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Sterile alpha and HEAT/Armadillo motif (SARM) is a highly conserved Toll/interleukin-1 receptor (TIR)-
containing adaptor protein that is believed to negatively regulate signaling of the pathogen recognition
receptors Toll-like receptor 3 (TLR3) and TLR4. To test its physiological function in the context of a microbial
infection, we generated SARM '~ mice and evaluated the impact of this deficiency on the pathogenesis of West
Nile virus (WNYV), a neurotropic flavivirus that requires TLR signaling to restrict infection. Although SARM
was preferentially expressed in cells of the central nervous system (CNS), studies with primary macrophages,
neurons, or astrocytes showed no difference in viral growth kinetics. In contrast, viral replication was increased
specifically in the brainstem of SARM ™/~ mice, and this was associated with enhanced mortality after
inoculation with a virulent WNV strain. A deficiency of SARM was also linked to reduced levels of tumor
necrosis factor alpha (TNF-a), decreased microglia activation, and increased neuronal death in the brainstem
after WNV infection. Thus, SARM appears to be unique among the TIR adaptor molecules, since it functions
to restrict viral infection and neuronal injury in a brain region-specific manner, possibly by modulating the

activation of resident CNS inflammatory cells.

Understanding the outcome of a host-pathogen encounter
requires identification of the molecular mechanisms by which
microbes are recognized and inflammatory signals are gener-
ated. Pattern recognition receptors (PRR) detect conserved
microbial structural elements identified as pathogen-associ-
ated molecular patterns. PRR that recognize single- and dou-
ble-stranded genomes of RNA viruses include Toll-like recep-
tors (TLR) on the cell surface or within endosomes, which
signal through the adaptor molecules MyD88 and TRIF, and
the RIG-I and MDAS cytoplasmic helicases, which signal
through the adaptor protein IPS-1 (also known as MAVS,
Cardif, and VISA) (reviewed in references 18 and 41). Recog-
nition of viral RNA by these sensors results in the downstream
activation and nuclear translocation of master transcriptional
regulators, including IRF-3, IRF-7, and NF-«kB, which induce
gene transcription of proinflammatory cytokines, including
type I interferon (IFN-a and -B) and tumor necrosis factor
alpha (TNF-«) (34). PRR signaling and the immune responses
that ensue are regulated in part through the expression and
localization of cell type-specific adaptor molecules.

Sterile alpha and HEAT/Armadillo motif (SARM) is the
fifth identified Toll/interleukin-1 receptor (TIR)-containing
adaptor protein and is highly conserved across many species
(23). Diverse functions have been attributed to SARM. The
results of in vitro studies have suggested that human SARM

* Corresponding author. Mailing address: Departments of Medi-
cine, Molecular Microbiology, and Pathology and Immunology, Wash-
ington University School of Medicine, 660 South Euclid Ave., Box
8051, St. Louis, MO 63110. Phone: (314) 362-2842. Fax: (314) 362-
9230. E-mail: diamond@borcim.wustl.edu.

¥ Published ahead of print on 8 July 2009.

9329

specifically inhibits the function of TRIF, an adaptor that me-
diates the MyD88-independent signaling of TLR3 and TLR4
(3). When overexpressed in 293T cells, human SARM associ-
ates with TRIF via its TIR and sterile-alpha motif (SAM)
domains to block the induction of proinflammatory genes (3).
In contrast, studies of mouse macrophages lacking SARM
have demonstrated that cytokine production is unaltered after
TLR stimulation (20). In vivo, its function is also uncertain. In
Caenorhabditis elegans, SARM protects against infection in a
TLR-independent manner by promoting the induction of an-
timicrobial peptides (5). In mice, SARM appeared proapop-
totic in hippocampal neurons under metabolic stress, suggest-
ing that it has tissue-specific signaling functions (20). Thus,
SARM likely has diverse molecular targets in animals, and its
role in modulating immunity remains to be fully elucidated.
West Nile virus (WNV) is a single-stranded, positive-polar-
ity RNA virus of the Flaviviridae family. In humans, WNV
infection is commonly asymptomatic, although in a subset of
individuals it can cause a febrile illness and progress to en-
cephalitis (15). The elderly and immunocompromised are at
greatest risk for developing severe neurological disease, sug-
gesting a role for the host immune response in the control of
infection. The mouse model of WNYV recapitulates many fea-
tures of human disease and results in infection of myeloid cells
and neurons in peripheral and central nervous system (CNS)
tissues, respectively (reviewed in reference 31). Studies of mice
also have highlighted the importance of the IFN-o/-B and
TNF-a signaling pathways in controlling lethal WNV infection
and minimizing cell death of CNS neurons (19, 30, 36). Recent
studies have also demonstrated an essential protective role for
TLR3 and IRF-3 in controlling WNYV pathogenesis in the brain
(6, 7). Given the importance of TLR-mediated immunity in
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FIG. 1. Expression and generation of SARM knockout mice. (A) Schematic of the SARM locus and targeting cassette. Exons 1 through 6 of
SARM are represented by gray boxes, and the fragments included in the targeting construct by a heavy black line. The locations of external probes
are shown, as are the restriction sites used for screening. S, Sphl. (B) A representative image of the RT-PCR analysis of SARM mRNA from whole
organs, specific brain regions, and primary cells derived from wild-type C57BL/6 mice is shown. The SARM transcript, at approximately 650 bp,
is indicated; a 519-bp fragment of B-actin was amplified in parallel as a control. BM Mac, bone marrow-derived macrophages. (C) A representative
image of the RT-PCR analysis of SARM /" and wild-type mouse mRNA is shown. SARM and B-actin mRNA were amplified from equivalent
amounts of mRNA derived from wild-type, SARM™/~, and SARM ™/~ astrocytes. (D) A representative image of RT-PCR analysis of SARM
mRNA in macrophages activated with LPS and TNF-a or infected with WNV is shown. Cerebral cortex mRNA was used as a positive control.

M, molecular size ladder.

modulating WNV pathogenesis, we reasoned that this model
would be well suited to define the role of SARM in immunity
in vivo. To test this hypothesis, we generated SARM ™'~ mice
and evaluated the impact of this deficiency on WNV patho-
genesis. Little if any direct antiviral effect was observed on
WNV replication ex vivo in several cell types. However, a
deficiency of SARM enhanced WNYV pathogenesis specifically
in the brainstem and was associated with altered TNF-a pro-
duction, microglia activation, and neuronal cell death.

MATERIALS AND METHODS

Generation of SARM ™/~ mice. A targeting vector was designed to replace a
7.3-kb fragment containing exons 1 and 2 of the SARM gene (encoding the start
site and first 363 amino acids) with an MC1-neo" gene flanked by loxP sites (Fig.
1A). The construct was electroporated into SSC#10 (129X1/Sv]) embryonic
stem cells by the Siteman core ES facility (Washington University School of
Medicine), and 225 clones were expanded and screened. One targeted clone was
identified and confirmed by Southern blotting using multiple restriction enzyme
digests and external and internal probes. The clone was injected into C57BL/6
blastocysts, and the resulting chimeras were bred to C57BL/6 mice expressing a
Cre transgene under the cytomegalovirus promoter to delete the MC1-neo gene.
Germ line transmission was assessed by coat color, and the presence of the
SARM mutation by PCR. The SARM deletion was subsequently backcrossed
onto C57BL/6 mice, which was facilitated by genome-wide screening of poly-
morphic microsatellite markers at 10-centimorgan intervals at each generation
(performed by the Rheumatology Speed Congenics Core Laboratory at Wash-
ington University School of Medicine).

RNA and RT-PCR. Total RNA was prepared from cells and tissues by using an
RNeasy kit (Qiagen). cDNA was synthesized by using oligo(dT), a 650-bp frag-
ment of SARM amplified with 5'-AGGTTCTTTAGGGAGCTCACAGAG-3'
and 5'-TTGATGCCGTTGAAGGTGAGTACAGCCTG-3', and a 519-bp frag-
ment of actin amplified with 5'-AGCCATGTACGTAGCCATCCA-3" and 5'-G
TGGTACCACCAGACAACACT-3'. The PCR conditions were 94°C for 4 min,
35 cycles of 94°C for 30 s, 63°C for 30 s, and 72°C for 30 s, with a final 5 min
at 72°C.

Virus propagation and titration. The lineage 1 New York WNV strain (WNV-
NY) (3000.0259) was isolated in 2000 (10) and passaged once in C6/36 Aedes
albopictus cells to generate a stock that was used in most experiments. The
lineage 2 Madagascar WNV strain (DakAnMg798) (WNV-MAD) was isolated
in 1978 (1) and amplified once in Vero cells. BHK21-15 and Vero cells were used
to measure the viral titer of infected cells or tissues by plaque assay (9). Viral
burden was also measured by analyzing viral RNA levels using quantitative
real-time PCR (RT-PCR) (9).

Mouse experiments and tissue preparation. Eight- to 12-week-old SARM ™/~
or age-matched wild-type control mice were bred in parallel and used for all in
vivo studies. Peripheral infection was performed by footpad inoculation of 10?
PFU of WNV-NY diluted in 50 wl of Hanks balanced salt solution (HBSS) with
1% heat-inactivated fetal bovine serum (FBS). Intracranial inoculation was per-
formed using 10" PFU of WNV-MAD diluted in 10 pl of HBSS with 1%
heat-inactivated FBS. On specified days, mice were euthanized and perfused with
20 ml of iced phosphate-buffered saline (PBS), and organs were removed,
weighed, and stored at —80°C until further processing. Alternatively, groups of
mice were monitored for survival for 21 days postinfection.

Serological analysis. WNV-specific immunoglobulin M (IgM) and IgG levels
were determined by enzyme-linked immunosorbent assay (ELISA) as previously
described (9). Soluble WNV envelope (E) protein (24) was absorbed to Maxi-
Sorp microtiter plates (Nunc) overnight at 4°C, followed by blocking at 37°C for
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1 h with PBS containing 1% bovine serum albumin, 3% horse serum, 0.05%
Tween 20, and 0.025% NaNj. Fourfold serial dilutions of heat-inactivated serum
samples were added to the plates and incubated overnight at 4°C. Plates were
washed, incubated with biotin-conjugated goat anti-mouse IgM or IgG (Southern
Biotech) followed by streptavidin-horseradish peroxidase (Invitrogen), and de-
veloped with tetramethylbenzidine substrate (Dako). Antibody titers represent
the serum dilution yielding a value for the optical density at 450 nm equivalent
to three standard deviations above the background of the assay.

Immunohistochemistry of brain tissues. Tissues were prepared essentially as
described previously (32). Briefly, following extensive perfusion with chilled PBS,
brains were harvested, fixed in 4% paraformaldehyde overnight at 4°C, and then
cryoprotected in 30% sucrose solutions over three days at 4°C. Brain tissues were
embedded in optimal cutting temperature (O.C.T.) compound (Tissue Tek) and
flash frozen prior to sectioning on a cryostat. Terminal deoxynucleotidyltrans-
ferase-mediated dUTP-biotin nick end labeling (TUNEL) staining was per-
formed by using a NeuroTACS II in situ apoptosis detection kit (Trevigen) or an
in situ cell death detection kit (Roche) according to the manufacturer’s proto-
cols, with some modifications (32). For fluorescence staining and confocal mi-
croscopic imaging, frozen sections were rehydrated with PBS and permeabilized
and blocked with 0.1% Triton X-100 and 10% normal goat serum (Sigma) for 1 h
at 37°C in a humidified chamber. Sections were incubated overnight at 4°C with
1 pg/ml anti-CD11b (BD Biosciences) or anti-microtubule-associated protein 2
(anti-MAP-2; Chemicon) antibody, followed by detection with 5 pg/ml Alexa
Fluor 488-conjugated secondary antibody (Molecular Probes) for 1 h at room
temperature. Nuclei were counterstained with ToPro-3 (Molecular Probes).
Slides were mounted with ProLong Gold antifade reagent (Molecular Probes).
Sections were visualized on a Zeiss LSM 510 META confocal laser scanning
microscope.

Quantification of brain leukocytes. Whole brains were harvested from wild-
type and SARM '~ mice on day 8 after subcutaneous infection with WNV-NY
or intracranial infection with WNV-MAD. Following perfusion, brains were
homogenized through a 70-um cell strainer, digested with a collagenase solution
(500 pg/ml collagenase D, 0.1 pg/ml Na-p-tosyl-L-lysine chloromethyl ketone
[TLCK] trypsin inhibitor, 10 pg/ml DNase I, 10 mM HEPES in HBSS) for 1 h at
room temperature. Cells were separated by centrifugation on a discontinuous
70-to-37-t0-30% Percoll gradient. For detection of resident microglia and infil-
trating macrophages, cells were incubated with fluorescein isothiocyanate-con-
jugated anti-major histocompatibility complex class II, phycoerythrin-conjugated
anti-CD45, and allophycocyanin-conjugated anti-CD11b antibodies (BD Bio-
sciences). For detection of WNV-specific CD8" T cells, leukocytes were restim-
ulated ex vivo with a DP-restricted immunodominant NS4B WNV peptide (27)
and incubated with fluorescein isothiocyanate-conjugated anti-CD3 or allophy-
cocyanin-conjugated anti-CD8 (BD Biosciences) at 4°C for 30 min. Subse-
quently, cells were washed, fixed in 1% paraformaldehyde, permeabilized, and
incubated additionally with phycoerythrin-conjugated anti-IFN-y or -TNF-a
prior to analysis by flow cytometry.

Primary cell cultures. Cortical and hippocampal neurons were generated as
described previously (21). All experiments with neuron cultures were performed
on cells propagated for 4 days. Bone marrow-derived macrophages and myeloid
dendritic cells were isolated and maintained as described previously (33). Murine
embryonic fibroblasts were generated from embryonic-day-14 wild-type or
SARM /" congenic mice according to established protocols and were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS.
Astrocytes were prepared essentially as described previously for rats, with some
adaptations (47). Briefly, forebrains were dissected from 1- to 2-day-old mice,
gently dissociated by trituration in DMEM containing 10% FBS, and filtered
through a 70-pm cell strainer. Dissociated cells were seeded into poly-D-lysine—
laminin-coated 75-cm? flasks and cultured for 8 to 10 days until confluent. Flasks
were shaken at 150 RPM for 1 h to remove nonadherent microglia, and fresh
DMEM containing 3% FBS was added. This procedure was repeated for three
consecutive days, and on the last day, astrocyte monolayers were recovered after
trypsin treatment and seeded into poly-D-lysine-laminin-coated culture plates.

Quantification of cytokines and chemokines. Cell culture supernatants and
clarified tissue homogenates were analyzed by using an ELISA kit (R&D Sys-
tems) and Bioplex cytokine bead array (Bio-Rad) according to the manufactur-
ers’ protocols. Quantitative RT-PCR was used to measure levels of gene expres-
sion as previously described (21, 37). Briefly, RNA was isolated by using an
RNeasy kit (Qiagen), followed by DNase I treatment (Invitrogen) and cDNA
generation using a high-capacity cDNA reverse transcription kit (Applied Bio-
systems). Gene expression was measured by using Sybr green PCR master mix
(Applied Biosystems) and primers for TNF-a and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (21); the latter was used for normalization of cycle
threshold values to account for the amount of input tissue.
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Statistical analysis. All data were analyzed with Prism software (Graphpad
Software, Inc.). For survival analysis, Kaplan-Meier survival curves were ana-
lyzed by using the log-rank test. For viral burden analysis, significance was
determined by using the Mann-Whitney test. An unpaired Student’s ¢ test was
used to determine significant differences in cytokine production and TUNEL
assay results.

RESULTS

SARM expression and generation of null mice. Recent stud-
ies with human cells and transgenic mice have suggested that
SARM is a negative regulator of TRIF-dependent TLR3 sig-
naling and a mediator of stress-induced toxicity in hippocam-
pal neurons (3, 20). However, it remains uncertain how SARM
contributes to the immune response during a pathogen chal-
lenge, when multiple PRR are stimulated concurrently. The
results of previous experiments had suggested that SARM was
distinct from other TLR adaptors in its preferential expression
in neurons (20). To confirm this, we examined the expression
of murine SARM in various tissues by using RT-PCR. Rela-
tively high levels of SARM mRNA were observed in the brain,
whereas lower levels were observed in other tissues (Fig. 1B).
Consistent with this, SARM mRNA was detected in primary
neurons, microglia, and astrocytes but was undetectable or at
very low levels in primary lymphocytes and bone marrow-de-
rived macrophages (Fig. 1B and data not shown). Activated
macrophages that were pretreated with lipopolysaccharide
(LPS) or TNF-« or infected with WNV also expressed little, if
any, SARM mRNA (Fig. 1D). We were unable to confirm
protein expression of SARM in tissue sections, as only one
anti-mouse SARM antibody is available commercially and it
fails to recognize SARM reliably in fixed or frozen tissue sec-
tions (K. Szretter and M. Diamond, unpublished observations).

To elucidate the function of SARM in the innate immune
response, we generated SARM ™/~ mice by a homologous re-
combination strategy (Fig. 1A). Homozygous SARM /", het-
erozygotic, and wild-type mice were born at expected Mende-
lian ratios and confirmed by Southern blotting and RT-PCR
(Fig. 1C and data not shown). Flow cytometric analyses of
SARM '~ mice revealed normal hematopoietic cell develop-
ment, as well as typical B- and T-cell maturation profiles (data
not shown).

SARM restricts WNV pathogenesis. Given that SARM is
primarily expressed in the CNS, we evaluated its function in
vivo in the context of infection by WNV, a neurotropic RNA
flavivirus. We used WNV as the model pathogen for two rea-
sons: (i) it infects and injures neurons in diverse brain regions,
including the hippocampus, brainstem, and cerebral cortex
(35); and (ii) TLR3 restricts WNV infection in neurons in vitro
and in vivo (7). As SARM is reported to control infection in
some model systems and negatively regulate TLR3 signaling in
others, we anticipated that challenging SARM-deficient mice
might result in a phenotype that would clarify its function.
SARM ™'~ and wild-type mice were infected subcutaneously
with 10? PFU of a pathogenic North American WNV strain
(WNV-NY) and monitored for disease. SARM ~/~ mice were
more vulnerable to WNV-NY infection (36% survival rate)
than age-matched wild-type mice (63% survival rate) (Fig. 2A)
(P < 0.03).

To better understand how a deficiency of SARM caused
excess mortality following WNV infection, wild-type and
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FIG. 2. Survival and viral burden analysis for wild-type and SARM /'~ mice following WNV challenge. (A) Age-matched 8- to 12-week-old
wild-type or SARM /™ mice were inoculated with 10 PFU of WNV-NY by footpad injection and monitored for 21 days. Survival differences were
statistically significant (39 SARM /™ and 43 wild-type mice, P < 0.03). (B, C) Viral burden was determined by plaque assay in the spleen (B) and
brain (C) on days 2, 4, 6, and 8 after subcutaneous WNV-NY infection. (D) Eight- to 12-week-old mice were inoculated with 10' PFU of
WNV-MAD by intracranial injection, and viral burdens in brain and spinal cord were determined by plaque assay on day 6 after infection. Viral
burden data are expressed as log;, PFU per gram * the standard error of the mean for 6 to 10 mice per time point. The dotted lines denote the

limit of detection of the viral plaque assay.

SARM /" mice were infected and their viral burdens in the
spleen, brain, and spinal cord were measured by viral plaque
assay at days 2, 4, 6, and 8 (Fig. 2B and C and data not shown);
these tissues were previously defined as targets for WNV rep-
lication during its distinct phases of pathogenesis (9). Notably,
no statistically significant difference (P > 0.1) in viral burdens
was observed between wild-type and SARM '~ mice in any of
these tissues following subcutaneous infection. To confirm the
absence of a virologic phenotype in the CNS, we inoculated 10*
PFU of an attenuated lineage 2 WNYV strain (WNV-MAD) by
an intracranial route and assessed viral replication. The WNV-
MAD strain was used because its attenuation prolongs survival
(1) and allows the resolution of differences in viral replication
in the highly permissive neurons of the brain (19). Similar to
the viral burden observed after peripheral infection of WNV-
NY, no discernible difference in viral burden was observed on
day 6 after intracranial infection in SARM ~/~ mice (Fig. 2D).
Moreover, no significant difference in rates of mortality was
observed between wild-type and SARM '~ mice after infec-
tion with the attenuated WNV-MAD by an intracranial route
(data not shown).

Consistent with the lack of an apparent virologic phenotype,
multistep growth curve analysis with primary macrophages,
myeloid dendritic cells, fibroblasts, cortical and hippocampal
neurons, and astrocytes from wild-type and SARM '~ mice
showed no difference in WNV-NY infection (Fig. 3A to F).
Based on this, we hypothesized that although SARM contrib-
utes to survival after infection with a virulent WNYV isolate,
unlike TLR3 or other PRR signaling molecules (6-8, 42), it did
not directly modulate viral replication.

WNV-specific B- and T-cell responses are normal in
SARM '~ mice. Intact adaptive B- and CD8* T-cell immune
responses are required to restrict CNS infection, neuronal
injury, and progression to lethal WNV disease (31). To eval-
uate whether the increased mortality observed in WNV-in-
fected SARM '~ mice was associated with a defect in adaptive
immunity, we examined the B- and T-cell responses during
WNV infection. No difference (P > 0.2) in WNV-specific IgG
and IgM antibody titers was observed between wild-type and
SARM ™'~ mice on days 6, 8, and 10 after subcutaneous infec-
tion (Fig. 4A). To test whether a deficiency of SARM affected
CD8™" T-cell priming and migration, we measured the number
of infiltrating T cells in the brain on day 8 after subcutaneous
WNV infection. Wild-type and SARM ~/~ mice showed no
difference in the total number of CD8"* T cells in the brain
(Fig. 4B) or the number of CD8" T cells expressing [FN-y or
TNF-«a after ex vivo restimulation of brain leukocytes with a
DP-restricted immunodominant WNV NS4B peptide (Fig. 4C
and D). Thus, SARM is not required for efficient priming of
WNV-specific adaptive immunity.

TNF-« responses are blunted in the CNS of SARM ™'~ mice.
Given that SARM has been postulated to modulate the ex-
pression of proinflammatory cytokines via the TLR3 pathway
and our recent observation that a deficiency of TNF-a—
TNF-R1 interactions is associated with greater lethality of
WNV infection in C57BL/6 mice (36), we assessed the levels of
TNF-« in whole-brain homogenates from wild-type, TLR3 ™/,
and SARM '~ mice by using a commercial ELISA (Fig. 5A
and data not shown). SARM /'~ mice had a 10-fold-lower
concentration (P < 0.02) of TNF-a protein in whole-brain
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FIG. 3. SARM does not have a direct antiviral effect against WNV in primary cells. Primary cells derived from SARM /'~ and wild-type mice
(described in Materials and Methods) were infected with a multiplicity of infection of 0.001, and virus replication was measured at 6, 24, 48, and
72 h postinfection by viral plaque assay. Multistep growth curves showed no difference in viral yields between SARM '~ and wild-type
(A) macrophages, (B) dendritic cells, (C) fibroblasts, (D) hippocampal neurons, (E) cortical neurons, or (F) astrocytes. Viral burden data are
expressed as log,, PFU per ml * the standard error of the mean for triplicate samples from two independent experiments.

homogenates at day 6; although TLR3 ™/~ mice showed a sim-
ilar trend (5-fold) toward reduced TNF-a levels compared to
the levels in wild-type mice, this did not attain statistical sig-
nificance (P > 0.2). However, based on analysis of TNF-a
mRNA levels in distinct brain regions, the reductions in
SARM ™/~ and TLR3 ™/~ mice correlated primarily with dif-
ferences in gene expression in the brainstem (Fig. 5B) (P =
0.02) and were not observed in the cortex (Fig. 5C) (P = 0.4).
In contrast, other inflammatory cytokine (e.g., interleukin-6)
and chemokine (e.g., CXCL10) mRNA levels that are elevated
in CNS cells after stimulation with the TLR3 synthetic ligand
poly(I:C) (43) did not differ significantly between SARM ~/~,
TLR3 /7, and wild-type mice regardless of the brain region
(data not shown).

Effect of SARM on myeloid cell accumulation and activation
in the CNS. As prior experiments with TNF-R1~/~ and
TLR3 ™/~ mice showed defects in the accumulation and acti-
vation of macrophages and microglia in the brain after WNV
infection (36) or poly(I:C) injection (43), respectively, we eval-

uated the numbers and phenotypes of CD45" CD11b™ cell
populations in wild-type and SARM ~/~ mice on day § after
infection. Based on the classification of CNS myeloid cells of
Ford et al. (11), SARM™/~ mice had significantly fewer
CD11b"e" CD45"Y, activated microglia (P < 0.04), whereas
the numbers of CD11b"e" CD45Me" activated macrophages
and CD11b'°% CD45"%, resting microglia were not substan-
tially different from those in WNV-infected wild-type mice
(Fig. 6A and B). Immunohistochemistry confirmed these find-
ings, as fewer ramified, activated microglia cells were observed
by confocal microscopy, especially in the brainstem (Fig. 6C
and D) and, to a lesser degree, in the cerebral cortex (Fig. 6E
and F) of SARM /™ mice. In comparison, the activation state
of myeloid cells in the cerebellum in WNV-infected wild-type
and SARM '~ mice was similar (Fig. 6G and H). Given that
myeloid cells express little, if any, SARM mRNA (Fig. 1B), we
speculate that the differential activation of brain myeloid cells
in SARM ™/~ mice may result from altered cell-extrinsic sig-
nals, such as the blunted levels of TNF-« in the brain.
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WNV peptide; stained for CD3, CD8, and intracellular IFN-y or TNF-a; and analyzed by flow cytometry. (B) The total number of brain CD8*
T cells was determined by the percentage of CD3" CD8" cells multiplied by the total cell count. The percentage of CD3" CD8" T cells positive
for intracellular IFN-y (C) or TNF-a (D) is indicated. Differences were not statistically significant (P > 0.9). Error bars show standard errors of
the means.

Effect of SARM on neuronal death after WNV infection. lation (Fig. 7A) or day 8 after intracranial WNV-MAD infec-
Microglia can modulate neuronal survival (13), and patholog- tion (Fig. 7B) and the numbers of TUNEL-positive cells were
ical studies of WNV infection in humans and animals have evaluated in different brain regions by immunohistochemical
described microglial nodules apposed to infected and injured analysis. For both routes of infection, SARM '~ mice showed
neurons (29, 45). As SARM '~ mice showed decreased micro- higher numbers of TUNEL-positive neurons within the brain-
glia activation in the brain after WNV infection, we hypothe- stem (Fig 7A [P < 0.001] and B [P < 0.005]), whereas there
sized that the decreased survival phenotype could be due to was little difference observed in the cortex, hippocampus, or
increased neuronal death or decreased clearance of infected cerebellum region. Confocal microscopy of frozen sections
dying neurons, which could cause bystander-cell injury. To confirmed that TUNEL-positive cells costained to a great ex-
assess this, brain sections from wild-type and SARM ™/~ mice tent with the cytoplasmic neuronal marker MAP-2 and gener-
were prepared at day 10 after subcutaneous WNV-NY inocu- ally corroborated the immunohistochemistry data (Fig. 7C).
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FIG. 5. A deficiency of SARM affects the TNF-« response during WNV infection. Wild-type, TLR3™/~, or SARM /" mice were inoculated
with 10! PFU of WNV-MAD by intracranial injection, and brains were harvested on day 6. (A) Whole-brain homogenates were assayed for TNF-a
by ELISA. Data represent the average results for 8 to 10 mice from at least two independent experiments. (B) Brainstem and cortex regions of
brain were harvested and analyzed by quantitative RT-PCR to measure TNF-a mRNA levels. Data represent the average results for 10 mice from
at least two independent experiments. Error bars show standard errors of the means. *, P < 0.02; **, P < 0.005; N.S., not significant.
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FIG. 6. SARM promotes microglia activation during WNV infec-
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WNV-MAD by intracranial injection, and brains were harvested on
day 8. Leukocytes were isolated by Percoll gradient centrifugation,
stained for CD11b and CD45, and analyzed by flow cytometry. (A) Ex-
pression profiles for activated macrophages (CD11bheh CD45Meh),
activated microglia (CD11b"e" CD45'%), and resting microglia
(CD11b'™ CD45'°%) were evaluated. Error bars show standard errors
of the means. (B) Representative flow cytometry profiles of CD11b
and CD45 staining of brain leukocytes from naive wild-type mice and
from wild-type and SARM ™/~ mice 8 days after WNV infection are
shown. (C to H) Representative confocal microscopic images of
CD11b (green) and ToPro-3 nuclear staining (blue) of microglia and
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H) are shown (*, P < 0.04). White arrows indicate ramified microglia.
The scale bar represents ~15 pm.
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Although no difference in infection of primary neuron cultures
or overall viral titers in the brains from wild-type and
SARM ™'~ mice was observed (Fig. 2 and 3), the neuronal
death phenotype in the brainstem could be modulated by re-
gional differences in WNYV replication. Initially, to evaluate
this, plaque assays were performed on brainstem homogenates
from WNV-infected wild-type and SARM /'~ mice. Because of
the small size of the tissue, the amount of recoverable virus was
at or below the limit of detection (data not shown). To over-
come this, we analyzed viral RNA in infected mice by quanti-
tative RT-PCR (Fig. 7D). WNV RNA levels were significantly
elevated in the brainstem of SARM '~ mice compared to the
results for wild-type mice (P < 0.01). In comparison, no sta-
tistically significant difference was observed in viral RNA in the
cortex (P > 0.7). Overall, our data suggest that a deficiency of
SARM results in increased neuronal death after WNV infec-
tion in a brain region-specific manner. This may be due to a
cell-intrinsic effect on SARM '~ brainstem neurons that facil-
itates increased viral replication or, possibly, a cell-extrinsic
effect in which a decrease in the number of activated microglia
in the brainstem of SARM '~ mice attenuates the clearance of
virus from infected neurons.

DISCUSSION

The gene for SARM (also known as Myd88-5) is a member
of the Myd88 gene family and is highly conserved from insects
to mammals. Unlike other TIR domain-containing proteins,
SARM comprises an N-terminal HEAT/Armadillo and SAM
domain that has been linked to regulation of protein-protein
interaction and intracellular signaling (17, 22). The overexpres-
sion of human SARM in 293T cells showed decreased activa-
tion of NF-kB or IFN-B-regulated reporter genes after trigger-
ing by the TLR ligands LPS and poly(I:C) (3). Additionally,
small interfering RNA knockdown of human SARM in 293T
cells resulted in enhanced TRIF but not Myd88-dependent
gene induction (3). The results of these experiments suggested
that SARM negatively regulates TRIF signaling. Recent stud-
ies have questioned this function because mouse macrophages
from SARM ™/~ mice showed no distinct phenotype in re-
sponse to microbial products or TLR agonists compared to the
phenotype of wild-type cells (20). Moreover, in mice, SARM
was expressed preferentially in neurons and colocalized
with mitochondria and Jun N-terminal protein kinase 3. As
SARM ™/~ hippocampal neurons were protected from death
after deprivation of oxygen and glucose, SARM was suggested
to mediate stress-induced neuronal toxicity. Our in vivo studies
with a pathogenic encephalitic flavivirus establish a novel neu-
roprotective function, as SARM '~ mice showed greater mor-
tality after WNV infection, which was associated with de-
creased microglia activation and increased neuronal death in
the brainstem.

The cell and tissue specificity of TLR signaling is modulated
through the differential expression and recruitment of highly
conserved adaptor proteins, which regulate the downstream
activation of master transcription factors (26). Recent work
has highlighted that innate immune signaling molecules play
distinct roles in diverse cell types to restrict viruses (6, 16).
CNS-resident cells in particular may utilize unique innate sig-
naling programs, as neurons are a critical nonrenewing cell
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FIG. 7. SARM protects against neuronal death during WNV infection.
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nial injection (B). Brains were harvested on day 10 or 8, respectively, and were
analyzed for neuronal death by using an immunohistochemical apoptosis
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dyl transferase (red; TUNEL, nuclear), and ToPro-3 (blue; nuclear) fluores-
cence staining of neurons in different brain regions in uninfected (negative
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indicate TUNEL-positive cells. The scale bar represents ~15 um. Data are
representative of results for three independent mice. (D) Cerebral cortex and
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levels and represent the average results for 10 mice from at least two inde-
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population. Studies to date in different model systems have
reported that SARM may act as a negative regulator of TLR
stimulation in vitro (2, 3, 5), have no effect on TLR responses
in primary cells (20), and modulate neuronal survival (20).
These data suggest that SARM likely has distinct functions in
different cell types. Given its preferential expression in the
CNS and putative function as a negative regulator, it seemed
plausible that SARM could act to rapidly control the inflam-
matory response to minimize immunopathological sequelae.
However, Kim et al. found that SARM ~/~ mouse cells had no
apparent defect in response to TLR stimuli (20); our own
unpublished studies with primary macrophages and dendritic
cells from independently generated SARM ™/~ mice corrobo-
rate these findings. These contrasting results could be ex-
plained by the difference in levels of expression or species-
specific functions of SARM. For example, the C. elegans
ortholog of SARM, TIR-1, promotes antifungal immune func-
tion and neuronal development, whereas in Drosophila mela-
nogaster (Ect-4) and horseshoe crabs (CtfSARM), SARM ap-
pears to negatively regulate their respective TLR homologues
(2,3,5,28). An analogous disparity in innate immune signaling
was observed when comparing transgenic overexpression data
for the human LGP2 gene in 293T cells (46) with the results of
functional studies of primary cells of LGP2™/~ mice (44).
Clearly, further studies must be performed to establish the
nature of the phylogenetic differences in TLR adaptor func-
tions of SARM proteins.

Mice lacking SARM were more susceptible to lethal WNV
disease. In vivo experiments with SARM ™/~ mice showed
blunted TNF-a responses within the CNS, decreased microglia
activation, and greater brainstem-specific neuronal cell death.
This phenotype was also associated with region-specific differ-
ences in WNV replication, with higher levels of viral RNA
observed in the brainstem of SARM /~ mice. The data on
neuronal death contrasts with the results of a recent study with
independently generated knockout mice in which a lack of
SARM protected against metabolic stress-induced death in
hippocampal neurons (20). The disparity in results likely re-
flects fundamental mechanistic differences between metabolic
and virus-induced cell death pathways in distinct neuron pop-
ulations.

The extent of microbial infection in specific brain regions
and magnitude of TNF-a production affect whether TNF-a
plays a neurotoxic or neuroprotectve role in the CNS (re-
viewed in reference 40). A recent study demonstrated that
CD8" T cells and myeloid cells require systemic TNF-R1-
dependent signals to cross the blood-brain barrier, accumulate
in the brain parenchyma, and control WNV infection in the
CNS (36). SARM appears to regulate the induction of TNF-«
locally within the brain during pathogenic viral challenge. In-
terestingly, we also observed decreased TNF-a gene induction
in the brainstem of TLR3™/~ mice. The generation of
SARM ™/~ X TLR3™/~ and SARM /~ X TRIF '~ mice may
address whether the SARM-induced signal for TNF-a produc-
tion in the brain after WNV infection occurs through TLR3.

Diminished TNF-a production within the brain correlated
with decreased local activation of microglia. Microglia are my-
eloid-lineage CNS-specific immune cells that are among the
first responders to brain injury and function to secrete proin-
flammatory cytokines, enhance antigen presentation, destroy
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pathogens before they injure neurons, and clear dying cells
(14). Activated microglia become juxtaposed to WNV-infected
neurons in human and animal brain tissue pathological speci-
mens, where they may have protective or pathogenic roles (4,
25, 43). Interestingly, a recent study using an attenuated lin-
eage 2 Sarafend WNYV strain suggested (36) that increases in
the total number of activated microglia during infection may
have a pathogenic role (12). In contrast, using a more-virulent
lineage 1 WNV-NY strain, we observed a localized decrease of
activated microglia in the brainstem of SARM ™/~ mice that
was associated with increased neuronal death and mortality.

Though several factors contribute to microglial stimulation,
TNF-a directly regulates activation. Mice lacking TNF-a re-
ceptors showed decreased microglia activation and corre-
spondingly higher levels of neuronal injury in the hippocampus
after treatment with a dopaminergic neurotoxin (38, 39). Our
data are thus consistent with a model in which SARM regu-
lates local production of TNF-a, which in turn modulates mi-
croglia activation, viral replication, and neuronal survival. Al-
though SARM modulates microglia activation regionally, the
cellular basis of this phenotype also remains uncertain. It could
reflect a cell-autonomous regulatory effect within microglia or,
given the expression pattern of SARM in the CNS, a complex
circuit in which SARM regulates the production of cytokines
(e.g., TNF-«a) in neurons or astrocytes, resulting in cell-extrin-
sic effects on microglia. As an alternative model, region-spe-
cific differences in local TNF-a production could attenuate the
flux of nonresident inflammatory monocyte-derived microglia
across the blood-brain barrier (12); indeed, our prior studies
have shown that TNF-a modulates the trafficking of monocytes
into the brain, possibly by affecting early adhesion steps (36).
Clearly, the specific signaling pathways that SARM uses to
regulate microglia activation in the brainstem remain uncer-
tain and an avenue for future studies.

In summary, the results of our experiments suggest that
SARM modulates the host response to WNV infection in a
tissue- and cell-specific manner. Thus, in contrast to its role in
human cells, murine SARM in the CNS appears to positively
regulate TNF-a induction, which affects microglia activation
and accumulation and protects critical neuron subsets from
virus-induced pathology. These studies illuminate the host and
tissue-specific complexity of TLR adaptor molecules and en-
hance our understanding of the balance between an effective
innate response and immunopathology and injury to neurons
in the CNS.
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