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ABSTRACT Recruitment of immune cells from the periphery is critical for controlling
West Nile virus (WNV) growth in the central nervous system (CNS) and preventing subse-
quent WNV-induced CNS disease. Neuroinflammatory responses, including the release of
proinflammatory cytokines and chemokines by CNS cells, influence the entry and func-
tion of peripheral immune cells that infiltrate the CNS. However, these same cytokines
and chemokines contribute to tissue damage in other models of CNS injury. Rosiglitazone
is a peroxisome proliferator-activated receptor gamma (PPARg) agonist that inhibits neu-
roinflammation. We used rosiglitazone in WNV-infected ex vivo brain slice cultures (BSC)
to investigate the role of neuroinflammation within the CNS in the absence of peripheral
immune cells. Rosiglitazone treatment inhibited WNV-induced expression of proinflamma-
tory chemokines and cytokines, interferon beta (IFN-b), and IFN-stimulated genes (ISG)
and also decreased WNV-induced activation of microglia. These decreased neuroinflam-
matory responses were associated with activation of astrocytes, robust viral growth,
increased activation of caspase 3, and increased neuronal loss. Rosiglitazone had a similar
effect on in vivo WNV infection, causing increased viral growth, tissue damage, and dis-
ease severity in infected mice, even though the number of infiltrating peripheral immune
cells was higher in rosiglitazone-treated, WNV-infected mice than in untreated, infected
controls. These results indicate that local neuroinflammatory responses are capable of
controlling viral growth within the CNS and limiting neuronal loss and may function to
keep the virus in check prior to the infiltration of peripheral immune cells, limiting both
virus- and immune-mediated neuronal damage.

IMPORTANCE West Nile virus is the most common cause of epidemic encephalitis in
the United States and can result in debilitating CNS disease. There are no effective
vaccines or treatments for WNV-induced CNS disease in humans. The peripheral
immune response is critical for protection against WNV CNS infections. We now
demonstrate that intrinsic immune responses also control viral growth and limit neu-
ronal loss. These findings have important implications for developing new therapies
for WNV-induced CNS disease.

KEYWORDS innate immune response, West Nile virus, CNS disease,
neuroinflammation, rosiglitazone

West Nile virus (WNV) is a neurotropic, single-stranded RNA virus in the genus Flavivirus.
The vast majority of WNV infections are either asymptomatic or result in an acute feb-

rile illness. However, a small percentage (less than 1%) of human WNV infections cause neu-
rological disease, including meningitis, encephalitis, or acute flaccid paralysis (1, 2). Since its
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introduction to New York, United States, in 1999, there have been more than 25,000 cases of
WNV-induced neuroinvasive disease, and WNV is currently the most common cause of epi-
demic viral encephalitis in the United States (https://www.cdc.gov/westnile). Mortality in
patients with WNV-induced neuroinvasive disease is around 10% (https://www.cdc.gov/
westnile), and 50% of surviving patients have long-lasting neurological sequelae (reviewed
in reference 3). There are no available human vaccines or antivirals targeting WNV, and a
better understanding of the pathogenesis of WNV-induced CNS disease is needed to de-
velop effective treatment strategies.

WNV infects neurons within the CNS. Subsequent caspase 3-dependent apoptotic
cell death contributes to WNV-induced CNS disease (4, 5). The neuroinflammatory
response to WNV infection, comprising robust microglial activation (4, 6–11) and astro-
gliosis (4, 11–13), immune cell infiltration from the periphery (14–21), and significant
expression of proinflammatory cytokines/chemokines (4, 22), also plays a role in WNV-
induced CNS disease. Neuroinflammatory responses can be protective. For example,
infection of mouse CNS tissue with WNV results in classical (M1) activation of microglia,
which limits viral growth in the CNS and protects against virus-induced CNS disease
(23, 24). Microglial activation is associated with upregulation of proinflammatory cyto-
kines, such as tumor necrosis factor alpha (TNF-a) and interleukin-6 (IL-6), and chemo-
kines, such as C-C motif chemokine ligand 2 (CCL2), C-X-C motif chemokine ligand 10
(CXCL10), and CCL5 (4, 22). These proinflammatory mediators promote infiltration of
peripheral immune cells into the CNS following WNV infection and regulate their func-
tion, controlling virus growth and facilitating viral clearance (14, 17, 19, 25, 26).
Astrocytes and neurons also release cytokines and chemokines following infection and
may be the primary producers of CCL5 and CXCL10, respectively, following WNV CNS
infection (14, 17). Another subset of cytokines that are upregulated in the CNS follow-
ing WNV infection and are critical for protection against WNV-induced CNS disease are
type 1 interferons (IFNs), including IFN-a and IFN-b . Type 1 IFNs stimulate the expres-
sion of hundreds of IFN-stimulated genes (ISGs) with antiviral functions that act to curb
the growth of many viruses in the CNS (27, 28). Although cytokines and chemokines
play an important role in preventing viral growth in the CNS and clearing the infection,
these same molecules are known to contribute to multiple pathogenic CNS states
(reviewed in reference 29). The extent to which chemokine/cytokines are released as
part of the neuroinflammatory response to WNV infection contribute to WNV-induced
CNS disease is unclear. West Nile virus-induced memory T cells have been shown to
promote microglia-mediated synaptic elimination in mice, leading to learning and
memory deficits and may contribute to long-term neurologic deficits seen in recover-
ing patients (30). In addition, TNF-a signaling has been shown to contribute to neuro-
nal death following WNV infection may contribute to chronic inflammation and long-
term morbidity in some WNV survivors (31, 32).

West Nile virus infection of ex vivo brain (BSC) and spinal cord (SCSC) cultures provide
models of WNV infection of the CNS that replicate critical hallmarks of WNV infection in
vivo, including high levels of neuronal infection and caspase-mediated apoptotic death
(4, 11, 33). We previously used these cultures to demonstrate that CNS parenchymal cells
(including neurons, microglia, and astrocytes) are capable of mounting intrinsic immune
responses to WNV, such as robust microglial activation and astrogliosis, and significant
expression of proinflammatory cytokines/chemokines, in the absence of potentially con-
founding contributions from peripheral immune cells (4, 11, 33). In this report, we used
the peroxisome proliferator-activated receptor gamma (PPARg) agonist rosiglitazone to
investigate the role of neuroinflammation during WNV infection of BSC. Several studies
have reported that PPARg agonists inhibit the activity of NF-kB, leading to decreased
expression of proinflammatory genes and polarization of microglia to an anti-inflamma-
tory (M2) phenotype (34–39). The anti-inflammatory effects of PPARg are protective in
several models of CNS injury and disease (39–49). In contrast to these studies, in this
report, we show that rosiglitazone treatment was not protective in WNV-infected BSC.
Rosiglitazone treatment resulted in exacerbated neuronal death and increased viral titers
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that were associated with decreased expression of proinflammatory and antiviral chemo-
kines/cytokines and decreased microglial activation. In vivo results demonstrated that
rosiglitazone treatment similarly increased the severity of WNV-induced CNS disease in
mice. Our results indicate that local neuroinflammatory responses protect against WNV-
induced CNS disease.

RESULTS
Rosiglitazone inhibits WNV-induced expression of proinflammatory and antiviral

cytokines/chemokines in BSC. We have previously shown that WNV induces the expres-
sion of proinflammatory genes in the brains of infected mice (4, 22) and in ex vivo brain
(BSC) and spinal cord (SCSC) slice cultures (4, 11, 33). In order to investigate the role of
proinflammatory gene expression within the CNS, we infected BSC with 105 PFU per slice
in the presence/absence of 20mM rosiglitazone (50). Concentrations of rosiglitazone
higher than 20mM resulted in decreased viability of uninfected BSC (data not shown). Five
days following infection, cultures were harvested, and RNA was prepared. As expected
from previous work (11, 33), quantitative reverse transcription PCR (RT-qPCR) analysis
revealed that WNV-infection of BSC resulted in significantly increased expression of the
proinflammatory chemokines/cytokines CCL5, CXCL10, CCL2, IL-6, and TNF-a compared to
mock-infected slices (Fig. 1A). WNV-induced increases in expression of proinflammatory
chemokines/cytokines were inhibited in rosiglitazone-treated slices compared to vehicle-
treated controls (Fig. 1A). WNV-induced increases in the expression of proinflammatory
chemokines/cytokines were not inhibited in slices treated with both rosiglitazone and the
PPARg inhibitor GW9662 (20mM; Fig. 1A). These results indicate that rosiglitazone inhibits
WNV-induced expression of proinflammatory genes at the RNA level and that this inhibi-
tion is due to its function as a PPARg agonist. Enzyme-linked immunosorbent assays
(ELISAs) confirmed the upregulation of selected chemokines/cytokines following WNV
infection of BSC. The expression of CCL5, IL-6, and TNF-a was significantly upregulated.
CCL2 was also upregulated, but the increase did not quite reach significance. ELISA also
confirmed that rosiglitazone treatment inhibited this upregulation (Fig. 1B). Since prior
studies have indicated that rosiglitazone promotes an anti-inflammatory (M2) environ-
ment, we also investigated the expression of IL-10 and IL-4 in WNV-infected BSC.
Treatment of BSC with rosiglitazone resulted in increased expression of IL-10 and IL-4 in
BSC following WNV infection compared to untreated, infected controls, suggesting that
rosiglitazone promotes an anti-inflammatory environment in WNV-infected BSC (Fig. 1C).
Rosiglitazone treatment also inhibited the WNV-induced expression of IFN-b and the ISG
IFN regulatory factor 1 (IRF1), MX dynamin-like GTPase 1 (MX1), and IFN-induced protein
with tetratricopeptide repeats 1 (IFIT1) (Fig. 1D). Taken together, these results demonstrate
that rosiglitazone treatment of WNV-infected BSC results in broad inhibition of WNV-
induced neuroinflammatory responses, including downregulation of proinflammatory
chemokines and cytokines, downregulation of IFN-b and ISG, and upregulation of anti-
inflammatory genes.

Rosiglitazone inhibits microglial activation and leads to increased viral titer in
WNV-infected BSC. The neuroinflammatory response to WNV includes the activation of
microglia and astrocytes. RT-qPCR analysis demonstrated that WNV infection of BSC
resulted in increased expression of the microglial marker, ionized calcium binding adaptor
molecule 1 (Iba1), compared to mock-infected BSC and that this was decreased in the
presence of rosiglitazone (Fig. 2A). In contrast, WNV-induced expression of the astrocyte
marker glial fibrillary acidic protein (GFAP) was upregulated at the RNA level in rosiglita-
zone-treated, WNV-infected BSC compared to untreated, infected controls (Fig. 2A).
Decreased expression of Iba1 in rosiglitazone-treated, WNV-infected slices was associated
with increased viral load as determined by RT-qPCR (Fig. 2B). Visualization of WNV-infected
slices by immunohistochemistry also demonstrated decreased Iba1 and increased GFAP
staining in rosiglitazone treated, WNV-infected BSC compared to untreated, infected con-
trols (Fig. 2C). Counterstaining of WNV-infected slices with WNV antibody revealed that lev-
els of WNV antigen were increased in WNV-infected, rosiglitazone-treated slices compared
to untreated, WNV-infected controls (Fig. 2C). Costaining of cells with Iba1 and WNV
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antigen was not seen, substantiating previous studies that have suggested that microglia
are not infected by WNV in ex vivo cultures (11). In contrast, some GFAP-positive cells did
appear to contain WNV antigen, indicating that WNV can infect astrocytes (Fig. 2C).

Rosiglitazone increases apoptotic neuronal loss in WNV-infected BSC. Caspase
3-mediated neuronal death is a hallmark of WNV-induced tissue injury and CNS disease
(4, 5). We investigated caspase 3 activity and neuronal death in WNV-infected BSC fol-
lowing rosiglitazone treatment. BSC were infected with WNV (105 PFU per slice). Seven
days postinfection, slices were harvested for protein lysate or were fixed for immuno-
histochemistry (IHC) analysis. In vitro fluorogenic caspase 3 activity assays revealed that
rosiglitazone treatment increased WNV-induced activation of caspase 3 in infected BSC
compared to untreated controls (Fig. 3A). Immunohistochemistry also revealed
increased neuronal death in WNV-infected BSC in the presence of rosiglitazone as

FIG 1 Rosiglitazone inhibits WNV-induced expression of proinflammatory and antiviral cytokines/
chemokines in ex vivo BSC. BSC were infected with WNV (105 PFU per slice) in the presence/absence
of 20mM rosiglitazone (ROSI) (A to D). Five days following infection, cultures were harvested, and
RNA or protein lysates were prepared. WNV-induced expression of proinflammatory cytokines (A and
B), anti-inflammatory cytokines (C), and IFN-related genes (D) is shown. GW9662 (GW; 20mM), an
inhibitor of PPARg signaling, reversed the effect of rosiglitazone. The graphs show the average
increased expression over mock (A, C, and D) or average optical density reading (n= 3). Error bars
indicate the standard error of the mean. Statistical significance was determined using 2-sample, 2-
tailed t tests (GraphPad).
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determined by reduced microtubule-associated protein 2 (MAP2) staining and the
presence of shorter neuronal processes (Fig. 3B). Interestingly, costaining of WNV and
MAP2 was uncommon and may reflect the lack of MAP2 staining seen in WNV-infected
dying neurons. Taken together, these results indicate that inhibition of proinflamma-
tory responses and increased viral load are associated with increased apoptotic neuro-
nal cell death in WNV-infected BSC.

Rosiglitazone enhances the severity of WNV-induced CNS disease in infected
mice. Having shown that rosiglitazone decreases WNV-induced neuroinflammation
and increases viral load and neuronal death in infected BSC, we wanted to see if rosigli-
tazone had a similar effect in vivo. Swiss Webster mice were fed rosiglitazone chow for
14 days prior to infection with WNV (footpad inoculation, 1,000 PFU). Animals were
then monitored daily and were sacrificed when they lost 20% of body weight (a surro-
gate of fatal disease). Around 50% of rosiglitazone-treated, WNV-infected mice suc-
cumbed to WNV infection compared to only 30% of untreated, WNV-infected mice
(P, 0.05; Fig. 4A). There was no significant change in the day of death for infected
mice between treatment groups. All mock-infected mice survived in both treatment
groups. Viral titers, determined by plaque assay, were increased in rosiglitazone-
treated mice compared to untreated controls at 9 days postinfection (dpi) (Fig. 4B). At
9 dpi, sectioned brains were stained with hematoxylin and eosin (H&E) or incubated
with anti-caspase 3, anti-CD3, anti-GFAP, or anti-WNV envelope (WNVE) antibodies. No
caspase 3-positive cells and no tissue damage could be seen in sagittal brain sections
from any rosiglitazone-treated or untreated mock-infected mice (data not shown). No
visible tissue damage was seen in untreated, WNV-infected mice, although occasional
caspase 3-positive cells were seen: 1 out of 4 WNV-infected, untreated animals had a
total of 5 caspase-positive cells throughout the brain section (Fig. 4C to E). In contrast,
although there was a lot of variability in the number of caspase-positive cells in the
brains of WNV-infected, rosiglitazone-treated mice, sections from the brains of 4 out of
5 mice contained caspase 3-positive cells, with total numbers ranging from 6 to over

FIG 2 Rosiglitazone inhibits microglial activation and leads to increased viral titer in WNV-infected
BSC. BSC were infected with WNV (105 PFU per slice) in the presence/absence of 20mM rosiglitazone
(ROSI). (A to C) Five days following infection, cultures were harvested, and RNA was prepared. WNV-
induced expression of microglial (Iba1) and astrocyte (GFAP) markers (A, average increased expression
over mock), as well as viral titer (B, average titer) is shown. Error bars indicate the standard error of
the mean (n= 3). Statistical significance was determined using 2-sample, 2-tailed t tests (GraphPad).
(C) WNV-infected slices were also examined by immunohistochemistry. The images show decreased
Iba1 staining (red staining in upper images) in rosiglitazone-treated, WNV-infected slices compared to
untreated, infected controls. In contrast, rosiglitazone treatment of WNV-infected BSC resulted in
increased GFAP expression (red staining in lower images) compared to untreated, infected controls.
Counterstaining of slices with WNV antibody (green staining) revealed increased viral antigen in
rosiglitazone slices compared to untreated, WNV-infected controls. Cells that stained yellow (white
arrows) are positive for both GFAP and WNV. The images shown are representative of 3 individual
slices.
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200 (Fig. 4C and D). Tissue damage in rosiglitazone-treated, WNV-infected mice was
consistent with caspase staining such that the mouse with the highest number of cas-
pase 3-positive cells demonstrated severe tissue injury and neuronal death character-
ized by cell body shrinkage and darkly stained pyknotic nuclei that were associated
with vacuolation of adjacent tissue (Fig. 4E). Similar to what we observed in ex vivo sli-
ces, rosiglitazone treatment resulted in higher levels of WNV antigen and GFAP in the
brains of WNV-infected mice than untreated controls (Fig. 5A). Although WNV-positive
cells were not seen in the brains of untreated, infected mice at 9 days postinfection,
increased T cell (CD3) staining in untreated, WNV-infected mice compared to mock-
infected controls provided evidence of infection (Fig. 5B and C), consistent with plaque
assay data (Fig. 4B). Overall, CD3 staining reflected the extent of tissue damage. with
high numbers of lymphocytes present in the most severely damaged brain sections
from rosiglitazone-treated, WNV-infected mice.

DISCUSSION

WNV infection of CNS tissue in vivo and in ex vivo BSC and SCSC results in a robust neuro-
inflammatory response that includes the increased expression of proinflammatory chemo-
kines and cytokines and activation of astrocytes and microglia (4, 11, 22, 34). In vivo, these
responses have been shown to influence the infiltration and function of peripheral immune
cells, which is critical for viral clearance and protection from CNS disease (14, 17, 19, 24, 25).
However, whether these intrinsic neuroinflammatory responses directly affect virus pathoge-
nesis within the CNS and function in the absence of peripheral immune cells is less clear.
The PPARg agonist rosiglitazone inhibits the expression of proinflammatory chemokines and
cytokines in the brain and is protective in several models of CNS pathogenesis, including
Alzheimer’s disease (40), Parkinson’s disease (41, 42), amyotrophic lateral sclerosis (43–45),
Huntington’s disease (43, 46–48), ischemic injury (49), and HIV-associated brain inflammation
(39). We used rosiglitazone to investigate the role of neuroinflammation following WNV

FIG 3 Rosiglitazone treatment increases caspase 3 activity and neuronal death in WNV-infected BSC.
BSC were infected with WNV (105 PFU per slice) in the presence/absence of 20mM rosiglitazone
(ROSI). Five (caspase 3) or 7 (IHC) days following infection, cultures were harvested for caspase 3
activity assays or were prepared for IHC. (A) In vitro caspase 3 activity assays showed that caspase 3
was elevated in WNV-infected BSC compared to uninfected controls and that rosiglitazone treatment
augmented WNV-induced caspase 3 activity. The graph shows average caspase 3 activity (n= 4). Error
bars indicate standard error of the mean. Statistical significance was determined using 2 sample, 2-
tailed t tests (GraphPad). (B) Immunohistochemistry using antibodies for WNV (green) and the
neuronal marker MAP2 (red) demonstrated that titer was increased in rosiglitazone slices and that
this was accompanied by increased neuronal death identified by a decrease in MAP2 staining as well
as shortening of neuronal processes (white arrows). Neurons costaining with WNV and MAP2 are
highlighted (open arrows).
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FIG 4 Rosiglitazone decreases survival and increases caspase activity and pathology in the brains of
WNV-infected mice. Mice were fed rosiglitazone (n=20) or control (n=20) chow for 14days prior to
infection with 1000 PFU WNV (NY99) by footpad inoculation. The displayed data reflects 2 independent
experiments (10 mice per condition per experiment). Animals were then monitored daily for weight
loss (a surrogate marker for survival). Animals were sacrificed when they had lost 20% of their body
weight. (A) Graph shows the percentage of animals that maintained at least 80% of body weight
following infection. (B) At 9 and 11dpi, brains were harvested, and WNV titer was determined by
plaque assay. The mean viral titer is shown (n=6 for treated and untreated animals at 9 dpi; n=4 for
treated animals at 11dpi since 2 animals were sacrificed due to unacceptable loss of body weight).
Error bars represent SEM. Statistical significance was determined using 2-sample, 2-tailed t tests
(GraphPad). Brains of rosiglitazone and untreated, mock-infected, and WNV-infected mice were
harvested at 9 dpi and were sectioned and stained with antibodies directed against activated caspase 3
(n=5 for mock-infected and treated-infected mice, n=4 for untreated, infected mice). (C) Images show
caspase 3 staining in the rosiglitazone-treated, WNV-infected mouse with the most caspase 3-positive
cells compared to that seen in an untreated, WNV-infected control. Caspase 3-positive cells are
highlighted (arrow). (D) Table shows the number of activated-caspase 3-positive cells in the whole
section or localized to the hippocampus in WNV-infected/untreated mice (WNV2, n=4) or WNV-
infected/rosiglitazone-treated (WNV1, n=5) mice. No cells containing activated caspase 3 were seen in
treated or untreated mock-infected animals. (E) At 9dpi, H&E-stained sections showed tissue damage in
rosiglitazone-treated, WNV-infected mice that was consistent with caspase staining such that the mouse
with the highest number of caspase 3-positive cells demonstrated severe tissue injury and neuronal
death characterized by cell body shrinkage and darkly staining pyknotic nuclei that were associated
with vacuolation of adjacent tissue.
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infection of ex vivo BSC. BSC are isolated from peripheral immune responses and provide a
convenient model system in which intrinsic CNS effects can be investigated in the absence
of infiltrating immune cells. As expected (34–39), rosiglitazone treatment resulted in wide-
spread inhibition of WNV-induced expression of proinflammatory chemokines (CXCL10,
CCL5, and CCL2) and cytokines (TNF-a and IL-6), which was associated with reduced activa-
tion of microglia. However, instead of being protective, as has been shown in other models
of CNS injury and disease, rosiglitazone treatment of WNV-infected BSC resulted in increased
viral load, caspase 3 activation, and neuronal death. Rosiglitazone had a similar effect in vivo,
increasing the severity of WNV-induced CNS disease in mice.

It is unlikely that the decreased expression of proinflammatory genes following rosi-
glitazone treatment of WNV-infected BSC directly contributes to increased viral load
and virus-induced neuronal death. Indeed, a reduction in WNV-induced expression of

FIG 5 Rosiglitazone increases the activation of astrocytes, viral growth, and lymphocyte infiltration in the
brains of WNV-infected mice. Mice were fed rosiglitazone chow for 14 days prior to footpad inoculation of 1000
PFU WNV (NY99). At 9 days postinfection, brains were harvested, sectioned, and stained with antibodies
directed against GFAP (A), WNVE (A), or CD3 (B and C). Similar to what we observed in ex vivo slices, and
consistent with data presented in Fig. 4, rosiglitazone treatment resulted in higher levels of WNV antigen (red
staining) (A), GFAP (green staining) (A), and CD3 (B and C) in the thalamus (A), hippocampus (A and B), and
cortex (C) of the WNV-infected/rosiglitazone-treated, WNV-infected mouse with the highest caspase 3 positivity
and greatest level of injury compared to an untreated, WNV-infected, control. Increased CD3 staining is also
seen in the hippocampus (B) and cortex (C) of an untreated, WNV-infected mouse compared to mock-infected
controls.
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TNF-a, which is thought to contribute to neuronal death following WNV infection (36,
37), and IL-6 (50) would be expected to promote neuronal survival. However, the
reduced activation of microglia, seen following rosiglitazone treatment of WNV-
infected BSC, would likely result in increased viral load based on studies which show
that pharmacologic deletion of microglia results in increased viral burden in the CNS
and higher mortality in infected mice (23, 24). Increased viral load in the absence of
microglia in vivo has been attributed to the ability of microglia to attract and regulate
the function of infiltrating immune cells (24, 51). Our observation that a decrease in
microglial activation is associated with increased viral load in WNV-infected BSC now
suggests that microglia have additional effects that are intrinsic to the CNS. We have
previously shown that microglia phagocytoze WNV-infected cells in BSC (11), providing
a mechanism by which a lack of activated microglia would result in increased viral
load. Another possible mechanism by which microglia could result in increased viral
load is through type 1 IFN signaling. Type 1 IFN signaling is perhaps the most well-
characterized innate immune response to viral infection and is critical for limiting viral
multiplication (27, 28). Following viral infection, viral sensors, including RigI-like heli-
cases (RLRs), recognize viral pathogen-associated molecular patterns (PAMPS), leading
to a signaling cascade mediated by mitochondrial antiviral signaling (MAVS) and result-
ing in the activation of interferon regulatory factor 3 (IRF3) and NF-kB (52).
Simplistically, NF-kB then goes on to regulate the expression of proinflammatory
genes, whereas IRF3 promotes the upregulation of type 1 IFNs and the subsequent
expression of ISG, which function to inhibit viral multiplication (53). Astrocytes (54) and
neurons (55) can release type 1 IFNs following WNV infection; however, microglial
release of type 1 IFNs has been shown to be critically important for the control of viral
multiplication and injury in the CNS following viral infection (27, 51, 56). Additional
work in our laboratory has shown that the expression of IFN-b is not reduced in WNV-
infected BSC that are depleted in microglia (S. Stonedahl, personal communication),
indicating that microglia are not the primary source of type I IFNs following WNV infec-
tion of BSC and suggesting that rosiglitazone interferes with type I IFN production in
WNV-infected neurons and astrocytes. Rosiglitazone could also inhibit the expression
of IFN-b signaling through its ability to inhibit NF-kB signaling (57), which can result in
decreased activation of microglia (58).

Our current observation that decreased microglial activation is associated with
increased viral multiplication and virus-induced neuronal death following rosiglitazone
treatments appears to contradict our previous studies with minocycline (34). Minocycline
is a tetracycline antibiotic that can inhibit the activation of microglia. In WNV-infected
SCSC, the inhibition of microglia activation following minocycline treatment was associ-
ated with unchanged or slightly reduced viral load and increased neuronal survival (34). It
is possible that these differences are due to the different CNS tissue used (BSC compared
to SCSC). However, a more likely explanation stems from the fact that minocycline has
been shown to directly inhibit WNV replication and WNV-induced apoptosis (59).

In contrast to microglia, astrocyte activation was not inhibited in rosiglitazone-
treated, WNV-infected BSC. In fact, rosiglitazone treatment resulted in increased expres-
sion of GFAP mRNA and increased numbers of GFAP-positive cells in WNV-infected BSC
and brains. Reports in the literature also suggest that rosiglitazone treatment may
increase GFAP expression (57, 60). Astrocytes can be activated by UV-inactivated super-
natant from WNV-infected neurons (32). Since a higher number of neurons are infected
in the presence of rosiglitazone, this could also account for increased GFAP positivity in
WNV-infected treated tissue compared to untreated, WNV-infected controls.

MATERIALS ANDMETHODS
Mice. Eight- to 10-week-old Swiss Webster mice of both sexes were used for this study (Envigo). In

our previous studies, we have found no significant difference in lethality between WNV-infected male
and female Swiss Webster mice. Mice were observed and weighed daily to monitor disease progression.
All experiments were approved by the Institutional Animal Care and Use Committee (IACUC). Where
indicated, mice were fed rosiglitazone chow (Research Diets; catalog no. D12492) or a control diet
(Research Diets; catalog no. D12450B) starting 14 days prior to infection.

Innate Immune Responses during WNV CNS Infection Journal of Virology

September 2021 Volume 95 Issue 18 e00835-21 jvi.asm.org 9

https://jvi.asm.org


Virus. West Nile virus stocks were obtained from clone-derived strain 385-99 (NY99) as previously
described (61). Briefly, virus was propagated in Vero cells following a passage through C6/36 mosquito
cells to amplify the virus. Following the observation of cytopathic effect in vitro, virus was purified
through sucrose cushion ultracentrifugation to remove cellular debris and associated growth factors.
Virus stocks were diluted to the indicated inoculum in sterile phosphate-buffered saline and injected in
the left rear footpad or were used to infect ex vivo brain slice cultures as described below. The titer of vi-
rus was determined by PCR (see below) or plaque assay.

Brain slice cultures. BSC were prepared from neonatal (3- to 4-day-old) NIH Swiss Webster mice as
we have previously described (4, 11) in compliance with IACUC protocols and institutional guidelines at
the University of Colorado, Anschutz Medical Campus. Briefly, brains were removed and embedded in 2%
agarose and mounted onto a Vibratome cutting instrument (VT1000S; Leica). Transverse sections (400mm)
were sliced and collected in medium (Dulbecco’s modified Eagle’s medium; 10mM Tris, 28mM D-glucose,
pH 7.2). Sections were removed from the agarose and plated onto 30-mm 0.4-mm pore-size cell culture
membrane inserts (Millipore), which transferred to 35-mm well plates containing 1.1ml culture medium
(neurobasal A; 10mM HEPES, 400mM L-glutamine, 600mM GlutaMAX, 1mM B27 [Invitrogen], 60mg/ml
streptomycin, 60U/ml penicillin, and 6U/ml nystatin) supplemented with 10% fetal bovine serum (FBS).
Slices were maintained at 5% CO2 in a cell culture incubation chamber. The next day, new culture medium
was added with 5% FBS, and 2days later, the medium was changed without FBS supplementation.
Medium changes were then repeated every 2days. Rosiglitazone (Sigma; catalog no. R2408) and GW9622
(Sigma; catalog no. M6191) were added to media at a final concentration of 20mM in dimethyl sulfoxide
(DMSO). Three days after preparing BSC (when the medium was changed without FBS supplement), BSC
were inoculated directly with 1� 105 PFU/slice in a volume of 20ml culture medium. BSC were washed
12h later to remove excess medium and virus.

IHC. Brain tissue was fixed in 10% formalin for 20 h at room temperature. Tissue was transferred into
70% ethanol before paraffin embedding and cutting of sections. Coronal brain sections (4mm thick)
were prepared, and tissue injury was assessed semiquantitatively in H&E-stained tissue. Alternatively,
sections were deparaffinized in xylene and rehydrated in consecutive 100% to 75% ethanol washes.
Antigen retrieval was performed using antigen-unmasking solution (Vector Laboratories) or 10mM ci-
trate buffer (pH 6.0). Tissue sections were permeabilized in Neuropore (Trevigen, Gaithersburg, MD)
overnight at 4°C and blocked in 10% normal goat serum (NGS) in Tris-buffered saline with Tween 20
(TBST) for 6 to 8 h at room temperature. Sections were then incubated overnight with primary antibod-
ies, including rabbit anti-Iba1 (1:500; Wako), rabbit anti-GFAP (1:900; Abcam), rabbit anti-MAP2 (1:100;
Millipore), mouse anti-WNV envelope protein (1:200; ATCC), rabbit anti-active caspase 3 (1:100; Cell
Signaling), and CD3 (1:500; Invitrogen). For diaminobenzidine (DAB) staining, sections were washed with
TBST before being incubated with biotinylated secondary antibody (Vector Laboratories) diluted in 5%
NGS-TBST for 2 h at room temperature. Following further washes in TBST, sections were incubated in
0.6% H2O2 (25min) and ABC reagent (Vector Laboratories) (for 1 h) before incubation for up to 10min in
prewarmed DAB (Trevigen, Gaithersburg, MD). Blue counterstain (Trevigen) was applied to sections
before dehydrating and mounting with VectaMount (Vector Laboratories). For fluorescent colabeling
studies, following binding of primary antibody, sections were washed and incubated with secondary
antibodies (goat anti-mouse Alexa Fluor 568 and goat anti-rabbit Alexa Fluor 488; 1:1,000; Invitrogen).
Coverslips were applied using ProLong Gold antifade reagent (Molecular Probes). BSC were washed in
phosphate-buffered saline (PBS) and fixed in 10% neutral buffered formalin for at least 1 h. The fixed
BSC were rewashed in PBS, immersed in block solution (PBS, 4% normal goat serum, 2% bovine serum
albumin, and 0.3% Triton X) for 1 h, and then incubated overnight at room temperature with primary
antibodies (see above) diluted in block solution. The next day, the BSC were washed 3 times with wash
solution (PBS, 0.3% Triton X) and then incubated for 2 h at room temperature with secondary antibodies
(see above) in block solution. After being washed 3 more times with wash solution, the BSC were briefly
rinsed with distilled water (dH2O) before being mounted onto microscopy slides with ProLong Gold anti-
fade reagent (Molecular Probes). All slides (brain sections and BSC) were imaged using a Zeiss Axiocam
on a Nikon Eclipse E800 epifluorescence microscope, with image procurement conducted with
AxioVision software (v4.8; Zeiss).

RT-qPCR. BSC were removed from filters and homogenized in RLT buffer (Qiagen) with 1% beta-
mercaptoethanol and loaded onto RNeasy spin columns (Qiagen), and purified RNA was collected fol-
lowing the manufacturer’s protocols for the RNeasy minikit (Qiagen). The RNA quality and concentration
were measured with an Agilent 2100 bioanalyzer, and cDNA was prepared with iScript (Bio-Rad) follow-
ing the manufacturer’s directions. For determination of cellular gene expression, the cDNA was mixed
with appropriate primers (Bio-Rad) and 2ml SYBR green master mix (SA Biosciences) to 20-ml volumes in
individual wells of a 96-well PCR plate, and PCR amplification was performed with a CFX96 thermocycler
(Bio-Rad). Relative gene expression was determined via threshold cycle analysis using Bio-Rad CFX
Manager software. Beta-actin expression was the control gene setting, and untreated, mock-infected
BSC was the normalization set point for individual gene analyses. For determination of viral titer, equiva-
lent volumes of cDNA were used for PCR with degenerate primers targeting the VP1 gene (PCR protocol,
95°C 3min, 40� cycles of 95°C for 10 s, 53°C for 30 s, and 72°C for 30 s; melt curves, 65 to 95°C in 0.5°C
steps). Samples were compared to a plasmid standard curve. Temperature melt curves temperature and
slope were used to assess the quality of each sample. The starting genome copy number for each dilu-
tion of the standard curve was estimated using spectrophotometer data. The starting genome copy
number per microliter was correlated with the resulting cycle threshold (CT) value at each dilution in the
standard curve, and the standard curve equation was calculated using Excel (Microsoft, Redmond, WA).
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ELISA. BSC were collected in lysis buffer (R&D) and homogenized/sonicated to create lysate to
screen with a custom Mouse Mix & Match Cytokine ELISArray strip kit (Signosis). Lysate was added to
ELISArray plate wells for 2 h of binding incubation, and the plates were washed 3 times and then incu-
bated for 1 h with streptavidin-bound detection antibody. After 3 additional washes, streptavidin horse-
radish peroxidase (HRP) solution was incubated for 45min. Detection solution was then added to each
well for 30min before stop solution was applied, turning the solution yellow, depending on the amount
of bound detection antibody. The strength of the yellow color was quantified colorimetrically at 450 nm
with an EMax spectrometer (Molecular Devices).

Statistical analysis. All PCR and ELISA graphs, Kaplan Meier survival curves, and statistical analysis
were created and assessed with GraphPad InStat and Prism software. Two-sample, 2-tailed t tests will be
used to compare data from treated and untreated conditions at individual time points. Survival analysis
will be conducted using Kaplan-Meier plots, and heterogeneity between the treatment groups will be
tested with the log-rank (Mantel-Cox) test.
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