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Abstract

Background: West Nile virus (WNV) can persist long term in the brain and kidney tissues of humans, non-human primates,
and hamsters. In this study, mice were infected with WNV strain H8912, previously cultured from the urine of a persistently
infected hamster, to determine its pathogenesis in a murine host.

Methodology/Principal Findings: We found that WNV H8912 was highly attenuated for neuroinvasiveness in mice.
Following a systemic infection, viral RNA could be detected quickly in blood and spleen and much later in kidneys. WNV
H8912 induced constitutive IL-10 production, upregulation of IFN- and IL-1B expression, and a specific IgM response on
day 10 post-infection. WNV H8912 persisted preferentially in kidneys with mild renal inflammation, and less frequently in
spleen for up to 2.5 months post infection. This was concurrent with detectable serum WNV-specific IgM and IgG
production. There were also significantly fewer WNV- specific T cells and lower inflammatory responses in kidneys than in
spleen. Previous studies have shown that systemic wild-type WNV NY99 infection induced virus persistence preferentially in
spleen than in mouse kidneys. Here, we noted that splenocytes of WNV H8912-infected mice produced significantly less IL-
10 than those of WNV NY99-infected mice. Finally, WNV H8912 was also attenuated in neurovirulence. Following intracranial
inoculation, WNV persisted in the brain at a low frequency, concurrent with neither inflammatory responses nor neuronal
damage in the brain.

Conclusions: WNV H8912 is highly attenuated in both neuroinvasiveness and neurovirulence in mice. It induces a low and
delayed anti-viral response in mice and preferentially persists in the kidneys.

Citation: Saxena V, Xie G, Li B, Farris T, Welte T, et al. (2013) A Hamster-Derived West Nile Virus Isolate Induces Persistent Renal Infection in Mice. PLoS Negl Trop
Dis 7(6): €2275. doi:10.1371/journal.pntd.0002275

Editor: Ann M. Powers, Centers for Disease Control and Prevention, United States of America
Received January 7, 2013; Accepted May 6, 2013; Published June 13, 2013

Copyright: © 2013 Saxena et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by NIH grant RO1AI072060 and start-up funds from the University of Texas Medical Branch to T. Wang. R. Tesh was supported
by NIH contract HHSN 2722010000401/HHSN 27200004/D04. G. Xie was partially supported by a James W. McLaughlin Predoctoral Fellowship. The funders had
no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: tilwang@utmb.edu

pain, fatigue, memory loss, and ataxia [9-13]. Although the cause
of the persistent sequelac remains undefined, accumulating
evidence suggests that persistence of the virus and chronic

Introduction

West Nile virus (WNV) is a mosquito-borne flavivirus with a

positive-sense, single-stranded RNA genome that encodes three
structural proteins: the nucleocapsid protein (C), membrane and
envelope (E), and seven nonstructural (NS) proteins [1-2]. Human
infection results from mosquito bites, blood transfusion, organ
transplantation, breast feeding and @ ufero or occupational
exposure [3-6]. About 80% of human infections with WNV are
asymptomatic. Among persons with clinical illness, the features of
acute illness range from WN fever, to neuroinvasive conditions,
including meningitis, encephalitis, acute flaccid paralysis and
death [7-8]. There is no specific therapeutic agent for treatment of
WNYV infection, and an approved vaccine for its prevention in
humans is not currently available. About 20-50% of WNV
convalescent patients have significant long-term morbidity years
after their acute illness; symptoms include muscle weakness and
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infection may play a role. Some WNV convalescent patients have
been reported to have detectable serum or cerebrospinal fluid
(CSF) WNV-specific IgM and - IgA years after the acute infection,
which is suggestive of the existence of viral antigens in the
periphery or the central nervous system (CNS) of these individuals
[14-16]. Indeed, WNV antigen or RNA has been detected in the
brain or urine of WNV patients ranging from a few months to
several years after the initial acute illness [17-18].

Persistent WNV infection has also been reported in non-human
primates, hamsters and mice [19-22]. The first well-documented
WNYV persistence was reported by Pogodina [20] in non-human
primates in 1983, in which infectious virus was mostly detected in
the CNS tissues and kidneys for up to 5 %2 months. Experimental
infection of hamsters with the WNV NY99 strain induced chronic
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Author Summary

West Nile virus (WNV) has been reported to persist long
term in the brain and kidney tissues of humans, non-
human primates, and hamsters. To define a murine model
of persistent WNV renal infection, we characterized
infection by WNV H8912, an isolate cultured previously
from the urine of a persistently infected hamster. Our
findings indicate that WNV strain H8912 is highly attenu-
ated in both neuroinvasiveness and neurovirulence for
mice. The virus persisted preferentially in kidneys of the
mouse, and less frequently in the spleen and the brain.
Moreover, mice infected with WNV H8912 had a delayed
induction of IFN- B and IL-13 expression and WNV- specific
IgM response, but a constitutive production of serum IL-
10. There was a lower proinflammatory response in mouse
kidneys when compared to equivalent findings in the
spleen. This response may lead to a reduced T cell
response in kidneys, which could ultimately contribute to
renal-specific WNV persistence. Defining a murine model
of WNV persistence by using a well-characterized, hamster-
derived WNV urine isolate should provide important
insights into understanding the mechanisms of WNV
persistence.

renal infection and persistent viruria for up to 8 months post-
infection, accompanied by moderate renal histopathologic changes
[22-23]. Siddharthan et al. [21] also demonstrated an active CNS
infection and chronic neuropathological lesions in hamsters for up
to 100 days after WNV infection. In comparison, infectious virus
was cleared from hamster blood and spleen within the first 2 weeks
of inoculation [23-24]. Following systemic infection of mice with
the wild-type WNV, virus persisted preferentially in skin, spinal
cord, brain and lymphoid tissues, but the persistence was found
less frequently in kidneys [19]. In a recent report, we have
demonstrated that infection by a strain of WNV H8912, cultured
from urine of a persistently infected hamster, induced a differential
proinflammatory cytokine response in mouse macrophage and
kidney epithelial cell lines [25]. In the present study, we attempted
to further define a murine model of persistent WNV renal
infection, using the hamster-derived WNV urine isolate H8912.

Methods

Ethics Statement

6- to 10-week-old C57BL/6 (B6) mice were purchased from
Jackson Laboratory (Bar Harbor, ME). Groups were age- and sex-
matched for each experiment and housed under identical
conditions. This study was performed in strict accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. All
animal experiments were carried out under a protocol approved
by the Institutional Animal Care and Use Committee at the
University of Texas Medical Branch.

Infection in mice

Two WNV strains were used: the parental wild-type strain
WNV NY385-99 (WNV NY99, [26]), which had been passaged
once in African green monkey kidney (Vero) cells and twice in
Aedes albopictus (C6/36) cells, and WNV H8912, which was
recovered from hamster urine 274 days post-infection after three
consecutive passages of a urine isolate from a persistently infected
hamster [27]. To evaluate its neuroinvasiveness, mice were
inoculated intraperitoneally (i.p.) with 10-fold serial dilutions of
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WNV H8912, ranging from 10 to 10° PFU. For intracranial (i.c.)
infection, anesthetized mice were inoculated with 10% 10*, and
10° PFU of WNV H8912 in 50 ul of PBS with 5% gelatin.
Infected mice were monitored twice daily for morbidity, including
lethargy, anorexia and ataxia.

Quantitative PCR (Q-PCR) for viral load, cytokine
production and leukocyte levels in the CNS

Spleen, kidney and brain tissues were harvested from the WNV-
infected mice or controls following perfusion with PBS. For the
WNV  persistence study, tissues were homogenized and re-
suspended in modified Eagle’s medium (MEM, Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS,
Sigma, St. Louis, MO). Tissue homogenate was then inoculated
mto flask cultures of Vero cells three consecutive times (original
passage, followed by two blind serial passages harvested at weekly
intervals). At the final passage, infected cells were harvested and
assayed for WNV RNA by Q-PCR analysis. Non-infected Vero
cell samples were used as negative controls. Cells or tissues were
resuspended in Trizol (Invitrogen) for RNA extraction. 200 ng
RNA was used to synthesize ¢cDNA by reverse transcription
(qScript, Quanta Biosciences). The sequences of the primer sets for
WNYV envelope (WNVE), cytokine genes, and genes for leukocytes,
such as CD4" and CD8" T cells, neutrophils and monocytes, and
PCR reaction conditions were described previously [28-31]. The
assays were performed in an iCycler (Bio-Rad, Hercules, CA). To
normalize the samples, the same amount of cDNA was used in a
Q-PCR for f-actin. The ratio of the amount of amplified gene
compared with the amount of f-actin ¢(DNA represented the
relative levels in each sample. For II-10, Tg/p and leukocyte genes,
results were calculated based on C, values by using the formula
9n [Gyleytokine or leukoeyte gene)-Gy(fractin] oo deseribed in the user
manual (SA Biosciences). In the persistence study, samples were
considered positive for WNV RNA if the WNVE gene expression
level was significantly higher than the negative controls.

Bioplex

Culture supernatant or sera of infected mice were collected for
analysis of cytokine production by using a Bio-Plex Pro Mouse
Cytokine Assay (Biorad).

ELISA

Microtiter plates were coated with recombinant WNV-E
protein expressed in Drosophila melanogaster S2 cells [32] overnight
at 4°C at 100 ng/well in coating buffer [0.015 M Nay,COs, 0.03
M NaHCOg;, and 0.003 M NaNj; (pH 9.6)]. Sera from infected
mice were diluted 1/40 in PBS with 2% BSA, added to the
duplicate wells, and incubated for 1 h at room temperature. Plates
were washed with PBS-Tween (PBS-T). Alkaline phosphatase-
conjugated goat anti-mouse IgG or IgM (Sigma) at a dilution of 1/
1000 in PBS-T was added for 1 h at room temperature. After
washing with PBS-T, color was developed with p-nitrophenyl
phosphate (Sigma) for 10 min and intensity determined at an
absorbance of 405 nm by using a spectrophotometer.

Kidney leukocyte isolation

Isolation of leukocytes from kidneys was performed by methods
described earlier [33-34]. Briefly, mice were perfused with PBS,
then the kidneys were removed and tissues were mashed through a
70-um-pore-size strainer in RPMI with 5% FBS. The resulting cell
suspensions were centrifuged, and the pellet was resuspended in a
36% Percoll solution (Sigma) and gently overlaid onto 72% Percoll
in RPMI, and centrifuged at 1000x g for 30 min at room
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temperature with no brakes. Cells were harvested from the Percoll
mterface and washed extensively in RPMI with 5% FBS.

Flow cytometry

Freshly isolated splenocytes and kidney leukocytes were
stained with PE-conjugated Pro5 MHC pentamers (H-2Db
SSVWNATTA and H-2Kb RSYCYLAT, Proimmune, Oxford,
UK) for 10 min at 22°C. WNV- infected BM-DCs were harvested
at 48 h post-infection and were stained with antibodies for cell
surface markers, including CD80, CD86, MHC II (e-Biosciences).
After staining, cells were washed and fixed with 0.5% parafor-
maldehyde in PBS and acquired by using a C6 Flow Cytometer
(Accuri cytometers, Ann Arbor, MI). To measure intracellular
cytokine production, splenocytes from WNV-infected mice or
controls were isolated and stimulated with WNV-specific NS3 and
E peptides RRWCFDGPRTNTILE and PVGRLVTVNPFVSVA,
respectively [35]) for CD4 T cells, or WNV-specific NS4B and E
peptides (SSVWNATTA and IALTFLAV, respectively [36-37]) for
CD8 T cells for 5 h at 37°C. Golgi-plug (BD Biosciences) was added
at the beginning of stimulation. Cells were harvested, stained with
antibodies for CD4 or CD8, fixed in 2% paraformaldehyde, and
permeabilized with 0.5% saponin before adding PE-conjugated anti-
IFN-y, or control PE-conjugated rat IgG1 (eBiosciences, San Diego,
CA).

Histologic examination of tissues

Anesthetized mice were perfused with 30 ml of ice cold PBS.
Brains and kidneys were removed and fixed in 4% paraformal-
dehyde. Subsequently, specimens were transferred to 70% ethanol
and processed for histopathologic examination. Five-micron
paraffin sections were prepared for staining with hematoxylin &
cosin, in the case of kidneys, six sections were made for each
mouse. Stained sections were examined for lesions by a
pathologist, who was blinded to the origin of the samples. As a
lesion was defined, its incidence was scored based on presence or
absence in a single section, thus allowing for determination of %
incidence in the histologic material.

Cell culture and virus infection

Bone-marrow (BM)- derived dendritic cells (DCs) were gener-
ated as described previously [38]. Briefly, BM cells from B6 mice
were isolated and cultured for 6 days in RPMI-1640 supplemented
with granulocyte-macrophage-colony stimulating factor, and
interleukin-4 (Peprotech) to generate myeloid DC. Day 6-cultured
DCs were infected with WNV NY99 or WNV H8912 strain at a
multiplicity of infection (MOI) of 0.2. Primary cortical cultures
from mouse embryos of either sex were prepared as described
previously [39]. Briefly, cortices were dissected from B6 mouse
embryos (E18) and washed in Hanks’ balanced salt solution
(HBSS, Invitrogen). Meninges and excess white matter were
removed. Cortices were chopped into small tissue blocks (0.5—
1 mm? and transferred to a sterile tube containing HBSS.
Cortical tissues were treated with 0.25% trypsin (Sigma) for 8 min
at 37°C, and dissociated to single cell suspensions, followed by
centrifugation at 120x g for 5 min. The cell pellets were re-
suspended in Dulbecco’s Modified Eagle Media (DMEM,
Invitrogen) containing 10% FBS and 1% penicillin-streptomycin.
Cells were inoculated into culture plates coated with 20 ug/ml
poly-D-lysine (PDL, Sigma) in 0.1 M borate buffer (PH 8.5,
50 mM H3BOj, 12.5 mM Nay,B,O7(10H,0)). Two hours later,
DMEM was replaced with Neurobasal Medium (Invitrogen)
supplemented with 2% B27 (Invitrogen), 1% penicillin-streptomy-
cin, and 0.5 mM L-glutamine. Cells were cultured at 37°C and
one-third of the medium was replenished every 3 days until 10
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days in vitro. For WNV infection, 0.3x10° cells were grown on the
coverslips in a 24-well tissue culture plate and infected with WNV
NY99 or WNV H8912 at a MOI of 0.003. At indicated time
points post-infection, supernatants were collected and measured
for viral titer by plaque assay. Cells were also harvested and
resuspended in Trizol (Invitrogen) for RNA extraction. Viral load

was determined by Q-PCR assay.

Plaque assay

Vero cells were seeded in 6-well plates in DMEM (Invitrogen)
supplemented with 10% FBS 24 h before infection. Serial dilutions
of cell culture supernatants of both NY99 and H8912 infected cells
were added and incubated for 1 h. Subsequently, DMEM
containing 2% FBS and 1% low-melting-point agarose were
added and the plates were incubated for 3 days. A second overlay
of 4 ml 1% agarose-medium containing 0.01% neutral red (Sigma)
was added to visualize plaques. Virus concentrations were
determined as PFU/ml.

Statistical analysis

Data analysis was performed by using Prism software (Graph-
Pad) statistical analysis. Values for viral burden, plaque assay, and
cytokine production experiments were presented as means *
SEM. P values of these experiments were calculated with a non-
paired Student’s t test. Statistical significance was accepted at
P<0.05.

Results

WNV H8912 isolate was highly attenuated in
neuroinvasiveness in mice

WNV H8912 was originally isolated from urine of a WNV
persistently infected hamster. It has been shown to be highly
attenuated in neuroinvasiveness and to induce chronic renal
infection in hamsters [27]. To characterize WNV H8912 infection
in a murine model, we infected B6 mice i.p. with 10-fold serial
dilutions of 10% to 10° PFU of WNV H8912. Infected mice were
monitored twice daily for morbidity for over a month. All mice
survived infection (Fig. 1A); and less than 20% of the mice
infected with the highest dose (10° PFU) of WNV H8912
developed mild disease symptoms (ruffeled fur, irritability, etc).
We also measured viral load in blood, spleen and kidneys in B6
mice following an i.p. inoculation of 500 PFU of WNV H8912. At
days 1, 3, 6 and 10 post-infection, tissues were collected, and viral
load was measured by a Q-PCR assay. As shown in Fig. 1B,
viremia increased quickly by day 1 and declined on day 6 post-
infection compared to equivalent findings in naive mice (P<0.05).
Viral load in the spleen was also increased on day 1 and continued
to be detectable on day 10 post-infection (Fig. 1G, P<0.05 or
P<0.01). In contrast, viral load in kidneys was not detectable until
on day 10 post-infection (Fig. 1D, P<<0.05). These results indicate
that WNV H8912 has a highly reduced neuroinvasiveness in mice,
and that its replication in blood, spleen and kidneys showed
differential kinetics.

Innate cytokine and antibody production in WNV H8912-
infected mice

Innate cytokine responses, including type 1 interferon (IFN)s,
proinflammatory cytokines and regulatory cytokines, play an
important role in protection and pathogenesis during wild-type
WNV NY99 infection [29,40-42]. To examine cytokine produc-
tion, we infected mice i.p. with 500 PFU of WNV H8912. Blood
was collected at days 1, 3, 6 and 10 post-infection for cytokine
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Figure 1. WNV H8912 infection in mice. A. Mice were injected with a 10-fold serial dilution of WNV H8912 and monitored twice daily (n=3 per
group). B-D. Viral load in blood (B), spleen (C) and kidneys (D) was determined by using Q-PCR at the indicated time points post-infection. Data are
presented as means = SEM, n=3-6. * P<<0.05 or **P<<0.01 compared to non-infected (NF) mice.

doi:10.1371/journal.pntd.0002275.9001

measurement by Q-PCR and Bioplex. Compared to the samples
from non-infected mice, IFN-a gene expression was not changed
at any of the time points examined (Fig. 2A, >0.05). There was
a 3—4 fold induction in IFN-B gene expression on day 10 post
infection (Fig. 2B, P<<0.01). Higher interleukin (IL)-1f production
was also detected in serum on day 10 post infection (Fig. 2C,
P<0.01). No changes were noted in the expression of the two
genes at earlier time points nor in the production of other
proinflammatory cytokines, including IL-6 and tumor necrosis
factor (TNF)-o (Figs. 2B-2E, P>0.05). We found that WNV
H8912 constitutively induced serum IL-10 levels compared to
those in naive mice (Fig. 2F, P<<0.01 or P<<0.05). B cell-mediated
humoral immune responses are critical for host defense against
disseminated infection by WNV [43-45]. In particular, induction
of a specific, neutralizing IgM response early in the infection limits
viremia and dissemination into the CNS and protects the host
against lethal wild-type WNV infection [46]. Interestingly, WNV
H8912-infected mice had no detectable serum WNV-specific IgM
until at day 10 post-infection (Fig. 2G, P<<0.01). In comparison,
there was a low WNV-specific IgG production at days 1 to 6 post-
infection and the titer was further increased at day 10 (Fig. 2H,
P<0.01). Together, these results suggest to us that WNV H8912-
infected mice had a delayed induction of IFN-B and IL-1B
expression and IgM response, but a constitutive production of
serum IL-10.

PLOS Neglected Tropical Diseases | www.plosntds.org

WNV H8912 persisted preferentially in mouse kidneys
following a systemic infection

In a previous report, the hamster-passaged WNV urine isolates,
including WNV H8912 were shown to induce persistent renal
infection in hamsters following a systemic infection [27]. Here, we
wondered whether WNV H8912 would induce persistent infection
in mice. At days 30, 60 and 84 post-infection, spleens and kidneys
were harvested from infected mice, and the tissue homogenate was
inoculated into Vero cells consecutively for three times before
detection of WNV RNA by Q- PCR assay. WNV RNA was
equally detected in both tissues at day 30 but at a higher frequency
in kidneys than in spleen tissues at days 60 and 84 post-infection
(Table 1). Furthermore, in mice at day 84 post-infection,
pathologic examination revealed a sporadic, focal chronic
inflammation consisting of clusters of lymphocytes in the
intertubular interstitium of all four kidney samples of experimental
mice that were detected as positive for WNV RNA (Fig. 3A,
right panel). The incidence of the inflammatory lesion varied
from 17% to 83% (number of sections with lesion present per 6
total sections/mouse) with a mean observance of 46% *=14%. No
such inflammatory lesions were observed in equivalent numbers of
kidney sections of control mice (Fig. 3A, left panel). Interest-
ingly, we noted that there was a detectable serum WNV-specific
IgM response at all these time points, though it dropped at days 30
and 84 post-infection compared to that of day 10 (Fig. 3B,
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Figure 2. Innate cytokine and antibody production in WNV H8912- infected mice. A-F. Cytokine levels in blood at the indicated time
points post-infection were determined by using Q-PCR or Bioplex. G-H. Sera were collected from non-infected (NF) mice or those infected with WNV
H8912 at day 1 (D1), day 3 (D3), day 6 (D6) and day 10 (D10) post-infection. The development of WNV-specific IgM (G) or IgG (H) antibodies was
determined after incubating sera with absorbed purified r-WNV-E protein. Data are presented as means *= SEM, n=4-6. * P<0.05 or **P<<0.01

compared to the NF group.
doi:10.1371/journal.pntd.0002275.9g002

P<0.01). In comparison, WNV-specific IgG production was
increased at days 30 and 60 post infection compared to that at
day 10 (Fig. 3C, P<0.01). Both WNV-E- and NS4B-specific
CD8" T cells dominated during wild-type WNV NY99 strain
infection [36-37]. In WNV H8912-infected mice, we found that
the number of these two T cell populations in the splenic tissues
were either maintained or increased at day 34 post-infection
compared to those on day 8 post-infection (Figs. 3D & 3E),
whereas the number of both T cell populations was significantly
lower in kidney tissues and was even reduced at the late stage of
infection (day 34) compared to those at day 8 (Figs. 3D & 3E). To
understand the underlying mechanism of WNV persistence, we
measured and compared the expression of innate cytokines in both
tissues. Our results showed that IL-6 expression levels in the spleen
were induced during the early stage of infection (days 1 to 10 post-
infection), but were reduced at days 30 and 60. In comparison, no
induction of IL-6 expression was observed in the kidneys of WNV
H8912-infected mice (Fig. S1A). The TNF-a expression level was
slightly increased in spleens throughout the course of infection,
whereas it was decreased in kidneys of H8912-infected mice except
at day 6 post-infection (Fig. S1B). Further, we did not note any
significant differences in the expression of regulatory cytokines,
such as TGF-B and IL-10, in these two tissues during WNV
H8912 infection (Figs. S1C & S1D). These results suggest that
WNYV H8912 induces a persistent infection preferentially in mouse
kidneys rather than in the spleen, possibly due to the differential
proinflammatory cytokine expression and T cell responses in these
two tissues.

A previous report shows that systemic wild-type WNV NY99
infection induced virus persistence preferentially in the spleen than
in mouse kidneys [19]. We next compared splenic CD4" and
CD8" T cell responses following WNV H8912 or NY99 infection.
We noted CD4" and CD8" T cells of WNV H8912 or NY99-
infected mice produced similar levels of IFN-y upon ex wvivo
stimulation with WNV peptides on days 8 and 38 post-infection
(Fig. 4A). Nevertheless, splenocytes of WNV H8912-infected mice
induced significantly less IL-10 production compared to those of
WNV NY99-infected mice upon ex vivo stimulation with PMA and
ionomycin (Fig. 4B, P<<0.01). DCs represent the most important
antigen- presenting cells exhibiting the unique capacity to initiate
primary T cell responses and are permissive to WNV infection. At

Table 1. Persistent WNV infection in spleen and kidneys.

Days Post-infection Spleen (QPCR +/total) Kidney (QPCR +/total)

30 6/7 6/7
60 4/6 6/6
84 1/4 4/4

Spleen and kidney tissues were harvested from WNV-infected mice at indicated
time points post-infection. Tissue homogenates were passaged serially in Vero
cells for three times. Inoculated cells were harvested and assayed for viral RNA
by Q-PCR analysis. Four to seven of non-infected Vero cell samples were used
each time as negative controls. Samples were considered to be positive for
WNV RNA if the WNVE gene expression level was higher than the negative
controls (P<<0.05 or P<<0.01 as determined by a non-paired Student’s t test).
doi:10.1371/journal.pntd.0002275.t001

PLOS Neglected Tropical Diseases | www.plosntds.org

day 2 post-infection, we noted 18-19% increase on the percentage
of CD80 and CD86 expression on WNV H8912-infected BMDCs
when compared to WNV NY99-infected cells respectively
(Figs. 4C & 4D, P<0.01). Thus, a decreased IL-10 production
by WNV H8912-infected splenocytes may contribute to the lower
frequency of virus persistence in spleen compared to that of WNV
NY99-infected mice.

WNV 8912 is also highly attenuated in neurovirulence.
WNV persistence was found at a low frequency in the
brain following an i.c. infection

To determine the neurovirulence of WNV H8912, we infected
mice i.c. with 10%, 10* and 10° PFU of WNV H8912. Infected
mice were monitored twice daily for morbidity and mortality for
over a month. All mice inoculated with 10* and 10° PFU of WNV
H8912 infection died; while 41% of mice inoculated i.c. with
10% PFU of WNV H8912 survived (Fig. 5A). To further study its
neurovirulence, we infected mouse primary cortical neuron/glia
cultures with WNV H8912 and its wild-type control WNV NY99.
At days 1 and 3 post-infection, the viral load in WNV H8912-
infected cells was about 75%-80% lower than that in WNV
NY99-infected cells as measured by Q-PCR analysis (Fig. 5B,
P<0.01). Plaque assay results also showed a 94% decrease in viral
titers of WNV H8912- infected cells compared to that of WNV
NY99-infected (Fig. 5C, P<<0.05) on day 1 post-infection. We
next studied WNV persistence in the brains of mice that survived
the 10” PFU of WNV HB8912 i. c. infection. At day 45 post-
infection, WNV RNA was only detected by Q-PCR assay in one of
the five surviving mice (20%, data not shown). Among the
surviving mice, 60% had a detectable serum WNV-specific IgM
response; whereas 80% of them were positive for WNV-specific
IgG (Figs. 6A and 6B). To determine if WNV persistence in the
brain was accompanied by inflammatory responses, we studied
brain pathology. On day 45 post-infection, we did not detect
significant histologic evidence of inflammation or neuronal
damage in the cortex and olfactory bulb regions of the brain of
surviving mice, when compared to equivalent tissues in non-
infected controls (Figs. S2A & S2B). In further phenotype
analyses of the brain leukocytes by Q-PCR assay, no significant
infiltration of either CD4" T cells (Fig. 6C), monocytes (CD11b",
Fig. 6E), or neutrophils (Ly6G", Fig. 6F) was observed in the
brains of the surviving mice. Nevertheless, we noted one of the
surviving mice- which was also positive for viral RNA, had more
CD8" T cell infiltrates in the brain (Fig. 6D) at day 45 post-
infection than non-infected controls. Collectively, these results
suggest that WNV H8912 is highly reduced in neurovirulence. It
appears to induce WNV persistence much less frequently in the
brain than in the kidneys with no histopathologic changes in the
CNS.

Discussion

WNV H8912, a viral isolate recovered from urine of persistently
infected hamster, was attenuated in neuroinvasiveness but capable
of producing chronic renal infection in hamsters [27]. In this
study, we found that WNV H8912 was also highly attenuated in
neuroinvasiveness and neurovirulence for mice. Following a
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Figure 3. Kidney pathology and immune responses in WNV H8912 -infected mice. A. Hematoxylin and eosin staining of control non-
infected (NF) mouse and two WNV H8912-infected mice kidney sections at day 84 post-infection; arrows in infected mouse kidney indicate focal
interstitial lymphocytic collection. B-C. Sera were collected from NF and mice that were infected with WNV H8912 at day 10 (D10), day 30 (D30), day
60 (D60) and day 84 (D84) post-infection. The development of WNV-specific IgM (B) or IgG (C) antibodies was determined after incubating sera with
absorbed purified r-WNV-E protein. Data are presented as means * SEM, n=4-12. **P<<0.01 compared to NF mice. D-E. Splenocytes and kidney
leukocytes were harvested at indicated time points post-infection and stained for CD8 and WNV- NS4B or WNV -E epitopes. The total numbers of

WNV specific T cells were shown.
doi:10.1371/journal.pntd.0002275.g003

systemic infection with WNV H8912, viral RNA was detected
more frequently in kidneys than in spleen by a Q-PCR assay. This
was concurrent with a focal chronic inflammation response in the
inter-tubular interstitium of kidney samples found to be positive for
WNV RNA on day 84-post-infection. In comparison, WNV
persisted at a lower frequency in the brain following i.c.
inoculation with no significant changes in the CNS. In summary,
our results suggest that WNV H8912 was highly attenuated and
induced a tissue-specific, persistent renal infection in mice.

B cell-mediated humoral immune responses are critical in host
defense against disseminated infection by WNV [43-45]. Here, we
found that WNV H8912 induced a delayed serum WNV-specific
IgM and a low WNV-specific IgG production in the early stages of
infection, which may contribute to its persistence in the peripheral
tissues. Moreover, the WNV-specific IgM response remained

PLOS Neglected Tropical Diseases | www.plosntds.org 7

detectable in the later stages of infection and decreased only
slightly at days 30 and 84 post-infection, compared to that on day
10. WNV-specific IgG production was enhanced at days 30 and
60 post-infection, compared to that in the early stage of infection.
The detection of WNV-specific IgM and IgA in sera of WNV
convalescent patients years after having the acute infection has
been reported and appears to be correlated with the persistence of
viral RNA in the kidneys, urine or the CNS of these patients [14—
16]. Thus, these results further support that WNV H8912 induces
persistent infection in mouse peripheral tissues. T cells are
important for host survival following wild-type WNV infection
and contribute to a long-lasting protective immunity [47-48].
Elevated levels of IL-10 during chronic viral infections are known
to contribute to diminished T cell activity and the failure to control
viral infection [49-50]. Interestingly, sera IL-10 levels in WNV
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Figure 4. Splenic T cell responses and DC maturation during WNV NY99 or H8912 infection. A-B. Splenocytes of WNV NY99 or H8912-
infected mice at day 8 and day 35 post-primary infection were cultured ex vivo with WNV peptides for 5 h (A) or with PMA plus ionomycin (B) for 24 h.
A. Cells were harvested and stained for IFN-y, and CD4 or CD8. B. Cell culture supernatant was collected and IL-10 was measured by Bioplex. C-D. DC
maturation in WNV-infected BM-DCs. The percentages of CD80" (C) and CD86" (D) on BM-DCs were shown. Data are presented as means = SEM, n=3

or 4. **P<0.01 for WNV NY99 vs. WNV H8912.
doi:10.1371/journal.pntd.0002275.g004

H8912-infected mice were constitutively high within the first two
weeks of infection. There were also delayed anti-viral responses of
IFNs and IL-1B in these mice. Collectively, these factors may
potentiate persistent viral infection in mouse peripheral tissues
following systemic WNV H8912 infection.

Systemic wild-type  WNV NY99 infection induced virus
persistence more frequently in spleen than in mouse kidneys
[19]. In this study, we found WNV H8912 induced virus
persistence preferentially in kidneys following an i.p. infection.
Multiple virus and host determinants could contribute to a tissue —
specific WNV persistence in mice. First, our recent work showed
that WNV H8912 had a significantly reduced replication rate in
mouse kidney epithelial cells compared to wild-type WNV strain
[25], which indicate a greater tissue tropism is not involved in
WNV  H8912-induced renal-specific persistence. Differential
immune responses have been reported to contribute to tissue-
specific viral persistence. For example, a Treg-mediated suppres-
sion of CD8" T cell response occurred specifically in the spleen but
not in the liver during chronic Friend virus infection. This resulted
in a 10-fold less viral load in the latter tissue [51]. Here, we next
measured proinflammatory cytokine responses in spleen and
kidney tissues and found there were lower levels of IL-6 and
TNF-o expression in the kidneys of WNV H8912-infected mice
compared to spleen tissues. This is consistent with our recent
findings, in which WNV H8912 infection in mouse kidney

PLOS Neglected Tropical Diseases | www.plosntds.org

epithelial cells did not induce IL-6 and TNF-a expression [25].
DC maturation is an innate response that leads to adaptive
immunity to foreign antigens [52-53]. Proinflammatory cytokines
are known to promote this process [54—55]. We found significantly
less WNV-specific CD8" T cells in WNV persistently infected
kidneys than in the spleen tissues throughout the infection. Thus, a
lower inflammatory response in the kidneys may lead to reduced
WNV specific T cell infiltrates and ultimately to a preferential
WNV persistence in mouse kidneys. Lastly, our results also showed
that splenocytes of WNV H8912-infected mice produced much
less IL-10 than those of wild-type strain-infected mice. There were
higher levels of expression of DC maturation markers on WNV
H8912-infected BMDCs than wild-type WNV —infected cells. In
conclusion, differential proinflammatory cytokine and IL-10
responses in spleen and kidney tissues lead to tissue-specific virus
persistence during systemic WNV infection. WNV H8912 is
highly attenuated in mice. It induced a low frequency of virus
persistence in the CNS following i.c. inoculation, concurrent with
no significant changes in the cortex and olfactory bulb regions of
the brain of surviving mice. Neurons and microglias are the two
major cell types permissive to WNV infection [29,56]. Our results
showed that WNV H8912 had a significantly lower titer in mouse
primary cortical neuron/glia cultures compared to wild-type
WNV strain, which suggests WNV H8912 does not have a tissue
tropism in the CNS. While the underlying mechanisms by which
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Figure 5. WNV H8912 exhibited a significantly reduced neurovirulence. A. Mice were injected i.c. with different doses of WNV H8912 and
monitored twice daily. B-C. Mouse primary cortical neuron/glia cultures were infected with WNV H8912 and its wild-type controls WNV NY99. Viral
load at indicated time points post-infection was determined by Q-PCR assay (B) or by plaque assay (C). Data are presented as means = SEM, n=3.*

P<0.05 or **P<<0.01 compared to WNV NY99-infected cells.
doi:10.1371/journal.pntd.0002275.g005

WNV H8912-induced a low frequency of viral persistence are
under investigation, these results further support that WNV
H8912 induces a tissue-specific renal persistence.

WNV encephalitis (neuroinvasive disease) has been a serious
public health concern in North America for more than a decade.
Neither treatment nor human vaccines are available. In recent
years, some WINV convalescent patients have been reported to
have persistent sequelae, which occurred 6 to 12 months after the
acute infection [9,11]. Murray et al. [18] detected the presence of
WNV RNA in the urine of patients convalescent from WNV
neuroinvasive disease for up to 1-7 years after their initial
infection. Among these WNV RNA-positive patients, 80%
reported chronic neurological symptoms, while 20% had renal
failure [18]. These observations raise the possibility that persistent
infection 1is associated with WNV-induced chronic diseases.
Persistent WNV infection was detected in the hamster kidneys
and brain, accompanied by neurological sequelae [21-23]; this
association is similar to the clinical findings in some WNV
convalescent patients having long-term morbidity. Compared to
the parent wild-type NY99 strain, full genome sequencing reveals
conserved genetic mutations in the coding and non-coding
regions of the viral genome of all WNV isolates recovered from
urine of persistently infected hamsters [27], including WNV
H8912, indicating an association of genetic mutations with WNV

PLOS Neglected Tropical Diseases | www.plosntds.org

persistence renal tropism. Thus, hamster model would likely serve
as a suitable i viwo model to further investigate the underlying
immune mechanisms of WNV persistence. Nevertheless, there is
an obstacle to fully investigating immunity to chronic WNV
infection in the hamster model, due to limited availability of
hamster reagents. Mice are easier to work with, amenable to
immunological manipulation and are relatively inexpensive.
Systemic wild-type WNV NY99 infection in mice induced virus
persistence preferentially in spleen tissues than in kidneys [19].
Our study has now shown that the hamster-derived WNV urine
isolate H8912 induced persistent infection in mouse kidneys,
accompanied by focal renal histological inflammatory changes for
up to a few months post infection, which is similar to the
observations in WNV' convalescent patients having long-term
morbidity. Thus, defining a murine model of WNV persistence
by using a well-characterized, hamster-derived WNV urine
isolate should provide important insights into the mechanisms
of WNV CNS persistence and its associated neurological
sequelae. This information may enable us to define the elements
of the immune response that fail or are insufficient to mediate
WNV clearance in the infected animals and ultimately help us to
set therapeutic goals to modulate immune functions pharmaco-
logically and create vaccines which could induce robust T cell
MEmOory responses.
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Figure 6. Antibody production and brain leukocyte infiltration at day 45 post- infection. A-B. Sera were collected from non-infected (NF)
or mice which were intracranially (i. c.) infected with WNV H8912 at day 45 (D45) post-infection. The development of WNV-specific IgM (A) or 1gG (B)
antibodies was determined. C-F. Levels of CD4" T cell (C), CD8" T cell (D), monocyte (CD11b, E) and neutrophil (Ly6G, F) expression in the three WNV-
infected mice brains were measured by Q-PCR assay at day 45 post-infection. The y-axis depicts the ratio of the amplified CD4, CD8, CD11b or Ly6G
cDNA to p-actin cDNA of each sample. The dotted line represents the mean of NF samples.

doi:10.1371/journal.pntd.0002275.9g006

Supporting Information

Figure S1 Cytokine levels in spleen and kidney tissues
in WNV H8912- infected mice. IL-6 (4), TNF-B (B), TGF-B
(€) and IL-10 (D) gene expression in the spleen and kidney
tissues at the indicated time points post infection were
determined by using Q-PCR. The fold of increase compared
to that of the mock group is shown. Data are presented as means
* SEM, n=3-6.

(TTF)

PLOS Neglected Tropical Diseases | www.plosntds.org

10

Figure $2 Brain pathology at day 45 post-WNV H8912
infection. Hematoxylin and eosin staining of the cortex (4) and
olfactory bulb (B) regions of control non-infected (NF) and WNV
H8912-infected mouse (IF) brain sections at day 45 post- i.c.
infection.

(TIF)

Acknowledgments

We thank Ms. Mardelle Susman for assisting in manuscript preparation.

June 2013 | Volume 7 | Issue 6 | e2275



Author Contributions

Conceived and designed the experiments: V. Saxena, S. Tang, T. Wang.
Performed the experiments: V. Saxena, G. Xie, B. Li, T. Farris, T. Welte,
B. Gong. Analyzed the data: V. Saxena, T. Farris, B. Gong, P. Boor, P.

References

1.

22.

23.

24.

27.

Anderson JF, Andreadis TG, Vossbrinck CR, Tirrell S, Wakem EM, et al.
(1999) Isolation of West Nile virus from mosquitoes, crows, and a Cooper’s hawk

in Connecticut. Science 286: 2331-2333.

. Lanciotti RS, Roehrig JT, Deubel V, Smith J, Parker M, et al. (1999) Origin of

the West Nile virus responsible for an outbreak of encephalitis in the
northeastern United States. Science 286: 2333-2337.

. (2002) Possible West Nile virus transmission to an infant through breast-feeding—

Michigan, 2002. MMWR Morb Mortal Wkly Rep 51: 877-878.

. (2002) Laboratory-acquired West Nile virus infections—United States, 2002.

MMWR Morb Mortal Wkly Rep 51: 1133-1135.

. Alpert SG, Fergerson J, Noel LP (2003) Intrauterine West Nile virus: ocular and

systemic findings. Am J Ophthalmol 136: 733-735.

. Charatan F (2002) Organ transplants and blood transfusions may transmit West

Nile virus. Bmj 325: 566.

. Gubler DJ (2007) The continuing spread of West Nile virus in the western

hemisphere. Clin Infect Dis 45: 1039-1046.

. Kramer LD, Styer LM, Ebel GD (2008) A global perspective on the

epidemiology of West Nile virus. Annu Rev Entomol 53: 61-81.

. Carson PJ, Konewko P, Wold KS, Mariani P, Goli S, et al. (2006) Long-term

clinical and neuropsychological outcomes of West Nile virus infection. Clin
Infect Dis 43: 723-730.

. Ravindra KV, Freifeld AG, Kalil AC, Mercer DF, Grant W], et al. (2004) West

Nile virus-associated encephalitis in recipients of renal and pancreas transplants:
case series and literature review. Clin Infect Dis 38: 1257-1260.

. Ou AC, Ratard RC (2005) One-year sequelae in patients with West Nile Virus

encephalitis and meningitis in Louisiana. J La State Med Soc 157: 42-46.

. Cook RL, Xu X, Yablonsky EJ, Sakata N, Tripp JH, et al. (2010) Demographic

and clinical factors associated with persistent symptoms after West Nile virus
infection. Am J Trop Med Hyg 83: 1133-1136.

Sadek JR, Pergam SA, Harrington JA, Echevarria LA, Davis LE, et al. (2010)
Persistent neuropsychological impairment associated with West Nile virus
infection. J Clin Exp Neuropsychol 32: 81-87.

. Busch MP, Kleinman SH, Tobler LH, Kamel HT, Norris PJ, et al. (2008) Virus

and antibody dynamics in acute west nile virus infection. J Infect Dis 198: 984—

993.

. Papa A, Danis K, Athanasiadou A, Delianidou M, Panagiotopoulos T (2011)

Persistence of West Nile virus immunoglobulin M antibodies, Greece. J] Med
Virol 83: 1857-1860.

. Rochrig JT, Nash D, Maldin B, Labowitz A, Martin DA, et al. (2003) Persistence

of virus-reactive serum immunoglobulin m antibody in confirmed west nile virus

encephalitis cases. Emerg Infect Dis 9: 376-379.

. Penn RG, Guarner J, Sejvar JJ, Hartman H, McComb RD, et al. (2006)

Persistent neuroinvasive West Nile virus infection in an immunocompromised
patient. Clin Infect Dis 42: 680-683.

. Murray K, Walker C, Herrington E, Lewis JA, McCormick J, et al. (2010)

Persistent infection with West Nile virus years after initial infection. J Infect Dis
201: 2-4.

. Appler KK, Brown AN, Stewart BS, Behr MJ, Demarest VL, et al. (2010)

Persistence of West Nile virus in the central nervous system and periphery of
mice. PLoS One 5: ¢10649.

. Pogodina VV, Frolova MP, Malenko GV, Fokina GI, Koreshkova GV, et al.

(1983) Study on West Nile virus persistence in monkeys. Arch Virol 75: 71-86.
Siddharthan V, Wang H, Motter NE, Hall JO, Skinner RD, et al. (2009)
Persistent West Nile virus associated with a neurological sequela in hamsters
identified by motor unit number estimation. J Virol 83: 4251-4261.

Tesh RB, Siirin M, Guzman H, Travassos da Rosa AP, Wu X, et al. (2005)
Persistent West Nile virus infection in the golden hamster: studies on its
mechanism and possible implications for other flavivirus infections. J Infect Dis
192: 287-295.

Tesh RB, Xiao SY (2009) Persistence of West Nile virus infection in vertebrates.
In: West Nile Encephalitis Virus Infection Viral Pathogenesis and Host
Response, MS . Diamond, Ed Springer: New York pp 361-377.

Tonry JH, Xiao SY, Siirin M, Chen H, da Rosa AP, et al. (2005) Persistent
shedding of West Nile virus in urine of experimentally infected hamsters.
Am J Trop Med Hyg 72: 320-324.

Saxena V, Welte T, Bao X, Xie G, Wang ], et al. (2012) A hamster-derived West
Nile virus strain is highly attenuated and induces a differential proinflammatory
cytokine response in two murine cell lines. Virus Res 167: 179-187.

. Xiao SY, Guzman H, Zhang H, Travassos da Rosa AP, Tesh RB (2001) West

Nile virus infection in the golden hamster (Mesocricetus auratus): a model for
West Nile encephalitis. Emerg Infect Dis 7: 714-721.

Wu X, Lu L, Guzman H, Tesh RB, Xiao SY (2008) Persistent infection and
associated nucleotide changes of West Nile virus serially passaged in hamsters.
J Gen Virol 89: 3073-3079.

PLOS Neglected Tropical Diseases | www.plosntds.org

Persistent West Nile Virus Infection in Mice

Wu, T. Wang. Contributed reagents/materials/analysis tools: B. Gong, S.
Tang, R. Tesh. Wrote the paper: V. Saxena, P. Wu, S. Tang, R. Tesh, T.
Wang.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

Lancioti RS, Kerst AJ, Nasci RS, Godsey MS, Mitchell CJ, et al. (2000) Rapid
detection of West Nile virus from human clinical specimens, field- collected
mosquitoes, and avian samples by a TaqgMan reverse transcriptase-PCR assay.
J Clin Microbiol 38: 4066-4071.

Wang T, Town T, Alexopoulou L, Anderson JF, Fikrig E, et al. (2004) Toll-like
receptor 3 mediates West Nile virus entry into the brain causing lethal
encephalitis. Nat Med 10: 1366-1373.

Phares TW, Kean RB, Mikheeva T, Hooper DC (2006) Regional differences in
blood-brain barrier permeability changes and inflammation in the apathogenic
clearance of virus from the central nervous system. J Immunol 176: 7666-7675.
Sasmono RT, Ehrnsperger A, Cronau SL, Ravasi T, Kandane R, et al. (2007)
Mouse neutrophilic granulocytes express mRNA encoding the macrophage
colony-stimulating factor receptor (CSF-1R) as well as many other macrophage-
specific transcripts and can transdifferentiate into macrophages in vitro in
response to CSF-1. J Leukoc Biol 82: 111-123.

Wong SJ, Demarest VL, Boyle RH, Wang T, Ledizet M, et al. (2004) Detection
of human anti-flavivirus antibodies with a West Nile virus recombinant antigen
microsphere immunoassay. J Clin Microbiol 42: 65-72.

Wang S, Welte T, McGargill M, Town T, Thompson J, et al. (2008) Drak2
contributes to West Nile virus entry into the brain and lethal encephalitis.
J Immunol 181: 2084-2091.

Ascon DB, Ascon M, Satpute S, Lopez-Briones S, Racusen L, et al. (2008)
Normal mouse kidneys contain activated and CD3+CD4— CD8— double-
negative T lymphocytes with a distinct TCR repertoire. J Leukoc Biol 84: 1400
1409.

. Brien JD, Uhrlaub JL, Nikolich-Zugich J (2008) West Nile virus-specific CD4 T

cells exhibit direct antiviral cytokine secretion and cytotoxicity and are sufficient
for antiviral protection. J Immunol 181: 8568-8575.

Brien JD, Uhrlaub JL, Nikolich-Zugich J (2007) Protective capacity and epitope
specificity of CD8(+) T cells responding to lethal West Nile virus infection.
Eur J Immunol 37: 1855-1863.

Purtha WE, Myers N, Mitaksov V, Sitati E, Connolly J, et al. (2007) Antigen-
specific cytotoxic T lymphocytes protect against lethal West Nile virus
encephalitis. Eur J Immunol 37: 1845-1854.

Daffis S, Samuel MA, Suthar MS, Keller BC, Gale M, Jr., et al. (2008)
Interferon regulatory factor IRF-7 induces the antiviral alpha interferon
response and protects against lethal West Nile virus infection. J Virol 82:
8465-8475.

Hoey SE, Williams R]J, Perkinton MS (2009) Synaptic NMDA receptor
activation stimulates alpha-secretase amyloid precursor protein processing and
inhibits amyloid-beta production. J Neurosci 29: 4442-4460.

Bai F, Town T, Qian F, Wang P, Kamanaka M, et al. (2009) IL-10 signaling
blockade controls murine West Nile virus infection. PLoS Pathog 5: ¢1000610.
Samuel MA, Diamond MS (2005) Alpha/beta interferon protects against lethal
West Nile virus infection by restricting cellular tropism and enhancing neuronal
survival. J Virol 79: 13350-13361.

Wang T, Welte T, Saxena V, Xie G (2011) Immunity Versus Immunopathology
in West Nile Virus Induced Encephalitis. Flavivirus Encephalitis: Daniel Razek
(Ed.), ISBN: 978-953-307-669-970, InTech

Roehrig JT, Staudinger LA, Hunt AR, Mathews JH, Blair CD (2001) Antibody
prophylaxis and therapy for flavivirus encephalitis infections. Ann N'Y Acad Sci
951: 286-297.

Price WH, Thind IS (1972) The mechanism of cross-protection afforded by
dengue virus against West Nile virus in hamsters. ] Hyg (Lond) 70: 611-617.

. Diamond MS, Shrestha B, Marri A, Mahan D, Engle M (2003) B cells and

antibody play critical roles in the immediate defense of disseminated infection by
West Nile encephalitis virus. J Virol 77: 2578-2586.

Diamond MS, Sitati EM, Friend LD, Higgs S, Shrestha B, et al. (2003) A critical
role for induced IgM in the protection against West Nile virus infection. J Exp
Med 198: 1853-1862.

Shrestha B, Samuel MA, Diamond MS (2006) CD8+ T Cells Require Perforin
To Clear West Nile Virus from Infected Neurons. J Virol 80: 119-129.

Wang Y, Lobigs M, Lee E, Mullbacher A (2003) CD8+ T cells mediate recovery
and immunopathology in West Nile virus encephalitis. J Virol 77: 13323-13334.
Brooks DG, Trifilo MJ, Edelmann KH, Teyton L, McGavern DB, et al. (2006)
Interleukin-10 determines viral clearance or persistence in vivo. Nat Med 12:
1301-1309.

Shin H, Wherry EJ (2007) CD8 T cell dysfunction during chronic viral infection.
Curr Opin Immunol 19: 408-415.

Myers L, Messer RJ, Carmody AB, Hasenkrug KJ (2009) Tissue-specific
abundance of regulatory T cells correlates with CD8+ T cell dysfunction and
chronic retrovirus loads. J Immunol 183: 1636-1643.

Bennett SR, Carbone FR, Karamalis F, Flavell RA, Miller JF, et al. (1998) Help
for cytotoxic-T-cell responses is mediated by CD40 signalling. Nature 393: 478—
480.

June 2013 | Volume 7 | Issue 6 | e2275



Persistent West Nile Virus Infection in Mice

53. De Smedt T, Pajak B, Muraille E, Lespagnard L, Heinen E, et al. (1996) 55. Dieli F, Caccamo N, Meraviglia S, Ivanyi J, Sireci G, et al. (2004) Reciprocal

Regulation of dendritic cell numbers and maturation by lipopolysaccharide in stimulation of gammadelta T cells and dendritic cells during the anti-
vivo. J Exp Med 184: 1413-1424. mycobacterial immune response. Eur J Immunol 34: 3227-3235.

54. Conti L, Casetti R, Cardone M, Varano B, Martino A, et al. (2005) Reciprocal 56. Shrestha B, Gottlieb D, Diamond MS (2003) Infection and injury of neurons by
activating interaction between dendritic cells and pamidronate-stimulated West Nile encephalitis virus. J Virol 77: 13203-13213.
gammadelta T cells: role of CD86 and inflammatory cytokines. J Immunol
174: 252-260.

PLOS Neglected Tropical Diseases | www.plosntds.org 12 June 2013 | Volume 7 | Issue 6 | 2275



