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ABSTRACT

Inflammation is a necessary part of the response to infection but can also cause neuronal injury in both infectious and auto-
immune diseases of the central nervous system (CNS). A neurovirulent strain of Sindbis virus (NSV) causes fatal paralysis
in adult C57BL/6 mice during clearance of infectious virus from the CNS, and the virus-specific immune response is impli-
cated as a mediator of neuronal damage. Previous studies have shown that survival is improved in T-cell-deficient mice
and in mice with pharmacological inhibition of the inflammatory response and glutamate excitotoxicity. Because glu-
tamine metabolism is important in the CNS for the generation of glutamate and in the immune system for lymphocyte pro-
liferation, we tested the effect of the glutamine antagonist DON (6-diazo-5-0xo-L-norleucine) on the outcome of NSV in-
fection in mice. DON treatment for 7 days from the time of infection delayed the onset of paralysis and death. Protection
was associated with reduced lymphocyte proliferation in the draining cervical lymph nodes, decreased leukocyte infiltra-
tion into the CNS, lower levels of inflammatory cytokines, and delayed viral clearance. In vitro studies showed that DON
inhibited stimulus-induced proliferation of lymphocytes. When in vivo treatment with DON was stopped, paralytic dis-
ease developed along with the inflammatory response and viral clearance. These studies show that fatal NSV-induced en-
cephalomyelitis is immune mediated and that antagonists of glutamine metabolism can modulate the immune response
and protect against virus-induced neuroinflammatory disease.

IMPORTANCE

Encephalomyelitis due to infection with mosquito-borne alphaviruses is an important cause of death and of long-term neurolog-
ical disability in those who survive infection. This study demonstrates the role of the virus-induced immune response in the gen-
eration of neurological disease. DON, a glutamine antagonist, inhibited the proliferation of lymphocytes in response to infec-
tion, prevented the development of brain inflammation, and protected mice from paralysis and death during treatment.
However, because DON inhibited the immune response to infection, clearance of the virus from the brain was also prevented.
When treatment was stopped, the immune response was generated, brain inflammation occurred, virus was cleared, and mice
developed paralysis and died. Therefore, more definitive treatment for alphaviral encephalomyelitis should inhibit virus replica-
tion as well as neuroinflammatory damage.

immune response and glutamate excitotoxicity are potential me-
diators of neuronal cell death in NSV infection (7, 8, 10-12), we
investigated the protective effects of glutamine antagonists antic-

S indbis virus (SINV) is a mosquito-borne, enveloped, positive-
strand RNA virus of the genus Alphavirus in the family Toga-
viridae. SINV causes rash and arthritis in humans and causes

acute encephalomyelitis in mice by infecting neurons (1, 2).
Many factors, including age, genetic background, virus strain,
route of inoculation, and immune competency, determine the
outcome of infection in mice (3-8). A neuroadapted strain of
SINV (NSV) causes progressive paralysis and death of adult
C57BL/6 mice and provides a model for understanding the
pathogenesis and treatment of acute fatal viral encephalomy-
elitis (9). Both direct T-cell-mediated cytotoxicity and gluta-
mate excitotoxicity have been implicated in neuronal damage
during acute infection (8, 10-13).

Survival after NSV infection is improved in mice deficient in
CD4" or CD8™ T-cell responses (7, 8), and treatment with antag-
onists of a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA) glutamate receptors also protects from fatal disease.
However, an unanticipated effect of the AMPA receptor antago-
nists was inhibition of the antiviral immune response that resulted
in decreased central nervous system (CNS) inflammation and de-
layed virus clearance (11, 12). Because both the adaptive antiviral
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ipated to potentially affect both lymphocyte proliferation and glu-
tamate synthesis.

In the immune system, T cells preferentially use glutamine
rather than glucose for metabolic needs during growth and pro-
liferation (14, 15). Increased glutamine uptake and metabolism
are characteristic of rapidly dividing cells such as activated T cells
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FIG 1 DON treatment protects mice from NSV-induced acute disease. Six- to eight-week-old C57BL/6 mice were infected with 1,000 PFU of NSV intracerebrally
and treated every 24 h intraperitoneally with the glutamine antagonist DON (0.3 mg/kg or 0.6 mg/kg), ACI (1 mg/kg), or PBS (100 to 200 pl) from the time of
infection through day 7. (A) Clinical scores of treated and untreated mice (n = 6 for NSV, n = 12 for DON at 0.3 mg/kg, and n = 5 DON at 0.6 mg/kg). Clinical
scores were as follows: 0 for no clinical signs, 1 for mild weakness, 2 for paralysis of one hind limb, 3 for paralysis of both hind limbs, and 4 for death. (B) Mortality
of treated and untreated mice (n = 20 for NSV, n = 12 for DON at 0.3 mg/kg, and n = 15 for DON at 0.6 mg/kg). For PBS-treated mice (NSV), the median time
of survival was 8 days, while DON-treated mice had median survival times of 14 days (0.3 mg/kg) and 12 days (0.6 mg/kg). ****, P < 0.0001 as determined by a
log rank (Mantel-Cox) survival test. Data are pooled from results of 2 independent experiments. (C and D) Clinical scores (C) and mortality (D) of ACI-treated
(n = 5) and PBS-treated (n = 5) mice. Gray shading designates the drug treatment period.

and certain cancer cells (16). Proliferating T cells require millimo-  from the 1980s showed that DON was effective against tumor
lar concentrations of extracellular glutamine for growth and cell ~ cells, but prolonged treatment resulted in substantial toxicity, so
cycle progression, and T cells stimulated in glutamine-deprived  further development was not pursued (24-27). However, re-
media fail to expand in size, replicate their DNA, or enter S phase  cently, DON has been shown to inhibit lymphocyte proliferation
(16, 17). Additionally, silencing of key enzymes involved in glu-  (28), inhibit graft rejection (29), decrease SINV-induced memory
tamine metabolism, such as phosphate-activated glutaminase impairment (30), and improve outcomes for mice with cerebral
(GLS1), which is upregulated during T-cell activation, completely  malaria (31), suggesting its use as an immunomodulator.
inhibits the proliferation of human T cells (18). In the nervous In our studies, treatment with DON inhibited the adaptive
system, glutamine is required for the synthesis of the primary ex-  immune response to NSV infection and delayed the onset of acute
citatory neurotransmitter glutamate, and excess production can  fatal encephalomyelitis. DON-induced suppression of the antivi-
result in excitotoxic damage to neurons (19, 20). Therefore, the ral immune response resulted in decreased CNS inflammation
availability and metabolism of glutamine could be a critical met-  and prevented virus clearance. However, with the cessation of
abolic bottleneck that might be pharmacologically exploited to  treatment, an antiviral immune response was generated along
modulate the response to and prevent neuronal damage during  with viral clearance and fatal paralysis, confirming the role of the
neuroinflaimmatory diseases such as NSV-induced acute enceph-  immune response in disease pathogenesis.
alomyelitis.

To determine if pharmacological inhibition of glutamine.a me-  MATERIALS AND METHODS
tabolism can protect mice from NSV-induced fatal paralysis, we
treated mice with the glutamine antagonist DON (6-diazo-5-oxo-
L—nor1e1.1c.1ne). DON isa Str.eptorrfyces—derlved ar.ltlrne.tabohte that (EBS), penicillin (Pen), streptomycin (Strep), and 2 mM glutamine (In-
competitively and irreversibly binds to the active sites of many vitrogen). Primary lymphocytes were grown in DMEM supplemented
glutamine-utilizing enzymes, permanently inhibiting their cata-  with 10% dialyzed FBS, Pen-Strep, glutamine, and 50 uM B-mercapto-
lytic activities (21). DON was discovered in the 1950s and initially  ethanol (Sigma). Glutamine-deficient DMEM was used in certain exper-
developed as a cancer chemotherapeutic (22, 23). Clinical trials  iments. All cells were grown at 37°C with 5% CO,.

Cell culture and drugs. BHK cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
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FIG 2 Effect of glutamine deprivation on virus replication and interferon
induction. (A) Virus produced after in vitro NSV infection at MOIs of 1 and 10
of BHK cells in either complete medium [GIn(+)], glutamine-deficient me-
dium [GIn(—)], or complete medium with the glutamine antagonist DON
(100 wM) or ACI (100 puM). BHK cells were glutamine and serum starved for
24 h before infection with NSV. Supernatant fluids were collected 24 h after
infection and assayed for plaque formation on BHK cells. (B) Viral titers from
the brains and spinal cords of PBS-treated (NSV) and DON-treated (NSV +
DON) (0.6 mg/kg for brain and 0.3 mg/kg for spinal cord) mice. Error bars
represent standard errors of the geometric mean titers from three biological
replicates (A) or three mice (B). The dotted line represents the limit of detec-
tion of the plaque assay. Data are representative of results from at least two
independent experiments (B). (C) Levels of IFN-a and IFN-f in the brains of
PBS-treated (NSV) and DON-treated (NSV + DON) (0.3 mg/kg) mice as
determined by EIAs. Data represent the means * standard errors of the
means of data for 3 mice. Gray shading or underlining designates the drug
treatment period. *, P < 0.05; ***, P < 0.001 (as determined by one-way
ANOVA with Dunnett’s posttest [A] or two-way ANOVA with a Bonfer-
roni posttest [B and C]).

Glutamine Antagonist Treatment of Viral Encephalitis

The glutamine antagonists DON (Sigma) and acivicin (ACI; Sigma)
were solubilized in sterile phosphate-buffered saline (PBS) to prepare 100
mM stock solutions. Working dilutions were made in medium for in vitro
experiments or in sterile PBS for in vivo experiments. Stock solutions were
stored at —80°C, and fresh working solutions were made for each use.

Virus and virus assays. NSV (9) was grown in BHK cells in DMEM
supplemented with 1% FBS, Pen-Strep, and glutamine. Supernatant fluid
was collected 24 h after infection, filtered through a 40-pm filter, and
stored in aliquots at —80°C. For plaque assays, supernatant fluids and
tissue homogenates (20%) were serially diluted in DMEM with 1% FBS,
inoculated onto BHK cells, incubated at 37°C for 1 h, washed, and overlaid
with agar (1.2% Bacto agar, minimal essential medium [MEM], 1% FBS).
After incubation for 48 h, cells were stained with neutral red, and plaques
were counted.

Animal infection, treatment, and tissue harvest. Six- to eight-week-
old female C57BL/6] mice (Jackson Laboratory) were inoculated intrace-
rebrally with 1,000 PFU NSV in 20 pl of Hanks’ balanced salt solution
(HBSS) or PBS under light isoflurane anesthesia. Mice were treated daily
with 100 wl of PBS, 0.3 or 0.6 mg/kg of body weight of DON, or 1 mg/kg
ACI in 100 to 200 wl PBS intraperitoneally from the time of infection
through day 7 after infection. Mice were scored daily for disease as follows:
0 for no signs of weakness, 1 for mild weakness and hunched posture, 2 for
paralysis of one hind limb, 3 for paralysis of both hind limbs, and 4 for
death.

For tissue collection, mice were deeply anesthetized, and blood was
collected by cardiac puncture into serum separator tubes (BD Micro-
tainer). Mice were then perfused with ice-cold PBS. Brain, spinal cord,
and cervical lymph node tissues were collected and either used fresh
for cell analysis or snap-frozen and stored at —80°C for plaque assays
and RNA extraction. All studies were done in accordance with proto-
cols approved by the Johns Hopkins University Animal Care and Use
Committee.

qRT-PCR analysis. RNA was extracted from frozen brains by using the
RNeasy lipid tissue kit (Qiagen). Extracted RNA was diluted to 1 pg/pl, and 2
jg was reverse transcribed by using the High Capacity cDNA reverse tran-
scription kit (Applied Biosystems). The cDNA (2.5 pl) was analyzed for the
following mRNAs by TagMan reverse transcription-quantitative PCR (qRT-
PCR): interleukin-1f (IL-18) (mm0434228_m1), IL-6 (mm00466190_m1),
tumor necrosis factor alpha (TNF-a) (mm99999068_m1), IL-12, CCL2
(mm00441242_m1), CCL5 (mm01302427_m1), CXCL10 (mm99999072_
ml),IL-10 (mm00439616_m1), transforming growth factor 8 (TGF-3), IL-4
(mmO00445259_m1), gamma interferon (IFN-y) (mm00801778_m1), T-bet
(mm00450960_m1), GATA3 (mm00484683_m1), FoxP3 (mm00475162_
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FIG 3 DON-treated mice have decreased leukocyte infiltration into the brain. Inflammation in the brains of NSV-infected DON-treated and PBS-treated mice
(days 0 to 7) was evaluated by flow cytometry. Mononuclear cells were isolated from brains of mice (n = 3/group) by Percoll gradient centrifugation, and
numbers of CD45" (A); CD3", CD4", and CD8" (B); and CD19" (C) cells/brain were determined. Data are representative of results from at least three
independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (as determined by two-way ANOVA with a Bonferroni posttest).

October 2016 Volume 90 Number 20

Journal of Virology

jviasm.org 9253


http://jvi.asm.org

Manivannan et al.

A NSV

Day 7
Vehicle Treatment

Day 7
DON Treatment

Brain |

Spinal
cord

4+ HH NSV
Day 13 ] NSV+DON
After' DON Treatment

o x/

*x

H&E Score (Brain)
- N

NA
0-
/\4-
2
o
O 34
®©
c
‘a
D 54
<
Q
O
n 14 *k
w
o3
T ] NA
Day 7 Day 13

FIG 4 Leukocytes appear in the brains and spinal cords of treated mice after DON treatment is stopped. (A) Representative H&E-stained brain (top) and spinal
cord (bottom) sections from day 7 (treated and untreated) and day 13 (after DON treatment was stopped at day 7). (B) H&E-stained sections were scored as
follows: 0 for no inflammation, 1 for one or two occasional inflammatory foci, 2 for moderate foci in <50% of 10X fields, and 3 for moderate to severe foci in
>50% of 10X fields. A score of +1 was given for abundant cellularity. Mice were treated with PBS or 0.3 mg/kg of DON once daily through day 7. Gray shading
under the x axis identifies the drug treatment period. Bar = 100 pm. Error bars represent standard errors of the means of data for three mice per time point per

group. **, P < 0.01 (as determined by one-way ANOVA). NA, not applicable.

m1), and RoRc-y (mm01261022_m1) (Applied Biosystems). Data were ac-
quired on a 7500 real-time PCR machine (Applied Biosystems) and analyzed
by using Excel software. Data from all samples were normalized to values for
rodent glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Applied Bio-
systems), and fold induction was calculated relative to values for RNA from
brains of uninfected mice.

Histopathology and immunohistochemistry. Deeply anesthetized
mice were perfused with 20 ml ice-cold PBS before being perfused with 40
ml of ice-cold 4% paraformaldehyde (PFA). Spinal cords and brains cut
into 2-mm coronal sections were fixed with 4% PFA overnight at 4°C,
rinsed with cold PBS, embedded in paraffin, sectioned (10 wm), and
stained with hematoxylin and eosin (H&E) by the Johns Hopkins Hospi-
tal Pathology Laboratory. Coded H&E-stained sections were scored as
follows: 0 for no inflammation, 1 for one or two occasional inflammatory
foci, 2 for moderate foci in <50% of 10X fields, and 3 for moderate to
severe foci in >50% of 10X fields. A score of +1 was given for abundant
cellularity.

For immunohistochemistry, sections were heated at 58°C for 10 min
and then rehydrated through solutions containing xylene, 100% ethanol,
95% ethanol, 70% ethanol, and deionized water. Sections were boiled in
citrate buffer (10 mM citrate [pH 6] with 0.05% Tween 20) for 10 min,
cooled, and washed in PBS. Sections were blocked with 5% normal goat
serum in Neuropore (Trevigen) and then stained with antibodies against
NSV (1:100, polyclonal) (2), CD3 (1:100, SP7 clone; Abcam), or NeuN
(1:50; Millipore) overnight at 4°C in a humidified chamber. Slides were
washed with PBST (PBS with 0.05% Tween 20) and then incubated with
the appropriate fluorescently conjugated (Alexa 594 or Alexa 488; Invit-
rogen) secondary antibodies diluted in Neuropore (1:200) for 1 h at room
temperature (RT). Slides were washed in PBST, immersed in 0.1% Sudan
black in 70% ethanol for 20 min, and washed. Sections were mounted by
using ProLong Gold with 4',6-diamidino-2-phenylindole (DAPI) (Invit-
rogen) for 24 h in the dark at RT, and images were obtained by using a
Nikon 90i microscope with Volocity software. Numbers of cells were
counted in 10 random fields per coded tissue section at a X20 magnifica-
tion and averaged.

Isolation and analysis of mononuclear cells from brains and cervical
lymph nodes. Mononuclear cells were isolated from brains as described
previously (32). Briefly, brains were homogenized in isotonic Percoll (9
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parts Percoll [GE Healthcare] and 1 part 10X HBSS [Mediatech]), treated
with DNase I (Sigma) for 30 min at RT, and layered onto a 30 to 70%
discontinuous Percoll gradient. After centrifugation at 500 X g for 30 min,
mononuclear cells at the interface were collected. Lymph nodes were
placed onto a 40-pm-mesh filter in a cold petri dish containing RPMI, and
cells were disassociated by using the blunt end of a syringe piston.

For flow cytometry, cells were stained with Aqua Live/Dead dye (In-
vitrogen), washed with fluorescence-activated cell sorter (FACS) buffer
(PBS with 1% bovine serum albumin [BSA] and 2 mM EDTA), blocked
with Fc Block (BD Biosciences), and stained with fluorescently conjugated
antibodies (BD Biosciences) against mouse CD3 (allophycocyanin
[APC]-Cy7, 17A2 clone), CD45 (fluorescein isothiocyanate [FITC], 30-
F11 clone), CD4 (peridinin chlorophyll protein [PerCP]-Cy5.5, RM4-5
clone), CD8 (phycoerythrin [PE]-Cy7, 53-6.7 clone), and CD19 (APC,
1D3 clone). Washed cells were resuspended in 400 .l FACS buffer, and 50
wl of CountBrite beads (Invitrogen) was added. Cells were analyzed on a
FACSCanto II flow cytometer to calculate absolute numbers of live cells.

BrdU incorporation. A bromodeoxyuridine (BrdU; Sigma) stock (50
mg/ml) was prepared in PBS and stored in aliquots at —80°C. BrdU (2 mg
in 200 pl) was administered intraperitoneally on days 4 and 5 after NSV
infection. After 8 h, superficial cervical lymph nodes were removed, and
viability was determined as described above. Cells were fixed, permeabil-
ized (BD Cytofix/Cytoperm), incubated in nuclear staining buffer (0.5%
Triton X-100, 1% BSA, 2 mM EDTA) for 10 min, fixed by using Cytofix/
Cytoperm buffer, and then incubated in DNase (Sigma) (30 wg/10° cells)
for 1 hat 37°C. Cells were stained with FITC-conjugated antibody to BrdU
(BD Biosciences) for 20 min at RT, washed, and analyzed on a FACSCanto
II flow cytometer.

In vitro T-cell analysis. CD3™ lymphocytes were purified from the
spleens of uninfected adult C57BL/6] mice by using a Pan T-cell Isolation
kit (Miltenyi Biotec). For activation, flat-bottom 96-well plates were
coated with anti-CD3 (5 pg/ml; 145-2Cl11 clone) and anti-CD28 (2.5
pg/ml; 37.51 clone) (eBioscience) for 2 h at 37°C and washed. Prior to
culture, lymphocytes were stained with carboxyfluorescein succinyl ester
(CFSE; Invitrogen) in PBS with 0.1% BSA for 5 min at 37°C, washed, and
then added at a density of 10° cells/well. Cells were cultured in glutamine-
free or complete medium (DMEM, 10% dialyzed FBS, 2 mM glutamine,
nonessential amino acids [NEAAs], 25 mM HEPES) in the presence or
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FIG 5 Changes in inflammation and viral antigen after DON treatment is halted. (A, top) Immunofluorescence of CD3-positive lymphocytes and the neuronal
marker NeuN (red) in hippocampal brain sections at day 7 (treated and untreated) and day 13 (after treatment). (Bottom) Immunofluorescence of NSV antigen
and NeuN in cortical brain sections at day 7 (treated and untreated) and day 13 (after treatment). (B) Quantification of CD3* cells (top) and NSV-infected cells
(bottom). (C) Expression of T-cell-specific transcription factor mRNAs in the brain. Error bars represent standard errors of the means of data for three mice per
time point per group (B and C). Mice were treated with 0.3 mg/kg (A and B) or 0.6 mg/kg (C) of DON or PBS once daily through day 7. Gray shading under the
xaxis identifies the drug treatment period. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001 (as determined by one-way ANOVA [B] or two-way ANOVA with a Bonferroni

posttest [C]).

absence of DON or ACI at 5 to 20 wM. Cells were stained for CD3, CD4
(PerCP-Cy 5.5, RM4-5 clone; BD Biosciences), and CD8 as described
above. Viability was assessed at 12 h by flow cytometry (FACSCanto II;
BD) using a violet fluorescent exclusion dye (Invitrogen) according to the
manufacturer’s protocol. T-cell proliferation was assessed at 72 h by CFSE
dilution.

Enzyme immunoassays (EIAs). For the detection of NSV-specific
IgG, 96-well plates were coated overnight at 4°C with lysates from BHK
cells infected with NSV or uninfected BHK cells diluted in coating buffer
(50 mM NaHCO;, pH 9.6). Plates were washed with PBST, blocked with
10% FBS in PBST for 1 h at RT or overnight at 4°C, and washed. Mouse
serum samples diluted 1:100 in blocking buffer were added and incubated
for 1 h at RT. Plates were washed and incubated with horseradish per-
oxidase-conjugated anti-mouse IgG (1:2,000; Southern Biotech).
Color was developed with TMB (3,3',5,5'-tetramethylbenzidine) sub-
strate solution (Sigma). After the addition of stop solution (2 M
H,S0,), optical densities (ODs) at 450 nm were determined. OD val-
ues from wells coated with uninfected BHK lysates were subtracted to
obtain NSV-specific OD values.

For measurement of IFN-y and IL-2 levels, supernatant fluids col-

October 2016 Volume 90 Number 20
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lected from culture medium 24 h after the activation of CD3™ splenocytes
with anti-CD3 and -CD28 were assayed according to the manufacturer’s
instructions (R&D Systems). Clarified 20% brain homogenates diluted
1:2 were assayed for IFN-a, IFN-B (PBL Interferon Source), and IFN-y
(R&D Systems) according to the manufacturers’ instructions.

Statistical analysis. Statistical analysis was performed by using Prism
5 software (GraphPad). Two-way analysis of variance (ANOVA) with a
Bonferroni posttest was used for analysis of differences between treated
and untreated mice at different time points. Student’s t test was used to
compare BrdU incorporation between groups. One-way ANOVA with
Dunnett’s posttest was used to compare BHK viral titers and in vitro T-cell
responses. A log rank (Mantel-Cox) test was used to compare Kaplan-
Meier survival curves. A P value of <0.05 was considered significant.

RESULTS

Glutamine antagonists protect mice from NSV-induced fatal
paralysis. To determine whether DON could protect mice from
NSV-induced fatal paralysis, infected mice were treated daily from
the time of infection through 7 days after infection with either PBS
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FIG 6 DON-treated mice have lower cytokine and chemokine mRNA levels in brain. Brains of DON-treated (NSV + DON) (0.6 mg/kg) and PBS-treated (NSV)
mice were examined for levels of innate and adaptive cytokine and chemokine mRNAs by qRT-PCR. (A) mRNA levels of innate proinflammatory cytokines
(IL-1B, TNF-a, IL-6, and IL-12). (B) mRNA levels of anti-inflammatory cytokines (IL-4, IL-10, and TGF-B). (C) mRNA levels of chemokines (CCL2, CCL5, and
CXCL10). The gray bar under the x axis represents the drug treatment period (day 0 through day 7). Error bars represent standard errors of the means of data for
three mice per time point. The dotted lines indicate the mRNA levels in uninfected mice. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (as determined

by two-way ANOVA with a Bonferroni posttest).

or DON (0.3 mg/kg or 0.6 mg/kg) (Fig. 1). Most PBS-treated mice
showed signs of paralysis by day 6 (Fig. 1A), and all mice died by
day 12, with a median time to death of 8 days (Fig. 1B). During the
period of treatment, DON-treated mice had lower clinical scores
than did PBS-treated mice (Fig. 1A). However, once DON treat-
ment was stopped, paralysis developed, and most mice died (Fig.
1B). Therefore, DON treatment delayed the onset of clinical dis-
ease, with median times to death of 14 days for the low dose (0.3
mg/kg) and 12 days for the high dose (0.6 mg/kg).

To determine whether another glutamine antagonist would
have a similar effect, we also evaluated treatment with ACI, a non-
specific glutamine antagonist structurally distinct from DON.
ACI was effective in preventing acute NSV-induced fatal paralysis
in most mice during treatment (Fig. 1C) and also decreased mor-
tality (Fig. 1D).

DON treatment has little effect on NSV replication or induc-
tion of IFN-a/f but delays virus clearance. To determine if glu-
tamine deprivation or DON treatment affected NSV replication,
virus growth in BHK cells was assessed (Fig. 2A). Cells were serum
and glutamine starved for 24 h to deplete intracellular glutamine
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stores; infected with NSV at multiplicities of infection (MOIs) of 1
and 10; and cultured in either complete medium (DMEM, 1%
dialyzed FBS, 2 mM glutamine, Pen-Strep), glutamine-deficient
medium (DMEM without glutamine, 1% dialyzed FBS, Pen-
Strep), or complete medium containing the glutamine antagonist
DON or ACI (100 pM). Virus production was assessed at 24 h.
Neither glutamine deprivation nor glutamine antagonists affected
NSV replication in vitro.

To examine the effects of DON treatment on virus replication
and clearance in vivo, brains and spinal cords were harvested and
assayed for plaque formation. DON treatment had no effect on
peak viral replication, with similar viral titers in the brains and
spinal cords of treated and untreated mice (Fig. 2B). However,
untreated mice showed decreasing viral titers on day 5 and clear-
ance by day 7, while DON-treated mice did not clear the virus
until days 11 to 13 after DON treatment was stopped. Clearance of
the virus was associated with the onset of neurological disease in
both DON-treated and PBS-treated mice (Fig. 1A).

To determine if DON treatment affected the induction of type
IIEN, brain homogenates were assayed by EIAs for levels of IFN-a
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FIG 7 DON-treated mice have lower levels of IFN-y mRNA and protein in the
brain and lower levels of NSV-specific antibody in the serum during treatment.
(A) Brain IFN-y mRNA levels as measured by qRT-PCR and normalized to
GAPDH and IFN-vy protein levels measured by enzyme-linked immunosor-
bent assays in brain homogenates from PBS-treated (NSV) and DON-treated
(NSV + DON) (0.6 mg/kg) mice. (B) Levels of NSV-specific IgG in serum
measured by EIA from DON-treated (NSV + DON) and PBS-treated (NSV)
mice. The gray bar under the x axis identifies the treatment period (day 0
through day 7). Error bars represent standard errors of the means of data for
three mice (n = 3 mice/day/group). *, P < 0.05; **, P < 0.01; ***, P < 0.001;
00t P <0.0001 (as determined by two-way ANOVA with a Bonferroni post-
test).

and IFN-B (Fig. 2C). Similar levels of type I IFN were induced,
although levels of IFN-a increased faster and levels of IFN-{3 de-
creased faster in DON-treated than in PBS-treated NSV-infected
mice.

DON-treated mice have less CNS inflammation. Infiltrating
leukocytes play a critical role in the clearance of NSV from the
CNS but also contribute to neuronal damage (8, 10, 13). To de-
termine the effects of DON treatment on leukocyte infiltration, we
isolated and counted leukocytes in the brains of treated and un-
treated NSV-infected mice. During treatment, fewer leukocytes
infiltrated the brains of DON-treated mice than untreated mice
(Fig. 3). Total leukocyte counts (CD45%) and T-lymphocyte
(CD3™) counts, as well as CD4" and CD8" T-cell and CD19™
B-cell counts, were higher in untreated mice 5 and 7 days after
infection.

Analysis of H&E-stained brain and spinal cord sections
showed less inflammation in DON-treated mice than in PBS-
treated mice on day 7 (Fig. 4). However, mononuclear cells infil-
trated the brains and spinal cords of surviving DON-treated mice
on day 13, 6 days after the cessation of DON treatment. A similar
trend was seen with infiltrating CD3* lymphocytes when assessed
by immunofluorescence staining (Fig. 5A and B, top), with few
cells in the brains of DON-treated mice on day 7 but many cells on
day 13. Cellular infiltration was coincident with clearance of the
virus, as indicated by the detection of NSV antigen by immuno-
fluorescence staining (Fig. 5A and B, bottom) and of infectious
virus by plaque assays (Fig. 2B).

qRT-PCR for mRNAs of the T-cell-subtype-specific transcrip-
tion factors T-bet (Thl), FoxP3 (Treg), RoRc-y (Thl7), and
GATA3 (Th2) showed that all subsets were affected by DON treat-
ment, with the most marked effect being seen on T-bet- and
FoxP3-expressing cells (Fig. 5C).

DON-treated mice have lower levels of cytokine and chemo-
kine mRNAs in brain. To investigate the effects of DON treat-
ment on inflammatory mediators in the CNS, brains from DON-
treated and PBS-treated NSV-infected mice were assayed for
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FIG 8 Effect of DON treatment on lymphocyte composition and counts in the
draining superficial cervical lymph nodes. Superficial cervical lymph nodes
from NSV-infected DON-treated (NSV + DON) and PBS-treated (NSV) mice
were harvested on day 5, the peak time of lymphocyte proliferation in response
to infection. (A to C) Proportions of total lymph node cells that are live (A);
CD3",CD4%, and CD8" (B);and CD19" (C). (D to F) Total numbers of live
cells (D); CD3*, CD4™", and CD8™" cells (E); and CD19™" cells (F) per animal.
Mice were treated with 0.3 mg/kg of DON or PBS once daily through day 7.
Error bars represent standard errors of the means of data for three mice per
time point per group *, P < 0.05; **, P < 0.01; ***, P < 0.001 (as determined
by Student’s ¢ test).

proinflammatory cytokine (IL-1B, IL-6, TNF-q, and IL-12), anti-
inflammatory cytokine (IL-10, TGF-{3, and IL-4), and chemokine
(CCL2, CCLS5, and CXCL10) mRNAs (Fig. 6). PBS-treated mice
had peak proinflammatory mRNA expression at day 5 (Fig. 6A).
IL-1P3, IL-6, and IL-12 mRNA levels decreased to day 1 levels by
day 7, while TNF-a mRNA levels remained high for a longer pe-
riod (Fig. 6A). Proinflammatory cytokine mRNA levels did not
increase during DON treatment but, with the exception of IL-6,
increased 9 to 11 days after infection, when treatment had been
stopped (Fig. 6A). The brains of DON-treated mice also had lower
levels of anti-inflammatory cytokine (Fig. 6B) and chemokine
(Fig. 6C) mRNAs during treatment that increased after DON
treatment was stopped.

DON-treated mice have lower levels of IFN-y in brain and
NSV-specific antibody in serum. Previous studies have shown
that IFN-y and antibody to the E2 glycoprotein are the main ef-
fectors of clearance of infectious virus from the brain and spinal
cord through noncytolytic mechanisms (33-36). Because clear-
ance is delayed in DON-treated mice, we measured the effect of
treatment on IFN-y mRNA and protein levels in the brain and on
NSV-specific antibody in serum (Fig. 7). In untreated NSV-in-
fected mice, IFN-y mRNA levels peaked on day 5 after infection,
and IFN-vy protein levels peaked soon after, on day 7. In DON-
treated mice, neither IFN-y mRNA nor protein levels increased
during treatment, but levels increased on days 11 and 13 after
DON was discontinued (Fig. 7A). Similarly, NSV-specific IgG was
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FIG 9 Effect of DON on lymphocyte proliferation during NSV infection. Mice were pulsed with BrdU to label proliferating cells on days 4 and 5 after infection.
Cells were collected 8 h later, and BrdU incorporation was measured by flow cytometry. The percentages (A and B) and absolute numbers (C) of total cells and
CD3",CD4%,CD8", and CD19™ lymphocytes incorporating BrdU were determined. Mice were treated with DON (0.3 mg/kg) or PBS from day 0 through day
7. Error bars represent standard errors of the means of data for three mice per time point per group (B and C). Data are representative of results from two
independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (as determined by Student’s ¢ test).

present in serum of untreated mice on days 7 to 9 after infection,
but mice treated with DON produced little antibody until days 11
to 13 (Fig. 7B). The appearance of IFN-+y in brain and antibody in
serum was coincident with the clearance of infectious virus in both
PBS-treated and DON-treated mice (Fig. 2B).

Levels of lymphocyte proliferation in the draining cervical
lymph nodes after infection are lower in DON-treated than in
PBS-treated mice. The induction of the adaptive immune re-
sponse to NSV infection of the brain occurs primarily in the su-
perficial and deep cervical lymph nodes, and lymphocyte prolifer-
ation peaks 5 days after infection. To determine the effects of DON
on the induction of lymphoid cell responses to infection, superfi-
cial cervical lymph nodes were isolated from PBS-treated and
DON-treated NSV-infected mice at day 5. Cells were stained for
CD45,CD3, CD4, CD8, and CD19 and counted by flow cytometry
(Fig. 8). The percentages of viable cells were similar (Fig. 8A), as
were the proportions of CD3-, CD4-, CD8-, and CD19-positive
cells (Fig. 8B and C). However, there were fewer lymphocytes for
all subsets in DON-treated mice, likely indicating a failure to pro-
liferate in response to infection (Fig. 8D to F).

To directly assess the proliferation of cells in the draining
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lymph nodes, mice were pulsed with the thymidine analogue
BrdU 4 and 5 days after infection. Proliferating cells incorporate
BrdU during the S phase of the cell cycle, and BrdU positivity
identifies cells that are proliferating during the labeling period.
Lymph nodes were harvested 8 h after the second dose on day 5,
and cells were assessed for BrdU incorporation via flow cytometry
(Fig. 9A). DON-treated mice had a lower percentage (Fig. 9B) and
number (Fig. 9C) of BrdU-positive T cells and B cells than did
PBS-treated mice, indicating reduced proliferation after infection
in the presence of DON.

DON inhibits T-cell proliferation in vitro. Because the in vivo
data indicate a failure of lymphocyte proliferation in response to
NSV infection, we sought to directly test the effect of glutamine
antagonism on the response of T lymphocytes to nonspecific stim-
ulation through the T-cell receptor (TCR) in vitro. Purified pri-
mary splenic T cells were stimulated with anti-CD3/anti-CD28,
and growth and proliferation were measured in the presence of
DON and ACI and in the absence of glutamine (Fig. 10). Treat-
ment with the glutamine antagonist DON or ACI did not affect
cell viability, but treated cells failed to proliferate in response to
stimulation. CFSE dilution profiles showed that, like glutamine-
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FIG 10 Glutamine antagonists inhibit T-cell proliferation in vitro. Spleen CD3 ™ T cells were stimulated with anti-CD3/anti-CD28. Stimulated cells were either
supplemented with glutamine [GIn(+)], deprived of glutamine [GIn(—)], or treated with glutamine antagonists (DON and ACI) in glutamine-supplemented
medium. (A) CFSE proliferation assay of stimulated T cells after 72 h. (B) Quantitation of CFSE data. (C and D) Enzyme-linked immunosorbent assays of the
T-cell growth factors IL-2 (C) and IFN-y (D). Error bars represent standard errors of the means for three biological replicates. Data are representative of the
results of at least two independent experiments. ***, P < 0.001 (as determined by one-way ANOVA with Dunnett’s posttest).

deprived lymphocytes, DON- and ACI-treated lymphocytes failed
to undergo even one round of division after stimulation (Fig.
10A). The profiles of DON- and ACI-treated stimulated lympho-
cytes were similar to those of glutamine-deprived stimulated lym-
phocytes and unstimulated lymphocytes (Fig. 10A and B). Be-
cause the production of IL-2 is essential for lymphocyte growth in
response to stimulation, the level of IL-2 was measured. DON-
and AClI-treated lymphocytes as well as glutamine-deprived lym-
phocytes did not produce IL-2 (Fig. 10C) or IFN-vy (Fig. 10D) in
response to stimulation.

DISCUSSION
Treatment of mice for 7 days with the glutamine antagonist DON
delayed the onset of NSV-induced acute fatal paralysis. DON pre-
vented the induction of the antiviral immune response, resulting
in decreased CNS inflammation and a failure to clear infectious
virus from the brain and spinal cord. Analysis of draining cervical
lymph node cells showed that proliferation of B cells and CD4*
and CD8™ T cells in response to infection was prevented by DON
treatment. Mice that survived acute infection as a result of treat-
ment succumbed to NSV-induced fatal encephalomyelitis after
treatment was stopped, coincident with the appearance of the an-
tiviral immune response, increased CNS inflammation, and virus
clearance.

Research going back to the 1970s and 1980s has shown that
glutamine deprivation affects lymphocyte proliferation (37—
40), but glutamine antagonists have received little study for
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immune modulation of immunopathological diseases. Due to
an increased understanding of how fundamental metabolites
such as glutamine can affect the immune response, recent at-
tention has been focused in this area (15, 41-44). Rapidly pro-
liferating lymphocytes preferentially utilize glutamine over
glucose to satisfy their metabolic needs, making glutamine me-
tabolism a bottleneck that can be pharmacologically exploited
for immunomodulation (41, 45).

Treatment with DON prevented the growth and prolifera-
tion of peripheral lymphocytes involved in the antiviral im-
mune response, leading to decreased CNS lymphocyte infiltra-
tion and delayed viral clearance. The production of IFN-vy and
NSV-specific IgG, both of which are important for virus clear-
ance, was compromised in DON-treated mice. A role for the
antiviral immune response in disease is empirically supported
by the appearance of proinflammatory, chemotactic, anti-in-
flammatory, and T-cell transcription factor mRNAs in the
brain after DON treatment was stopped. Previous studies have
shown that susceptible C57BL/6 mice deficient in TCR-alpha
and -beta, class I antigen presentation (32 microglobulin and
TAP1), or CD4™ T cells have improved survival after NSV in-
fection and that IL-10-deficient mice have accelerated disease,
suggesting a prominent role for T cells in NSV-induced disease
(7, 8, 13). Furthermore, the depletion of neither circulating
monocytes nor neutrophils alters the course of NSV-induced
fatal disease (13, 46).

These data suggest that T cells are the primary mediators of
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neuronal death in NSV-induced acute encephalomyelitis. How
T cells mediate disease is still unknown, and prevention of
disease development by DON may be through more than one
mechanism. Neurotropic infections of the CNS can lead to
glutamate excitotoxicity through both direct neuronal damage
and immune-mediated neuronal injury (11, 12, 47-49). Cul-
tured primary cortical and spinal cord neurons infected with
NSV develop direct and bystander neuronal death that can be
ameliorated by using antagonists of the NMDA and AMPA
ionotropic glutamate receptors (50, 51). In NSV-infected mice,
treatment with N-methyl-p-aspartate (NMDA) and AMPA re-
ceptor antagonists protects hippocampal neurons against neu-
rodegeneration, but only AMPA receptor antagonists protect
spinal cord motor neurons and prevent NSV-induced fatal pa-
ralysis (11, 12). Surprisingly, mice treated with AMPA receptor
antagonists showed delayed viral clearance, a decreased pe-
ripheral immune response, and less CNS inflammation. There-
fore, treatment with DON produced an outcome similar to that
of treatment with AMPA receptor antagonists through a very
different mechanism.

DON may prevent the generation of neurotoxic glutamate as
well as inhibit the growth and proliferation of lymphocytes in
peripheral lymphoid tissue. DON is effective in preventing the
generation of glutamate by microglial cells and macrophages, and
mitigation of disease in experimental autoimmune encephalomy-
elitis is assumed to be due to the prevention of glutamate release
(52). Viral infections can increase glutamate production by mi-
croglia (53, 54) and infiltration of activated CD8™ T cells that can
be a potent source of nonneuronal glutamate (55). Inhibition of
glutamine metabolism may prevent the generation of glutamate
and reduce excitotoxic damage to neurons (53, 54, 56). However,
our study was not able to address the relative contribution of
excitotoxic damage to fatal disease but was able to show that DON
has potent inhibitory effects on the induction of the immune re-
sponse that correlated with disease.

Glutamine deprivation and treatment with drugs that inhibit
glutamine metabolism could also have a direct effect on virus rep-
lication (57-63) and were previously reported to reduce titers of
SINV produced by BHK cells (63). However, we were unable to
replicate these effects either in vitro or in vivo, as neither glutamine
deprivation nor DON treatment affected NSV replication in our
studies.

DON is a relatively nonspecific inhibitor of all glutamine-uti-
lizing enzymes; high doses have been associated with substantial
toxicity, and in mice, DON alone for a week results in some weight
loss but no mortality (25, 26, 30). Although short-term treatment
was relatively well tolerated, more specific inhibitors may facilitate
more prolonged treatment. GLS1 is the major glutaminase in-
volved in the generation of glutamate in the CNS (64) and has a
central role in glutamine metabolism, cell cycle progression, and
signaling in rapidly proliferating cells, including activated lym-
phocytes (16, 18, 28, 45, 65-67). Therefore, the use of GLS1-spe-
cific inhibitors might offer a more specific, targeted, and less toxic
way to treat neuroinflammatory disease. Modulation of the in-
duction of virus-specific lymphocyte responses may provide a
promising approach for the treatment of viral encephalomyelitis,
particularly if used in combination with a drug that can inhibit
virus replication.
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