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Recent studies have established a protective role for T cells during primary West Nile virus (WNV)
infection. Binding of CD40 by CD40 ligand (CD40L) on activated CD4™ T cells provides an important
costimulatory signal for immunoglobulin class switching, antibody affinity maturation, and priming of
CD8™* T-cell responses. We examined here the function of CD40-dependent interactions in limiting
primary WNV infection. Compared to congenic wild-type mice, CD40~’~ mice uniformly succumbed to
WNYV infection. Although CD40~/~ mice produced low levels of WNV-specific immunoglobulin M (IgM)
and IgG, viral clearance from the spleen and serum was not altered, and CD8* T-cell priming in
peripheral lymphoid tissues was normal. Unexpectedly, CD8" T-cell trafficking to the central nervous
system (CNS) was markedly impaired in CD40~/~ mice, and this correlated with elevated WNYV titers in
the CNS and death. In the brains of CD40~'~ mice, T cells were retained in the perivascular space and
did not migrate into the parenchyma, the predominant site of WNV infection. In contrast, in wild-type
mice, T cells trafficked to the site of infection in neurons. Beside its role in maturation of antibody
responses, our experiments suggest a novel function of CD40-CD40L interactions: to facilitate T-cell

migration across the blood-brain barrier to control WNV infection.

West Nile virus (WNV) is a single-stranded, positive-sense,
enveloped RNA virus of the Flaviviridae family that is endemic
in North America, Africa, Israel, parts of Asia, and eastern
Europe (9, 20). Although WNYV infections in humans is usually
asymptomatic or self-limiting with a mild febrile illness, disease
may progress to encephalitis or death in the elderly and im-
munocompromised, suggesting an important role for immune
system control of WNV infection (43).

Studies in immunodeficient mice have shown increased tis-
sue viral loads and mortality after WNV infection (42, 56, 57,
60, 75). Interferons have an early antiviral role and control
initial WNV infection in peripheral tissues, thus limiting vire-
mia and dissemination to the central nervous system (CNS)
(56, 61, 62, 74). The induction of WNV-specific immunoglob-
ulin M (IgM) coincides with the clearance of WNV from the
bloodstream (12). CD8* T cells control WNV infection in
neurons as CD8-deficient or depleted mice develop elevated
virus titers and persistence in the CNS (60, 75). Recent studies
have established that CD4" T cells promote efficient WNV-
specific IgM and IgG production and sustain CD8" T-cell
responses in the CNS to allow viral clearance (63).

CD4™ T helper cells contribute to the clearance of acute
viral infections through several mechanisms, including activa-
tion and priming of B cells and CD8" T cells, production of
inflammatory and antiviral cytokines, and direct cytotoxic ef-
fects on infected cells. B and CD8" T cells require costimula-
tory signals from CD4™ T cells to elicit mature humoral and
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cellular responses. CD40, a member of the tumor necrosis
factor alpha gene family, is expressed on B cells, some antigen-
presenting cells, activated T cells, and endothelial cells and
provides key activation signals (7, 23, 38, 45, 52, 71). The ligand
for CD40, CD40L or CD154, is a transmembrane protein ex-
pressed on activated T cells, granulocytes, macrophages,
endothelial cells, vascular smooth muscle cells, and activated
platelets (6, 29, 72). Interaction of CD40 on B cells with
CD40L on CD4™ T cells triggers immunoglobulin class switch-
ing, somatic hypermutation and affinity maturation, and pro-
liferation (21, 29, 45). Moreover, CD40-CD40L interaction
between CD4" and CD8™ T cells may bypass antigen-present-
ing cell interactions to license memory CD8" T cells (7). Hu-
mans who are functionally deficient in CD40-CD40L interac-
tions have markedly elevated IgM levels and show increased
susceptibility to opportunistic bacterial and parasitic infections
(17, 27, 78). Studies in CD40 and CD40L deficient mice have
also demonstrated a role for CD40 in priming naive T cells and
cross-priming of cytotoxic T lymphocytes (CTLs) by dendritic
cells (4, 10, 22, 54, 58).

Experiments in mice have shown that CD40-dependent
interactions are essential during many viral infections. For
example, a lack of CD40-CD40L interactions altered B-cell
responses after infection with lymphocytic choriomeningitis
and vesicular stomatitis viruses (49) and led to the estab-
lishment of latency in B cells by gammaherpesvirus 68 (77).
The role of CD40 in priming antiviral CD8" T cells, how-
ever, remains controversial. Although no defect was ob-
served in primary CD8" T-cell responses after lymphocytic
choriomeningitis virus infection in mice lacking CD40 (49,
64, 76), impaired memory CD8" CTL responses were ob-
served (5, 6). In contrast, in studies with influenza A virus or
polyomavirus, CD40-CD40L interactions were required for
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generation of both optimal primary and memory CD8" T-
cell responses (32, 35).

The function of CD40-CD40L interactions during in vivo
infection with WNV and other encephalitic flaviviruses has not
been studied. In the present study, we used CD40~/~ mice to
dissect the mechanisms by which this costimulatory molecule
regulates WNV infection. As anticipated, CD40-CD40L inter-
actions were required for efficient antibody production by B
cells. Surprisingly, in the brains of CD40~'~ mice, T cells
were retained in the perivascular space and did not migrate
into parenchyma, thus preventing control of WNV infection
in the CNS.

MATERIALS AND METHODS

Cells and viruses. BHK-21 cells were cultured as previously described (11).
The WNYV strain 3000.0259 was isolated in New York in 2000 from mosquitoes
and amplified once in C6/36 Aedes albopictus cells (13). Virus was diluted to 10>
PFU in 50 pl in Hanks balanced salt solution containing 1% heat-inactivated
fetal bovine serum for injection into mice.

Mouse experiments. Wild-type mice (CD45.1 and CD45.2), and CD40~/~
(CD45.2) mice (29) that were backcrossed 10 generations onto the C57BL/6
(H-2K”DP) background were obtained from Jackson Laboratories (Bar Harbor,
ME). Mice were genotyped and bred in the animal facility of Washington Uni-
versity School of Medicine. Experiments were performed in accordance with
Washington University Animal Studies guidelines. Eight- to twelve-week-old
mice were inoculated subcutaneously with WNV by footpad injection after
sedation with xylazine and ketamine.

Quantification of viral burden. For analysis of viral burden in tissues of
infected mice, organs were recovered after cardiac perfusion with 20 ml of
phosphate-buffered saline (PBS) and dissection. Tissues were placed on ice,
weighed, and stored at —80°C. To determine virus titers, tissues were homoge-
nized by using a bead beater apparatus (BioSpec Products, Inc.) and titrated for
virus by plaque assay on BHK21 cells as described previously (11). Serum was
obtained from whole blood by phlebotomy of the axillary vein immediately prior
to euthanasia. Viral RNA was extracted from 50 ul of serum by using the
QIAamp viral RNA extraction kit (QIAGEN, Palo Alto, CA). Primers corre-
sponding to the 1,160- to 1,229-nucleotide sequence of the WNV E gene were
used to perform real-time reverse transcriptase PCR (RT-PCR) according to a
previously described protocol (11, 34).

Measurement of WNV-specific antibodies. The levels of WNV-specific IgM
and IgG were determined by using an enzyme-linked immunosorbent assay with
purified WNV E protein, as described previously (12). A plaque reduction
neutralization test was used to determine the neutralizing activity of serum from
infected mice (11). The results were plotted, and the neutralization titer for 50%
inhibition was calculated. For some experiments, IgM was inactivated after
treatment of serum with 0.05 M B-mercaptoethanol at 37°C for 1 h (11, 59).

Immunohistochemistry. Tissue staining was performed as described previously
(56, 60). Briefly, 9 days after WNV infection, moribund wild-type or CD40~/~
mice were perfused sequentially with iced PBS and PBS with 4% paraformalde-
hyde (PFA). Brains were harvested and either embedded in paraffin or cryopro-
tected in 30% sucrose for generation of frozen sections. After deparaffinization,
tissue sections were stained with hematoxylin and eosin or for WNV by using a
cocktail of monoclonal antibodies (MAbs; E18, E22, and E31 (46) against WNV
E protein and an antigen-enhancing staining kit (DakoCytomation). Frozen
sections were washed with PBS and permeabilized with 0.1% Triton X-100
(Sigma), and nonspecific antibody was blocked with 10% normal goat serum for
1 h at room temperature. Monoclonal or polyclonal primary antibodies specific
for CD3 (DakoCytomation), CD45.1 (Abcam, Inc.), and CD31 (BD Biosciences)
were applied at 1 wg/ml in PBS containing 10% goat serum and 0.1% Triton
X-100 overnight at 4°C. Primary antibodies were detected with secondary anti-
bodies to Alexa Fluor 488 and Alexa Fluor 555. Nuclei were counterstained with
ToPro3 (Molecular Probes, Inc.).

Intracellular IFN-vy staining. Intracellular gamma interferon (IFN-vy) staining
was performed on splenocytes obtained at day 7 after infection as previously
described (41, 63). Briefly, splenocytes were stimulated with 1 pg of an immu-
nodominant DP-restricted WNV NS4B peptide/ml or 50 ng of phorbol myristic
acid (Sigma)/ml and 1 pM ionomycin (Sigma) for 4 h at 37°C with the addition
of Golgi plug (1 pl/ml; BD Biosciences), washed, and stained with fluorescein
isothiocyanate (FITC)-conjugated MAbs to CD8, CD4, or a FITC-conjugated
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isotype control MAb (BD Biosciences) at 4°C for 30 min. After being washed and
fixed with 1% PFA in PBS, cells were permeabilized with saponin and stained
with an allophycocyanin (APC)-conjugated IFN-y antibody or an isotype control
(BD Biosciences) at 4°C for 30 min, washed, and analyzed by flow cytometry.

Quantification of brain leukocytes. Quantitation of CNS lymphocytes by flow
cytometry was performed as described previously (60). Whole brains were har-
vested from wild-type and CD40~/~ mice 9 days after WNV infection. Prior to
harvest, extensive cardiac perfusion was performed with PBS (20 ml) to deplete
intravascular leukocytes. Brains were homogenized through a 70-pm-pore-size
filter, and CNS leukocytes were isolated by Percoll gradient centrifugation. After
the total number of cells was counted, the leukocytes were incubated with
FITC-conjugated anti-CD3 antibody and APC-conjugated anti-CD4, anti-CD8,
or isotype control antibody or FITC-conjugated anti-CD45 antibody (BD Bio-
sciences) at 4°C for 30 min, washed, fixed with 1% PFA in PBS, and analyzed by
flow cytometry.

Measuring brain chemokine levels by real-time quantitative RT-PCR. Total
RNA was prepared from the brain cortex of WNV-infected wild-type and
CD40~/~ mice 9 days after infection by using the RNeasy kit (QIAGEN, Va-
lencia, CA) according to the manufacturer’s instructions. After extensive DNase
I treatment, total RNA was quantitated by spectrophotometry (Eppendorf AG),
followed by cDNA (50 pl) synthesis using the Superscript III first-strand synthe-
sis system (Invitrogen, Carlsbad, CA). All samples were reverse transcribed from
a single reverse transcription master mix to minimize differences in reverse
transcription efficiency. All oligonucleotide primers, reverse transcription and
PCR, and data analysis were as published previously (33).

Chemokine receptor staining. Spleens were isolated from wild-type or
CD40~/~ mice 7 days after WNV infection and single-cell suspensions were
obtained. After erythrocyte lysis, splenocytes were washed in medium containing
5% fetal bovine serum, counted, and incubated with phycoerythrin-conjugated
rat anti-mouse CCRS, a rabbit anti-mouse CXCR3 MAD, or a rabbit control
antibody (Zymed) at 4°C for 30 min. After two washes, splenocytes were incu-
bated with FITC-conjugated goat anti-rabbit antibody and APC-conjugated anti-
mouse CD8 or isotype control antibody (BD Pharmingen) at 4°C for 30 min.
After being washed and fixed with 1% PFA in PBS, the cells were analyzed by
flow cytometry.

Adoptive transfer of CD8™" T cells. Spleens were isolated from CD45.1" mice
7 days after WNV infection, and single-cell suspensions were obtained by dis-
ruption through a 40-pum-pore-size filter. After erythrocyte lysis, CD8* T cells
were purified (93 to 96%) by negative selection using magnetic beads (Miltenyi
Biotec) and resuspended in endotoxin-free sterile PBS. Four days after footpad
infection with 10? PFU of WNV, 5 X 10° CD45.1*CD8™ T cells were adoptively
transferred into CD45.2* CD40~/~ or wild-type mice via retro-orbital injection.
Five days later, the brains were harvested, and leukocytes were isolated and
characterized by flow cytometry for CD8 and CD45.1 expression.

Statistical analysis. All data were analyzed with Prism software (GraphPad
Software, San Diego, CA). For survival analysis, Kaplan-Meier survival curves
were analyzed by the log-rank test. For virus burden and antibody experiments,
statistical significance was determined by using the Mann-Whitney test.

RESULTS

CD40~'~ mice are more susceptible to WNV infection. Li-
gation of CD40-CD40L is required for optimal T-dependent
humoral responses (29) and possibly for maturation of antigen-
specific CD8" T-cell responses (4, 22). To assess the role of
CDA40 in controlling WNV infection, we analyzed survival in
wild-type C57BL/6 mice and congenic CD40~/~ mice. Mice in
all groups exhibited clinical signs of infection, including weight
loss, hunching, fur ruffling, and decreased activity. However,
CD40~/~ mice were significantly more vulnerable and dis-
played higher mortality rates compared to wild-type mice (Fig.
1A). Whereas only 30% of wild-type mice succumbed to sub-
cutaneous infection with 10> PFU of WNV, 100% of CD40 "/~
mice (P < 0.0001) died. Thus, an absence of CD40 function
increased lethality after WNV infection.

WNV burden in CD40~'~ mice. To understand how an ab-
sence of CD40-CD40L interaction enhanced the susceptibility
of mice to WNV infection, the levels of WNV RNA and in-
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FIG. 1. Survival data and WNV infection in wild-type and CD40~/~ mice. (A) Wild-type (n = 45) and CD40~/~ (n = 25) C57BL/6 mice were
infected with 10> PFU WNYV via a subcutaneous route in several independent experiments. A significant difference in survival between the two
groups of mice was observed (P < 0.0001). (B to E) WNV burden in wild-type and CD40 ™'~ mice at days 2, 4, 6, 8, and 10 after infection. (B) Serum
WNYV RNA levels were determined by quantitative RT-PCR and expressed as genomic equivalents of WNV per ml of serum. (C to E) WNV was
measured from the spleen (C), brain (D), and spinal cord (E) by viral plaque assay. Samples were obtained from 4 to 10 mice per time point per
group. The dotted line represents the limit of sensitivity of the assay. Asterisks indicate time points at which differences are statistically significant

compared to wild-type mice.

fectious virus were measured by fluorogenic RT-PCR or viral
plaque assay. Wild-type and CD40 "/~ mice were infected with
10?> PFU of WNV, and the viral burden was assessed in the
serum, spleen, brain, and spinal cord at days 2, 4, 6, 8, and 10
after infection (Fig. 1B to E).

(i) Viremia. Throughout the time course of infection, vire-
mia was below the limit of detection by direct plaque assay in
all samples in both wild-type and CD40 '~ mice (data not
shown). However, using a more sensitive quantitative RT-PCR
assay (11), we detected WNV RNA in the serum of both
wild-type and CD40/~ mice. Notably, the kinetics and mag-
nitude of viremia were virtually identical between wild-type
and CD40-deficient mice, with viral RNA detected at days 2
(10*2 and 10> PFU/ml, respectively [P > 0.5]) and 4 (10*2
and 10> PFU/ml, respectively [P > 0.1]) after infection. In

both wild-type and CD40 ™'~ mice, viremia fell below the level
of detection after day 6 (Fig. 1B).

(i) Spleen. In the spleens from both wild-type and CD40 '~
mice, similar kinetics of WNV accumulation were observed by
plaque assay at days 4 (10** PFU/g versus 10°* PFU/g, respec-
tively [P > 0.1]) and 6 (10*° PFU/g versus 10*7 PFU/g [P >
0.1]) after infection. By day 8, infectious WNV was completely
cleared from the spleen in both groups of mice (Fig. 1C).

(iii) CNS. WNV levels in the brain and spinal cord were
markedly increased in CD40 /" mice (Fig. 1D and E). Al-
though wild-type and CD40 /" mice had similar levels of
WNV in the brain on day 6 postinfection, increased viral bur-
den in CD40~’~ mice was observed on day 8 (10°* PFU/g
versus 10*? PFU/g [P < 0.05]). By day 10, CD40~'~ mice
averaged almost 3-log-higher virus titers (10°* PFU/g versus
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FIG. 2. WNV antigen staining in the brain. The brains of infected
(left) CD40~'~ and (right) wild-type mice were harvested 10 days after
infection with WNV, sectioned, and stained with anti-WNV MADs.
Arrows indicate examples of infected cells. Typical sections from the
cerebellum, cortex, hippocampus, and medulla at X40 magnification
are shown after staining samples from at least five mice per group.

10*° PFU/g [P < 0.0001]) than wild-type mice, corresponding
to an increased rate of death. A similar pattern was observed
in the spinal cord, with a marked increase in WNV levels in
CD40~'~ mice compared to wild-type mice at day 10 postin-
fection (~10° PFU/g versus 10> PFU/g [P < 0.01]). Overall,
our data suggest that a deficiency of CD40 did not alter the
kinetics of WNV dissemination to the CNS but rather was
essential for the control of CNS infection.

Enhanced WNV antigen staining in the CNSs of CD40~/~
mice. To understand the cellular basis for increased infection
and mortality in CD40/~ mice, we examined brain tissues
from CD40 /" and wild-type mice for WNV antigen staining
and histopathological changes after infection. Brains were har-
vested from equivalently moribund CD40~/~ and wild-type
mice on day 10. In wild-type mice, scattered neurons in the
cerebellum, cortex, hippocampus, and medulla stained positive
for WNV antigen. In contrast, CD40~/~ mice displayed en-
hanced WNV antigen staining, particularly in the cortex and
hippocampus (Fig. 2). Neuronal damage and destruction, as
evidenced by dysmorphic and/or degenerating cells, was in-
creased among various neuronal subpopulations within the
CNSs of CD40~/~ mice, including Purkinje and granule cell
neurons of the cerebellum and in hippocampal and brain stem
neurons. These data are consistent with the increased level of
WNV infection in the CNSs of CD40 '~ mice.
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FIG. 3. WNV-specific antibody responses. Serum samples from
wild-type or CD40~/~ mice were collected at the indicated time points.
The development of WNV-specific IgM (A) or IgG (B) was deter-
mined after incubating serum with purified WNV E protein. (C) Neu-
tralizing activity of serum samples from wild-type or CD40~/~ mice at
the indicated days was determined by a plaque reduction neutraliza-
tion titer assay. Asterisks indicate significant differences between wild-
type and CD40~/~ mice (P < 0.05). Experiments represent 4 to 10
mice per time point, and individual experiments were performed in
duplicate.

Reduced WNV-specific antibody responses in CD40~/~
mice. Although our studies demonstrated that CD40~/~ mice
had increased viral burdens in the CNS, the mechanism of
control remained unclear. Because CD40 costimulates B-cell
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FIG. 4. T-cell activation and leukocyte trafficking after WNV infection. (A and B) Wild-type or CD40~/~ mice were mock treated or infected
with WNV. Seven days later, splenocytes were harvested and assayed for activation. The graphs show the percentage of CD4* IFN-y* and CD8™
IFN-y* cells after ex vivo restimulation of mock- or WNV-infected splenocytes with phorbol ester and ionomycin (A) or a D -restricted WNV
NS4B peptide (B). The data are an average of at least two independent experiments and reflect 7 to 10 mice per group. Asterisks indicate significant
differences (P = 0.05) from mock-treated mice. (C and D) On day 9 after WNV infection of wild-type or CD40~/~ mice, brain leukocytes were
recovered by Percoll gradient purification and phenotyped with FITC-conjugated anti-CD3 antibody and APC-conjugated anti-CD8 antibody
(C) or FITC-conjugated anti-CD45 antibody (D). The data are an average of the total number of CD3" CD4", CD3" CD8", or CD45™ cells and
represent three independent experiments with a total of nine mice. Asterisks indicate significant differences (P = 0.05) between wild-type and

CD40™/~ mice.

activation and antibody maturation (23, 25, 29), we evaluated
how an absence of CD40-CD40L interactions affected the ki-
netics and magnitude of the WNV-specific IgM and IgG re-
sponse.

(i) IgM. Consistent with previous studies (11) in wild-type
mice, WNV-specific IgM was detected by day 4 after infection
(Fig. 3A), and WNV-specific IgG was detected by day 6 after
infection (Fig. 3B). Equivalent levels of anti-WNV IgM were
observed in wild-type and CD40 '~ mice at day 4 after infec-
tion (geometric mean titer [GMT] 1/23, CD40~'~; GMT 1/24,
wild type; P > 0.5). However, in CD40~/~ mice, IgM titers
were decreased significantly at day 6 (GMT 1/91, CD40~'~;
GMT 1/359, wild type; P < 0.05), day 8 (GMT 1/186, CD40 "~
GMT 1/445, wild type; P < 0.01), and day 10 (GMT 1/62,
CD40/~; GMT 1/278, wild type; P < 0.005).

(i) IgG. WNV-specific IgG was first detected 6 days after
infection in wild-type mice rising to an average titer of 1/2,500
by day 10 (Fig. 3B). In general, CD40 '~ mice exhibited a
blunted anti-WNV IgG response. Virus-specific IgG was not
detected in CD40-deficient mice until day 8§ (GMT 1/100,
CD40~/~; GMT 1/700, wild type; P < 0.01) and the levels were
significantly lower (GMT 1/500, CD40~'~; GMT 1/2,800, wild
type; P < 0.005) than that produced in wild-type mice. Because
CD40-CDA40L interactions are also required for class-switching
(28, 71), we assessed the isotype specificity of the WNV-spe-

cific IgG response in CD40 '~ mice. Although lower levels of
WNV-specific IgG1, [gG2a, IgG2c, and IgG3 were observed,
the pattern was not remarkably different compared to wild-
type mice (data not shown).

(iii) Neutralizing activity. To determine how CD40 affected
the functional anti-WNV antibody response, we examined neu-
tralizing antibody activity in serum. Low but equivalent levels
of neutralizing activity were observed on or before day 6 in
wild-type and CD40 ™/~ mice (P = 0.2). However, as expected,
at day 10, the increased magnitude of the WNV-specific anti-
body response led to higher (~10-fold, P < 0.05) neutralizing
activity in serum from wild-type mice (Fig. 3C). To further
define the antibody isotype responsible for WNV neutraliza-
tion, we incubated day 10 serum from CD40~/~ and wild-type
mice with B-mercaptoethanol to specifically deplete IgM (59).
As observed previously (12), this treatment markedly de-
creased the neutralizing activity of WNV by both wild-type and
CD40~/~ serum, suggesting that IgM was responsible for much
of the WNV neutralizing activity in serum at this time point
(data not shown). Collectively, and consistent with its known
functions in maturation of antibody responses (29), these ex-
periments demonstrate that a deficiency in CD40 reduced the
production of WNV-specific IgM and IgG.

T cell responses in CD40~'~ mice. Previous studies have
established that CD8™" T cells control and clear WNV from the
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CNS, whereas CD4" T cells sustain CD8" T-cell responses
(60, 63, 75). Because we observed uncontrolled replication of
WNV in the CNS of CD40~/~ mice, we speculated there might
be a deficit in WNV-specific T-cell responses in CD40~/~
mice. Studies following immunization of mice with ovalbumin,
keyhole limpet hemocyanin and human adenovirus type 5 early
region 1-expressing mouse embryo cells found that specific
T-cell priming was inhibited in the absence of CD40 (4, 22, 58).
Initially, we evaluated intracellular IFN-y expression in spleno-
cytes from mock- and WNV-infected wild-type and CD40~/~
mice at day 7 after infection after ex vivo restimulation with the
nonspecific agonists PMA and ionomycin (Fig. 4A). We ob-
served a similar 2.5-fold increase in the levels of TFN-y*
splenic CD8" T cells in both wild-type and CD40/~ mice
(P < 0.01 compared to uninfected mice, P > 0.2 for wild-type
compared to CD40~'~ mice), suggesting a CD40-independent
mechanism for CD8" T-cell activation. Similar results were
obtained when splenocytes were restimulated ex vivo in an
antigen-specific manner with a D°-restricted WNV NS4B im-
munodominant peptide (Fig. 4B). These results showing nor-
mal antigen-specific CD8" T-cell priming in the absence of
CDA40 are consistent with our virologic results, which demon-
strated relatively equivalent clearance kinetics from the spleen:
previous studies established a requirement of CD8™ T cells for
clearance from this organ (60, 61).

Although no defect in the priming of CD8" T cells was
observed in CD40~/~ mice, based on prior studies (60), we
suspected that the rise in CNS viral burden in CD40~'~ mice
was still due to some defect in CD8" T-cell function or migra-
tion. Initially, when we measured the number of WNV-specific
CD8™ T cells in the blood at day 7, no difference was observed
between wild-type and CD40 /" mice (data not shown). To
examine whether a deficiency of CD40 affected T-cell traffick-
ing into the CNS, we measured the levels of leukocytes in the
brains of CD40~/~ and wild-type mice at day 9 after WNV
infection. Using Percoll gradient centrifugation and flow
cytometry, we determined the numbers and percentages of
CD3" CD4*, CD3" CD8", and CD45" cells in the brain.
Despite higher viral burdens, significantly decreased numbers of
infiltrating leukocytes were detected in the brains of CD40™/~
mice (Fig. 4C and D). We observed reductions in the number of
infiltrating CD3* CD4" T cells (wild type, [6.1 * 2] X 10%
CD40~'~, [23 = 1.9] X 10% P < 0.005), CD3" CD8" T cells
(wild type, [1.9 = 0.8] X 10% CD40 ', [0.8 = 0.7] X 10°%; P <
0.01), and CD45™ leukocytes (wild type, [5.6 = 2.1] X 10°; CD40,
[2.3 * 1.8] X 10% P < 0.005) in the absence of CD40. These
results suggested that CD40-CD40L interactions facilitate T-
cell trafficking to the CNS and control of WNV infection.

Chemokine levels in the brain and chemokine receptor ex-
pression. Previous studies demonstrated an essential role for
CCRS5-CCL5 and CXCR3-CXCL10 chemokine-chemokine re-
ceptor interactions in regulating the migration of leukocytes,
including CD8™ T cells to the CNS after WNV infection (19,
33). To assess whether a deficiency of CD40 altered the ex-
pression of CNS chemokines after WNV infection, we per-
formed quantitative RT-PCR to determine the levels of CCL2,
CCLS5, CXCL9, and CXCL10. Although these chemokines
have documented roles in CNS leukocyte trafficking during
viral infections (16, 33, 51), their levels were not decreased in
CD40~/~ mice (Fig. 5A). Indeed, trends toward higher che-
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FIG. 5. Chemokine and chemokine receptor levels. (A) Quantita-
tive RT-PCR analysis of chemokine mRNA levels in the brains of
wild-type and CD40~/~ mice were measured 9 days after infection with
10* PFU of WNV. Total RNA was analyzed for the expression of
CCL2, CCLS, CXCLY, and CXCL10. The data are expressed as copies
of chemokine mRNA per copy of glyceraldehyde-3-phosphate dehy-
drogenase (control) and were obtained from nine mice per group.
(B) Chemokine receptor levels on splenic CD8" T cells. Wild-type or
CD40~’~ mice were infected with WNV. On day 7, splenocytes were
harvested and stained with antibodies against CCR2, CXCR3, and
CCRS. Cells were analyzed by flow cytometry. The data are the aver-
age of three independent experiments, and none of the differences
were statistically significant.

mokine levels in the CNS of CD40 /" mice were observed,
especially for CXCL10, which likely reflects the elevated viral
burden, as seen previously (34). No difference in CCR2,
CCRS, and CXCR3 chemokine receptor expression was ob-
served on CD8" T cells in the spleen (Fig. 5B). Thus, the
defect in T-cell trafficking to the CNS observed in CD40~/~
mice was not apparently due to altered expression of chemo-
kine or chemokine receptors.

Inflammatory cells localize to blood vessels in the absence of
CDA40. Studies in experimental autoimmune encephalomyelitis
have suggested that CD40 is required for CNS inflammation
(3, 73, 80). In some of these investigations, the expression of
CD40 on endothelial cells increased the adherence of activated
CD4™" T cells to the cerebral endothelium, enhancing leuko-
cyte migration (52, 53, 73). We observed a decrease in the
overall CNS trafficking of leukocytes in WNV-infected
CD40~/~ mice. To assess the effect of CD40 expression on
trafficking of T cells across the CNS endothelium after WNV
infection, histopathological analysis was performed. At day 10
after the infection in wild-type mice, inflammatory cells were
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FIG. 6. Lymphocyte trafficking patterns in the brain parenchyma after WNV infection. The brains of wild-type and CD40~'~ mice were
harvested 9 days after infection with WNV, sectioned, and costained for CD31 (green) and CD3 (red); cell nuclei were stained with ToPro3 (blue)
(A and B) or stained with hematoxylin and eosin (C and D). Yellow arrows indicate examples of leukocytes associated with meninges or blood
vessels, and white arrows indicate CD3™" T cells that have migrated into the parenchyma. Representative images are shown after staining four mice
per group in three independent experiments. The insets show a higher-power image and denote the increased density of cells associated with the
meninges in CD40~/~ mice. (E) Quantitation of colocalization of CD3" cells with CD31" cells. Ten different fields were counted at X400
magnification to determine the percentage of CD3™" cells associated with CD31" endothelium or in the parenchyma. The data are presented as
the percentage of CD31-associated or parenchyma-associated cells in a X400 field and are derived from experiments from three different mice per

group.

scattered throughout the brain parenchyma. In contrast, in
CD40~/~ mice the inflammatory cells localized primarily near
blood vessels or the meninges (Fig. 6C and D and data not
shown). To further define this phenotype, brain sections were
costained with antibodies to CD3 and CD31 (PECAM), an
endothelial cell marker. In agreement with our histopathology
findings, in CD40~'~ mice CD3™ T cells associated at a greater
frequency with CD31-expressing cells, whereas in wild-type
mice the majority of CD3™ T cells migrated into the brain
parenchyma (Fig. 6A and B). When this difference was quan-
tified, we observed that ~80% of CD3™" cells localized near
CD317 cells in CD40~/~ mice, while in wild-type mice, only
~30% of CD3" cells were associated with brain CD31" cells
(P < 0.01) (Fig. 6E). Overall, this analysis suggested that
CD40-CDA40L interactions were required for efficient T cells

egress from the perivascular space into the brain parenchyma
during the course of WNV infection.

Adoptive transfer of CD45.1" CD8* T cells into CD45.2*
CD40~'~ and wild-type mice. To determine whether CD40
expression in the brain affected the migration of T cells, we
adoptively transferred WNV-primed CD45.1™" wild-type CD8™"
T cells into CD45.2" wild-type and CD40~/~ mice 4 days after
WNV infection. Five days later, the brains were collected, and
leukocytes were isolated by Percoll gradient purification,
stained for CD8 and CD45.1, and analyzed by flow cytometry
(Fig. 7A). Wild-type recipient mice had ~3-fold-higher num-
bers of CD45.1% CD8" T cells in the brain compared to
CD40 /"~ mice (1.2 X 10* versus 4.3 X 10? cells; P < 0.05) (Fig.
7B). Immunohistochemistry shows that CD45.1 WNV-primed
CD8™ T cells migrated into the brain parenchyma of recipient
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FIG. 7. Adoptive transfer of CD45.1" CD8" T cells into CD45.2"
wild-type and CD40~/~ mice. WNV-primed CD45.1" CD8* T cells from
wild-type mice were adoptively transferred into CD45.2* wild-type or
CD40/~ mice 4 days after WNV infection. Leukocytes were isolated
from brains 9 days after infection (5 days after transfer), stained with
antibodies to CD45.1 and CDS, and analyzed by flow cytometry. (A) Rep-
resentative flow cytometry profiles showing CD45.1" CD8™" T cells in the
brain after adoptive transfer into CD40 '~ (left) and wild-type (right)
mice. (B) Total number of CD45.1" CD8* T cells that migrated into the
brains of CD40~/~ and wild-type mice. The difference in the levels of
CD45.1 CD8™ T cells in the brains of wild-type and CD40~/~ mice was
statistically significant (P < 0.05). (C) The brains of recipient CD40 /" (a
and c) and wild-type (b and d) C45.2 mice were harvested 9 days after
WNV infection and 5 days after adoptive transfer of WNV-primed
CD45.1"CD8" T cells from wild-type mice (a and c). Brains were sec-
tioned, and costained with anti-CD31 (green) (a, b, and d), anti-CD45.1
(red) (a, b, and d), or isotype control antibodies (c). Cell nuclei were
stained with ToPro3 (blue). Panel d is from a WNV-infected wild-type
(C45.2 control mouse that did not receive CD45.1 cells. Representative
images are shown after staining brains from several mice.
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wild-type mice but were retained in the perivascular space of
recipient CD40~/~ mice (Fig. 7C). Thus, CD40 expression
within the brain was crucial for CD8" T-cell trafficking after
WNYV infection. Accordingly, although a majority of recipient
CD40~'~ mice were moribund on day 9, recipient wild-type
mice appeared to be completely healthy (data not shown).

DISCUSSION

In this study, we show that CD40-CD40L interactions are
necessary to control acute WNV infection. Using genetically
deficient mice, we demonstrate that CD40 is required for sur-
vival after WNV infection, efficient production of virus-specific
antibody, trafficking of CD8" T cells into the brain paren-
chyma, and control of WNV in the CNS. Although these ex-
periments agree with previous studies showing that CD40 con-
tributes to controlling viral infections (2, 5, 6), unlike most
models, which primarily observed a role in coordinating mem-
ory B and T-cell responses, we show an absolute requirement
for CD40-CDA40L interactions during primary WNYV infection
and a novel T-cell trafficking phenotype in the CNS.

B cells and antibodies are essential for the control of WNV
infection and survival of infected mice (11, 15, 46). WNV-
specific IgM and IgG titers were significantly blunted in
CD40~/~ mice, results that agree with studies that demon-
strate a role for CD40 in promoting effective primary antibody
responses to viral infection (24, 49, 76). However, the IgM or
neutralizing responses prior to day 6 were unaffected, suggest-
ing that CD40-independent pathways contribute to the devel-
opment of specific antibody soon after WNV infection. Con-
sistent with this, viremia, which is limited by the earliest IgM
response against WNV (11, 12), was equivalently controlled in
wild-type and CD40 '~ mice. These results are consistent with
studies that suggested a role for IgM produced in a T-cell-
independent manner in the neutralization of WNV (63) or the
closely related flavivirus, Japanese encephalitis virus (50).

Although CD40-CDA40L interactions are required for opti-
mal maturation of antibody responses, we still observed an
increase in WNV-specific IgG antibodies after infection in
CD40~/~ mice, albeit to a lesser degree than wild type. At day
10 after infection, antibodies to WNV of all IgG subclasses
were present. Infections with other viruses have also produced
isotype-switched antibodies (18, 36, 39, 66) and suggest that
class-switching can occur independent of CD40-CD40L-medi-
ated T-cell help. Nonetheless, WNV-specific [gM production
was reduced by day 6 in CD40™/~ mice, a result that agrees
with previous observations that demonstrated a requirement
for CD4™ T cells in sustaining the production of WNV-specific
IgM (42, 63).

The role of CD40-CD40L interactions in regulating antiviral
CD8™" T-cell responses remains controversial. Although some
studies suggest an indirect effect of CD40 interactions on
CD8™" T-cell activation through activation of antigen-present-
ing cells, others observed no effect of CD40 deficiency on
primary CD8" T-cell activation (4, 6, 22, 37, 49). In contrast,
CD40-dependent responses were uniformly required for estab-
lishing memory CD8™ T cells after viral infection (2, 5, 6, 65).
In our studies, after ex vivo antigen-specific restimulation, we
observed equivalent IFN-y production by CD8" T cells from
WNV-infected wild-type and CD40~/~ mice. Thus, for WNV
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infection, CD40-CD40L interactions are not essential for ini-
tial priming of CD8™ T cells.

CD40 ™/~ mice had significantly reduced leukocyte accumu-
lation in the brain. Several independent and interdependent
mechanisms promote leukocyte recruitment into the CNS, in-
cluding the production of inflammatory cytokines and chemo-
kines and the upregulation and activation of adhesion mole-
cules (14, 47, 70, 79). Although chemokine interactions direct
inflammatory responses to the CNS after WNV infection (19,
33), CD40-CD40L interactions had little effect on chemokine
receptor expression on activated leukocytes. Unexpectedly, we
observed that an absence of CD40 attenuated T-cell migration
from the perivascular space into the brain parenchyma. This
occurred even though increased levels of CXCL10 were mea-
sured in the brain tissues of CD40~/~ mice. Thus, enhanced
production of CXCL10 in the CNS, by itself, was not sufficient
to facilitate T-cell recruitment across the blood-brain bar-
rier. These results agree with recent studies that found no
significant increase in T-cell infiltration in transgenic mice
in which CXCL10 was constitutively expressed by astro-
cytes (8).

Our results agree with prior studies that suggest an impor-
tant effect of CD40 on leukocyte migration across endothelial
cells and into tumors (55, 69). The defect in T-cell migration to
the CNS in CD40/~ mice is also consistent with studies on
CD4™" T-cell trafficking during experimental autoimmune en-
cephalomyelitis (1, 3, 26, 31, 68) and suggest a critical role for
CD40-CDA40L interactions in the regulation of lymphocyte
movement into the CNS. The adoptive transfer experiments
showed that CD40 expression in CNS tissues facilitates CD8™"
T cells migration into the brain parenchyma. Because CD40 is
expressed on microglia and some endothelial cells in the CNS
(30, 48, 67), lymphocytes expressing CD40L may interact with
CD40 to upregulate or activate adhesion molecules that allow
migration across the blood-brain barrier. CD40-CD40L inter-
actions also could induce changes in CNS endothelial cells.
Indeed, CXCL12 distribution on blood-brain barrier endothe-
lial cells modulates leukocyte migration across the perivascular
space (40), and CD40 engagement can modulate CXCL12
expression (44). Finally, CD40 interactions could also have
independent effects on T-cell expansion in the CNS since
CD40 engagement on microglial cells enhances antigen pre-
sentation (53) and CD40-CD40L interactions between CD4"
and CD8™ T cells may be required to license memory CD8* T
cells (7). In support of this, mice deficient in CD4™ T cells
failed to sustain WNV-specific CD8" T-cell responses in the
CNS (63).

Studies with immunodeficient mice continue to define
mechanisms of pathogenesis and protection against WNV
infection. CD40-CD40L interactions are required for effi-
cient production of antibody and trafficking of effector
CD8™" T cells into the CNS. In theory, targeted pharmaco-
logical blockade of CD40-CD40L interactions could dimin-
ish CNS inflammation and injury after viral infections. Al-
though this may not be beneficial for a highly virulent and
cytolytic virus such as WNV, it could be useful for CNS
pathogens that cause disease primarily through immuno-
pathological mechanisms.
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