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ABSTRACT

West Nile virus (WNV) is a neurotropic flavivirus that causes significant neuroinvasive disease involving the brain and/or spinal
cord. Experimental mouse models of WNV infection have established the importance of innate and adaptive immune responses
in controlling the extent and severity of central nervous system (CNS) disease. However, differentiating between immune re-
sponses that are intrinsic to the CNS and those that are dependent on infiltrating inflammatory cells has proven difficult. We
used a murine ex vivo spinal cord slice culture (SCSC) model to determine the innate immune processes specific to the CNS dur-
ing WNYV infections. By 7 days after ex vivo infection of SCSCs, the majority of neurons and a substantial percentage of astro-
cytes were infected with WNYV, resulting in apoptotic cell death and astrogliosis. Microglia, the resident immune cells of the CNS,
were activated by WNV infection, as exemplified by their amoeboid morphology, the development of filopodia and lamellipodia,
and phagocytosis of WNV-infected cells and debris. Microglial cell activation was concomitant with increased expression of pro-
inflammatory cytokines and chemokines, including CXCL10, CXCL1, CCL5, CCL3, CCL2, tumor necrosis factor alpha (TNF-o),
TNF-related apoptosis-inducing ligand (TRAIL), and interleukin-6 (IL-6). The application of minocycline, an inhibitor of neuro-
inflammation, altered the WNV-induced proinflammatory cytokine/chemokine expression profile, with inhibited production of
CCL5, CCL2, and IL-6. Our findings establish that CNS-resident cells have the capacity to initiate a robust innate immune re-
sponse against WNV infection in the absence of infiltrating inflammatory cells and systemic immune responses.

IMPORTANCE

There are no specific treatments of proven efficacy available for WNV neuroinvasive disease. A better understanding of the pathogene-
sis of WNV CNS infection is crucial for the rational development of novel therapies. Development of a spinal cord slice culture (SCSC)
model facilitates the study of WNV pathogenesis and allows investigation of the intrinsic immune responses of the CNS. Our studies
demonstrate that robust CNS innate immune responses, including microglial activation and proinflammatory cytokine/chemokine
production, develop independently of contributions from the peripheral immune system and CNS-infiltrating inflammatory cells.

West Nile virus (WNV) is a neurotropic flavivirus that can cause
severe neuroinvasive disease in infected individuals (1-3).
Studies of experimental WNV infection in mice have established the
key role played by both innate and adaptive immune responses in
clearing virus and controlling virus-induced injury (4-12). Immune
cells from the periphery proliferate and cross the blood-brain barrier
(BBB), where they help clear WNV infection from the brain, with
proinflammatory cytokine and chemokine expression initiating
these responses (7, 9, 13, 14). However, the capacity of resident cells
within the central nervous system (CNS) to initiate innate immune
responses and their ability to function as effector immune cells are
unclear.

Microglia are the resident immune-specialized cells of the CNS. In
addition to providing trophic support to neurons and other cells (15),
they actively monitor the CNS parenchyma for danger signals, in-
cluding those of pathogen invasion, and can robustly activate in the
presence of viral infections. Activated microglia undergo distinct
morphological changes (16, 17) and produce reactive oxygen species
(18, 19) and cytokines/chemokines (20-24). Mice lacking microglia
but retaining bone marrow-derived macrophages have increased
CNS susceptibility to WNV (25), suggesting that microglia play a
significant role in antiviral defense.

Microglia originate from early myeloid precursors, similar to
peripheral macrophages (26), and thus share many cellular mark-
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ers with macrophages (27). In vivo, it is thus difficult to distinguish
CNS-specific resident microglia from infiltrating peripherally de-
rived macrophages, making their individual contributions to in-
nate immunity difficult to determine. In vitro models are also
suboptimal for investigations of microglial functions since under
normal conditions the proinflammatory potential of microglia in
the CNS parenchyma is held in check by inhibitory cell-cell inter-
actions between microglia and neurons/astrocytes (28). These in-
teractions include those in the ligand receptor axes of CX;CL1-
CX;CRI1 and CD200-CD200R, among others (29-31). In vitro
monoculture methods for primary microglia and immortalized
cell lines lose these contacts, and therefore, in vivo events may not
be accurately mimicked (32). WNV does not infect cultured mi-
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croglia cells (33), further hampering analysis of the viral interac-
tion with these cells.

One of the possible mechanisms for microglial clearance of
WNV from the CNS is phagocytic removal of infected cells (34,
35). In vivo imaging data suggest the possibility of phagocytosis by
microglia, but no definitive data are available. The only in vitro
evidence for phagocytosis performed by any mammalian cell type
during WNV infection is for phagocytosis performed by perito-
neal macrophages, which were exposed to specially prepared cell
lines (36, 37). These experiments required the presence of anti-
bodies and opsonization, which are adaptive immune mecha-
nisms. Furthermore, it is well-established that the activity of mi-
croglia is distinct from that of cells of related lineages, including
bone marrow-derived macrophages (38), so conclusions drawn
from the in vivo study of the macrophage/microglial type may not
reveal distinctions between the activities of these two populations.

To specifically address the response of resident cells to WNV-
induced disease of the CNS, we developed an ex vivo spinal cord
slice culture (SCSC) model for WNV infections. Ex vivo slice cul-
tures of CNS tissue provide unique advantages in investigating the
intrinsic immune response of CNS cells by allowing cytokine/
chemokine production and microglia activation to be observed in
isolation from peripheral immune responses while maintaining
important cell-cell connections. We show that WNV infects and
grows in ex vivo SCSCs. Cell type-specific labeling was utilized to
establish that the majority of infected cells were neurons (micro-
tubule-associated protein 2 [MAP2] positive [MAP2"]). How-
ever, some astrocytes (glial fibrillary acidic protein [GFAP] posi-
tive [GFAP"]) were also infected. Cell death in WNV-infected
SCSCs was associated with activation of the effector caspase,
caspase-3, indicating that apoptosis is a mechanism of cell injury
and can occur in the absence of infiltrating inflammatory cells.
Several inflammatory cytokines/chemokines were shown to be
upregulated at both the gene and protein levels in WNV-infected
SCSCs, including CXCL10, CXCL1, CCL5, CCL2, CCL3, tumor
necrosis factor alpha (TNF-a), TNF-related apoptosis-inducing
ligand (TRAIL), and interleukin-6 (IL-6). Inhibition of neuroin-
flammation with minocycline reduced the production of a subset
of proinflammatory cytokines/chemokines, including CCLS5,
CCL2, and IL-6. Robust activation of microglia was also observed
in WNV-infected SCSCs, as evidenced by the upregulation of ion-
ized calcium-binding adapter molecule 1 (Ibal) and morpholog-
ical changes, including activated phagocytosis of WNV-infected
material and the appearance of filopodium and lamellipodium
projections directed at neighboring infected cells.

MATERIALS AND METHODS

SCSC preparation. SCSCs were prepared from 5- to 6-day-old NIH
Swiss Webster mice in compliance with University of Colorado, Denver,
TACUC protocols and institutional guidelines. Mice were euthanized by
decapitation, and the base of the tail was removed to expose the caudal
opening of the spinal column. A 27-gauge needle attached to a syringe
containing sterile phosphate-buffered saline (PBS) were inserted into the
caudal spinal column opening, and the spinal cord was extruded through
the rostral opening of the spinal column. Under semisterile conditions,
the spinal cord was embedded in 2% agarose in slicing medium (Dulbec-
co’s modified Eagle medium, 10 mM Tris, and 28 mM p-glucose, pH 7.2,
equilibrated with 95% O, and 5% CO,). Once it had hardened, the aga-
rose cube was mounted onto a Vibratome instrument (VT1000S; Leica,
Bannockburn, IL) and 400-p.m transverse sections from the thoracic and
lumbar spinal regions were collected. Spinal cord slices were removed
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from the agarose slices, mixed in slicing medium, and placed onto 30-mm,
0.4-pm-pore-sized cell culture membrane inserts (Millipore, Billerica,
MA). The membranes were then placed in 35-mm plates containing 1.1
ml culture medium (Neurobasal A medium; 10 mM HEPES, 400 pM
L-glutamine, 600 M GlutaMAX, 1X B-27 supplement, 60 pg/ml strep-
tomycin, 60 U/ml penicillin, 6 U/ml nystatin) supplemented with 10%
fetal bovine serum (FBS). Excess slicing medium was removed from the
membrane so that the slice cultures were exposed to both air and medium.
On the day after plating, the slices were moved to fresh 35-mm plates with
fresh culture medium supplemented with 5% FBS. Subsequent changes of
medium (with the medium described above but lacking FBS) were per-
formed every 2 days.

Virus and SCSC infection. West Nile virus stocks were procured from
clone-derived strain 382-99 (NY99) as previously described (39). On the
day following collection of the spinal cord slices, the slice cultures were
infected with 1 X 10° PFU/slice of NY99 strain West Nile virus in 20 pl of
culture medium via their apical surfaces. After 12 h, the slices were washed
with culture medium to remove excess virus from the tissue.

Fluorescent immunohistochemistry (IHC). Slice cultures were
washed once in PBS and then fixed with 10% neutral buffered formalin for
at least 1 h. Fixed slice cultures were again washed in PBS and then im-
mersed in permeabilization/blocking solution (PBS, 4% normal goat se-
rum, 2% bovine serum albumin, 0.3% Triton X-100) for 1 h. The slice
cultures were then incubated overnight at room temperature in primary
antibodies diluted in permeabilization/blocking solution. The primary
antibodies used were mouse anti-WNV envelope protein (anti-WNV-E;
1:200; ATCC, Manassas, VA), rabbit anti-MAP2 (1:100; Millipore, Bil-
lerica, MA), rabbit anti-Ibal (1:500; Wako Chemicals, Richmond, VA),
and rabbit anti-GFAP (1:1,000; Abcam, Cambridge, MA). Following
overnight primary antibody incubation, the slice cultures were washed in
PBS three times before being incubated for 2 h in secondary antibodies,
also diluted in permeabilization/blocking solution. The secondary anti-
bodies used were goat anti-rabbit Alexa Fluor 488 and goat anti-mouse
Alexa Fluor 568 (1:1,000; Invitrogen, Carlsbad, CA). The slice cultures
were washed in PBS three times, rinsed quickly in water, and then
mounted to microscope slides with Prolong Gold antifade reagent (Mo-
lecular Probes, Grand Island, NY). A coverslip was then placed on the
slide. The slides were imaged using a Nikon PCM-2000 laser scanning
confocal microscope equipped with the following oil immersion objec-
tives and numerical apertures (NAs): X40 and an NA of 1.30, X60 and an
NA of 1.4, and X100 and an NA of 1.45. Image procurement and process-
ing were done with SimplePCI (v4.6) software (Compix, Sewickley, PA).

Reverse transcription (RT)-quantitative PCR (qPCR). Single SCSC
samples were removed from the culture membrane and homogenized in
RLT buffer (Qiagen, Valencia, CA) containing 1% [(3-mercaptoethanol
and loaded into RNeasy spin columns (Qiagen, Valencia, CA). Purified
RNA was collected from the spin columns following the manufacturer’s
protocol. RNA integrity was assessed using an Agilent 2100 bioanalyzer
(Agilent, Santa Clara, CA). cDNA was prepared using a SuperScript Vilo
kit (Invitrogen, Carlsbad, CA) or iScript (Bio-Rad, Hercules, CA) follow-
ing the manufacturers’ directions. cDNA was mixed with primers (listed
in Table 1) and 2X SYBR green master mix (SABiosciences, Frederick,
MD) for a total volume of 20 pl. Mock-infected and WNV-infected sam-
ples were loaded into 96-well plates, with 3 wells used per transcript of
interest, and PCR amplification was performed with a CFX96 thermocy-
cler (Bio-Rad, Hercules, MA). Relative gene expression was assessed via
threshold cycle (C;) analysis using Bio-Rad CFX Manager software with
B-actin as the control gene.

Cleaved caspase-3 activity assay. Caspase-3 cleavage was assessed us-
ing a caspase-3 fluorometric assay (B&D Biosciences, San Jose, CA). SCSC
lysates were prepared and diluted following the manufacturer’s instruc-
tions and loaded into a 96-well plate. A synthetic peptide, N-acetyl-
DEVD-amido-4-trifluoromethylcoumarin (Ac-DEVD-AFC), that is con-
verted to the fluorescent reporter molecule (AFC) via cleavage by
activated caspase-3 was added to the lysates, and the reaction product was
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TABLE 1 Primers and GenBank accession numbers for reference radish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:10,000; Jack-
sequences” son Laboratory, West Grove, PA). After 3 washes in TBST, the blots were
Primer GenBank accession no.  developed using SuperSignal West Pico chemiluminescent substrate
At NM. 007393 (Thermo Scientific, Rockford, IL) and imaged on a FluorochemQ Multi-
E_Cchm NM 011333 Image III workstation. Image analysis and processing were performed
CCL3 NM_ 011337 with Alphaview (v3.0) software (Alpha Innotech, San Leandro, CA).
CCLs NM_ 013653 MTT assay. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
CXCLI NM 008176 tetrazolium bromide] is a yellow tetrazolium salt that is converted to a purple
CXCL10 NM 021274 formazan crystal via mitochondrial mechanisms in metabolically active cells.
-6 NM_031 168 This allows qualitative, colorimetric assessment of tissue health. MTT (0.5
TNE-a NM 013693 mg/ml; Roche Applied Science, Boulder, CO) was added to fresh slice culture
TRAIL (Tnfsf10) NM 009425 medium and incubated for 30 min at 42°C. Slices were observed by low-

power microscopy for the development of the purple formazan reaction
product. The reaction was stopped after 30 min via fixation with 10% neutral
buffered formalin. Imaging was performed with a ScanMaker 8700 scanner
(Microtek, Santa Fe Springs, CA), and image processing was performed with
ScanWizard Pro (v7.10) software (Microtek, Santa Fe Springs, CA).
Q-VD-OPh treatment. Q-VD-OPh (Biovision, Mountain View, CA)
is comprised of a carboxy-terminal phenoxy group conjugated to the
trifuged at 2,000 rpm to obtain a pellet of tissue which was triturated with amino acids valine and aspartate and potently blocks apopt(.)tic signaling
radioimmunoprecipitation assay lysis buffer (Cell Signaling, Danvers, through ca.spase—9/ 3 caspase—i.i/ 10, and caspase-12 mechanisms. _Q'VD'
MA) containing protease inhibitor cocktail (Active Motif, Carlsbad, CA) ~ OF h'was fillmed t0 500 pg/mlin dimethyl SUIfO’flde (D MSO)' vehicle and
and dithiothreitol. After homogenization and sonication, the lysates were ~ applied directly on top of SCSC samples at the time of infection.
mixed with 5X Laemmli buffer and the mixture was boiled for 2 min Minocycline treatment. Minocycline is a synthetic tetracycline deriv-
before it was loaded onto 12% Tris-polyacrylamide gels, which ran over-  ative with broad neuroprotective properties (19, 40, 41). Minocycline HC
night at 65 V. Proteins were transferred onto nitrocellulose blots and ~ (Sigma, St. Louis, MO) was diluted to a concentration of 50 uM in me-
blocked with 5% dry milk in 1% Tris-buffered saline—Tween 20 (TBST). ~ dium vehicle and applied directly on top of the SCSC samples, which were
After they were blocked, the blots were put into primary antibody solu- ~ pretreated for 2 days prior to infection. Minocycline was subsequently
tions and the mixtures were incubated overnight at 4°C. Antibodies were — added during each medium change.
diluted with 2% dry milk in TBST. The primary antibodies used were Enzyme-linked immunosorbent assay (ELISA). SCSC lysates and
rabbit anti-cleaved caspase-3 (1:1,000; Cell Signaling, Danvers, MA) and ~ medium were screened for cytokine production with Multi-Analyte
rabbit anti-B-actin (1:3,000; Cell Signaling, Danvers, MA). Following 3  ELISArray kits (SABiosciences, Frederick, MD) according to the manu-
washes in TBST, the blots were incubated in secondary antibody solutions  facturer’s protocol. Briefly, lysates or medium was directly added to the
for 2 h at room temperature. The secondary antibodies used were horse- ~ ELISArray plates for 2-h binding incubations. After three washes, the

@ Primers were from SABioscience.

measured on a Cytofluor 4000 spectrometer (Applied Biosystems, Carls-
bad, CA) at an excitation wavelength of 450 nm and an emission wave-
length of 530 nm.

Western blotting. Slice cultures were collected in PBS and then cen-
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plates were incubated for 1 h with detection antibody. After an additional
three washes, bound secondary antibody was detected using streptavidin-
HRP and quantified with a spectrometer (Emax; Molecular Devices,
Sunnyvale, CA) at a 450-nm wavelength.

Quantification of cell infectivity. Fluorescent immunohistochemical
images were compiled from infected SCSC samples at X20 and X 60 mag-
nifications. Individual cells that were labeled with MAP2 antibody (neu-
rons), GFAP antibody (astrocytes), or Ibal antibody (microglia) were
marked, using Microsoft Paint software, as either positive or negative for
WNV envelope antibody. The numbers of positive and negative cells were
recorded and tabulated as a percentage of the total number of infected
cells per image field of vision (FOV).

Quantification of microglia physical characteristics. Fluorescent im-
munohistochemical images were compiled from infected SCSC samples
at X60 magnification for cell size measurements, X40 magnification for
Ibal pixel intensity, and X40 and X 60 magnifications for amoeboid FOV
percentage. Image] software (NIH) was used to trace cell perimeters to
measure pixel intensity and cell area, and Microsoft Paint was used to
tabulate the number of amoeboid cells.

Densitometry. MTT images were analyzed using Image] software
(NIH). Color images were converted to 16-bit gray-scale formats and
inverted. The free-hand selection tool was used to trace the outline of
individual SCSC samples, and then the mean gray-scale value was mea-
sured for each sample. Eight samples were measured for each condition.
The background was determined by measuring regions not containing
any sample, and this value was subtracted from the overall mean gray-
scale value measures for each sample.

Statistical analysis. All statistics were calculated using InStat and
Prism software (GraphPad, San Diego, CA). The Mann-Whitney ¢ test was
used for MTT densitometry analysis, microglia activation characteriza-
tion, and analysis of infectivity percentages, while two-way analysis of
variance was used for all data pertaining to ELISA, RT-qPCR, and cleaved
caspase-3 assays.

RESULTS

WNYV growth in SCSCs. In order to characterize WNV infection
of ex vivo spinal cord tissue, SCSCs were prepared from 5- to
6-day-old NIH Swiss Webster mice and infected on the following
day with WNV (10° PFU/slice). Viral growth over time was as-
sessed from single slices using RT-PCR detection of WNV RNA
(Fig. 1A). By 2 days postinfection (dpi), the viral load had in-
creased over 1,000-fold from that at the 12-h time point. From 3
dpi to 7 dpi, the viral load remained constant at between 10” and
10® PFU equivalents per slice.

WNYV cell type infectivity in SCSCs. In order to determine
which specific CNS cell types were infected in SCSCs over time, we
performed immunohistochemistry (IHC) using monoclonal anti-
WNV envelope protein (anti-WNV-E) antibody to detect infec-
tion within different CNS cell populations at 3 dpi and 6 dpi (Fig.
1B). Neurons, astrocytes, and microglia were identified using
polyclonal antibodies against microtubule-associated protein 2
(MAP2), glial fibrillary acidic protein (GFAP), and ionized calci-
um-binding adapter molecule 1 (Ibal), respectively. WNV anti-
gen was seen most commonly in neurons. At 3 dpi, approximately
27% of neurons contained WNV-E, and by 6 dpi, over 90% of
neurons were WNV-E positive (WNV-E*). WNV antigen was less
commonly seen in astrocytes, with approximately 11% being in-
fected at 3 dpi and 29% being infected at 6 dpi. Microglia phago-
cytosed antigen (see below) but only rarely appeared to be in-
fected; approximately 6% of the microglia cells were infected at 3
dpi, and virtually no microglia cells (<1%) were infected at the
6-dpi time point. Compared with the morphology of the mock-
infected samples at 6 dpi (Fig. 1C), infected neurons in WNV-
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FIG 2 Caspase-dependent apoptotic mechanisms contribute to WNV pathol-
ogy in SCSCs. (A) A fluorogenic caspase-3 activity assay was used to assess
apoptosis in SCSC lysates at 6 dpi by comparison of mock-infected and WNV-
infected samples. WNV-infected SCSCs had increased caspase-3 activity com-
pared to mock-infected SCSCs. Asterisks indicate statistically significant dif-
ferences (**, P = 0.003). OD,5,, optical density at 450 nm. (B) Western blots
were used to determine the amount of cleaved caspase-3 present in lysates
prepared from mock-infected and WNV-infected SCSCs at 7 dpi. B-Actin (42
kDa) was present as a loading control. WNV-infected SCSCs have increased
cleaved caspase-3 staining at 17 kDa and 19 kDa compared to mock-infected
samples. (C) Tissue health was determined with MTT staining in mock-in-
fected and WNV-infected SCSCs at 7 dpi, with significant cell death occurring
in WNV-infected samples. Caspase inhibition rescued WNV-infected SCSCs
from considerable tissue death. The vehicle (Veh) was DMSO, and the pan-
caspase inhibitor was Q-VD-OPh. (D) Densitometry via pixel intensity mea-
surement (with Image] software) of MTT-stained images shows significant
tissue death from WNV infection and rescue from tissue death with caspase
inhibition (for each condition, n = 8). Asterisks indicate statistically signifi-
cant differences (***, P < 0.001; **, P < 0.01; *, P < 0.05).

infected samples did not show an altered morphology (Fig. 1D).
Astrocytes from mock-infected samples were diffusely distributed
throughout the tissue and had the characteristic cellular shape
(Fig. 1E), whereas WNV-infected samples contained astrocytes
undergoing astrogliosis, with notably thicker cellular processes
and an increased GFAP expression signal (Fig. 1F).

Tissue damage and caspase-3 activation in WNV-infected
SCSCs. Having demonstrated that SCSCs can be infected with WNV,
we next wished to determine the mechanism and extent of associated
spinal cord tissue injury. Apoptotic signaling via cleaved caspase-3-
dependent mechanisms has been shown to contribute to pathogene-
sis associated with WNV neuroinvasive disease (42). To determine if
apoptosis via caspase-3 activation also contributes to WNV-induced
pathogenesis in SCSCs, we performed a fluorogenic caspase-3 activity
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FIG 3 Microglia activation in response to WNV infection. Mock-infected and WNV-infected SCSCs were collected at 6 dpi and processed for immunohisto-
chemical staining. (A) Ibal staining (green) of mock-infected SCSCs reveals quiescent microglia and a low Ibal signal. Microglia in WNV-infected SCSCs show
enlarged cellular projections (lamellipodia) directed toward WNV-E™ (red) cells and debris. Bars, 60 p.m. (B) Quantification of microglia activation-associated
morphological characteristics at 6 dpi. The pixel intensity of Ibal staining shows increased Ibal expression in WNV-infected SCSCs compared to mock-infected
controls (left; n = 20). Microglia cell size is increased for WNV-infected SCSCs compared to mock-infected samples (middle; n = 49). Microglia cells displaying
amoeboid characteristics (motile functions, large cellular projections, abnormal shape) were more prevalent in WNV-infected SCSCs than mock-infected
samples (right; n = 69). Error bars represent the standard errors of the means. Asterisks indicate statistically significant differences (***, P < 0.001; *, P < 0.05).

assay at 6 dpi (Fig. 2A). The cleaved caspase-3 activity in the WNV-
infected samples was significantly higher than that in the mock-in-
fected samples (P = 0.003). Western blot detection of cleaved
caspase-3 proteins in mock-infected and WNV-infected samples at 7
dpi confirmed increased apoptosis with WNV infection (Fig. 2B). To
evaluate the dependence of tissue death during WNV infection on
apoptotic signaling, the pan-caspase inhibitor Q-VD-OPh was used
in a qualitative colorimetric MTT assay (Fig. 2C). Healthy tissue takes
up MTT from the medium and converts it to a formazan reaction
product, which appears purple; dead tissue appears white. While ve-
hicle-treated WNV-infected SCSCs (Fig. 2C, middle) showed in-
creased tissue damage compared to mock-infected samples (Fig. 2C,
left), infected SCSCs treated with Q-VD-OPh were healthier, as indi-
cated by the increased amounts of the formazan reaction product
(Fig. 2C, right). The significance of this observation was confirmed
quantitatively through densitometry of MTT-treated SCSCs (Fig.
2D). WNV-infected SCSCs treated with Q-VD-OPh showed a pixel
intensity closer to that of healthy (mock-infected) slices than to that
of infected slices with vehicle treatment only (P = 0.015). These ex-
periments demonstrate that cell death occurs as part of WNV patho-
genesis in spinal cord tissue and is largely mediated by caspase-depen-
dent apoptotic mechanisms.

Microglial activation in WNV-infected SCSC. Having dem-
onstrated WNV infection and apoptotic tissue death in SCSCs, we
wished to characterize the microglia cell responses via observa-
tions of morphological changes, a hallmark for determining
microglia activation (43, 44). We utilized IHC at 6 dpi with anti-
WNV-E and anti-Ibal antibodies (Fig. 3A); Ibal is a microglia-
specific marker that is upregulated upon microglia activation (45,
46). Microglia within mock-infected SCSCs displayed low levels of
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Ibal staining intensity in quiescent microglia, characterized by
round cell bodies and small, thin cellular processes extending out
radially (Fig. 3A, left). Microglia within WNV-infected SCSCs dis-
played higher levels of Ibal staining intensity with distinct amoe-
boid cellular processes (Fig. 3A, right). To quantify the microglia
cell morphological changes in WNV-infected SCSCs compared to
that in mock-infected SCSCs, cell measurements were made for
Ibal pixel intensity, cell size, and the percentage of cells that dis-
played amoeboid versus quiescent characteristics (Fig. 3B). Mi-
croglia within WNV-infected SCSCs had highly significant in-
creases in Ibal pixel intensity (P = 0.0002) and cell size (P <
0.0001). The percentage of microglia displaying amoeboid char-
acteristics (large, antigenically directed cellular processes, motile
functions/shapes) was also increased in WNV-infected SCSCs
compared to mock-infected samples (P = 0.02). These experi-
ments demonstrate the ability of microglia cells to activate in the
presence of WNV infection within their microenvironment.
Microglial phagocytosis of WNV-infected cells in SCSCs.
Microglia are known to phagocytose in a number of pathological
contexts, including during viral infections (35, 47). We examined
microglial phagocytosis of WNV-infected cells in SCSCs via IHC
experiments at 6 dpi (Fig. 4). In the anterior horn region of the
SCSC, mock-infected samples showed a nondescript milieu of mi-
croglia cells distributed throughout the field of vision with low
levels of Ibal pixel intensity (Fig. 4A). Microglia in the WNV-
infected samples displayed an array of phagocytic functions, con-
current with increased Ibal pixel intensity (Fig. 4B). As examples
of this, large microglia cells can be seen (i) in the process of en-
gulfinga WNV-E™ cell with a large portion of its cell body (Fig. 4B,
short, thin arrow); (ii) to have completely engulfed a WNV-E*
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Mock WNV

Iba1/WNV-E

FIG 4 Microglial phagocytosis in WNV-infected SCSCs. Mock- and WNV-
infected samples were collected at 6 dpi and stained for Ibal (green) and
WNV-E (red). (A) Mock-infected SCSCs display low levels of Ibal staining.
(B) WNV-infected SCSCs show increased expression of Ibal as well as phago-
cytic functions performed by microglia. Examples of microglial phagocytic
activity include partial engulfment of a WNV-E* cell (short, thin arrow), the
formation of a phagosomal compartment with a fully engulfed WNV-E™ cell
(long, thin arrow), and a WNV-E* cell within a microglia cell (short, thick
arrow). Bars, 30 pm.

cell with a cellular projection coming off the main cell body (Fig.
4B, long, thin arrow), forming a phagosome structure (48); and
(iii) with an internalized WNV-E* cell (Fig. 4B, short, thick ar-
row), indicative of completed phagocytosis. Large vacuolar struc-
tures within the microglia can also be observed in proximity to
WNV-E" cells that are undergoing phagocytosis, which may be
lysosomal in nature and part of the assembly toward the phagoly-
sosome (48).

High magnification of cellular phagocytic mechanisms of
microglia. We observed distinct microglia cell processes related to
cell motility and phagocytosis of WNV-infected cells and anti-
genic debris at a resolution not previously described (Fig. 5). Mi-
croglial cellular projections were often observed stretching over a
range of distances to reach WNV-E " cells and could be adequately
described as filopodial/lamellipodial in appearance (Fig. 5A), re-
flecting their amoeboid morphology. These microglia cell pro-
cesses could be observed contacting infected cells and initiating
engulfment activity (Fig. 5B). Various stages of engulfment by
microglia of WNV-E™ cells and debris were noted; microglia were
seen engulfing WNV-E™ debris less than 10 wm in diameter (Fig.
5C), WNV-E™ cells individually (Fig. 5D), and clusters of multiple
WNV-E™ cells (Fig. 5E). The formation of phagosomes was also
prevalent (Fig. 5F). Notably, microglia virtually never appeared to
be infected themselves, despite taking in WNV-E™ material.

Proinflammatory cytokine/chemokine expression profile in
WNV-infected SCSCs. A major part of the initiation of the pro-
inflammatory, antiviral state is the expression of cytokines and
chemokines, which activate and recruit immune cells (7-9, 49).
Microglia cells are well characterized to both react to and ex-
press a wide range of cytokines/chemokines during viral infec-
tions (50). To assess the ability of resident CNS cells to express
proinflammatory cytokines and chemokines during WNV in-
fection, a cytokine response profile was determined for infected
SCSCs using RT-qPCR and ELISA methods. WNV- and mock-
infected samples were collected at 3 dpi, 5 dpi, and 7 dpi and
screened for the expression of mRNA for eight proinflamma-
tory cytokines/chemokines: CCL2 (monocyte chemotactic
protein 1), CCL3 (macrophage inflammatory protein la),
CCL5 (RANTES), CXCL1 (keratinocyte-derived chemokine),
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FIG 5 Microglia phagocytic processes at high magnification. WNV-infected
SCSC samples were collected at 6 dpi and processed for immunohistochemical
staining with Ibal (green) and WNV-E (red). (A) Fine filopodial projections
directed toward WNV antigenic material are observed protruding from a la-
mellipodial projection of a microglia cell. Bar, 12 um. (B) Microglial processes
begin to engulf a WNV-infected cell, depicting the formation of a structure
known as a phagocytic cup. Bar, 6 um. (C) Microglia processes surround
WNV antigenic material. Bar, 5 wm. (D) A microglia cell in the process of
engulfing a WNV-infected cell. Bar, 9 pm. (E) Large lamellipodial processes
from a single microglia cell surround a cluster of WNV-infected cells. Bar, 20
pm. (F) A WNV-infected cell is completely engulfed by a microglia cell, de-
picting the formation of a structure known as a phagosome. Bar, 8 pm.

CXCL10, IL-6, TNF-a, and TRAIL (Fig. 6). Significantly ele-
vated expression levels were detected in WNV-infected SCSCs
for each gene when normalized to the level of B-actin expres-
sion and compared to the level of expression by mock-infected
samples. The chemokines CXCL10 and CCL5 had the highest
expression levels when they were compared to those of their
mock-infected control samples, with significant differences
compared to the levels of expression by the mock-infected con-
trols being noted at similar time points. Significant increases in
expression were also seen for the chemokines CXCLI, CCL2,
and CCL3 and the proinflammatory cytokines IL-6, TNF-a,
and TRAIL. In ELISA screens of select cytokines using SCSC
lysates and medium, significantly increased levels of CCLS5,
CCL3, CCL2, and IL-6 were detected (Fig. 7). These data indi-
cate not only differences in expression patterns between vari-
ous proinflammatory mediators but also the ability of the res-
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FIG 6 Proinflammatory cytokine/chemokine gene expression in WNV-infected SCSCs. Total mRNA was isolated from mock-infected and WNV-infected SCSC
samples at 3 dpi, 5 dpi, and 7 dpi. Relative expression levels for specific cytokines/chemokines in mock-infected and WNV-infected samples are shown for each
time point. The levels of cytokine/chemokine mRNA expression were normalized to the level of B-actin mRNA expression for each time point and are depicted
as relative fold increases. RT-qPCR detection of cytokine/chemokine mRNA for each sample was performed in triplicate; each bar represents the mean level of
expression. Error bars represent the standard errors of the means. Asterisks indicate values that are statistically significant (***, P < 0.001; **, P < 0.005; *, P <

0.05).

ident CNS cells to produce these cytokines/chemokines
without the involvement of a peripheral immune response.
Minocycline treatment alters the cytokine/chemokine ex-
pression profile in WNV-infected SCSCs. Minocycline is a neuro-
protective agent in multiple forms of neurological disease (17, 40, 41)
and is characterized to be an inhibitor of neuroinflammation and
proinflammatory microglial activation (51, 52). To assess the contri-
bution of neuroinflammation and associated microglial activation to
the expression of proinflammatory cytokines/chemokines, we
treated WNV-infected SCSCs with minocycline (50 wM) and com-
pared their cytokine/chemokine response profile to that of vehicle-
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FIG 7 Proinflammatory cytokine/chemokine protein expression in WNV-
infected SCSCs. Mock- and WNV-infected samples were collected at 6 dpi, and
lysates were prepared for ELISArray detection of cytokine/chemokine protein
levels. Each bar represents the mean level of expression. Error bars represent
the standard errors of the means. Asterisks indicate values that are statistically
significant (***, P < 0.001; **, P < 0.005; *, P < 0.05).
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treated WNV-infected samples using RT-qPCR methods (Fig. 8).
There were significant reductions in the expression of CCL5, CCL2,
and IL-6 in minocycline-treated WNV-infected SCSCs compared to
that in their vehicle-treated counterparts (Fig. 8). Conversely, the ex-
pression levels of CXCL10 and TRAIL were significantly increased in
minocycline-treated WNV-infected SCSCs relative to the levels in
their mock-infected controls (Fig. 8). No significant differences in the
expression levels of TNF-a between minocycline-treated and vehicle-
treated WNV-infected SCSCs were seen (Fig. 8). Minocycline treat-
ment also caused a small but significant reduction in WNV titer
(Fig. 8).

DISCUSSION

Distinguishing intrinsic CNS immune responses to WNV infec-
tion from events associated with, and dependent upon, peripheral
immunity has not previously been possible. Utilization of ex vivo
slice cultures of spinal cord tissue has enabled the study of the
innate immune responses of the resident CNS cell population fol-
lowing neurotropic WNV infection. This model system ade-
quately replicated the infectivity patterns observed in previous in
vitro experiments (33), as well as the caspase-3-dependent cell
death mechanisms observed in vivo (42). Microglia cells, which
are poorly characterized in culture models for WNV, were ob-
served to undergo dynamic morphological activation and dis-
played phagocytic processes, findings which highlight the poten-
tial for their role in viral clearance in vivo. Proinflammatory
cytokines and chemokines increased significantly with the time
course of viral infection and tissue death, and these factors dis-
played altered expression patterns when samples were treated with
an inhibitor of neuroinflammation and microglial activation (mi-
nocycline). Ex vivo slice cultures of CNS tissue have been used to
assess pathology attributed to other neurotropic viral infections
(53-56); however, this report highlights the considerable utility of
this model system for evaluating CNS-intrinsic innate immune
responses, including microglia cell activation and phagocytosis.
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FIG 8 Minocycline (Mino) treatment alters cytokine/chemokine gene expression in WNV-infected SCSCs and minimally reduces the viral titer. WNV-infected
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time point and are depicted as relative fold increases. Each bar represents the mean level of expression. (B) The viral load (numbers of PFU equivalents) was
determined using a standard curve created from RNA from WNV-infected brain tissue. The viral load is measured on a log,, scale. Error bars represent the
standard errors of the means. Asterisks indicate values that are statistically significant (***, P < 0.001; **, P < 0.005; *, P < 0.05).

This is the first study to show in high resolution the phagocytic
properties of microglia cells in the presence of WNV infection.
Ionized calcium-binding adapter molecule 1 (Ibal) is a com-
monly used marker of microglial activation (57), and while much
concerning its function is not known, it has been described as a
“membrane-ruffling” component important during phagocytic
functioning (57). As shown here, Ibal is clearly upregulated by
microglia that display motile features like filopodia and lamelli-
podia, as well as during all stages of phagocytosis. Meanwhile, Ibal
expression in mock-infected SCSC samples was markedly low,
often barely labeling microglia cells. In vivo, Ibal is used to identify
both macrophages and microglia during inflammatory processes,
so much of the phagocytic potential that has been observed to
underlie WNV neuropathology is attributed to macrophage/mi-
croglia activity (58). Here, we show definitive microglia functions
with no macrophage presence.

While in this report we do not identify the specific factors or
sources for microglial activation and phagocytosis, several can-
didates have been described elsewhere. For example, puriner-
gic signaling is a strong inducer of microglia motility and
phagocytosis (59, 60), as extracellular ATP can be detected by
microglia as a signal for cell death (59). Scavenger receptors
have also been characterized as inducers of phagocytosis and
related motility (61), though they have not been investigated in
the context of viral infections. In addition, microglia express an
array of chemokine receptors, including CCR1, CCR2, CCR7,
and CCRS5, in rodents, with CCR5 being the most abundant
(62, 63); however, the role of these receptors in microglial
phagocytosis has not been well studied. Whether microglia uti-
lize viral pattern recognition receptors (PRRs) as part of the
phagocytosis process also remains poorly understood. FcR and
complement are also well-known inducers of microglial
phagocytosis (64), but a role for FcR and complement can be
ruled out in the ex vivo setting. Finally, microglia express a wide
array of neurotransmitter receptors, which are thought to
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function as incidence detectors and which can induce the up-
regulation of proinflammatory molecules, but there is little
evidence that these receptors influence phagocytosis (65, 66).

Cytokine/chemokine signaling is a crucial aspect of activation
and recruitment of immune cells to cross the BBB to clear viral
infections (67). Of the cytokines/chemokines shown to be upregu-
lated in this study, both CCL5 and CXCL10 play an important role
in WNV neuropathogenesis. A lack of CXCL10 signaling leads to
reduced WNV-specific CD8™ T cell recruitment and an increased
severity of disease in murine models (49, 68). Similar effects are
observed with deficient CCL5 signaling (69), and humans with a
mutation in the receptor for CCL5 (CCR5) are more susceptible
to severe WNV disease (70). The overall cytokine expression pro-
file observed in this study included additional proinflammatory
cytokines and chemokines previously implicated in WNV CNS
disease (71), including TNF-a (7) and CCL2 (72). Minocycline
treatment, which reduces proinflammatory neuroinflammation
and microglia activity (17, 40, 41, 51, 52), led to a reduction in
expression of CCL5, CCL2, and IL-6, which suggests that these
factors either are expressed by activated microglia or require pro-
inflammatory signaling to be maximally invoked. The increase in
the level of expression for CXCL10 and TRAIL induced by mino-
cycline treatment could be due to increased neuronal expression
of these factors (8, 49) in an environment with dampened proin-
flammatory signaling and/or microglia activation.

In summary, this study confirms the intrinsic immune re-
sponses of resident CNS cells to WNV infection. Microglia, the
innate immune sentinel cells of the brain and spinal cord, were
morphologically active and displayed their capacity to phagocy-
tose WNV-E™ cells and debris. The ability of the ex vivo model to
maintain the cytoarchitecture of the CNS allows a fuller under-
standing of the functions that require cell-cell connectivity for
multiple cell types in a culture system that more closely resembles
the in vivo environment.
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