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ABSTRACT Flaviviruses account for most arthropod-borne cases of human enceph-
alitis in the world. However, the exact mechanisms of injury to the central nervous
system (CNS) during flavivirus infections remain poorly understood. Microglia are the
resident immune cells of the CNS and are important for multiple functions, including
control of viral pathogenesis. Utilizing a pharmacologic method of microglia deple-
tion (PLX5622 [Plexxikon Inc.], an inhibitor of colony-stimulating factor 1 receptor),
we sought to determine the role of microglia in flaviviral pathogenesis. Depletion of
microglia resulted in increased mortality and viral titer in the brain following infec-
tion with either West Nile virus (WNV) or Japanese encephalitis virus (JEV). Interest-
ingly, microglial depletion did not prevent virus-induced increases in the expression
of relevant cytokines and chemokines at the mRNA level. In fact, the expression of
several proinflammatory genes was increased in virus-infected, microglia-depleted
mice compared to virus-infected, untreated controls. In contrast, and as expected,
expression of the macrophage marker triggering receptor expressed on myeloid cells
2 (TREM2) was decreased in virus-infected, PLX5622-treated mice compared to virus-
infected controls.

IMPORTANCE As CNS invasion by flaviviruses is a rare but life-threatening event, it
is critical to understand how brain-resident immune cells elicit protection or injury
during disease progression. Microglia have been shown to be important in viral
clearance but may also contribute to CNS injury as part of the neuroinflammatory
process. By utilizing a microglial depletion model, we can begin to parse out the ex-
act roles of microglia during flaviviral pathogenesis with hopes of understanding

specific mechanisms as potential targets for therapeutics.
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of WNV from the infected CNS (4). The roles of cellular infiltration and neuroinflamma-
tion during JEV disease remain controversial, and proinflammatory molecules have
been shown to have both protective and detrimental effects (5-8). Given the impor-
tance of the neuroinflammatory response, understanding how these events are regu-
lated may identify potential treatments for flavivirus-induced CNS disease that function
by modulating inflammation or innate immune function.

Microglia are the resident innate immune cells of the CNS and have been shown to
be vital regulators of neuroinflammatory events in several disease models (9, 10).
Mechanisms of immune regulation include clearance of foreign antigen and cellular
debris, maintenance of blood-brain barrier (BBB) permeability, and secretion of many
factors important in the neuroinflammatory process, such as interferons (IFNs), chemo-
kines, and cytokines (11, 12). Microglia become activated following infection of the CNS
with a variety of different viruses (13, 14); however, their exact role in virus-induced CNS
disease remains incompletely understood. Studies using ex vivo CNS tissue or mouse
models have shown that microglia become morphologically active following WNV
infection, phagocytose WNV-infected neurons and antigenic debris, and produce sev-
eral important cytokines/chemokines involved in WNV-induced neuroinflammatory
regulation. The use of minocycline in these studies to inhibit microglial activation
improved neuronal survival, suggesting that microglia act to promote disease following
WNV infection (15). In contrast, mice with reduced microglial activation have enhanced
mortality following WNV infection (16). Microglia have also been implicated in synaptic
pruning following WNV infection, resulting in worse disease outcomes (17). Our un-
derstanding of the role of microglia in JEV-induced disease is also limited (18, 19).
Similar to WNV, JEV induces the expression of cytokines and chemokines in the brains
of infected animals, and minocycline is protective against JEV-induced CNS disease (20).
One notable difference between WNV and JEV is that WNV does not appear to infect
microglia in vivo (21), whereas JEV does.

Many compounds have been shown to inhibit microglial activation (15, 20, 22),
although their mechanisms of action remain poorly understood. Colony-stimulating
factor 1 (CSF1) is thought to be essential in maintaining homeostasis in microglial
populations (23). The CSF1 receptor (CSF1R) kinase inhibitor PLX5622 has been shown
to deplete microglia with minimal effects on normal CNS function (24, 25) and has been
used to investigate the consequences of microglia depletion in several settings, includ-
ing recently in a murine coronavirus model (26). Microglial depletion has not yet been
studied in the context of flaviviral infection. In this study, we infected mice with WNV
or JEV after depletion of microglia with PLX5622 and compared the infection outcome
to that seen in infected, control-fed mice. Flavivirus-infected mice treated with PLX5622
had significantly increased mortality compared to infected but untreated controls.
Furthermore, WNV and JEV grew to significantly higher titers in the CNS of PLX5622-
treated mice, indicating that microglial depletion impeded the ability of the host to
control viral replication. Interestingly, the normal virus-induced increased expression of
cytokines and chemokines was not blocked in infected PLX5622-treated animals,
suggesting that other CNS cells are sufficient to mediate production of these inflam-
matory factors. Taken together these results indicate that microglia are important in
controlling flaviviral infection of the CNS and increase survival in murine models of
flavivirus-induced encephalitis.

RESULTS

PLX5622 treatment depletes microglia from the brains of adult Swiss-Webster
mice. To establish the efficacy of PLX5622 for robust microglia depletion in Swiss-
Webster mice, mice were fed with PLX5622 or control chow for 10 days before
examining expression of ionized calcium binding adaptor molecule 1 (Iba1), a canonical
marker for microglia (27, 28), in brain sections via immunohistochemistry. Iba1™ cells
were counted across multiple fields of vision (FOV) in brain sections derived from
treated and untreated mice (n = 3) (Fig. 1). Throughout the brains of PLX5622-treated
mice, microglia levels were observed to be reduced >80% compared to those in
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FIG 1 PLX5622 depletes microglia from the CNS of Swiss-Webster mice. (A) Mice were pretreated for 10 days with PLX5622
followed, by staining of brain sections for Ibal* cells. Microglia were observed to be decreased in both the cortex and
striatum at magnifications of both X 10 and X20. (B) Quantification of FOV counts of Iba1™ cells over various regions of

the brain from PLX5622-treated and untreated mice at a magnification of X20 (n = 3 per group). Errors
errors of the mean (SEM). ***, P < 0.001.

control mice (Fig. 1A and B). These significant reductions were equivalent for both the
cortical and striatal regions of the brain, indicating that depletion of microglia was not
specific to one site in the CNS. These data establish that in Swiss-Webster mice,
PLX5622 treatment can robustly deplete microglia as has been reported for other
mouse strains (25, 26). We utilized a PLX5622 pretreatment regimen of 14 days prior to
infection for the remainder of the experiments in order to ensure that microglial
reduction would be adequate.

PLX5622 treatment increases WNV-induced mortality and viral titer in infected
Swiss-Webster mice. We next sought to determine the effect of PLX5622 treatment on
mortality following WNV infection of Swiss-Webster mice. Mice were fed either control
or PLX5622 chow for 14 days prior to footpad inoculation with 1000 PFU of WNV
(NY99); the mice remained on their respective food types for the duration of the
infection time course and were monitored for 21 days postinfection (dpi). Mice treated
with PLX5622 had dramatically (P < 0.001) increased mortality following WNV infection
(100%) compared to that of control mice (25%) (Fig. 2A).

We also measured differences in body weight changes between surviving control
and infected mice over the course of disease progression (Fig. 2B). While the average
body weight loss for PLX5622-treated mice was slightly increased compared to that for
control mice, both sets of mice lost weight at approximately the same rate, indicating
similar systemic disease progression for both sets of surviving mice. These findings
indicate that microglial depletion by PLX5622 treatment leads to increased mortality
following WNV CNS infection.

To assess viral loads in the CNS, whole-brain lysates were collected from treated and
untreated infected mice at 6 dpi (11 mice per condition), 9 dpi (9 to 12 mice per
condition), and 10 dpi (5 to 9 mice per condition) and assessed quantitatively for WNV
RNA (Fig. 2C). The 6-dpi time point was chosen to evaluate early viral CNS entry, 9 dpi
was used to determine the WNV titer when mice were becoming clinically ill, and 10 dpi
was a readout for when treated mice became moribund. Utilizing a standard curve to
determine the genomic equivalent PFU levels for WNV in each brain, significantly
increased WNV levels were detected in microglia-depleted PLX5622-treated mice ver-
sus untreated controls at all time points, indicating that microglial depletion leads to
increased viral titers in the CNS. In contrast, viral loads in the spleens of PLX5622-
treated and control-treated WNV-infected mice at 6 and 9 days pi were below the limit
of detection for accurate interpretation using this assay, again suggesting that the
effects of PLX5662 were not due to off-target, nonmicroglial effects (Fig. 2D).

Microglia are not required for WNV-induced expression of inflammatory genes.
Microglia have important roles in regulating neuroinflammation across disease models
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FIG 2 PLX5622 increases mortality and viral titer in WNV-infected mice. Mice were untreated or treated with
PLX5622 for 14 days. Mice were them infected with WNV and monitored for 21 days. (A) PLX5622 treatment
significantly increased mortality following infection with WNV (n = 12 animals per group). (B) Mouse body weight
during infection was also monitored, and there was no significant difference between untreated and treated mice.
(C) The viral titer in brains was found to be significantly increased in virus-infected, PLX5622-treated mice (gray
bars) compared to infected controls (black bars) at 6 dpi (n = 11), 9 dpi (n = 9), and 10 dpi (n = 6). (D) Amounts
of viral RNA in spleens were quantified by PCR and compared to a standard curve to determine genomic equivalent
PFU. Error bars represent SEM. The dotted line represents our determined limit of accurate detection (102 PFU).

(29), but how they modulate cytokine/chemokine levels in vivo during WNV infection is
poorly understood. We assessed via reverse transcription-quantitative PCR (RT-qPCR)
the genetic expression of several important inflammatory cytokines/chemokines from
brain lysates taken from control and PLX5622-treated WNV-infected mice at 6 dpi and
9 dpi (Fig. 3). The genes analyzed included those for cytokines and chemokines with
known relevance to WNV infections (CCL2, CCL3, CCL5, CCL7, CXCL9, and CXCL10). We
have previously shown that these genes are all significantly upregulated in the brains
of WNV-infected mice compared to controls as determined by microarray analysis (30).

PLX5622 treatment did not decrease virus-induced expression of any of the cyto-
kines/chemokines tested, indicating that microglia are not required for virus-induced
expression of these genes. Several of the genes examined were actually elevated in
WNV-infected PLX5622 brains compared to WNV-infected controls across the 6-dpi and
especially the 9-dpi time points, with significant increases for CCL2 seen at 6 and 9 dpi
(Fig. 3A) and for CCL7 (Fig. 3D), CXCL9 (Fig. 3E), and CXCL10 (Fig. 3F) seen at 9 dpi. CCL3
and CCL5, which are frequently associated with WNV infection of the CNS (31), and
IFN-y were also upregulated in PLX5622-treated virus-infected mice compared to
control-fed infected mice, although these changes were not significant. TREM2 was
significantly decreased at both 6 dpi and 9 dpi (Fig. 3H), reflecting microglial depletion.
These data suggest that microglia are not required for increased expression of proin-
flammatory and immune-modulatory genes following virus infection of the CNS and
that their depletion may in fact lead to increased virus-induced expression of these
neuroinflammatory factors.

PLX5622 treatment increases mortality of mice infected with JEV. In order to
further understand the role that microglial depletion plays during flaviviral infection, we
completed an analysis similar to that done for WNV following infection with Japanese
encephalitis virus (JEV). Mice were again pretreated for 14 days with PLX5622, followed
by footpad infection with 1,000 PFU of JEV (strain p3), and were monitored for 21 days.
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FIG 3 Expression of inflammatory genes is not blocked following WNV infection of PLX5622-treated mice. Relevant microglial and other inflammatory cytokines
were analyzed by RT-qPCR with the indicated primers at 6 (n = 6) and 9 (n = 9) dpi. Graphs show the relative expression of genes in control-fed, infected mice
(black bars) compared to PLX5622-treated, infected mice (gray bars), with values normalized to B-actin (AAC;) with error bars representing SEM. **, P = 0.01;
¥** P < 0.001 (as determined by two-tailed t tests) (GraphPad).

Microglia-depleted PLX5622-treated animals showed an increase in mortality following
JEV infection (P = 0.01) compared to untreated controls, showing an increase in
susceptibility similar to what was observed in WNV-infected PLX5662-treated mice (Fig.
4A). There was no significant change in body weights between the PLX5622-treated
and untreated groups (Fig. 4B), suggesting a similar profile of systemic infection.
JEV-infected PLX5622-treated animals took longer than their WNV-infected counter-
parts to progress to a moribund state, and collection times for early (8 dpi) and late (11
dpi) time points were adjusted accordingly for comparison to WNV experiments. Only
PLX5622-treated mice that showed overt clinical illness had a detectable viral titer in
the brain (Fig. 4C) at the 8-dpi or 11-dpi time point, which was consistent with the
results of the survival analysis. Although not statistically significant for individual mice
with the numbers used, differences between PLX5622 and control mice were statisti-
cally different for pooled data at 8 and 11 dpi (P = 0.0075, Fisher’s exact test). No virus
was detected in the brain at either time point in animals fed the control diet. These data
indicate that, similar to the case for WNV-infected animals, PLX5622 also increases
mortality and viral load following JEV infection compared to those of control mice.

Microglia are not required for JEV-induced expression of inflammatory genes.
Similar to the case for WNV-infected mice, proinflammatory cytokines and chemokines
(CCL2, CCL3, CCL5, CCL7, CXCLY, CXCL10, and IFN-vy) showed changes in expression at
the mRNA level following PLX5622 treatment of JEV-infected mice compared to
control-fed animals (Fig. 5). However, only the increased expression of CCL3 was found
to be statistically significant, presumably since only 40% of the PLX5622-treated,
JEV-infected animals showed signs of virus-induced CNS disease. Consistent with
microglia depletion following PLX5622 treatment, levels of the microglia-specific
TREM2 gene were again decreased in the JEV-infected PLX5622-treated animals com-
pared to control-fed mice (Fig. 5H). Together, these data suggest that microglial
depletion by PLX5622 treatment increases both mortality and viral titer during JEV
infection and that microglia are not required for the production of chemokines and
cytokines in the brains of JEV-infected mice.

DISCUSSION
The aim of this study was to investigate the role of microglia in control of CNS
flavivirus infection in murine models. We found that microglial depletion led to
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FIG 4 PLX5622 increases mortality and viral titer in JEV-infected mice. Mice were untreated or treated with PLX5622 for 14 days. Mice were them infected with
JEV (1,000 PFU by footpad injection) and monitored for 21 days. (A) PLX5622 treatment significantly increased mortality following infection with JEV (n = 15
animals per group). (B) Mouse body weight during infection was also monitored and showed no significant difference between untreated and treated mice
(n = 5 per group). (C) The viral titer in brains was found to be significantly increased in virus-infected, PLX5622-treated mice compared to infected controls
at 8 and 11 dpi (n = 5 per group at each time point). Amounts of viral RNA in brains were quantified by PCR and compared to a standard curve to determine

genomic equivalent PFU. Error bars represent SEM.

increased CNS viral titer and increased mortality in both WNV- and JEV-infected
animals. This mirrors a recent report showing that PLX5622 also enhances mortality in
mice infected with coronavirus (26). As microglia are the resident innate immune cells
of the brain, the resultant increase in mortality and viral load might be expected, at
least following WNV infection, where microglia are not targeted for infection; however,
our results indicate that this is also true of JEV infections, where microglia are a
significant target of the viral infection (12). Interestingly the 100% mortality phenotype
in PLX5622-treated mice infected with WNV was not recapitulated by JEV infection. The
exact mechanism of this difference is unknown but could reflect differences in the host
immune capabilities that are required for viral control, with microglia being more
critical in WNV infection than in JEV infection. Alternatively the difference could simply
reflect the lower relative lethality of the matched (1,000-PFU) challenge dose in JEV-
compared to WNV-infected Swiss-Webster mice. Future work will need to be conducted
to determine if increased viral replication in PLX5622-treated, infected mice is due to
unchecked viral replication within the neurons (34). Depletion of microglia has been
shown to affect the integrity of the blood-brain barrier (BBB), which could also affect
viral loads within the CNS; however, earlier studies suggest that PLX5622 does not alter
the integrity of the BBB (36). Interestingly, we found no difference in CD3 expression in
PLX-treated, infected brains compared to untreated controls (not shown), similar to
what was seen during coronavirus infection, suggesting that T-cell involvement seems
relatively unaffected following PLX treatment, which also suggests that the BBB re-
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FIG 5 The expression of JEV-induced inflammatory cytokines and chemokines is not blocked following JEV infection of PLX5622-treated mice. PCR analysis of
relevant cytokines and chemokines using indicated primers is shown. Graphs show the relative expression of genes in control-fed, infected mice (black bars)
compared to PLX5622-treated, infected mice (gray bars), with values normalized to B-actin. Errors bars are SEM. Statistical analyses were conducted as described
for Fig. 3. %, P = 0.05; ***, P < 0.001).

mains intact and that the majority of the observed responses are intrinsic to the CNS
(26).

This experimental model system has shown utility for investigating the specific
inflammatory contributions of microglia to neuroinflammation during viral infection.
Proinflammatory cytokines, including CCL2, CCL7, CXCL9, and CXCL10, are broadly
upregulated following infection of the brain with WNV and JEV (41, 42). Interestingly,
these neuroinflammatory molecules are still upregulated in virus-infected brains fol-
lowing PLX5622 treatment, suggesting that these cytokines/chemokines are released
by cells other than microglia. In fact our data suggest that they may be upregulated
more in the absence of microglia. Similar conclusions in regard to chemokine/cytokine
expression were made following coronavirus infection of PLX5622-treated animals (26).
Of these genes, CCL2, which is thought to be potentially of astroglial and neuronal
origin (43) and may regulate the pain response and monocyte migration during
infection (44, 45), has been implicated in facilitating microglial recruitment during
infection (46). CCL2 upregulation may thus be an attempt to facilitate a microglial
response even after microglial ablation (47). TREM2 was found to be downregulated in
the brain following WNV infection in the presence of PLX5622, consistent with the fact
that it is produced predominantly by microglia (48). The disruption in chemokine and
cytokine responses in PLX5622-treated mice may contribute to dysfunctional T-cell
responses, as has been indicated in previous studies (26).

The measured neuroinflammatory cytokines and chemokines following microglial
depletion make it clear that many other cells may be responsible for facilitating
neuroinflammatory responses, including astrocytes, neurons, and perivascular macro-
phages (26). Although neurons are known to be infected by these viruses, their exact
role in triggering neuroinflammation remains unclear (8, 34, 42, 49). Astrocytes are also
thought to be mediators of various virally induced pathologies but require further
investigation as producers of immunoregulatory proteins (50, 51). Additionally innate
immune signaling via host pathogen-associated molecular pattern recognition recep-
tors remains poorly understood for the cells of the CNS (52, 53) and warrants future
investigation as to how these pathways function in microglia and other cells of the CNS.

These data, taken together, show that PLX5622 treatment leads to microglial
depletion, dramatically increased disease severity, and increased titer and mortality
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following flavivirus infection. We postulate that the animals die faster and at a higher
rate due to the increased viral load in the brain and that for some reason chemokine/
cytokine production, whether maintained or increased, is not effective at clearing the
infection. We speculate that microglia have an additional protective function that is
critical in controlling viral infection and may involve their ability to phagocytose
infected cells or debris. Alternatively, increased cytokines and chemokines may be

inherently detrimental to health rather than supporting recovery.

Future studies using PLX5622-based microglial depletion will help elucidate various
roles for microglia following viral infection and give insight on potential mechanisms of CNS

injury.

MATERIALS AND METHODS

PLX5622 preparation and administration. PLX5622 was generously provided by Plexxikon for in vivo

experiments. Research Diets prepared the food on the AIN-76A formulation (high sucrose) as previously
described (26). Mice were fed for 14 days before infection and monitored following 21 days postinfection.

Immunohistochemistry. Mice were perfusion fixed with 20 ml of 4% paraformaldehyde (PFA)

followed by 20 ml of phosphate-buffered saline (PBS)-EDTA. Brains were processed, immersed in 3%
agarose, and then mounted to a Vibratome platform (Leica VT1000S). Slice sections were collected at
100-um thickness (speed 1 and frequency setting 9), followed by primary anti-lba1 (1:500; Wako Labs)
and secondary (Alexa Fluor 488; Invitrogen) staining, and imaged as described previously (31).

Mice. Seven- to 10-week-old female Swiss-Webster mice were used for this study (Envigo). In our

previous studies we have found no significant difference in lethality between male and female Swiss-
Webster mice. Mice were observed daily and body weights determined. All experiments were approved
by the Institutional Animal Care and Use Committee (IACUC).

WNV and JEV stocks and inoculation. Both the NY99 strain of WNV and the p3 strain of JEV were

prepared as previously described (54). Briefly, the viruses were propagated in Vero cells following a
passage through C6/36 mosquito cells to amplify the virus. Following the observation of cytopathic effect
in vitro, the virus was purified through sucrose cushion ultracentrifugation to remove cellular debris and
associated growth factors. Viruses were diluted to the indicated inoculums in sterile phosphate-buffered
saline and injected in the left rear footpad.

RT-qPCR and determination of viral titers. Whole-brain homogenates were made using either

zirconium beads followed by 2 cycles through a BeadBug homogenizer or a Tenbroeck glass homoge-
nizer. A portion of this homogenate was then mixed with RLT (RNA tissue lysis extraction buffer; Qiagen)
and extracted using the Qiagen RNeasy midikit protocol. RNA was quantified on a AlphaSpec NanoDrop
instrument, and 1,000 ng was converted to cDNA using the Qiagen iScript kit. RT-gPCR was done on a
CFX1000 instrument (Bio-Rad) and analyzed using Bio-Rad software before statistical analysis (two-tailed
t test) was finalized using GraphPad. Viral titers were transformed to their respective log,, value;
undefined titers were arbitrarily given a value of 1 and thus become 0 on each graph. The PCR primers
for equivalent PFU (ePFU) of WNV virus and JEV were as follows: WNV 3’-UTR FOR, 5’-CAGACCACGCTA
CGGCG-3'; WNV 3'-UTR REV, 5'-CTAGGGCCGCGTGGG-3'; WNV 3'-UTR probe, 5'-FAM/TCTGCGGAG/ZEN
AGTGCAGTCTGCGAT-3’; JEV NS3 FOR, 5'-AGAGCACCAAGGGAATGAAATAGT-3'; JEV NS3 REV, 5'-AATAG
GTTGTAGTTGGGCACTCTG-3'; JEV NS3 probe, 5'-FAM/CCACGCCACZEN/TCGACCCATAGACTG-3'.
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