production of IFN-a by pDCs results from
the cellular recognition of single-stranded RNA or double-
stranded DNA by TLR7/TLR8 and TLRY, respectively, which
are located in the endosomal compartment and trigger IFN
gene induction through the phosphorylation of IRF7 (5, 53).
However, there appear to be multiple mechanisms by which
these components can be delivered to the endosomal TLRs.
Previous work has shown that inactivated preparations of HSV
(36, 48), influenza virus (18), or HIV (72) were capable of
stimulating pDCs, whereas in the case of respiratory syncytial
virus (30), viral replication was required to stimulate pDCs.
Recent reports on investigations with flaviviruses have shown
that an antagonist of TLR7 signaling prevented DENV-in-
duced IFN-a synthesis in pDCs and that DENV was detected
within endosomal vacuoles of pDCs shortly after exposure
(70). That work also demonstrated that endosome acidification
was necessary for DENV-induced IFN-a synthesis (70), which
is consistent with our studies showing that endosomal acidifi-
cation was necessary for the induction of IFN by both live and
UV-inactivated WNV. Recently, Lee et al. provided a critical
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clue to this conundrum by demonstrating that autophagic de-
livery of RNAs synthesized in the cytoplasm of virus-infected
cells was required for IFN stimulation by viruses that must be
replicationally active to stimulate IFN production in pDCs
(39).

Our finding demonstrating that UV-inactivated WNV is able
to induce IFN-a synthesis in pDCs in the absence of genome
replication is consistent with work on many other viruses, in-
cluding HSV (36, 48), influenza virus (18), and HIV (21), that
do not require infection to stimulate IFN production in pDCs.
In addition, recent work has shown that for YFV, viral repli-
cation was also dispensable for the induction of IFN-a by
pDCs (60). Those findings with WNV and YFV are particu-
larly interesting in light of the work of Pichyangkul et al., who
reported that UV-inactivated DENV was incapable of induc-
ing IFN-« in human pDC cultures (59). The contrasts between
work on DENV infection reported in their study and that
reported in our study are made even more interesting by the
fact that productive infection was not detected in cultures of
pDCs treated with either DENV or WNV and that our work
failed to detect pDC stimulation by mosquito cell-propagated
WNV, whereas mosquito cell-propagated DENV elicited
strong IFN responses from pDC cultures (59).

Several groups reported previously that human mDCs can
be infected with DENV (10, 12, 17, 29, 57, 69), YFV (4, 60), or
WNV (15, 61). Furthermore, several of those studies showed
that mDCs can produce type I IFN following DENV infection
(10, 17, 29); however, we are the first to report type I IFN
production by mDCs infected with WNV. In our hands, repli-
cationally active WNV was required for type I IFN induction,
and the amount of IFN produced by mDC cultures was ap-
proximately 10-fold lower (on a per-cell basis) than that pro-
duced by pDCs. We also demonstrated that WNV infection
resulted in the translocation of IRF3 to the nuclei of infected
cells in mDC cultures, suggesting that IFN-a induction by
mDCs was occurring via the RIG-I/mdaS or TLR3 pathway.
Interestingly, Shabman et al. recently reported that a mosquito
cell-derived alphavirus was slightly more efficient in infecting
murine bone marrow-derived DCs than mammalian cell-de-
rived alphavirus, but the mammalian cell-derived alphavirus
induced much higher levels of IFN than mosquito cell-derived
alphavirus in these murine cell cultures (66). Furthermore, UV
inactivation was shown to block IFN induction in these murine
bone marrow-derived DCs by the mosquito-derived alphavirus
but not the mammalian cell-derived alphavirus (66).

Our finding that WNV derived from insect cells was unable
to stimulate pDCs to produce IFN, whereas mammalian cell-
derived WNV strongly stimulated these cells to produce IFN,
is provocative, especially in light of studies showing that the
mosquito-derived virus induced IFN in mDCs and non-im-
mune-system cells and that the mosquito-derived WNV did not
prevent SeV from inducing IFN in pDCs. These puzzling find-
ings led us to perform experiments to confirm that adventitious
materials present in WNVY™ were not responsible for IFN
production in pDC cultures. Specifically, we demonstrated that
polyethylene glycol-precipitated culture fluids harvested from
mock-infected Vero cells did not induce IFN in pDC cultures
(result not shown). In addition, we tested the ability of the
WNYV NS1 protein to induce IFN in pDC cultures. The latter
studies were undertaken based on the findings that Japanese
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encephalitis virus-infected Vero cells, but not Aedes albopictus
cells, secrete large amounts of NS1 (52), a finding which we
have confirmed for WNV-infected Vero and C7/10 cells (F. D.
Gilfoy and P. W. Mason, unpublished data). However, studies
that treated pDCs with Vero cell-produced NS1 in the pres-
ence or absence of WNV prepared in C7/10 cells failed to
demonstrate any IFN induction. However, it remains possible
that differences in the modification of the N-linked glycans on
the E protein found in viruses produced in these two cell types
may alter their ability to access the endocytic compartment
where they initiate the IFN induction pathway.

Although we were unable to determine the mechanism re-
sponsible for the inability of WNV<"'? to induce IFN, this
finding led us to examine chemokine synthesis in pDCs and
mDCs challenged with WNV from these two sources. These
studies showed that in pDC cultures, the observation that
WNVVe™ was a better inducer of IFN-a than WNVE”1? ex-
tended to an IFN-dependent chemokine, IP-10. Interestingly,
WNVE"1? appeared to be a slightly better inducer of IL-8 than
WNVVe™ in mDCs. These findings suggest that distinct path-
ways in DCs could be affected by virus-specific components,
leading to differential induction of cytokines (including IFN)
and chemokines by virus produced by different hosts. Future
studies will be directed towards an understanding of how the
transcriptional machinery that controls IFN or IL-8 gene ex-
pression in these cell populations is affected by WNV interme-
diate products that are expressed during the process of viral
replication in pDCs or mDCs. Our finding that IL-8 is induced
by WNV suggests that this chemokine could have an important
role in the pathogenesis of natural infection in humans. The
latter point is supported by two recent reports showing that
neutrophilia in the central nervous system is an important
feature of WNV infection in humans (16, 68), thus implicating
a possible role for WNV-induced chemokines such as IL-8 in
the pathogenesis of WNV infection in humans.

The mechanisms by which flavivirus infections are recog-
nized by a mammalian host and the resulting production of a
protective immune response are still incompletely understood.
Here, we demonstrate that two important subclasses of DCs
are activated by WNV infection and that activation is depen-
dent, in some cases, on the species of host cell used to produce
the virus. These studies provide important information on
pathogenesis and protection from flavivirus diseases.
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