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ABSTRACT West Nile virus (WNV) is a mosquito-transmitted flavivirus that can cause
debilitating encephalitis. To delineate the mechanisms behind this pathology, we
studied Ccr7-deficient mice, which afforded us the capacity to study infection in
mice with disrupted peripheral cellular trafficking events. The loss of Ccr7 resulted in
an immediate pan-leukocytosis that remained elevated throughout the infection.
This leukocytosis resulted in a significant enhancement of leukocyte accumulation
within the central nervous system (CNS). Despite an excess of virus-specific T cells in
the CNS, Ccr7-deficient mice had significantly higher CNS viral loads and mortality
rates than wild-type animals. Mechanistically, the elevated trafficking of infected my-
eloid cells into the brain in Ccr7-deficient mice resulted in increased levels of WNV
in the CNS, thereby effectively contributing to neuroinflammation and lowering viral
clearance. Combined, our experiments suggest that during WNV infection, Ccr7 is a
gatekeeper for nonspecific viral transference to the brain.

IMPORTANCE In this study, we show that Ccr7 is required for the sufficient migra-
tion of dendritic cells and T cells into the draining lymph node immediately follow-
ing infection and for the restriction of leukocyte migration into the brain. Further,
the severe loss of dendritic cells in the draining lymph node had no impact on viral
replication in this organ, suggesting that WNV may migrate from the skin into the
lymph node through another mechanism. Most importantly, we found that the loss
of Ccr7 results in a significant leukocytosis, leading to hypercellularity within the
CNS, where monocytes/macrophages contribute to CNS viremia, neuroinflammation,
and increased mortality. Together, our data point to Ccr7 as a critical host defense
restriction factor limiting neuroinflammation during acute viral infection.

KEYWORDS arbovirus, cell trafficking, chemokine receptors, chemokines, host-
pathogen interactions, leukocytes, neuroimmunology, viral pathogenesis

West Nile virus (WNV) is a mosquito-transmitted flavivirus that was introduced into
the United States in 1999 (1). Since then, the virus has spread rapidly across the

continent and has become the leading cause of arthropod-borne virus-induced en-
cephalitis in the United States. WNV is a significant public health concern due to the
unpredictable nature of annual disease outbreaks and the lack of specific therapeutics
and vaccines for human use (2). In humans, WNV is transmitted through the bite of an
infected mosquito. The outcome of infection ranges from asymptomatic to severe
neuroinvasive disease, including meningitis, encephalitis, and/or acute flaccid paralysis
(3–5). Through 2016, WNV has caused 21,035 cases of neurological disease, with
approximately 9% mortality (Centers for Disease Control and Prevention [www.cdc
.gov]).
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Following peripheral inoculation in mice, initial WNV replication is thought to occur
in skin Langerhans cells that then traffic to the draining lymph node, where further
replication occurs (6–8). Viremia ensues, followed by infection of secondary lymphoid
and visceral organs (9). In some cases, the virus enters the central nervous system (CNS),
where neurons are the primary target (10). The infiltration of effector antiviral T cells is
critical for successful viral control in the CNS, which requires proper initiation and
activation events in the periphery (11–14). The importance of dendritic cell-T cell
interactions immediately following infection in the periphery and the impact of this
interaction on the development of the antiviral response to WNV infection are currently
unknown.

Chemokine receptor Ccr7 is expressed by numerous cell types, including dendritic
cells (DC), T cells, and neutrophils (15, 16). During homeostasis, Ccr7 regulates the
homing of T cells into lymphoid organs, such as the lymph nodes. Furthermore, DCs
upregulate Ccr7 following activation, which allows their efficient entry into terminal
lymphatics expressing its cognate ligand Ccl21. These processes promote efficient DC-T
cell interactions to enable priming of T cells, leading to their differentiation into effector
T cells (16, 17). Ccr7 is also expressed on CNS-resident cells, including microglia and
astrocytes, although the role of these cell types during peripheral infection with a
neurotropic virus has been understudied (18, 19). In the manuscript, we evaluate the
impact of Ccr7 in regulating WNV pathogenesis in a mouse model of infection.

RESULTS
Ccr7 is required for survival as well as DC and T cell trafficking to lymph nodes

following WNV infection. To evaluate the importance of Ccr7 in the host response to
WNV, wild-type (WT) and Ccr7�/� mice were infected with WNV through footpad
injection. We observed a significant increase in mortality in the Ccr7-deficient mice
compared to that in WT mice during WNV infection (P � 0.0004) (Fig. 1A). Thus, Ccr7
is a critical host response protein required for survival following WNV infection in vivo.
Given the role of Ccr7 in the migration of dendritic cells from the skin into the draining
lymph node following activation (6, 20), we next evaluated the impact of this receptor
on this migration event and its subsequent effect on T cell activation. Under homeo-

FIG 1 Ccr7 is required for survival and directs DCs and T cells to the draining lymph node during WNV infection. (A) Kaplan-Meier survival analysis of
WNV-infected WT (n � 69) and Ccr7�/� (n � 36) mice. Data shown are pooled from three independent experiments. (B to F) Following forward scatter/side
scatter and UV-negative gating for live cells, total cell numbers of mDCs (MHC-IIhi CD11c�), CD8� T cells (CD3� CD8�), CD4� T cells (CD3� CD4�), activated
CD8� T cells (CD3� CD8� CD44�), and activated CD4� T cells (CD3� CD4� CD44�) were assessed by flow cytometry from the popliteal lymph node (LN) from
WT and Ccr7�/� mice. (G) Virus load was quantified in the popliteal LN by quantitative RT-PCR. All data are shown as means � standard deviations for n �
3 to 8 mice per genotype and time point from two independent experiments. *, P � 0.05; **, P � 0.01. p.i., postinfection; LN, lymph node.

Bardina et al. Journal of Virology

May 2017 Volume 91 Issue 10 e02409-16 jvi.asm.org 2

http://jvi.asm.org


static conditions, Ccr7-deficient mice showed a drastic decrease in the number of
myeloid dendritic cells (mDCs) positive for CD11c and expressing high levels of major
histocompatibility complex class II (CD11c� MHC-IIhi) in comparison to the numbers in
WT mice, as expected (WT mice, n � 333; Ccr7�/� mice, n � 24 [mean cell number])
(Fig. 1B). At the peak of mDC infiltration into the lymph node, where an �72-fold
increase was observed compared to the level under uninfected conditions, only an
�4-fold increase in mDC accumulation was observed in the Ccr7-deficient mice. Given
that T cells utilize Ccr7 to home to the draining lymph nodes during homeostasis and
inflammation (16, 17), the total number of CD8� and CD4� T cells within the popliteal
lymph node following infection was counted and found to be decreased at day 0 (mean
number of CD8� T cells in WT mice, n � 18,362, and in Ccr7�/� mice, n � 3,575; mean
number of CD4� T cells in WT mice, n � 17,670 and in Ccr7�/� mice n � 8,804) and
days 1 and 3 postinfection in Ccr7-deficient mice (Fig. 1C and D). This defect was
transient since CD8� or CD4� T cell numbers eventually reached levels comparable to
those of WT mice by day 5. Since the interaction of DCs and T cells is critical for effective
T cell activation following infection, we also evaluated the kinetics of T cell activation
by monitoring CD44 expression (Fig. 1E and F). For both CD8� and CD4� T cells, there
was an increase in the total number of CD44� activated T cells following infection in
the draining lymph node, with a transient delay observed in Ccr7�/� mice that
essentially disappeared by day 3. Thus, our data show that Ccr7 is required for efficient
mDC and T cell migration into the lymph node during early infection, and the absence
of Ccr7 transiently delays T cell activation.

For mosquito-transmitted flaviviruses such as WNV, it is believed that dendritic cells
infected within the skin carry the virus from the site of infection into the draining lymph
node (6, 20). Given that the accumulation of mDCs into the draining lymph node is
greatly impaired in the absence of Ccr7, we evaluated the subsequent impact on viral
replication in the draining lymph node by quantifying viral genome equivalents
following infection. As shown in Fig. 1G, virus was detected in both WT and Ccr7�/�

mice to similar degrees on days 1, 3, and 5 postinfection. No virus was detected in the
blood after day 5. Surprisingly, viral measurements taken in the draining lymph node
did not differ in the presence or absence of Ccr7, despite the significant loss of mDCs,
suggesting that the virus may traffic to the draining lymph node through another
mechanism.

Leukocytes and proinflammatory cytokines are elevated in the blood of WNV-
infected Ccr7�/� mice. Given the defect in mDC and T cell migration in the draining
lymph node in the absence of Ccr7, we evaluated whether the peripheral response to
WNV would also be altered. To test this, we assessed the total number of leukocyte
subsets in circulation following WNV infection. Unexpectedly, we observed significantly
elevated numbers of circulating CD8� T cells, CD4� T cells, monocytes, and neutrophils
during infection (Fig. 2A to D). This was not observed for all cell types as NK and B cells
remained unaltered (Fig. 2E and F). Analysis of CD8� and CD4� T cell activation via
CD44 expression revealed an excess number of activated T cells in the blood of WT
mice in comparison to that in Ccr7-deficient mice during infection (Fig. 2G and H).
Examination of cytokine/chemokine levels in the plasma revealed increased levels of
chemokines Ccl2 and Ccl7 involved in monocytosis and neutrophilia (21, 22), as well as
of T cell chemoattractants Ccl4 and Cxcl9 (Fig. 2I to L), a profile consistent with an
enhanced proinflammatory state. Concomitantly, a significant decrease in the anti-
inflammatory cytokine interleukin-10 (IL-10) was also found (Fig. 2M). Despite these
differences, we found no difference in the abilities of these mice to clear virus in the
periphery, with viral measurements in the peripheral blood nearly identical at all time
points tested (Fig. 2N). Together these data suggest that Ccr7 may provide a retention
signal for myeloid and T cells in the draining lymph node, the loss of which causes a
dysregulation of leukocytes in the periphery.

Loss of Ccr7 does not impact leukocyte accumulation or T cell priming in the
spleen during WNV infection. We next evaluated whether Ccr7 contributes to leuko-
cyte accumulation in other peripheral organs, such as the spleen. Evaluation of the
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number of CD8� T cells, CD4� T cells, inflammatory monocytes, neutrophils, activated
CD8� T cells, activated CD4� T cells, and viral loads in the spleen of WT and Ccr7-
deficient mice following WNV infection revealed no changes (see Fig. S1A to G in the
supplemental material). Given the delay in early DC-T cell accumulation in the lymph
node and the excessive numbers of T cells in circulation, we next evaluated whether the
development of T cell subsets, Th17 cells and regulatory T (Treg) cells, known to be
important during WNV infection was altered (23–28). Peripheral IL-17 production from
CD4� T cells and the numbers of CD4� FoxP3� Treg cells from splenocytes of WT and
Ccr7�/� mice at day 8 were measured, but no change in the percentage of either cell
type was observed (Fig. S1H and K). Further evaluation of WNV-specific effector activity
of CD8� T cells through ex vivo production of gamma interferon (IFN-�) and tumor
necrosis factor alpha (TNF-�) following stimulation with the immunodominant T cell

FIG 2 Leukocytes and proinflammatory cytokines are elevated in the blood of WNV-infected Ccr7�/� mice. (A to H) Following forward scatter/side scatter and
UV-negative gating for live cells, total cell numbers of CD8� T cells (CD3� CD8�), CD4� T cells (CD3� CD4�), monocytes (Ly6Chi CD11b�), neutrophils (Ly6Cint

CD11b� Ly6G�), NK cells (NK1.1� CD3�), B cells (CD19�), activated CD8� T cells (CD3� CD8� CD44�), and activated CD4� T cells (CD3� CD4� CD44�) were
assessed by flow cytometry on days 0, 1, 3, and 5 postinfection from the blood of WT and Ccr7�/� mice. (I to M) Protein levels of cytokines and chemokines
Ccl2, Ccl7, Ccl4, Cxcl9, and IL-10 in the blood of WT and Ccr7�/� mice at day 0 and at 4 and 8 days postinfection were measured by multiplex ELISA. (N) Virus
load was quantified in the blood plasma by quantitative RT-PCR. All data are shown as means � standard deviations for n � 4 mice per genotype and time
point from three independent experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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epitope NS4B WNV-specific peptide (14, 29) showed no differences in percentages and
numbers of cells between WT and Ccr7�/� mice (Fig. S1I, J, and L). Taking these
observations together, it appears that although the absence of Ccr7 results in dysregu-
lation of circulating T cell numbers, there appears to be no defect in T cell activation or
functionality during WNV infection.

Leukocyte infiltration into the CNS is enhanced in WNV-infected Ccr7�/� mice.
We next evaluated whether the hypercellularity observed in the blood of Ccr7�/� mice
would impact the migration of leukocytes into the CNS. By day 8, the total numbers of
CD8� and CD4� T cells in the brain were significantly elevated in WNV-infected Ccr7�/�

mice in comparison to levels in WT mice, and this was even more pronounced by day
12, while the percentages of these cell populations remained unchanged (Fig. 3A to C).
This observation held true for inflammatory monocytes and neutrophils at day 12 (Fig.
3E to G). There was no difference in NK cell numbers during all time points tested (data
not shown). To evaluate this in greater detail, we conducted immunohistochemistry on
WT and Ccr7�/� mouse brain tissue on day 12 by staining for MAC2 (myeloid marker),
myeloperoxidase (neutrophil marker), and CD3 (T cell marker) (Fig. 3D). Within the
perivascular, parenchymal, and meningeal regions of the CNS, enhanced staining for
monocytes, neutrophils, and T cells (indicated by black arrows) was observed in
Ccr7�/� mice (Fig. 3D shows representative images). This trend is concurrent with the
enhanced total number of these cell types found in the CNS of Ccr7�/� mice by flow
cytometry. Regardless, the WT and Ccr7-deficient T cells were activated to the same
extent, as demonstrated by their expression of the CD44 activation marker (Fig. 3H and
I), and their ability to produce IFN-� remained unchanged between strains (data not
shown). Of note, the production of Ccr7 ligands, Ccl19 and Ccl21, was not altered in the
brain in either strain (Fig. 3J and K). As lack of recruitment of mDCs to the CNS leads
to higher numbers of infiltrating T cells and inefficient viral control (30), mDC numbers
in the CNS were calculated at day 8 postinfection, and we found no change in the
numbers of mDCs in the CNS between WT and Ccr7-deficient mice (Fig. 3L). Further-
more, Treg cell numbers in the CNS were evaluated as decreased Treg cell numbers in
the brains of mice at day 8 postinfection were associated with enhanced viral titers in
the brain and mortality (28), and we found no change in Treg cell numbers in the CNS
between WT and Ccr7-deficient mice (Fig. 3M). Thus, it appears that the hypercellularity
induced by the loss of Ccr7 may impact inflammation within the CNS by promoting
leukocyte infiltration.

Ccr7-deficient mice have a defect in CNS viral clearance. We next evaluated
whether the increased infiltration of antiviral T cells into the CNS impacted viral
clearance in the brain. To do this, we measured viral loads within the CNS of WT and
Ccr7-deficient mice on days 8 and 12 by a focus forming unit (FFU) assay. As shown in
Fig. 4A, similar levels of virus were observed in WT and Ccr7�/� mice on day 8.
However, by day 12, viral loads decreased in WT mice, while viral levels in Ccr7�/� mice
remained elevated (P � 0.004). Immunofluorescence analysis confirmed elevated viral
loads in Ccr7�/� mice throughout the CNS, particularly in the cerebellum and hip-
pocampus (Fig. 4B). Together, these data show that Ccr7 is needed for survival of WNV
infection and proper viral control in the CNS.

Ccr7 deficiency leads to increased neuroinflammation in WNV-infected mice. As
the total numbers of CD8� T cells are elevated in the CNS, we assessed whether this
increase would contribute to the hyperinflammatory state in the CNS. To test this, we
measured the total protein levels of IFN-� and TNF-� on days 8 and 12 in the CNS. As
shown in Fig. 5A and B, IFN-� levels were significantly elevated on day 10, and TNF-�
levels were elevated on days 8 and 10. Given that CD4� T cell, monocyte, and
neutrophil numbers are also elevated within the CNS, we evaluated cytokines within
the CNS associated with these cell types. A reproducible and significant decrease in
IL-1� was observed on day 8 in the absence of Ccr7 compared to the level in WT mice
(Fig. S2A). This was followed by a significant increase in numerous proinflammatory
cytokines (IL-12 and IL-22) and cytokine/chemokines (Ccl3 to Ccl5, Ccl2, and Ccl7) on
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day 10 (Fig. S2B to H). Together, these data suggest that Ccr7 dampens immunopa-
thology by regulating the production of important proinflammatory mediators.

Given the excessive number of leukocytes infiltrating the CNS and the elevated
cytokine production in the absence of Ccr7, we next evaluated the activation/prolifer-
ation of astrocytes and microglia, resident immune cells within the CNS that express
Ccr7 and are potent producers of cytokines (18, 19). We observed an increase in
astrocyte activation of the Ccr7�/� mice on day 12, which was observed through
increased glial fibrillary acidic protein (GFAP) staining (Fig. 5E). We further confirmed
this quantitatively through mRNA expression of GFAP on days 8 and 12 (Fig. 5C), which
showed �6- and �2-fold increases in the Ccr7�/� mice versus WT levels, respectively.

FIG 3 Leukocyte infiltration into the CNS is enhanced in WNV-infected Ccr7�/� mice. (A) Dot plots of CD8� T cells (lower right box) and CD4� T cells (upper
left box), after forward scatter/side scatter and UV-negative CD3� gating, are shown at day 12 postinfection based on flow cytometry analysis from the CNS
of WT and Ccr7�/� mice. (B, C, and F to I) Following forward scatter/side scatter and UV-negative gating for live cells, total cell numbers of CD8� T cells (CD3�

CD8�), CD4� T cells (CD3� CD4�), inflammatory monocytes (CD45hi Ly6Chi CD11b�), neutrophils (CD45hi Ly6Cint CD11b� Ly6G�; Ly6Cint indicates an
intermediate expression level of Ly6C), activated CD8� T cells (CD3� CD8� CD44�), and activated CD4� T cells (CD3� CD4� CD44�) were assessed by flow
cytometry from the CNS on days 0, 8, and 12 postinfection of WT and Ccr7�/� mice. (D) Paraffin-embedded brain sections from WT and Ccr7�/� mice on day
12 postinfection were stained for MAC2, myeloperoxidase (MPO), and CD3, and positive cells (shown in brown; indicated by black arrows) are shown within
the parenchyma and meninges of WNV-infected mice. Representative images are shown at a magnification of �20, with zoomed-in insets. (E) Dot plots of
inflammatory monocytes (top box) and neutrophils (bottom box), after forward scatter/side scatter and UV-negative CD45hi gating, are shown at day 12
postinfection based on flow cytometry analysis from the CNS of WT and Ccr7�/� mice. (J and K) Protein levels of CCL19 and CCL21 from the CNS on days 0,
8, and 12 of WT and Ccr7�/� mice were measured by an ELISA. (L and M) Following forward scatter/side scatter and UV-negative gating for live cells, total cell
numbers of mDCs (MHC-IIhi CD11c�) and Treg cells (CD3� CD4� FoxP3� CD25�) were assessed by flow cytometry from the CNS on day 8 postinfection in WT
and Ccr7�/� mice. Data are shown as means � standard deviations for n � 3 to 9 mice per genotype and time point from two independent experiments. *,
P � 0.05; ***, P � 0.001.

Bardina et al. Journal of Virology

May 2017 Volume 91 Issue 10 e02409-16 jvi.asm.org 6

http://jvi.asm.org


We also observed a significant increase in microglial activation (yellow) in Ccr7�/� mice,
which we visualized through positive costaining for Iba1 (red) and MAC2 (green) by
immunofluorescence analysis (Fig. 5F). Because this staining is not specific for microglia,
we also evaluated the expression of Cx3cr1, the only resident CNS cell type that
expresses this receptor, at the mRNA level in the CNS on days 8 and 12, which was
enhanced �2-fold in WNV-infected Ccr7�/� mice and suggests that microglia prolifer-
ation was also increased (Fig. 5D). Together, these results suggest that the overall
inflammatory response within the CNS is enhanced in the absence of Ccr7.

Ccr7 limits the infiltration of WNV-infected myeloid cells into the CNS. The
infiltration of leukocytes into the CNS and the effector capability of T cells to produce
IFN-� have been shown to be important for viral clearance in WNV-infected mice (13,
31, 32). Interestingly, despite the increased T cell accumulation and production of IFN-�
observed in the CNS of Ccr7�/� mice, WNV clearance within the CNS was impaired. It

FIG 5 Loss of Ccr7 leads to increased neuroinflammation. (A and B) Protein levels of IFN-� and TNF-� in the CNS of WT and Ccr7�/� mice at days 0, 8, and 10
postinfection were measured by multiplex ELISA. (C and D) Levels of GFAP and Cx3cr1 mRNAs from the CNS of WT and Ccr7�/� mice were measured by
quantitative RT-PCR. (E) Paraffin-embedded brain sections from WT and Ccr7�/� mice on day 12 postinfection were stained for GFAP, and positive cells (shown
in brown, indicated by black arrows) are shown within the parenchyma of WNV-infected mice. (F) Paraffin-embedded brain sections from WT and Ccr7�/� mice
on day 12 postinfection were stained for Iba1 (red), MAC2 (green), and nuclear 4=,6=-diamidino-2-phenylindole (DAPI; blue), and positive cells are shown within
the parenchyma of WNV-infected mice. Activated microglia (yellow) costain positive for both Iba1 and MAC2. Representative images are shown at a
magnification of �20, with zoomed-in insets. Data are shown as means � standard deviations for n � 3 to 9 mice per genotype and time point from two
independent experiments. *, P � 0.05.

FIG 4 Viral titers are elevated in the CNS of mice deficient for Ccr7. (A) Viral titers were quantified in the
brain by FFU assay in WT and Ccr7�/� mice. The dotted line indicates the assay’s limit of detection. (B)
Paraffin-embedded brain sections from WT and Ccr7�/� mice on day 12 postinfection were stained for
WNV (red) and nuclear 4=,6=-diamidino-2-phenylindole (DAPI; blue). Representative images are shown at
a magnification of �10, with zoomed-in insets. Data are shown as means � standard deviations for n �
3 to 9 mice per genotype and time point from two independent experiments. **, P � 0.01.
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has been proposed that viral entry into the CNS is in part mediated by a Trojan horse
mechanism whereby immune cells harbor WNV and traffic the virus into the CNS. As
myeloid cells have been implicated in supporting viral replication (33, 34) and serving
as a Trojan horse for delivering virus into the CNS (35), we hypothesized that the
increased myeloid cells observed in the CNS may be harboring WNV, leading to the
observed increased viral load on day 12. To test this hypothesis, we performed
immunofluorescence assays to evaluate WNV infection within myeloid cells within the
CNS. As shown in Fig. 6A, we observed a striking enhancement of WNV-infected
myeloid cells (yellow) in the CNS of Ccr7�/� mice in comparison to levels in WT mice,
with the majority of viral antigen (red) colocalizing with MAC2 staining (green).
Quantification revealed an �6-fold greater number of positive WNV (red) and MAC2
(green) costained cells in the Ccr7-deficient mice than in WT mice. While colocalization
of the two antigens is high in the Ccr7-deficient mice, it is not complete as the levels
of WNV and MAC2 single staining were similar between WT and Ccr7-deficient mice
(Fig. 6B). Staining of these tissues using secondary antibody alone showed no nonspe-
cific binding. Together, our data suggest that although the loss of Ccr7 results in
increased antiviral T cell infiltration into the CNS, viral clearance is still impaired due to
the increased number of WNV-infected myeloid cells.

DISCUSSION

One of the most important roles of Ccr7 is the homing of various subpopulations of
T cells and DCs to the lymph nodes. In this study, we sought to understand how the loss
of this interaction impacted the pathogenesis of WNV. We demonstrate that Ccr7 is
essential for controlling viral replication within the CNS and survival following WNV
infection. Our data based on the use of Ccr7-deficient mice revealed several funda-
mental findings regarding viral pathogenesis. First, Ccr7 guides mDCs and T cells into
the draining lymph node following WNV infection; however, the loss of this interaction
has essentially no impact on T cell activation or the development of WNV antigen-
specific T cells. Our findings are similar to those of a study in a murine Listeria
monocytogenes infection model, where efficient priming of CD8� T cells was found to
be Ccr7 independent (36). In contrast in gamma herpesvirus 68 –infected mice, a

FIG 6 Ccr7 restricts the number of WNV-infected myeloid cells in the CNS. (A) Paraffin-embedded brain sections from WT and Ccr7�/�

mice on day 12 postinfection were stained for WNV (red), MAC2 (green), and nuclear 4=,6=-diamidino-2-phenylindole (DAPI; blue).
WNV-infected myeloid cells costained positive for both WNV and MAC2 and appear in yellow. Control conditions, under which only
secondary antibodies were used, are shown. Representative images are shown at a magnification of �10, with zoomed-in panels. (B)
Quantification of single- and double-positive WNV and MAC2 cells from n � 3 images per mouse strain in matching brain areas. Data
are shown as means � standard deviations. ****, P � 0.0001.
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temporally efficient activation of T cells and viral clearance were Ccr7 dependent (37).
Thus, the role of Ccr7 in T cell activation appears to be context and model dependent.
Our data align with the notion that Ccr7 does not impact the generation of effector T
cells, despite the enormous defect in DC-T cell migration into the lymph node during
WNV infection.

A second major finding of our study is that despite the drastic loss of dendritic cell
accumulation in the draining lymph node, viral titers at this early site of infection were
unaffected, suggesting that the virus is likely entering the draining lymph node
through a DC-independent mechanism. This finding was unexpected considering
several reports suggesting that virus may reach the draining lymph node through skin
dendritic cells (6, 20, 38). In WT mice, Langerhans cells migrate to draining lymph nodes
during WNV infection (6, 20). In this study, we did not specifically evaluate Langerhans
cells, but Langerhans cells would have been captured within the mDC (MHC-IIhi

CD11c�) population that was measured in the current study (Fig. 1B), which shows that
MHC-IIhi CD11c� cells are nearly ablated throughout the course of infection in Ccr7-
deficient mice. Therefore, Langerhans cells would also be nearly absent from the
draining lymph node during infection as well. Indeed, Langerhans cells require Ccr7 to
migrate into lymph nodes (39), and during homeostasis and inflammatory conditions,
Langerhans cells are absent in the draining lymph node in Ccr7-deficient mice (17,
40–42). Therefore, the current evidence indicates that Langerhans cells would be an
unlikely source of viral trafficking to the draining lymph nodes in our study. Regardless,
our studies demonstrate that viral entry and replication in lymph nodes immediately
following infection occur with equal efficiency even when the vast majority of the DCs
are absent. Our data suggest that WNV likely enters into the draining lymph nodes
through an alternative route, possibly hematogenously.

A third interesting finding from our study is that in the absence of Ccr7,
leukocytes were no longer retained in the lymph nodes, resulting in an immediate
leukocytosis that was sustained through much of the infection. Subsequently, this
leukocytosis, along with elevated chemokine production in the CNS, may have
promoted the excessive migration of these leukocytes into the CNS. This suggests
that the bioavailability of leukocytes in the blood may be a major contributing
factor that determines the number of leukocytes capable of reaching the CNS. This
has previously been shown to be the case for inflammatory monocytes, where the
number of monocytes migrating into the CNS was controlled primarily by how
many had been mobilized into the blood (43, 44). The enhanced pan-leukocyte
infiltration into the CNS during WNV infection was reminiscent of the phenotype
observed in the absence of IL-1� signaling, where WNV-infected Il-1r�/� mice also
presented with a significant increase in leukocyte infiltration and overproduction of
inflammatory cytokines in the CNS (45). Taken together, our results show that Ccr7
is responsible for leukocyte retention in the lymph nodes, which restricts leukocy-
tosis and limits leukocyte entry into the CNS. As chemokines involved in recruiting
leukocytes are elevated in the blood of Ccr7-deficient mice, this may also be
contributing to the pan-leukocytosis event observed. In addition to a possible
defect in the retention of T cells in the lymph nodes, a defect in the retention of
monocytes and neutrophils from the bone marrow cannot be excluded. Another
plausible scenario is that viral infection may be enhanced in the periphery of
Ccr7-deficient mice in organs not tested here. However, this does not appear to be
the case during the early stages of infection of the blood, lymph nodes, and spleen
as viral titers are similar between WT and Ccr7-deficient mice.

Equally open to further investigation is the possibility that Ccr7 restricts the activa-
tion and proliferation of microglia and astrocytes within the brain itself. At the steady
state, microglia perform continuous surveillance of the CNS for danger signals and
provide trophic support to neurons (46). When activated, microglia proliferate, form
nodules to surround areas of damage, and secrete cytokines/chemokines to recruit
immune cells (47–53). Despite different triggering events, microglia activation is a
major characteristic of neurodegenerative conditions, including Alzheimer’s disease,
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Parkinson’s diseases, traumatic brain injury, and multiple sclerosis (54–57). Similarly,
when activated, astrocytes proliferate and are potent producers of cytokines/chemo-
kines (51). Our data show that there is an increase in microglia and astrocytes in the
absence of Ccr7, as well as an excess of cytokines/chemokines and leukocyte infiltrates.
Thus, while an effective immune response is necessary for viral clearance in the CNS, an
excessive response can induce tissue injury as the CNS is an immune-privileged organ
(58). CD8� T cell recruitment to the CNS is required for effective viral clearance during
WNV infection; however, virus-specific versus bystander CD8� T cell accumulation in
the CNS can differentially activate glial cells, leading to neuronal death (14, 59).
Furthermore, excessive IFN-� levels in the brain are associated with neuroinflammation
in models of pathogenic infections and autoimmunity (60–66). Thus, a hyperreactive
immune response in the CNS is most likely contributing to the excessive cell death
observed in Ccr7-deficient mice.

Last, Ccr7 may contribute to effective viral clearance through the restriction of
monocyte/macrophage cell entry into the CNS as we have demonstrated that mice
lacking Ccr7 have elevated numbers of myeloid cells in the CNS that also costain for
WNV. These myeloid cells may be monocytes/macrophages carrying WNV into the CNS
or supporting viral replication once in the CNS. WNV infection of mDCs occurs in both
humans and mice (7, 67–72). Indeed the excess infiltration/rate of replication of
WNV-infected myeloid cells and subsequent cytokine storm could be outcompeting the
rate of viral clearance by immune cells. Virologic control could also be impaired
through the excess effector functions of the infiltrating immune cells as there is an
excess in the number of infiltrating immune cells and in cytokine production in
Ccr7-deficient mice. It cannot be excluded that microglia are also supporting viral
replication as MAC2 is a pan-myeloid cell maker. However, it has been shown that
neurons are the primary CNS-resident cell type that supports WNV replication in the
CNS (10). It has been shown that monocytes/macrophages do support viral replication
and perhaps act via a Trojan horse mechanism to bring virus into the CNS during WNV
infection (33–35), an observation which supports our data. The role of monocytes/
macrophages has been shown to be protective during WNV infection: when these cells
are depleted via clodronate-loaded liposomes or when they are largely absent from the
CNS through the use of Ccr2�/� mice, encephalitis is greatly enhanced in mice (44, 73,
74). However, our studies demonstrate that efforts to promote monocytes/macro-
phages into the CNS may be detrimental as these may increase the shuttling of
virus-infected cells. Thus, immunomodulatory strategies aimed at promoting monocyte
migration in the CNS should consider this possibility. Future studies aimed at targeted
deletion of Ccr7 in a cellular specific or tissue-specific manner will also provide much
needed insight into the pleiotropic function behind the unusual biology of this
receptor. Together, our data demonstrate that Ccr7 is critical for regulating neuroin-
flammation and provide novel insight into the role of Ccr7 in coordinating the immune
response during WNV infection in vivo.

MATERIALS AND METHODS
WNV infection model. Mouse studies were carried out in an animal biosafety level 3 facility under

a protocol approved by the Icahn School of Medicine at Mount Sinai Animal Care and Use Committee.
C57BL/6J mice were purchased from The Jackson Laboratory; congenic Ccr7�/� mice were backcrossed
on the C57BL/6J background for 10 generations by Sergio Lira (75). In all experiments, Ccr7-deficient
mice were compared with their corresponding wild-type (WT) littermates. Female mice 8 to 12 weeks old
were footpad injected with 104 focus forming units (FFU) of WNV-NY99 (provided by Alexander Pletnev)
in 20 �l of phosphate-buffered saline (PBS) or with PBS alone (mock infection).

Viral titers. Titers of WNV were determined on Vero cell monolayers as previously described (43).
Briefly, 150 �l of virus-containing material was adsorbed for 1 h at 37°C in 24-well plates, and cells were
overlaid with 1 ml of Opti-MEM (Invitrogen) supplemented with 0.8% methyl cellulose, 2% fetal bovine
serum (FBS), and 50 �g/ml gentamicin sulfate. Cells were incubated for 2 days at 37°C, fixed with 100%
methanol, and incubated for 1 h at 37°C with 500 �l of a 1:5,000 dilution of WNV E24 antibodies (BEI
Resources). Anti-mouse horseradish peroxidase-labeled polymer (1:10 �l) (DakoCytomation) was added.
WNV foci were visualized by the addition of 1 ml of diaminobenzidine chromogen.

RNA extraction and quantitative RT-PCR. RNA was extracted from brain, lymph nodes, and blood
using TRIzol (Invitrogen); for viral RNA, Qiagen’s Viral RNA minikit (Qiagen) was used. RNA (150 ng) was
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converted to cDNA using a Superscript III Supermix kit (Invitrogen) with random hexamers. Real-time PCR
(RT-PCR) was performed using TaqMan PCR Master mix (Applied Biosciences) and the following primers
(Applied Biosystems Inc.): NS5 forward, 5=-ACCACGGCAGTTATGATGTGAAG-3=; NS5 reverse, 5=-CACTCC
ATTGACCAGCGAACT-3=; 6-carboxyfluorescein (FAM)-labeled probe, 5=-CCCACAGGCTCCGCC-3=; Cx3cr1
forward, 5=-AGGTCCCTGTCATGCTTCTG-3=; Cx3cr1 reverse, 5=-TCTGGACCCATTCCTTCTTG-3=; GFAP for-
ward, 5=-CGTGTGGATTTGGAGAGAAAG-3=; GFAP reverse, 5=-GTGAGGTCTGCAAACTTAGACC-3=; glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) forward, 5=-AACTTTGGCATTGTGGAAGG-3=; and GAPDH
reverse, 5=-ACACATTGGGGGTAGGAACA-3=. All reactions were run using a Roche LightCycler 480 Real
Time PCR System. Calculated copies were normalized against the number of copies of the housekeeping
gene GAPDH, and fold increase was determined using the ΔΔCT (where CT is threshold cycle) method. For
viral RNA, copy number was calculated by fitting observed CT values to the slope of a standardized curve
generated using a WNV NS5-containing plasmid.

Cell isolation. Brains were collected aseptically in 7 ml of fluorescence-activated cell sorting (FACS)
buffer (PBS–2% FBS) and homogenized using a Dounce homogenizer. After the addition of 3 ml of 100%
isotonic Percoll (GE Healthcare), the homogenate was underlaid with 1 ml of 70% isotonic Percoll. After
centrifugation at 2,470 rpm for 30 min at 4°C, cells at the interphase were isolated and washed in FACS
buffer. A total of 200 �l of anticoagulated blood was incubated with PharmLyse buffer (BD Biosciences)
to remove erythrocytes. Lymph nodes and spleens were mechanically homogenized in digestion buffer
(1.67 Wünsch units/ml Liberase TL [thermolysin low] Research Grade enzyme and 0.2 mg/ml DNase I
[both, Roche Diagnostics] in RPMI 1640 medium) for 5 min (lymph nodes) or 20 min (spleens) at 37°C to
generate a single-cell suspension.

Flow cytometry. Following isolation of organs into single-cell suspensions, cells were stained with
antibodies and Live/Dead Fixable Blue Dead Cell Stain (Invitrogen). The following antibodies were used:
fluorescein isothiocyanate (FITC)-conjugated Ly6C (clone AL-21; BD Biosciences), CD3 (clone 17A2; BD
Biosciences), and CD8 (clone 53.6.7; eBiosciences); phycoerythrin (PE)-conjugated CD45 (clone 30-F11;
eBiosciences); peridinin chlorophyll protein (PerCP)-Cy5.5-conjugated Ly6G (clone 1A8; BD Biosciences)
and CD3 (clone 17A2; BD Biosciences); allophycocyanin (APC)-Cy7-conjugated CD11b (clone M1/70; BD
Biosciences), CD4 (clone RM4-5; eBiosciences) CD44 (clone IM7; eBiosciences), and CD11c (clone N18;
eBiosciences); PE-Cy7-conjugated MHC-II (clone M5/114.15.2; eBiosciences). Data were collected on an
LSR II instrument (Becton-Dickinson), and analysis was performed using FlowJo software, version 8.5.3
(TreeStar). Cell numbers were quantified using counting beads (Spherotech, Inc.).

Protein quantification. Cytokine and chemokine protein concentrations were determined using a
multiplex enzyme-linked immunosorbent assay (ELISA). Antibodies and cytokine standards were pur-
chased from R&D Systems or Peprotech, and individual Luminex bead regions were coupled to capture
antibodies for each cytokine or chemokine measured, as previously described (76). The plates were read
on a Luminex Magpix platform. The median fluorescence intensity for each region was determined using
the Milliplex software and a five-parameter regression algorithm. Cytokine levels were measured using
ELISA kits according to the manufacturer’s instructions. A mouse CCL19 ELISA kit (DY440) and mouse
CCL21 (DY4570) DuoSet ELISA were purchased from R&D Systems.

Intracellular cytokine staining. A total of 106 splenocytes were stimulated with 0.2 �g/ml immu-
nodominant Db-restricted WNV-specific NS4B peptide (SSVWNATTAI) (BEI Resources) for 6 h at 37°C, with
the addition of brefeldin A (1 �g/ml; BD Biosciences). Cells for IFN-�/TNF-�, IL-17A, and regulatory T
(Treg) cell staining were then incubated with Fc block (1:200; BD Biosciences), surface antibodies, and
Live/Dead Fixable Blue Dead Cell Stain (Invitrogen) for 30 min at 4°C. Cells were fixed and permeabilized
with 200 �l of Cytofix/Cytoperm (BD Biosciences) prior to staining with intracellular antibodies for 30 min
at 4°C. The following antibodies were used: PE-conjugated IFN-� (clone XMG1.2; BD Biosciences) and
FoxP3 (clone FJK-16S; eBiosciences); PerCP-Cy5.5-conjugated IL-17A (clone 17B7; eBiosciences) and CD3
(clone 17A2; eBiosciences); PE-Cy5.5-conjugated TNF-� (clone MP6-XT22; BD Biosciences); FITC-
conjugated CD8 (clone 53.6.7; eBiosciences) and CD3 (clone 17A2; eBiosciences); APC-Cy7-conjugated
CD4 (clone RM4-5; eBiosciences); APC-conjugated CD25 (clone PC61.5; eBiosciences).

Tissue sectioning and staining. Tissues were fixed with 4% paraformaldehyde. Immunohisto-
chemistry was performed with serial 6-�m paraffin-embedded sections. After rehydration, antigen
retrieval was performed using 10 mM citrate buffer at pH 6, as previously described (43). For
monocyte/macrophage staining, slides were blocked for 1 h at room temperature and stained with
rat anti-mouse MAC2 antibody (1:200; BioLegend) in Dako background reducing diluent. Slides were
incubated with 2.5 �g/ml biotinylated anti-rat IgG antibody (Southern Biotech) and incubated for 30
min with Vectastain Elite ABC-peroxidase reagent (Vector Laboratories). Staining for CD3 (1:100;
Vector Laboratories), myeloperoxidase (1:500; Dako), and GFAP (1:500; Dako) was performed in
conjunction with a rabbit EnVision�/HRP kit (Dako), according to the manufacturer’s instructions. All
immunohistochemistry staining was visualized by incubating sections with 3,3=-diaminobenzidine
substrate for 1 to 2 min and counterstaining with hematoxylin. To visualize WNV, Iba1, and MAC2
fluorescence staining, slides were incubated overnight with mouse ascites fluid (1:100), rabbit
anti-Iba1 antibody (1:500; Wako Chemicals, USA), or rat anti-MAC2 antibody (1:100; Cedarlane Labs),
respectively. Slides were incubated for 40 min in Alexa Fluor 555 goat anti-mouse antibody, Alexa
Fluor 594 donkey anti-rabbit antibody, Alexa Fluor 488 goat anti-rat antibody, or Alexa Fluor 488
donkey anti-rat antibody (1:200; Jackson ImmunoResearch Laboratories). All slides were analyzed
using an AxioImager Z2 microscope (Zeiss) and Zen 2012 software (Zeiss).

Statistical analysis. All data were assessed for statistical significance with Prism, version 5.0f,
software (GraphPad Software). Differences in cytokine levels and viral burden were analyzed by a
Mann-Whitney U test, and differences in cell numbers were analyzed by a Student’s unpaired t test.
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Kaplan-Meier survival curves were analyzed by the log rank test. P values indicating statistical significance
are given in the figure legends.
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