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Inflammasome Adaptor Protein Apoptosis-Associated Speck-Like
Protein Containing CARD (ASC) Is Critical for the Immune Response
and Survival in West Nile Virus Encephalitis
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West Nile virus (WNV) is a neurotropic flavivirus that has emerged globally as a significant cause of viral encephalitis in hu-
mans. The WNV-induced innate immune response, including production of antiviral cytokines, is critical for controlling virus
infection. The adaptor protein ASC mediates a critical step in innate immune signaling by bridging the interaction between the
pathogen recognition receptors and caspase 1 in inflammasome complexes, but its role in WNV immunopathogenesis is not de-
fined. Here, we demonstrate that ASC is essential for interleukin-1f (IL-1pB) production and development of effective host im-
munity against WNV. ASC-deficient mice exhibited increased susceptibility to WNV infection, and reduced survival was associ-
ated with enhanced virus replication in the peripheral tissues and central nervous system (CNS). Infection of cultured bone
marrow-derived dendritic cells showed that ASC was essential for the activation of caspase 1, a key component of inflammasome
assembly. ASC™'~ mice exhibited attenuated levels of proinflammatory cytokines in the serum. Intriguingly, infected ASC™/~
mice also displayed reduced levels of alpha interferon (IFN-a) and IgM in the serum, indicating the overall protective role of
ASC in restricting WNV infection. However, brains from ASC ™'~ mice displayed unrestrained inflammation, including elevated
levels of proinflammatory cytokines and chemokines, such as IFN-y, CCL2, and CCL5, which correlated with more pronounced
activation of the astrocytes, enhanced infiltration of peripheral immune cells in the CNS, and increased neuronal cell death. Col-
lectively, our data provide new insights into the role of ASC as an essential modulator of inflammasome-dependent and -inde-
pendent immune responses to effectively control WNV infection.

West Nile virus (WNYV) is a neurotropic, enveloped, positive-
strand RNA virus belonging to the family Flaviviridae and is
related to other globally important viruses, such as dengue, Japa-
nese encephalitis, and tick-borne encephalitis viruses (1). Though
the number of cases of WNV infection reported to the Centers for
Disease Control and Prevention declined between 2007 and 2011,
there was an explosive increase in the cases of WNV infection in
2012 (5,387 cases, including 243 deaths, reported as of December
2012). WNV infection remains subclinical in most humans; how-
ever, ~20 to 30% of patients develop symptoms of WNV disease
ranging from fever and mild headaches to severe meningoenceph-
alitis, including cognitive dysfunction, seizures, and flaccid paral-
ysis (1,2). Up to 70% of the WNV neuroinvasive disease survivors
experience persistent neurological deficits for several months after
infection (3). Viral neuropathogenesis is not completely under-
stood, and there is no specific therapy approved for use in hu-
mans. In the central nervous system (CNS), neurons are the pri-
mary target of WNV replication, and virus-associated pathology is
characterized by neuronal death, activation of glial cells, and mas-
sive infiltration of leukocytes in the perivascular space and paren-
chyma (4, 5). The global increase of WNV neuroinvasive disease
warrants a greater understanding of the molecular mechanisms
associated with virus detection, clearance, and neuroinflamma-
tion.

Studies using well-characterized WNV ' encephalitis mouse
models show that WNV infection triggers the innate immune sys-
tem, resulting in the rapid induction of type I interferons (IFNs)
and inflammatory cytokines and chemokines, such as tumor ne-
crosis factor alpha (TNF-a), interleukin-1 (IL-1), and CXCL10,
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some of which play a crucial role in protection against WNV (6, 7).
IL-1p production is reported in human and mice following WNV
infection (4, 8-10). WNV-induced migration of the skin Langer-
hans cells to the draining lymph nodes requires IL-13, and treat-
ment with an IL-1B-specific neutralizing antibody decreases the
total number of immune cells being recruited to the lymph nodes
of WNV-infected mice, indicating its role in virus control in the
periphery (11).

The innate immune system relies on its capacity to rapidly
detect pathogen- and damage-associated molecular patterns
(PAMPs and DAMPs) and to eliminate them. Detection of these
PAMPs and DAMPs by specific host pattern recognition receptors
(PRRs) triggers downstream signaling pathways of innate immu-
nity, which collectively work to restrict virus replication and mod-
ulate adaptive immune responses (12, 13). Several PRRs are char-
acterized as recognizing RNA viruses, including Toll-like
receptors (TLR), retinoic acid-inducible gene I (RIG-I), and
NOD-like receptors containing pyrin domain (NLRPs) (12, 14).
Recent reports clearly demonstrate that infection by pathogens
can be detected by the PRRs, such as NLRP3 and absent in mela-
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TABLE 1 Primer sequences used for qRT-PCR

Primer
Gene (ID) Forward Reverse
IL-1B (NM_008361) CCTCACAAGCAGAGCACAAG AAACAGTCCAGCCCATACTTTAG
Caspase 1 (NM_009807) GGAAGCAATTTATCAACTCAGTG GCCTTGTCCATAGCAGTAATG
ASC (NM_023258) CAGCAACACTCCGGTCAG AGCTGGCTTTTCGTATATTGTG
GFAP (NM_010277) GTGGATTTGGAGAGAAAG GTATTGAGTGCGAATCTC
CD45 (L36091) GCCCAAACAAATTACACAT TTAGGCGTTTCTGGAATC
CD4 (NM_013488) GGAAGACTCTCAGACTTAT GAAGGTCACTTTGAACAC
CD8 (NM_009857) GTAATGAGCAGACTGTAAC CTATATGATGGGCAGACA

noma 2 (AIM2), resulting in the activation of caspase 1 via a mul-
tiprotein complex known as inflammasomes (15). In all these
complexes, ASC (apoptosis-associated speck-like protein con-
taining C-terminal caspase recruitment domain [CARD]) pro-
vides a link between these PRRs and the proform of caspase 1 (16,
17). Activation of pro-caspase 1 is required for the processing and
subsequent secretion of the key proinflammatory cytokines pro-
IL-1f and pro-IL-18 into their biologically active forms.

ASC is an adaptor molecule originally identified in the insolu-
ble cytosolic fraction, called speck, of the cells undergoing apop-
tosis (18). It is composed of an N-terminal PYD domain and a
CARD, which interacts directly with multiple PRRs, such as
NLRPs, NLR caspase recruitment domain-containing protein
(NLRC), and AIM2, to form caspase l-activating platforms
termed inflammasomes (15, 19). Several studies have recently re-
vealed the in vivo role of ASC in different physiological and path-
ological events associated with inflammation (20). DNA viruses,
including vaccinia virus, adenovirus, myxoma virus, and mouse
cytomegalovirus (21-23), and RNA viruses, such as influenza A
virus, Sendai virus, human respiratory syncytial virus, and en-
cephalomyocarditis virus (EMCV), utilize the inflammasome as-
sembly to induce IL-1fB production (12, 24, 25). In another sem-
inal study, Ichinohe et al. reported that ASC inflammasomes play
a central role in innate and adaptive immunity to influenza virus
(26). It was initially believed that ASC exerts its immune effects by
mediating the interaction between NLRs and caspase 1 in inflam-
masome complexes. However, emerging evidence has indicated
several inflammasome-independent roles of ASC in controlling
immune responses. For example, host defense in chronic infection
with Mycobacterium tuberculosis depends on ASC, but not on
NLRP3 or caspase 1 (27). In addition, induction of antigen-spe-
cific IgG antibodies to influenza vaccines is impaired in mice de-
ficient for ASC, but not NLRP3 or caspase 1 (28).

Although WNV infection results in IL-1( secretion (8, 10, 11),
the specific signaling pathways associated with IL-18 production
have not been characterized so far. Since ASC is a common adap-
tor protein in multiple inflammasome complexes, it is likely to
play an important role in regulating IL-1@ production and other
immune functions in WNV-infected mice. Therefore, the objec-
tive of this study was to understand the in vivo role of ASC in host
defense mechanisms against WNV infection. Our results describe
the requirement for ASC in the production of IL-1{ in mice, the
absence of which resulted in impaired WNV replication and in-
creased mortality of ASC™'~ mice inoculated via the subcutane-
ous route. Mice that lacked ASC had a higher CNS virus burden
and neuronal death following WNYV infection, which was associ-
ated with altered levels of inflammatory cytokines, IFN-a, and
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virus-specific IgM. Collectively, these data provide the first evi-
dence of the requirement for ASC as an essential modulator of
immunity in vivo and demonstrate that ASC signaling orches-
trates inflammasome-dependent and -independent immune re-
sponses to effectively control WNV infection.

MATERIALS AND METHODS

Virus and mouse experiments. Wild-type (WT) C57BL/6 mice were
bought from the Jackson Laboratory (Bar Harbor, ME), and ASC™/~
mice were obtained from Vishwa Dixit (Genentech, CA) and did not
contain a Dock2 mutation (data not shown), as reported in some
ASC-deficient mouse lines (29). All mice were bred and genotyped in
the animal facility at the John A. Burns School of Medicine, and the
experiments were approved and conducted in accordance with the
University of Hawaii at Manoa animal studies guidelines. All infec-
tions were conducted on 8- to 10-week-old mice by inoculation of 100
PFU of WNV (NY99, isolated from crow brain and passaged once in
Vero cells) into either the footpad or cranium, as described previously
(30). On specific days after infection, blood was collected by cardiac
puncture, and the serum was separated by centrifugation and stored at
—80°C. The mice were then extensively perfused with 20 ml cold phos-
phate-buffered saline (PBS) under anesthesia, and the harvested or-
gans (spleen, kidney, and brain), after flash freezing, were stored at
—80°C until further processing. Alternatively, groups of mice were
monitored for survival for 21 days after infection.

WNYV infection of mouse bone marrow-derived dendritic cells
(BMDCs). Eight-week-old WT and ASC™/~ mice were sacrificed, and
bone marrow cells were isolated from the hind limbs as described previ-
ously (31). For BMDCs, bone marrow cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 20 ng/ml of recombinant granulocyte colony-stimulating
factor (GM-CSF) (R&D Systems), and IL-4 (R&D Systems). The cells
were fed with fresh medium on days 2 and 4. At day 7, the cells were
checked for purity by staining with anti-CD11c (eBioscience) using flow
cytometry and infected with WNV at a multiplicity of infection (MOI) of
0.1. Cell lysates were collected at various time points after infection for the
Western blot analysis of caspase 1 and IL-1f.

Quantitation of the virus load in blood and tissues. The virus titers
were analyzed in the serum and homogenates of spleen and kidney by
plaque assays and by quantitative real-time PCR (qQRT-PCR) in the brain,
as described previously (30). QqRT-PCR was conducted using primers and
6-carboxyfluorescein (FAM)- and 6-carboxytetramethylrhodamine
(TAMRA)-labeled probes specific for the WNV envelope region, and the
standard curve was generated using RNA extracted from previously
titrated WNV dilutions (10,000 to 0.1 PFU), as described by Lanciotti et
al. (32). The data are expressed as WNV PFU equivalents/j.g of RNA.

Quantitation by qRT-PCR and Western blots. The mRNA levels of
multiple host genes were determined using qRT-PCR, and the fold change
in infected brains compared to controls was calculated after normalizing
to the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene (33).
The primer sequences and annealing temperatures used for qRT-PCR are
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FIG 1 ASC s essential for WNV-induced IL-1 maturation and caspase 1 activation. (A) WT mice were mock infected (M) or infected with 100 PFU of WNV
via the footpad, total cell lysates prepared from brains at day 8 (D8) after infection were resolved by SDS-PAGE, and IL-1 maturation was measured by Western
blotting. (B) Total RNA extracted from WNV-infected BMDCs (MOI, 0.1) from WT and ASC™/~ mice was used for the analysis of mRNAs of IL-1B, ASC, and
caspase 1 (Casp-1) at 48 h after infection. The data are normalized to the values for GAPDH and are expressed as the relative fold increase compared to uninfected
controls. ND, not detected. (C) Cell lysates (15 to 30 pg) prepared from WNV-infected BMDCs were immunoblotted with antibodies against IL-13, ASC, and
caspase 1. (D) Quantitative analysis of Western blot results. All values are relative to 3-actin and are representative of samples from at least two independent
experiments. *, P < 0.05 compared to mock-infected controls. The data are expressed as means = standard deviations.

listed in Table 1. The expression profiles of multiple cytokines, chemo-
kines, and their receptors in the brain were analyzed using a commercial
RT? Profiler inflammatory cytokine and receptor PCR array (SABiosci-
ences) following the manufacturer’s instructions. Briefly, 500 ng of total
RNA was reverse transcribed into cDNA using an RT?> mRNA First Strand
Kit (Qiagen) according to the manufacturer’s instructions. One micro-
gram of total cDNA pooled from two mouse brains from each group was
mixed with RT* SYBR green Fluor qPCR Master Mix (Qiagen). Twenty-
five microliters of this mix was loaded in each well of the 96-well plate, and
qPCR was carried out on a Bio-Rad iCycler real-time PCR machine. The
qPCR data obtained were analyzed using RT? Profiler PCR Array Data
Analysis version 3.5 (SABiosciences). Cycle threshold (C,) values of >35
were considered to be nonspecific, and the fold change in the brains of
infected mice compared to mock-infected mice of the same genotype was
calculated after normalizing to the housekeeping genes. The data are ex-
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pressed as the mean of a total of four animals from two independent arrays
for each group. For Western blotting, total cellular protein was extracted
from the brain and BMDCs, and 20 to 30 g protein was separated on
SDS-PAGE, transferred onto nitrocellulose membranes, and incubated
overnight with polyclonal antibodies against IL-13, ASC, caspase 1 (Cell
Signaling), and IgG (AbCam) as described previously (33). Following
incubation with secondary antibodies conjugated with IRDye 800 and
IRDye 680 (Li-Cor Biosciences), the membranes were scanned using the
Odyssey infrared imager (Li-Cor Biosciences) (30).

Measurement of WNV-specific antibodies. The levels of WNV-spe-
cific IgM antibodies were measured in the serum using microsphere im-
munoassay (MIA) for WNV envelope (E) protein (L2 Diagnostics), as
described previously (34, 35). Briefly, serum samples were incubated with
magnetic microspheres (MagPlexTM-C) coated with a recombinant
WNV E antigen for 30 min, followed by secondary goat anti-mouse IgG or
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IgM conjugated to red phycoerythrin (Jackson ImmunoResearch) for 45
min. The fluorescence intensity of the microspheres was analyzed with a
Luminex 100 instrument (Millipore Corp.).

Measurement of IFN-a, cytokines, and chemokines. The levels of
alpha interferon (IFN-a) were measured in the sera using the VeriKine
Mouse Interferon-Alpha ELISA (enzyme-linked immunosorbent assay)
Kit (PBL Interferon Source), as described previously (34). The levels of
cytokines and chemokines were measured in the sera and brain homoge-
nates by Luminex assay using a Milliplex Map Mouse Cytokine/Chemo-
kine kit (Millipore).

Infiltration of leukocytes in the CNS. Brains and spleens from three
mice per experimental group were isolated, pooled, and homogenized
using a Miltenyi gentleMACS cell dissociator. Infiltrated leukocytes from
the brains of WT and ASC™/~ mice at day 8 after infection were isolated by
discontinuous Percoll gradient centrifugation, as described previously
(30), washed twice, and counted. Cells were resuspended in fluorescence-
activated cell sorter (FACS) buffer and stained for CD45, CD11b, CD3,
CD4, and CD8 using directly conjugated antibodies (eBioscience) for 30
min at 4°C and then fixed with 4% paraformaldehyde (PFA) at 4°C for 15
min. Samples were analyzed by multicolor flow cytometry on a FACS
Aria, and the data were analyzed with Flow]Jo software (version 9.4.11), as
described previously (30).

Immunohistochemistry. At day 8 after infection, mice were transcar-
dially perfused with 20 ml of PBS, followed by 20 ml of 4% PFA; brains
were harvested, cryoprotected in 30% sucrose (Sigma), and embedded,
and frozen sections were cut. Tissue preparation and staining with various
primary antibodies were performed as previously described (30, 31). Ter-
minal deoxynucleotidyltransferase-mediated dUTP-biotin nick end la-
beling (TUNEL) staining was performed using an in situ cell death detec-
tion kit (Roche) according to the manufacturer’s instructions (8). Images
were acquired using a fluorescence microscope (Zeiss Axiovert 200). Tis-
sue sections were also stained with anti-GFAP (DakoCytomation), a
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FIG 3 Viral-burden analysis in WT and ASC™/~ mice. Eight- to 10-week-old WT and ASC ™'~ mice were inoculated subcutaneously with 100 PFU of WNV, and
the viral loads in the serum, spleen, and kidney were measured by plaque assay using Vero cells. The WNV copy number in the brain was determined by qRT-PCR.
Each data point represents an individual mouse from two independent experiments. The data for mock-inoculated mice were negative for WNV and are not
shown on the graphs. The horizontal dotted lines denote the detection limit of the plaque assay. The solid horizontal lines signify the median of 7 to 10 mice per

group. *, P < 0.05. D, day.
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marker for astrocyte activation; fluorescein isothiocyanate (FITC)-conju-
gated anti-CD8 (eBiosciences); and biotinylated anti-NeuN (Millipore)
(30).

Statistical analysis. For survival analyses, GraphPad Prism 5.0 was
used to perform a Kaplan-Meier log-rank test to compare curves. Com-
parison of means was carried out with the Mann-Whitney test and un-
paired Student ¢ test using Prism 5.0. Differences with P values of <0.05
were considered significant.

RESULTS

Inflammasome components are induced in the brain during
WNV infection. Increased production of IL-1p has been previ-
ously established in the sera and brains of WNV-infected mice (4,
9); however, the involvement of the inflammasome complex in
IL-1B induction is unknown. Consistent with the previous results,
we observed that the processing of pro-IL-1f to its active form
increased in the brains of WT mice at day 8 after infection
(Fig. 1A). To begin to dissect the in vivo importance of ASC in
WNV infection, we first examined IL-1fB processing and its rela-
tionship with the activation profile of caspase 1 in BMDCs from
WT and ASC™’~ mice. WNV infection (MOI = 0.1) of BMDCs
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induced the mRNA expression of IL-1 and caspase 1 at 48 h after
infection, and this induction was comparable between WT and
ASC™'™ mice (Fig. 1B). As seen in Fig. 1C, Western blot analysis
showed an increase in the cleaved form of IL-1 in mouse BMDCs
upon WNV infection; however, this increase was significantly re-
duced in the ASC™’~ BMDCs. Since the activation of caspase 1
requires inflammasome assembly, we next tested caspase 1 activa-
tion in the BMDCs and whether lack of ASC would result in its
inhibition. BMDCs recovered from WT mice exhibited a dramatic
increase in the P20 subunit of caspase 1 at 48 and 72 h after infec-
tion, but this activation was markedly reduced in infected ASC ™/~
BMDCs, which correlated well with the reduced levels of cleaved
IL-1B (Fig. 1D). The fold increase of caspase 1 mRNA did not
differ between WT and ASC™/~ BMDCs, suggesting that the de-
ficiency of ASC affects the activation of caspase 1 and not tran-
scription of the gene. These results collectively suggest that WNV
induced inflammasome assembly and that ASC was required for
caspase 1 activation.

ASC is required for survival after sublethal WNV challenge.
To characterize the in vivo physiological relevance of the findings
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depicted in Fig. 1 and the importance of ASC in immune-medi-
ated protection, we assessed the survival of mice deficient in ASC
against two different infectious doses of WNV. ASC™/~ mice were
highly susceptible to WNV infection following subcutaneous
challenge with 10 and 100 PFU of virus (Fig. 2). While the infec-
tious dose of 10 PFU (Fig. 2A) resulted in 10 to 15% mortality in
WT mice, mortality in ASC™/~ mice was 40 to 45% (P < 0.05).
Similarly ASC™'~ mice inoculated with 100 PFU exhibited signif-
icantly higher mortality (85%) than WT mice (55% mortality; P <
0.05) (Fig. 2B). There was no significant difference between the
median survival times of infected WT and ASC ™'~ mice (11 days
for a 100-PFU dose).

ASC-dependent signaling modulates WNV replication, tis-
sue tropism, and CNS invasion. To better understand how a de-
ficiency of ASC caused higher mortality following WNV infection,
we challenged WT and ASC™/~ mice with 100 PFU of WNV via
the footpad route, and the viral loads in serum, spleen, and kidney
were measured at early (day 2), middle (day 4), and late (day 6)
stages of infection in the periphery. As shown in Fig. 3, no statis-
tically significant difference in the WNV titer was observed in the
sera from WT and ASC™/~ mice at days 2 and 4 after infection,
when the viremia is high in the mouse model. However, in the
spleen, while 60% of the WT mice had detectable WNV, 90% of
the ASC™'~ mice showed splenic infection at day 4 after infection.
In addition, ASC™'~ mouse spleens had significantly higher virus
titers than WT mice (Fig. 3). Virus titers assayed in the kidneys
also followed a similar trend, and significantly higher virus repli-
cation was observed in ASC™'~ mice than in WT mice at day 4
after infection (Fig. 3). To understand the consequences of higher
virus replication in the peripheral tissues at the level of CNS inva-
sion, virus titers were measured by qRT-PCR in the brains har-
vested at days 4, 6, and 8 after infection. WNV is typically detected
in the CNS of mice between 4 and 6 days after WNV challenge via
the footpad. Consistent with this trend, infected WT mice dem-
onstrated a detectable viral load in the brain by day 6 after infec-
tion. Virus replication in the brains of ASC™'~ mice was slightly
higher at day 6 after infection, but the difference between WT and
ASC™’~ mice was not statistically significant. However, at day 8
after infection, we observed significantly higher levels of WNV in
the ASC™/~ mouse brains than in WT mice (P < 0.05) (Fig. 3).
Thus, the absence of ASC caused increased virus dissemination
and replication after subcutaneous inoculation.

Serum cytokine responses are blunted in ASC™'~ mice.
Given that inflammasome activation is a critical step in IL-1f3
maturation, we compared the serum IL-18 levels between WT
and ASC™’~ mice. The production of IL-1{ was completely abol-
ished in ASC™/~ mice, suggesting that WNV induces IL-1@ in an
ASC-dependent manner (Fig. 4A). Since IL-1f is postulated to
modulate the expression of multiple inflammatory molecules, we
next assessed the levels of downstream cytokines and chemokines
in the sera of WT and ASC™/~ mice. We did not observe any
differences in the basal cytokine and chemokine levels in the sera
from uninfected WT and ASC™/™ mice (Fig. 4). However, com-
pared to WT mice, infected ASC™'~ mice produced significantly
lower levels of proinflammatory cytokines, such as IL-6 and
IEN-v, at days 2 and 4 after infection (Fig. 4B and C). On the other
hand, the comparison of levels of serum chemokines, such as
CCL2 (MCP-1), CCL5 (RANTES), and CXCL1 (MIP-2), between
WT and ASC™/~ mice showed no significant differences in their
levels at any time point after infection (Fig. 4D to F). These results
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FIG 5 WNV-specific immune responses are impaired in the sera from
ASC™'" mice. (A) IFN-a levels in the sera from WT and ASC™/~ mice follow-
ing WNV challenge were measured on the indicated days after infection using
a mouse IFN-a ELISA kit. The data depicted are representative of two inde-
pendent experiments. The solid horizontal lines signify the median of seven
mice per group. *, P < 0.05. (B) Sera were collected from WT and ASC™/~
mice at the indicated time points, and the WNV-specific IgM response was
measured by MIA using WNV E antigen. The values represent the median
fluorescence intensities (MFI) of individual infected mice minus the mean
MFI =* 3 standard deviations of the respective mock group (n = 8). The data
are depicted as scattered points representing individual mice, with the median
represented by the horizontal lines, and are representative of two independent
experiments (n = 10 to 12). *, P < 0.05.

demonstrate that the absence of ASC results in reduced systemic
cytokine response to WNV infection in the periphery.

Antiviral responses are altered in ASC™/~ mice. The robust
production of type I IFN is required to restrict WNV dissemina-
tion in the periphery and entry into the CNS (6). Since IL-1f3 is not
directly involved in regulating type I IFN levels, we predicted that
the deficiency of ASC would notlead to differences in IFN-a levels
between WT and ASC™’~ mice. However, as demonstrated in
Fig. 5A, we observed a trend of slightly reduced levels of IFN-a in
the sera from ASC™/~ mice at day 2 after infection, which became
statistically significant at day 4 after infection. Similarly, virus-
specific IgM and IgG antibody responses are critical for the clear-
ance of WNV, and previous studies have indicated an inflam-
masome-independent role of ASC in adaptive immunity (28). We
measured the levels of WNV-specific antibodies in WT and
ASC ™'~ mice. Serum IgM levels were elevated in the WT mice at
days 6 and 8 after infection; however, this response was markedly
blunted in ASC™’~ mice (Fig. 5B) (P < 0.05). In contrast, the
difference in the serum IgG responses between WT and ASC ™/~
mice was not statistically significant (data not shown), indicating
that ASC produces an inflammasome-independent induction of
isotype-specific antibody response to WNV.
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FIG 6 Enhanced production of cytokines and chemokines in the brains of ASC™/~ mice after WNV infection. Brains were harvested from mock (M)- and
WNV-infected WT and ASC™'~ mice at days 4, 6, and 8 after infection, and homogenized brain lysates were used to measure the levels of multiple cytokines (A
to D) and chemokines (E to H), expressed as the mean concentrations (pg/ml) = SEM, using a multiplex Luminex assay. The data are representative of two

independent experiments (n = 7 per group). *, P < 0.05.

ASC™'~ mice exhibit increased inflammation in the CNS.
Given that the deficiency of ASC affected the proinflammatory
cytokine response in the periphery, we assessed the levels of mul-
tiple inflammatory cytokines and chemokines in the brain ho-
mogenates from WT and ASC™'~ mice following WNV inocula-
tion via the footpad. As expected, IL-1f3 levels increased
significantly in the homogenates from WT mouse brains at day 8
after infection, but this increase was absent in the brains of
ASC™'™ mice (Fig. 6A). The levels of TNF-a and IFN-vy were
greatly elevated in the brains of WT mice at day 8 after infection;
however, this increase was more pronounced and statistically sig-
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nificant in ASC™/~ mice (P < 0.05) (Fig. 6B and C). Moreover,
while the chemokine responses in the sera from WT and ASC™/~
mice did not differ, the levels of important chemokines, such as
CXCL1, CCL2, CCL5, and CCL3 (MIP-1), were significantly
higher in the brains of ASC™/~ mice at day 8 after infection (Fig.
6E to H). The increase of proinflammatory mediators in the brain
at the mRNA level was also validated using inflammation path-
way-specific arrays. As shown in Table 2, mRNA changes observed
in the brains correlated well with the protein levels of cytokines
and chemokines in the brain homogenates at day 8 after infection.
Compared to WT mice, the mRNA fold increase of chemokines
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TABLE 2 Fold changes in the mRNA levels of inflammatory molecules
in the brains of WNV-infected WT and ASC ™/~ mice

mRNA fold change”
Gene WT ASC™/~
Caspl 5.01 = 0.35 2.64 + 0.45
Ccl2 (MCP-1) 85.92 £ 10.20 588.13 £ 31.61
Ccl3 (MIP-a) 6.17 = 0.67 55.72 = 2.52
Ccl4 (MIP-B) 23.02 £ 1.21 84.45 * 4.82
Ccl5 (RANTES) 52.89 * 4.23 90.51 £ 10.50
Cerl 7.09 = 0.42 9.85 * 1.16
Ccr4 1.17 = 0.04 3.48 £ 0.30
Cer7 1.77 £ 0.16 6.06 £ 0.76
Cxcl10 (IP-10) 641.36 = 13.34 831.75 £ 37.13
Cxclll (IP-9) 9.35 = 0.85 45.25 £ 0.4
IFN-vy 11.51 £ 1.51 18.38 £ 1.98
1L-10 18.70 = 2.64 10.56 = 1.05
1L-4 3.80 = 0.41 1.87 = 0.05
TNF-a 13.22 £ 1.1 22.63 £2.13

“ The data are expressed as means * standard deviations for a total of four animals
from two independent arrays for each group.

such as CXCL1, CCL2, CCL5, and CCL3 and their corresponding
receptors, CCR1, -4, and -7, were markedly elevated in the brains
of ASC™'™ mice.

Enhanced inflammation associates with increased neuropa-
thology in ASC™'~ mice. Enhanced virus replication and neuro-
inflammation in the brain is directly linked to increased neuronal
death and activation of glia. As ASC™/~ mice exhibited increased
virus replication and inflammatory responses in the brain, we hy-
pothesized that the decreased-survival phenotype of ASC ™/~ mice
could be due to increased neuronal death. To assess this, brain
sections from WT and ASC™'™~ mice at day 8 after infection were
evaluated for the presence of TUNEL-positive cells. WT and
ASC™’~ mice showed TUNEL-positive cells within the cortex,
hippocampus, or cerebellum region. However, the numbers were
significantly higher in the brains of ASC™/~ mice (Fig. 7). Simi-
larly, compared to the WT mice, increased immunoreactivity to
GFAP, a marker of the activation of astrocytes, was more pro-
nounced in the brains from the ASC™/~ mice (Fig. 7D to Q).
Analysis of the mRNA level of GFAP by qRT-PCR further dem-
onstrated an 8-fold increase in ASC™/~ mice compared to the
2.2-fold increase in WT mice. In addition, the extravasation of
peripheral IgGs in the CNS as a marker of blood-brain barrier
(BBB) disruption was analyzed in the WT and ASC ™'~ mice at day
8 after inoculation. As shown in Fig. 7H, both WT and ASC™/~
mouse brains had significant extravasation of systemic IgG com-
pared to mock controls at day 8 after infection; however, the dif-
ference between WT and ASC ™/~ mice was not statistically signif-
icant (Fig. 71).

Effect of ASC on leukocyte infiltration in the CNS. Another
hallmark of WNV encephalitis is the accumulation of inflamma-
tory immune cells in the brain (5). Since chemokines in the brain
modulate trafficking of leukocytes, we next assessed the total
number of leukocytes in the WT and ASC™'~ mouse brains. While
no difference was observed between the total leukocytes in the WT
and ASC™'" spleens, they increased by >2-fold in the brains from
ASC™'™ mice (Fig. 8A and B). To better characterize this response,
we analyzed the numbers and phenotypes of different cell popu-
lations in WT and ASC™’~ mice by flow cytometry. ASC™'~
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mouse brains had significantly higher numbers of CD45" and
CD11b" macrophages than WT mouse brains (Fig. 8C and D).
Additionally, the total number of CD3* CD4" and CD3* CD8™ T
cells in the brains of ASC™/~ mice was also >3-fold higher than in
WT mouse brains (P < 0.01) (Fig. 8E to G). To verify these results,
we also measured the levels of CD45", CD4™, and CD8™ cells in
the brain by qRT-PCR analysis. Consistent with the flow cytom-
etry results, compared to the WT mice, the fold increase of these
genes was higher in ASC™'~ mouse brains (Fig. 8H). To further
confirm the ability of CD8 " T cells to traffic across the perivascu-
lar space, brain sections from ASC™/~ mice were also immuno-
stained for CD8™ T cells. Figure 81 demonstrates that infiltrated
CD8™ T cells were able to cross the BBB and perivascular space
and traffic to the neurons. These results suggest that the absence of
ASC exacerbates leukocyte trafficking and accumulation in the
brain, thereby contributing to increased neuroinflammation and
neuronal death.

ASC does not control virus replication after intracranial in-
fection of WNV. To further understand whether ASC played a
direct role in limiting virus replication in the CNS, we inoculated
WT and ASC™'™ mice with 100 PFU of WNV via the intracranial
route and monitored the virus burden on days 2, 4, and 6 after
infection. Intracranial infection with WNV resulted in rapid rep-
lication in the brain, and the titers reached 10® PFU/pg of RNA by
day 6 after infection. However, there was no difference between
the virus titers in WT and ASC™’~ mouse brains (Fig. 9), suggest-
ing that ASC does not directly control virus replication in the CNS
tissues.

DISCUSSION

ASC is a key adaptor protein of multiple inflammasome com-
plexes and has emerged as an important mediator of the inflam-
matory response during host defense in several infection scenar-
ios. Upon detection of the viral PAMPs or DAMPs, PRRs such as
NLR proteins bind to the PYD domain of ASC, which then re-
cruits pro-caspase 1 through its CARD to the inflammasome com-
plex, ultimately processing pro-IL-1B to mature IL-1B. WNV in-
fection induces IL-1B production (9); however, the precise
molecular mechanisms associated are not clearly understood. We
initiated this study because mouse BMDC experiments demon-
strated a significant increase in the cleavage of pro-IL-1p into its
active form. Caspase 1 is a central component of the inflam-
masome; therefore, its activation in WT BMDC:s is the first indi-
cation of formation of the inflammasome complex during WNV
infection. Our finding that ASC is required for caspase 1 activation
and IL-1p maturation (Fig. 1C) further implies that ASC is a crit-
ical component of the WNV-induced inflammasome and that the
production of IL-1f is dependent on ASC.

Here, we report the molecular and cellular immune responses
in ASC™'™ mice following WNYV infection and demonstrate that
the expression of ASC is crucial for virus clearance and survival in
the mouse model of WNV disease. The route of virus inoculation
is known to influence the host immune response, thereby affecting
WNYV replication kinetics. Infection via the subcutaneous route
stimulates early host responses in the periphery, resulting in an
effective and balanced innate immune response that restricts
WNV dissemination (36). On the other hand, intracranial inocu-
lation induces rapid replication of virus and inflammation in the
CNS. The lack of a significant difference in WNV levels in the
brains of WT and ASC™/~ mice after intracranial inoculation
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FIG 7 Increased neuropathology in the brains of ASC™’~ mice. (A and B) A TUNEL assay was conducted on PFA-fixed brain sections from WNV-infected WT
(A) and ASC™’/~ (B) mice at day 8 after infection to evaluate neuronal apoptosis. The photomicrographs show representative images obtained from two
independent experiments (n = 4 per group). (C) Quantitative representation of TUNEL-positive cells from 15 different brain areas per section from two
independent experiments (1 = 4 per group). The number of TUNEL-positive cells was significantly higher in the ASC™'~ mouse brain. *, P < 0.05. The data are
expressed as means * standard deviations. (D and E) PFA-fixed brain sections from WNV-infected WT (D) and ASC™/~ (E) mice at day 8 after infection were
stained for GFAP, a marker for activated astrocytes. The immunoreactivity of GFAP was higher in WNV-infected ASC™/~ mice. White arrows indicate activated
astrocytes. (F and G) The sections from mock-infected WT (F) and ASC™'~ (G) mice did not show reactivity for GFAP. The photomicrographs show
representative images obtained from two independent experiments (1 = 4 per group). (H) Brain lysates were resolved by SDS-PAGE, and Western blotting was
conducted to detect heavy and light chains of IgG as a marker of increased BBB permeability. (I) Quantitative analysis of Western blot results. All values are

relative to B-actin and are representative of four mice per group from at least two independent experiments.

(Fig. 9) suggests that in the absence of ASC, WNV is not efficiently
cleared from the periphery. This notion is further supported by
several experimental observations. First, increased virus burden in
the peripheral tissues, such as the spleen and kidney, indicates
impaired clearance of WNV in the periphery in ASC™/~ mice.
Second, reduced cytokine (IL-1pB, IL-6, and IFN-y) and IFN-a
levels in the sera from ASC™’~ mice suggest an impaired innate
intracellular immune response in the periphery, and finally, de-
creased levels of IgM further identify the role of ASC in modulat-
ing adaptive immunity during WNV infection. Collectively, our
data suggest that ASC-dependent signaling functions primarily to
establish a balanced and protective innate immune response dur-
ing WNV infection.

Restricted inflammation is essential to clear pathogens and
trigger an effective adaptive immune response. IL-1(3 is a critical
cytokine that initiates cascades of events, such as amplification of
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the inflammatory response, modulation of T-helper 1-associated
responses, and activation of endothelial cells (37). IL-1p produc-
tion involves two discrete signals: signal 1 induces gene expression
of pro-IL-1B, and signal 2 triggers its processing via inflam-
masome assembly (38). Our data demonstrate reduced caspase 1
cleavage in ASC™/~ BMDCs (Fig. 1) despite comparable levels of
IL-1B and caspase 1 mRNAs in WT and ASC™'~ BMDCs follow-
ing WNV infection, suggesting that the deficiency of ASC affects
signal 2 of IL-1B production. IL-1B promotes inflammation by
inducing important secondary cytokines, such as IL-6, IFN-y, and
COX-2 (39). While IFN-y possesses antiviral activity, IL-6 gov-
erns antibody production and activation of T cells. Therefore, a
possible explanation for the attenuated inflammatory response in
the periphery (Fig. 4) could be the reduced IL-1B production in
the ASC™/~ mice following WNYV infection. The requirement for
inflammasome activation for an adequate inflammatory response
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has also been shown for influenza A virus, where deficiency of
caspase 1 resulted in decreased levels of IL-13, IL-6, and TNF-a
(40). Another interesting observation of our study is the signifi-
cantly reduced production of IEN-« in the ASC™/~ mice (Fig. 6A).
The robust induction of type I TFN via the TLR3 and RIG-I signal-
ing pathway is a major hallmark of host antiviral response to WNV
(6). While recent studies by Guarda et al. demonstrate inhibition
of IL-1p maturation and inflammasome activation by type I IFN
(41), the role of ASC in governing IFN-a/f levels has not been
reported previously. The mechanisms underlying the reduced
IFN-a levels in the infected ASC ™/~ mice is unclear; however, it is
likely that ASC may indirectly affect IFN-a/ production by in-
teracting with other PRRs involved in the IFN signaling cascade.

Accumulating evidence of the role of ASC in innate immunity
has led to studies describing its function outside the realm of the
inflammasome. ASC has been identified as the regulator of NF-kB
and MAPK/ERK-2 activity in murine and human monocytes/
macrophages (42, 43). The disease progression in the mouse
model of autoimmune arthritis is attenuated in mice lacking ASC,
but not in caspase 17/~ mice (44, 45). Further, Ichinohe et al.
reported that nasal IgA and systemic IgG responses against influ-
enza virus required ASC, but not NLRP3 (26). In another study,
the absence of ASC significantly reduced H5N1-specific IgG anti-
body responses after vaccination with MF59-adjuvanted influ-
enza vaccines, while they were intact in NLRP3 ™'~ and caspase
17/~ mice (28). These findings allow important new insights into
the role of ASC in adaptive immunity and suggest that ASC-de-
pendent signals are required to elicit adequate IgM response in
mice following WNV challenge.

One of the most intriguing findings of our study was the dif-
ference in the inflammatory responses observed in the serum and
brain. While the deficiency of ASC did not affect chemokine re-
sponses in the serum, they were significantly higher in the ASC™/~
brains (Fig. 4 and 6). Likewise, IFN-y levels, which were reduced
in the serum, increased significantly in the brains of ASC™'~ mice.
One explanation for this observation is that CNS cells may re-
spond differently to the deficiency of ASC. Several studies have
demonstrated, astrocytosis, gliosis, and activation of astrocytes
and microglia as a hallmark of WNV-CNS infection in mouse and
human studies (30, 46—48). Activated astrocytes, along with mi-
croglia and infiltrating macrophages, have been associated with
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producing inflammatory mediators in several neuroinflammatory
scenarios (49). We and others have previously shown that WNV-
infected and activated astrocytes can produce high levels of cyto-
kines and chemokines (10, 50). Thus, it is possible that more pro-
nounced activation of astrocytes observed in infected ASC™'~
brains (Fig. 7) may result in an increased chemokine and cytokine
response in the brain; however, the possibility of infiltrating leu-
kocytes and microglia contributing to increased inflammation
cannot be ruled out. Although infiltration of leukocytes, specifi-
cally CD4" and CD8™ T cells, in the CNS is critical for clearance of
WNV, our results (Fig. 8) suggest that increased infiltration of
immune cells is not enough to efficiently clear the virus in the
brains of ASC™'™ mice. It has been shown previously that in-
creased CD8™ T cells contribute to immunopathology with high
doses of WNV challenge (51). Further, recent studies by Ramos et
al. have also demonstrated a positive correlation between in-
creased WNV replication in the CNS and increased total and an-
tigen-specific CD8™" T cells within the CNS of IL-1r /™ mice com-
pared to WT mice at day 10 after WNV infection (9). Therefore, it
is likely that increased chemokine responses and leukocyte re-
cruitment in the brains of ASC™/~ mice may contribute to severe
immunopathology, such as increased TUNEL-positive apoptotic
cells (Fig. 7). This study did not address the specific PRR involved
in the activation of the ASC inflammasome; however, the in-
creased mortality in WNV-infected NLRP3 ™/~ mice observed by
Ramos et al. indicates the role of NLRP3 in mediating protective
immunity against WNV (9). Moreover, based on prior studies
reporting detection of RNA viruses by NLRP3 (24, 26), it is likely
that WNV detection by NLRP3 recruits ASC and mediates IL-1[3
production via caspase 1 activation.

Collectively, the results from this as well as other studies sug-
gest that the role of inflammasomes in the host defense against
RNA viruses is complex. The inflammasome activity was protec-
tive against influenza virus; however, despite the ability of the
inflammasomes to detect EMCV or vesicular stomatitis virus, WT
and caspase 1-deficient mice were equally susceptible to infection
with both viruses (24). To our knowledge, our data for the first
time demonstrate a critical role of ASC during WNV infection.
We propose that ASC coordinates a well-regulated innate and
adaptive immune response to WNV, ultimately restricting immu-
nopathogenesis during infection. Considering the contribution of
ASC to both inflammatory and antiviral IgM responses in mice, it
may play an equally profound role in host protection upon WNV
infection in humans. Future studies are warranted to understand
the mechanisms underlying the role of ASC in modulating adap-
tive immune responses, and they will have important implications
for the design of an ideal formulation for future WNV vaccines.
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