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West Nile virus (WNV) is a neurotropic flavivirus that has emerged globally as a significant cause of viral
encephalitis in humans, especially in immunocompromised individuals. Previous studies have shown essential
protective roles for antiviral cytokines (e.g., alpha interferon [IFN-␣] and IFN-␥) against WNV in mice.
However, studies using cell culture offer conflicting answers regarding whether tumor necrosis factor alpha
(TNF-␣) has an anti-WNV function. To test the biological significance of TNF-␣ against WNV in vivo,
experiments were performed with TNF receptor-1 (TNF-R1)-deficient and TNF-␣-depleted C57BL/6 mice.
TNF-R1ⴚ/ⴚ mice had enhanced mortality and decreased survival time after WNV infection compared to
congenic wild-type mice. Consistent with this, administration of a neutralizing anti-TNF-␣ monoclonal antibody also decreased survival after WNV infection. Relatively small differences in viral burdens in peripheral
tissues of TNF-R1ⴚ/ⴚ mice were observed, and this occurrence correlated with a modest antiviral effect of
TNF-␣ on primary macrophages but not dendritic cells. In contrast, the viral titers detected in the central
nervous systems of TNF-R1ⴚ/ⴚ mice were significantly increased compared to those of wild-type mice, although
TNF-␣ did not have a direct antiviral effect in primary neuron cultures. Whereas no defect in priming of
adaptive B- and T-cell responses in TNF-R1ⴚ/ⴚ mice was observed, there were significant reductions in
accumulations of CD8ⴙ T cells and macrophages in the brain. Our data are most consistent with a model in
which interaction of TNF-␣ with TNF-R1 protects against WNV infection by regulating migration of protective
inflammatory cells into the brain during acute infection.
tigen presentation, activation of phagocytic myeloid cells, and
polarization of helper-T-cell responses. TNF-␣ also modulates
leukocyte trafficking by altering the chemokine expression patterns in different tissues (35, 41). TNF-␣ functions by binding
to one of two cell surface ligands, TNF receptor types 1 (TNFR1/p55/CD120a) and 2 (TNF-R2/p75/CD120b), which are expressed on diverse cell types (22, 33, 37). Experiments using
receptor-specific antibodies and TNF-R1⫺/⫺ or TNF-R2⫺/⫺
mice (13, 22, 52) suggest that interaction of TNF-␣ with
TNF-R1 induces the proinflammatory signaling response
whereas binding to TNF-R2 suppresses TNF-mediated inflammation (33).
As a recent report suggested that pharmacological administration of anti-TNF-␣ antibodies contributed to a severe neuroinvasive case of WNV infection in a human patient (9), we
evaluated the role of TNF-␣ on WNV disease pathogenesis by
using a well-established mouse model of disease. Here, using
TNF-R1⫺/⫺ and TNF-␣-depleted C57BL/6 mice, we dissect
the mechanism by which TNF–TNF-R1 signaling modulates
WNV infection. We found that a TNF-R1 deficiency is associated with an increased viral burden in the CNS and enhanced
mortality despite normal priming of adaptive B- and T-cell
immune responses. However, disruption of TNF-␣ signaling
reduced the accumulation of CD8⫹ T cells and activated macrophages into the brain. Our data are most consistent with a
model in which protective CD8⫹ T cells and/or macrophages
require TNF-␣-dependent signals to migrate into the CNS
parenchyma and control WNV infection.

West Nile virus (WNV) is a mosquito-borne, neurotropic
flavivirus that has emerged globally as a significant cause of
epidemic viral encephalitis, especially in elderly and immunocompromised individuals. In humans, WNV infection is usually
associated with a mild febrile illness, with a small subset of
cases progressing to meningitis, encephalitis, or an acute flaccid paralysis syndrome (42, 43). At the present, treatment for
WNV infection is supportive and no vaccine is approved for
human use (14, 21). Rodent pathogenesis models suggest that
innate and adaptive immune responses cooperatively orchestrate control of pathogenic strains of WNV (reviewed in reference 38). Alpha/beta interferon (IFN-␣/␤), IFN-␥, ␥␦ T cells,
and early immunoglobulin M (IgM) responses initially restrict
WNV infection, whereas antigen-specific CD4⫹ and CD8⫹ T
cells and neutralizing antibodies clear WNV from peripheral
nervous system and central nervous system (CNS) tissues.
Tumor necrosis factor alpha (TNF-␣) is a proinflammatory
cytokine that is produced by activated macrophages, natural
killer cells, and CD4⫹ and CD8⫹ T cells (6). TNF-␣ limits viral
infections by several independent mechanisms (reviewed in
reference 3), including a direct antiviral effect, enhanced class
I and II major histocompatibility complex expression and an-
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(70%/37%/30%) centrifugation for 30 min (850 ⫻ g at 4°C). After being washed
and counted, cells were stained for CD4, CD8, CD45, and CD11b with directly
conjugated antibodies (BD Pharmingen) for 30 min at 4°C and then fixed with
1% paraformaldehyde. Data collection and analysis were performed with a
FACSCalibur flow cytometer and CellQuest Software.
Statistical analysis. All data were analyzed using Prism software (GraphPad
Prism, San Diego, CA). Kaplan-Meier survival curves were analyzed by the log
rank test. For antibody titers, a two-tailed unpaired t test was used to determine
statistical significance. For viral burden analysis, differences in log titers were
analyzed by the Mann-Whitney test.

RESULTS
Treatment with neutralizing TNF-␣ antibodies increases
susceptibility to WNV infection. TNF-␣ is a proinflammatory
cytokine that can inhibit virus infection through direct antiviral
or immunomodulatory effects (22). Several studies have demonstrated that TNF-␣ accumulates in serum and tissues of
mice infected with WNV (19, 20, 27, 50, 53). To determine the
significance of TNF-␣ in the pathogenesis of WNV infection,
we passively administered a single dose of neutralizing rat
anti-mouse TNF-␣ MAb or isotype control MAb by an intraperitoneal route to 9-week-old wild-type C57BL/6 mice. One
day after MAb administration, mice were infected subcutaneously with 102 PFU of a North American pathogenic WNV
isolate and monitored for survival. Mice that were treated with
the anti-TNF-␣ MAb had a decreased survival rate (50%)
compared to that of mice treated with the isotype control MAb
(78%) (P ⫽ 0.04) (Fig. 1A), suggesting that TNF-␣ has a
protective function against WNV infection.
Lack of TNF-R1 increases susceptibility to WNV. Although
TNF-␣ signals through two receptors (TNF-R1 and TNF-R2),
TNF-␣–TNF-R1 interactions are responsible for the majority
of its proinflammatory functions in adult mice (22). To independently confirm a protective role of TNF-␣ against WNV
infection, we compared mortalities of wild-type and TNFR1⫺/⫺ mice after infection with 102 PFU of the same strain of
WNV isolated from New York. Because of their immune system developmental defects, which include a lack of splenic
primary B-cell follicles and germinal centers (31, 32), congenic
TNF⫺/⫺ mice were not used. The rate of survival after WNV
infection for TNF-R1⫺/⫺ mice was noticeably lower than that
for wild-type mice (33% compared to 75%; P ⬍ 0.0001) (Fig.
1B). Mortality also occurred earlier in the TNF-R1⫺/⫺ mice, as
the mean time to death was shorter than that for wild-type mice
(11.7 ⫾ 3 days compared to 13.9 ⫾ 2 days, respectively; P ⫽ 0.02).
Thus, an absence of TNF-R1 caused more-severe WNV infection
with increased mortality after subcutaneous inoculation.
Increased WNV burden in TNF-R1ⴚ/ⴚ mice. To better understand how an absence of TNF–TNF-R1 interaction affected
the susceptibility of mice to WNV infection, viral burdens in
peripheral nervous system and CNS tissues were analyzed.
Wild-type and TNF-R1⫺/⫺ mice were infected with 102 PFU of
WNV, and viral burdens were measured by plaque assay at
days 2, 4, 6, 8, and 10 after infection in sera, spleens, brains,
and spinal cords.
Viremia was measured by plaque assay and by fluorogenic
reverse transcription-PCR. The kinetics and magnitude of viremia for wild-type and TNF-R1⫺/⫺ mice were virtually identical. Infectious WNV or viral RNA was detected from day 2 to
day 4 after inoculation but was cleared from circulation by day
6 (Fig. 1C and data not shown).
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Viruses and cells. The lineage I WNV strain isolated in New York in 2000
(3000.0259 [WNV-NY]) was propagated once in Vero cells and used as a stock
virus (4 ⫻ 107 PFU/ml) for in vivo experiments (16). The lineage II WNV strain
isolated in Madagascar in 1978 (DakAnMg798 [WNV-Mad]) was amplified once
in Vero cells (4 ⫻ 107 PFU/ml) and used for intracranial (IC) survival studies as
described previously (26). BHK21-15 cells were cultivated in Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum and were used for
titration of the viral burdens of infected mouse tissues (16).
Mouse experiments and tissue preparation. C57BL/6J strain (H-2b) inbred
wild-type mice were obtained from a commercial vendor (Jackson Laboratories,
Bar Harbor, ME). The congenic backcrossed TNF-R1⫺/⫺ mice were a gift from
J. Russell (Washington University School of Medicine, St. Louis, MO). All mice
were genotyped and bred under pathogen-free conditions in the animal facilities
of Washington University Animal Studies Committee. Eight- to 10-week-old
age-matched wild-type and TNF-R1⫺/⫺ mice were inoculated with 102 PFU of
WNV-NY via a footpad route or 101 PFU of WNV-Mad via an IC route. In some
studies, wild-type mice were treated with a single 500-g dose of a rat/mouse
chimeric anti-TNF (CNTO 2213) or isotype control (CNTO 1322) monoclonal
antibody (MAb) (IgG2a, generous gift of D. Shealy, Centocor, Horsham, PA)
one day prior to infection via a footpad route.
Histopathology. Nine-week-old wild-type or TNF-R1⫺/⫺ mice were inoculated
with 102 PFU of WNV by footpad injection. Brain tissues were harvested at day
10 after extensive perfusion with phosphate-buffered saline (PBS) and 4% paraformaldehyde. Tissues were incubated in PBS-paraformaldehyde for two hours
at 4°C, embedded in paraffin, sectioned, stained with hematoxylin and eosin (48),
and examined for pathological changes by light microscopy with a Olympus
BX51 microscope (Center Valley, PA).
Quantitation of viral burden in mouse tissues. To analyze the kinetics of virus
replication in different tissues, groups of wild-type and TNF-R1⫺/⫺ mice were
infected with 102 PFU of WNV and euthanized on days 2, 4, 6, 8, and 10 after
infection. Blood was collected by cardiac puncture, and serum was isolated and
stored in aliquots at ⫺80°C. After extensive tissue perfusion with PBS, organs
were removed and homogenized by using a bead beater apparatus, and titers for
BHK21-15 cells were determined as described previously (16). Viremia was
measured both by plaque assay with Vero cells and by fluorogenic quantitative
reverse transcription-PCR (46) using an ABI 7000 sequence detection system
(Applied Biosystems, Foster City, CA).
TNF-␣ treatment of primary cells and virus infection. To assay the antiviral
function of TNF-␣ in primary cells, bone marrow-derived macrophages and
dendritic cells, as well as cortical neurons, were generated from C57BL/6 mice as
described previously (12, 40, 49). Macrophages, dendritic cells, and cortical
neurons were pretreated with 100, 10, or 1 ng/ml of recombinant TNF-␣ (PeproTech Inc., Rocky Hill, NJ) one day prior to infection. Subsequently, macrophages, dendritic cells, and cortical neurons were infected with WNV at a
multiplicity of infection of 0.1 for 1 h, followed by extensive washing to remove
free unbound virus. Supernatants were harvested 24 and 48 h after infection, and
the production of infectious virus was measured by a plaque assay with Vero cells
as described previously (39).
Measurement of WNV-specific antibodies. The levels of WNV-specific IgM
and IgG were detected by enzyme-linked immunosorbent assay using purified
WNV E protein as described previously (16). Titers representing the serum
dilution yielding an optical density at 450 nm equivalent to three times the
background level of the assay were determined. The titer of neutralizing antibody
was determined by using a plaque reduction neutralization assay with BHK21
cells (16). Plaques were counted and plotted, and the plaque reduction neutralization titer for 50% inhibition was calculated.
Intracellular IFN-␥ staining of T cells. Splenocytes from wild-type and TNFR1⫺/⫺ mice were harvested at day 7 after infection and stimulated ex vivo with
an immunodominant Db-restricted NS4B peptide of WNV (SSVWNATTAI) (7,
34) or with a nonspecific agonist, phorbol ester and ionomycin. Four hours after
stimulation in the presence of brefeldin A, splenocytes were cooled to 4°C and
immunostained for cell surface markers and intracellular IFN-␥ as described
previously (34). The percentage of CD8⫹ T cells that expressed IFN-␥ was
determined by flow cytometry using CellQuest software (BD Biosciences).
Leukocyte isolation from CNS. Leukocytes were isolated and quantified from
the CNS as described previously (27). Briefly, wild-type and TNF-R1⫺/⫺ mouse
brains were harvested on day 9 after infection, dispersed into single-cell suspension, and digested with 0.05% collagenase D, 0.1 g/ml trypsin inhibitor TLCK
(N␣-p-tosyl-L-lysine chloromethyl ketone), 10 g/ml DNase I (all from Sigma
Chemical), and 10 mM of HEPES (Life Technologies) in Hanks balanced salt
solution for 1 h. Viable cells were separated by discontinuous Percoll gradient
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In contrast to the case for sera, the levels of WNV detected
in the spleens of TNF-R1⫺/⫺ mice were eightfold higher than
the levels detected in wild-type mouse spleens at day 4 after
infection (P ⫽ 0.02) (Fig. 1D). However, by day 6, no significant difference between the two groups was observed (P ⬎
0.4). Thus, a lack of TNF-R1 did not alter the clearance phase
of WNV infection in the spleen, despite the presence of a
modestly higher viral burden in the TNF-R1⫺/⫺ mice during
the initial stages.
No statistically significant difference in the kinetics of the
WNV spread to the brain was observed in TNF-R1⫺/⫺ mice
(P ⫽ 0.08) (Fig. 1E). However, by days 8 and 10 after
infection, levels of WNV detected in the brains of TNF-

R1⫺/⫺ mice were significantly higher (18- and 68-fold, respectively; P ⬍ 0.04) than those detected in the brains of
wild-type mice. In the spinal cord, WNV was detected earlier for more TNF-R1⫺/⫺ mice than wild-type mice (at day
6, WNV was detected in a subset [5 of 8] of the TNF-R1⫺/⫺
mice but was detected in only one wild-type mouse [1 of 8]),
although this difference did not reach statistical significance
(Fig. 1F). By day 10, WNV titers in the spinal cords of
TNF-R1⫺/⫺ mice were 85-fold higher than those in the
spinal cords of wild-type mice (P ⬍ 0.01). Collectively, these
data show that TNF-␣–TNF-R1 interactions restrict WNV
replication in the CNS, and the phenotype becomes more
evident late during the course of infection.
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FIG. 1. Effect of TNF-␣ on WNV infection. (A) Effect of neutralizing TNF-␣ MAbs on survival. Nine-week-old wild-type mice were treated
with 500 g of anti-TNF-␣ or isotype control IgG2a MAb one day before infection with 102 PFU of WNV by a subcutaneous route. The survival
differences between anti TNF-␣ antibody and isotype control antibody mice were statistically significant (P ⫽ 0.04; ⬎22 mice per group).
(B) Survival analysis of TNF-R1⫺/⫺ mice. Wild-type (n ⫽ 40) and TNF-R1⫺/⫺ (n ⫽ 34) mice were infected subcutaneously with 102 PFU of WNV
and monitored for mortality for 28 days. Survival differences were statistically significant (P ⬍ 0.0001). WNV burdens in wild-type and TNF-R1⫺/⫺
mouse sera (C), spleens (D), brains (E), and spinal cords (F) were analyzed by using a viral plaque assay after tissues were harvested at the
indicated time points. Data were derived from 10 to 12 mice per time point between days 2 and 10. For the graphs showing the results of viral
burden experiments, the dotted line represents the limit of sensitivity for viral detection. An asterisk indicates a P value of ⬍0.05 and two asterisks
indicate a P value of ⬍0.005 in comparison to values for wild-type mice.
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Antiviral effect of TNF-␣ on WNV infection of primary cells.
The in vivo studies suggested that interaction of TNF-␣ with
TNF-R1 modestly limited WNV replication in the spleen and
to a greater degree inhibited infection in the CNS. Based on
these data, we speculated that TNF-␣ has a direct antiviral role
and restricts infection in a cell-specific manner. To address
this, three WNV-permissive primary cells (macrophages, myeloid dendritic cells, and cortical neurons) were pretreated
with increasing doses of TNF-␣ one day prior to infection.
Importantly, no differences in cell viability were observed after
a 24-h preincubation with TNF-␣ (data not shown). Supernatants were analyzed for the production of WNV 24 and 48 h
after infection by plaque assay with Vero cells. Notably, TNF-␣
pretreatment of dendritic cells and cortical neurons did not
affect WNV production (P ⬎ 0.5) (Fig. 2B and C). In contrast,
WNV accumulation in macrophage supernatants was significantly reduced after treatment with 10 and 100 ng/ml of TNF-␣
(Fig. 2A). At 48 h after infection, WNV titers were reduced in
macrophage supernatants approximately 12- to 160-fold (P ⬍

0.0001) after incubation with 10 and 100 ng/ml of TNF-␣,
respectively, in comparison to the titers in untreated macrophage supernatants.
Normal WNV-specific antibody responses in TNF-R1ⴚ/ⴚ
mice. As defects in TNF-␣ signaling can impair B-cell priming
(4, 5, 32) and antibody responses are essential to controlling
WNV infection (16, 17), we evaluated whether the enhanced
viral burden in TNF-R1⫺/⫺ mice was associated with blunted
WNV-specific antibody responses. Notably, levels of WNVspecific IgM (Fig. 3A) and IgG (Fig. 3B) in wild-type and
TNF-R1⫺/⫺ mice were observed to be similar throughout the
time course. Correspondingly, no difference in neutralizing
activity was detected on day 4 or 8 after infection (P ⬎ 0.7)
(Fig. 3C). Thus, an absence of TNF-R1 did not affect the
magnitude or quality of early antibody responses after WNV
infection.
Normal CD8ⴙ-T-cell priming in TNF-R1ⴚ/ⴚ mice. Based on
the increased mortality, modest direct antiviral effects of
TNF-␣, and elevated viral burden in the CNS late in the time
course, we speculated that there might be a deficit in WNVspecific CD8⫹-T-cell responses in TNF-R1⫺/⫺ mice. Previous
studies had suggested that TNF signaling could modulate
CD8⫹-T-cell priming (8, 24) and that CD8⫹ T cells clear WNV
from infected neurons in the CNS (7, 46, 47, 49, 54). To
determine whether a deficiency in TNF signaling altered
WNV-specific CD8⫹-T-cell responses, we analyzed intracellular IFN-␥ production ex vivo at day 7 postinfection after antigen-specific restimulation with a Db-restricted immunodominant NS4B peptide (34) or a nonspecific agonist, phorbol ester
and ionomycin. Notably, no significant difference was observed
between the percentages or numbers of IFN-␥-positive splenic
CD8⫹ T cells from wild-type and TNF-R1⫺/⫺ mice after restimulation with NS4B peptides (P ⬎ 0.4) or phorbol myristate
acetate–ionomycin (P ⬎ 0.3) (Fig. 3D). Thus, a deficiency in
TNF–TNF-R1 interactions did not impair priming of WNVspecific CD8⫹ T cells in the spleen.
Effect of TNF-R1 on survival after IC WNV infection. Our
virologic data for primary neuron cultures suggested that
TNF-␣ may act indirectly to control WNV replication in the
CNS. To confirm this, we performed IC infections with wildtype and TNF-R1⫺/⫺ mice and virulent (WNV-NY) and attenuated (WNV-Mad) viral strains (Fig. 4): because of the
rapid kinetic of WNV replication, inoculation into the brain
allows a more direct evaluation of the effect of TNF-␣ in the
CNS without its potentially confounding effects on the peripheral adaptive immune response, which takes 5 to 7 days to
develop. IC infection with WNV-NY caused complete lethality
(100%) for both wild-type and TNF-R1⫺/⫺ mice, with no difference between average survival times (P ⬎ 0.1). Although
both wild-type (17%) and TNF-R1⫺/⫺ (33%) mice showed
incomplete mortality after IC infection with WNV-Mad, the
differences were not statistically significant (P ⬎ 0.3). As an
absence of TNF-R1 expression failed to promote more-severe
disease with virulent or attenuated WNV strains after direct
inoculation into the brain, TNF-␣ does not appear to have a
dominant direct antiviral effect in the CNS.
TNF-R1ⴚ/ⴚ mice show a defect in accumulation of inflammatory cells in the CNS. Although T-cell priming in the spleen
was normal in TNF-R1⫺/⫺ mice, because viral burden accumulated at a late stage in pathogenesis, we speculated there
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FIG. 2. Antiviral effect of TNF-␣ in primary cells. Macrophages
(A), dendritic cells (B), and cortical neurons (C) derived from
C57BL/6 mice were pretreated with the indicated doses of recombinant TNF-␣ one day prior to infection with WNV at a multiplicity of
infection of 0.1. Supernatants were harvested at 24 and 48 h postinfection (p.i.) for viral plaque assays with Vero cells. The data are
averages for three independent experiments performed in duplicate.
The error bars indicate standard errors of the means, and the asterisks
indicate statistically significant (P ⬍ 0.0001) differences in comparison
to values for the condition without treatment.
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might be a defect of leukocyte trafficking into the CNS. Inefficient migration of leukocytes into the CNS results in increased WNV burden in the brain and vulnerability to lethal
infection in CXCL10⫺/⫺, CXCR3⫺/⫺, CD40⫺/⫺, and
CCR5⫺/⫺ mice (20, 27, 51, 57). To address this, histopathological analysis was performed on brain sections at day 10 after
infection (Fig. 5). Hematoxylin and eosin staining of brain
sections from wild-type mice showed noticeable inflammation,
as evidenced by perivascular cuffing and the accumulation of
leukocytes within the meninges. In contrast, for TNF-R1⫺/⫺
mice, despite the higher viral burden (Fig. 1E), fewer leukocytes were apparent in the meninges or near blood vessels.

To better understand the basis for the decreased number of
mononuclear leukocytes in the CNS in the TNF-R1⫺/⫺ mice
after WNV infection, leukocytes were recovered from brains at
day 9 after extensive perfusion and analyzed by flow cytometry
(Fig. 6A). Although no difference between the percentages or
numbers of CD4⫹ T cells in the brain was identified (P ⬎ 0.2),
a ⬃50% reduction (P ⫽ 0.004) in CD8⫹ T cells was observed
in the brains of TNF-R1⫺/⫺ mice (Fig. 6B), despite the higher
viral burden. Additionally, the number of CD11bhi/CD45hi
macrophages detected in the brains of TNF-R1⫺/⫺ mice were
lower than that detected in wild-type mice (1.2 ⫻ 107 and 7.5 ⫻
106 cells in wild-type and TNF-R1⫺/⫺ mice, respectively; P ⬍
0.01). In contrast, no difference was observed between the
numbers of resting CD11blo/CD45lo (P ⬎ 0.2) or activated
CD11bhi/CD45lo (P ⬎ 0.4) microglia (Fig. 6B) in TNF-R1⫺/⫺
mice. Taken together, the histopathologic and flow cytometric analyses suggest that an absence of TNF–TNF-R1 interactions blunts leukocyte trafficking into and accumulation in
the brain, resulting in a failure to clear WNV infection in a
timely manner.
DISCUSSION

FIG. 4. Survival analysis after WNV infection by an IC route. Wildtype and TNF-R1⫺/⫺ mice were infected IC with 101 PFU of virulent
WNV-NY or attenuated WNV-Mad (Mad78 WNV) and monitored
for 28 days. The survival curves were constructed with data from two
independent experiments (10 to 12 mice per group). The survival
differences between wild-type and TNF-R1⫺/⫺ mice were not statistically significant (P ⬎ 0.3).

Antiviral cytokines, such as type I (IFN-␣/␤) or II (IFN-␥)
IFN, have essential roles in the immediate defense against
WNV, as they restrict infection in both peripheral nervous
system and CNS tissues. However, the role of TNF-␣, which
has both antiviral and immunomodulatory functions (22), in
WNV pathogenesis remains uncertain. Here, we showed that
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FIG. 3. WNV-specific antibody and T-cell responses in wild-type and TNF-R1⫺/⫺ mice. The development of WNV-specific IgM (A) or IgG
(B) antibodies was determined from serum at the indicated time points by enzyme-linked immunosorbent assay using purified WNV E protein.
The data are the averages of 5 mice per time point. (C) Neutralizing antibody titers. Neutralizing antibody titers were determined using a plaque
reduction neutralization titer assay on sera from days 4 and 8 after infection. The data are expressed as antibody titers that reduce the number
of plaques by 50% (1/50 PRNT titer) and are the averages for five mice per time point. (D) IFN-␥ production by WNV-primed CD8⫹ T cells from
wild-type and TNF-R1⫺/⫺ mice. Uninfected or WNV-infected splenocytes from wild-type or TNF-R1⫺/⫺ mice on day 7 were stimulated ex vivo
with an immunodominant Db-restricted NS4B peptide or phorbol ester (phorbol myristate acetate [PMA]) and ionomycin. Cells were costained
for CD8 and IFN-␥ and analyzed by flow cytometry. The percentage of CD8⫹ T cells that expressed IFN-␥ after restimulation was calculated. The
data are averages for five mice per group. No statistically significant differences were observed between the wild-type and TNF-R1⫺/⫺ mice in any
of the antibody or T-cell response assays (P ⬎ 0.1). ns, not significant.
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an absence of TNF-␣–TNF-R1 interactions in TNF-R1⫺/⫺ and
TNF-␣-depleted mice causes enhanced mortality compared to
that of congenic wild-type mice. In TNF-R1⫺/⫺ mice, the decreased survival rate correlated with an increase in viral burden
in the CNS at later stages of infection and was associated with
reduced accumulation of CD8⫹ T cells and macrophages in the
CNS despite normal priming of adaptive immune responses
after WNV infection. Moreover, pretreatment of primary neuron cultures with TNF-␣ did not reduce WNV titers, and
correspondingly, no difference in survival was observed between TNF-R1⫺/⫺ mice and wild-type mice after direct IC
infection. These results suggest that TNF-␣ likely enhances
clearance of WNV infection by facilitating migration or accumulation of protective leukocytes in the CNS.
TNF-␣ accumulates in serum and tissues after WNV infection (19, 20, 27, 50, 53). In one study, accumulation of TNF-␣
at day 3 in wild-type C57BL/6 mice was associated with enhanced blood-brain barrier permeability that resulted in early
entry of WNV into the CNS and increased mortality (53). In
contrast, here, we observed a distinct phenotype consisting of
antibody neutralization of TNF-␣ or a genetic deficiency of
TNF-R1 increasing susceptibility to WNV infection. Although
the reasons remain unclear, several experimental differences
could account for the disparity in results: these include differences in the route of infection (footpad versus intraperitoneal
infection), infectious dose (102 versus 104 PFU), or viral strain
(WNV-NY versus CT2471). Consistent with our findings, the
administration of neutralizing anti-TNF-␣ MAbs to a human
patient with rheumatoid arthritis was associated with a severe
case of WNV-induced encephalitis (9).
The survival phenotype in animals given a neutralizing

TNF-␣ antibody appeared to be slightly weaker than that of
WNV-infected TNF-R1⫺/⫺ mice. This could be due to incomplete antibody neutralization of TNF-␣ in specific tissue compartments (e.g., the CNS) or to an independent pathological
effect of TNF-R2 signaling in the absence of TNF-R1. Indeed,
experiments with mice suggest that TNF-R2 may have a counterregulatory function to inhibit inflammation and cytokine
responses (33). Future studies with TNF-R2⫺/⫺ mice may be
required to address this directly.
In other animal models of flavivirus infection that induce
vascular permeability, TNF-␣ appears to contribute to pathogenesis. During dengue virus (DENV) infection, TNF-␣ mediates damage to the endothelium and promotes virus-induced
vascular leakage and hemorrhage (10), and treatment with
anti-TNF-␣ antibodies improves the outcome for mice (2, 45).
Correspondingly, human DENV-infected patients with a single-nucleotide polymorphism of a TNF-␣ allele have elevated
TNF-␣ levels in serum and an increased risk of severe hemorrhagic fever and shock syndrome (18). Our examinations of the
role of TNF-␣ during infection with an encephalitic strain of
the flavivirus WNV are more consistent with results from studies with other nonflavivirus models of encephalitis. For example, neutralization of TNF-␣ significantly increased the rate
and severity of encephalitis due to herpes simplex virus in mice
(28), and pretreatment of mice with TNF-␣ prolonged survival
(36). Moreover, TNF-R1⫺/⫺ mice showed impaired clearance
of lymphocytic choriomeningitis virus (52).
By combining virological and immunological analyses for
TNF-R1⫺/⫺ mice, we have begun to define the primary mechanism by which TNF-␣–TNF-R1 interactions protect against
WNV infection. A deficiency in TNF–TNF-R1 signaling re-
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FIG. 5. Hematoxylin and eosin staining of brain sections after WNV infection. Wild-type and TNF-R1⫺/⫺ mice were infected subcutaneously
with WNV and brains were harvested at day 10, sectioned, and stained with hematoxylin and eosin. Representative sections from the cortex and
meninges are shown at low and high powers after thorough review of five independent wild-type or TNF-R1⫺/⫺ mouse brains. Arrows indicate
areas of leukocyte infiltration.
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sulted in increased CNS viral burden and lethality without a
noticeable impairment in adaptive immune system priming.
Indeed, the integrity of the early B- and T-cell responses in
TNF-R1⫺/⫺ mice correlated with efficient control of viremia
and rapid clearance of infection in the spleen, which occur at
stages in WNV disease pathogenesis that require efficient antibody and CD8⫹-T-cell priming (17, 47). These results contrast with other models in which TNF-␣ has a more dominant
role in priming CD8⫹-T-cell and CD8⫹-B-cell responses (8,
24, 28).
TNF-␣ could act locally as a direct antiviral cytokine, as it is
rapidly induced in peripheral nervous system and CNS tissues
after WNV infection (19, 20, 27, 50, 53). Indeed, one group has
shown that WNV replicates to higher levels in TNF⫺/⫺ murine
embryonic fibroblasts, although in that study, treatment of cells
with exogenous recombinant TNF-␣ did not reduce WNV in-
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