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Double-stranded RNA-dependent protein kinase (PKR) regulates antiviral activity, immune responses, apoptosis
and neurotoxicity. Gliatropic coronavirus infection induced PKR activation in infected as well uninfected cells
within the central nervous system (CNS). However, PKR deficiency only modestly increased viral replication
and did not affect IFN-a/3 or IL-1P expression. Despite reduced II-6, Ccl5, and Cxcl10 mRNA, protein levels
remained unaltered. Furthermore, PKR deficiency selectively reduced IL-10 production in CD4, but not CD8 T
cells, without affecting CNS pathology. The results demonstrate the ability of PKR to balance neuroinflammation
by selectively modulating key cytokines and chemokines in CNS resident and CD4 T cells.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The serine and threonine protein kinase PKR was originally identi-
fied as an innate antiviral protein induced following type-1 IFN signaling
(Meurs et al., 1990). Antiviral activity is mediated through phosphoryla-
tion of the eukaryotic translation initiation factor elF2c, leading to inhi-
bition of translation (Garcia et al., 2006; Sadler and Williams, 2007) and
induction of apoptosis (Lee et al., 1997). Double stranded (ds) RNA, a
common intermediate during viral replication, constitutes a primary
signal inducing PKR dimerization and autophosphorylation, thereby
converting latent PKR into the activated form (Taylor et al., 1996; Wu
and Kaufman, 1997). However, PKR can also be activated by a variety
of other stimuli, including stress, cytokines, RNA structures, bacterial
infection, DNA damage, and release of damage associated molecular pat-
terns (DAMPS) following cell injury and necrosis (Garcia et al., 2006;
Sadler and Williams, 2007). Depending on the activating insult and
cell type, activated PKR can also interact directly with inflammasome
components to promote release of the cytokines IL-1p, IL-18 and high-
mobility group box 1 (HMGB1) protein (Lu et al.,, 2012). Activated PKR
also promotes induction of pro-inflammatory genes via NF-kB activation
(Kumar et al., 1994), and can enhance [FN-o./p> expression via both IRF3
activation (Zhang and Samuel, 2008) and maintaining IFN-o/3 mRNA
integrity (Schulz et al., 2010). In addition, PKR activation by poly I:C,
LPS and various infections such as mycobacterium and Sendai virus
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induce the anti-inflammatory cytokine IL-10 in monocyte/macrophages
(Cheung et al., 2005; Chakrabarti et al., 2008).

PKR also plays a role in regulating cellular immunity. For example,
PKR reduces CD8 T cell proliferation in a contact hypersensitivity
model (Kadereit et al., 2000) as well as during systemic lupus erythe-
matosus (Grolleau et al., 2000). Furthermore, during lymphocytic
choriomeningitis virus (LCMV) infection, PKR deficiency enhances
expansion, but not effector function of virus specific CD8 T cells
(Nakayama et al., 2010).

Finally, PKR is implicated in neuro-degenerative processes. It con-
tributes to neurotoxicity by activating caspases 3 and 8 in beta amyloid
treated cells as well as in a mouse model of Alzheimer's disease
(Couturier et al., 2010). A detrimental role of PKR in neurotoxicity is
supported by its implication as an early biomarker of neuronal cell
death during Alzheimer's disease (Peel and Bredesen, 2003). The role
of PKR in demyelinating disease remains unknown; however, PKR is ac-
tivated in oligodendroglia, T cells and macrophages during experimen-
tal autoimmune encephalitis (EAE), a rodent model of multiple sclerosis
(Chakrabarty et al., 2004).

Most studies analyzing PKR function during viral infections in vitro
and in vivo have focused on its antiviral activity. How PKR regulates
inflammation during infection, especially viral encephalitis is less well
characterized. PKR plays a crucial role in antiviral defense following
vesicular stomatitis virus (VSV) infection by directly diminishing virus
replication in vitro and in vivo. Uncontrolled CNS VSV replication results
in 100% mortality in PKR™/~ mice (Stojdl et al., 2000). Increased periph-
eral virus replication was also associated with increased mortality of
West Nile virus (WNV) infected dual RNaseL/PKR™/~ compared to
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single RNaseL ™~ mice. However, virus dissemination to the CNS was
not enhanced (Samuel et al., 2006), suggesting PKR did not contribute
to antiviral activity within the CNS. Poliovirus infected PKR™/~ mice
also showed no difference in CNS virus replication, but were protected
from extensive spinal cord damage (Scheuner et al., 2003). While the ef-
fect of PKR on neurotropic coronaviruses has not been assessed, PKR
modestly reduced replication of the hepato- and neuro-tropic coronavi-
rus MHV-A59 in macrophage cultures (Zhao et al., 2012). These varying
outcomes suggest that PKR activation and functions in vivo differ
between infections and host cell types, thus regulating inflammatory
responses and pathogenesis independent of antiviral activity.

Based on the limited knowledge of PKR mediated regulation of in-
nate and adaptive responses during viral CNS infection, the present
study sets out to characterize in vivo effects of PKR on immune modula-
tion following infection with the sublethal, demyelinating gliatropic
coronavirus JHMV. JHMV infection is initiated in the brain and spreads
to the spinal cord, where it preferentially persists in oligodendrocytes
(Fleming et al., 1986; Kapil et al., 2012). In wt mice infectious virus
peaks between days 3-5 post infection (p.i.) and is reduced by T cells
between days 7 and 14 p.i. to undetectable levels. Persistence is charac-
terized by sustained viral RNA in the absence of infectious virus
(Bergmann et al., 2006). Results herein show that Pkr mRNA is upregu-
lated coincident with IFN-o/p following JHMV infection and is sustained
throughout T cell mediated viral control. Activated PKR was not only
expressed in infected cells, but also in neighboring, uninfected cells.
Nevertheless, the absence of PKR only modestly elevated virus early dur-
ing infection, consistent with effective antiviral T cell control. Further-
more, PKR deficiency did not affect CNS IL-1B, CCL5 and CXCL10
expression, despite significantly reduced levels of the respective
mRNAs. Moreover, these studies are the first to reveal a positive regula-
tory effect of PKR on TIMP-1, IL-21 and IL-10 expression, all prominently
associated with CD4 T cells during JHMV encephalomyelitis. Overall the
results highlight the potential for immune modulation by PKR in both
CNS resident as well as infiltrating cells. Although these immune modu-
latory effects were insufficient to grossly influence JHMV pathogenesis,
the results demonstrate PKR as a selective regulator of key cytokines
and chemokines controlling neuroinflammation.

2. Materials and methods
2.1. Mice, viruses, titers and clinical disease

C57BI1/6 mice were purchased from the National Cancer Institute
(Fredrick, MD). Homozygous PKR™/~ mice on the C57BI/6 background
were previously described (Yang et al., 1995) and kindly provided by
Dr. Ganes Sen (Cleveland Clinic, Cleveland, OH). All mice were housed
under pathogen free conditions in accredited facility at the Cleveland
Clinic Lerner Research Institute. All animal procedures were performed
in compliance with protocols approved by the Cleveland Clinic Institu-
tional Animal Care and Use Committee (PHS assurance number:
A3047-01). Infections in vivo were carried out with the sublethal,
gliatropic, monoclonal antibody (mAb) derived variant of JHMV, desig-
nated 2.2v-1 (Fleming et al., 1986). In vitro infections of bone marrow
derived macrophages (BMDMs) were carried out with the MHV-A59
strain, kindly provided by Dr. Volker Thiel (Kantonal Hospital, St. Gallen,
Switzerland). Mice at 6-7 weeks of age were infected intracranially in
the left hemisphere with 1000 plaque forming units (PFU) of JHMV
diluted in endotoxin-free Dulbecco's phosphate-buffered saline (PBS)
in a final volume of 30 pl. Clinical disease severity was graded daily
using the following scale: 0, healthy; 1, ruffled fur/hunched back; 2,
inability to turn upright/partial hind limb paralysis; 3, complete hind
limb paralysis; and 4, moribund or dead. Virus replication in cell
free supernatants from the brain was determined by plaque assay
on DBT astrocytoma cell monolayers as described. Briefly, individ-
ual brains or spinal cords were homogenized in 4 ml Dulbecco's
PBS using chilled Tenbroeck glass homogenizers. Homogenates

were centrifuged at 400 xg for 7 min at 4 °C, and cell-free superna-
tants were stored at — 70 °C until use.

2.2. Cell isolation, flow cytometry and fluorescent activated cell
sorting (FACS)

Cells for flow cytometric analysis were isolated from brains using
chilled Tenbroeck glass homogenizers as described (Kapil et al., 2009).
Following centrifugation of the cell suspension at 400 xg for 7 min,
cell pellets were resuspended at a final concentration of 30% Percoll
(Pharmacia, Uppsala, Sweden), underlaid with 70% Percoll, and purified
by centrifugation for 30 min at 800 xg at 4 °C. Cells were collected from
the 30%/70% Percoll interface, washed twice with RPMI-HEPES and
viable cells counted based trypan blue exclusion. Cells were incubated
with 10% mouse serum and anti-mouse CD16/32 (clone 2.4G2; BD
Biosciences, San Diego, CA) for 15 min on ice to block non-specific bind-
ing prior to staining with fluorochrome conjugated mAbs specific for
CD45 (30-F11), CD4 (RM4-5), CD8 (53-6.7) (all from BD Biosciences)
and F4/80 (C1:A3-1; Serotec, Raleigh, NJ). Cells were analyzed on a
flow cytometer (FACSCalibur, Becton Dickinson, Mountain View, CA)
using Flow]o software (TreeStar, Inc., Ashland, OR). IFN-y and IL-10
production by T cells was measured by intracellular flow cytometry
following incubation of 5 x 10° CNS derived cells with 3 x 10° EL-4 or
CHB3 feeder cells with or without virus specific peptide for 5 h as de-
scribed. Briefly, CD8 and CD4 T cells were stimulated with 1 M S510
or 10 pM M133 peptide, respectively, in a total volume of 200 pl of
RPMI supplemented with 10% fetal calf serum (FCS) for 5 h at 37 °C
with GolgiStop (BD Biosciences). Following surface staining for
CD8, CD4 and CD45, cells were fixed and permeabilized using the
Cytofix/Cytoperm kit (BD Biosciences) according to the
manufacturer's protocol. Intracellular cytokines were detected
using FITC conjugated anti-IFN-y mAb or APC conjugated anti-IL-10
mAb. Cells were analyzed by flow cytometry as described above.

For RNA analysis of distinct CNS derived cell populations, the brains
were finely minced using razor blades and cells released by proteolysis
in 0.25% trypsin for 30 min at 37 °C as described (Kapil et al., 2012).
Live cells were separated from myelin debris by centrifugation on a
30/70% Percoll step gradient as described above. Cells were stained for
expression of CD45, CD11b and 04 to separate infiltrating monocyte/
macrophages (CD45"CD11b*), microglia (CD45'/""'CD11b*) and
oligodendrocytes (CD45~04 ™). Representative flow plots depicting
the sorting strategy are shown in Supplementary Fig. 1. Although
CD45MCD11b™ cells also comprise neutrophils, they constitute <5% of
CD45" cells, while monocytes comprise up to 70% prior to T cell infiltra-
tion. FACS purified cell populations were recovered by centrifugation at
400 xg for 7 min at 4 °C, resuspended in TRIzol (Invitrogen, Carlsbad,
CA) and stored at — 80 °C for subsequent RNA extraction. Typical yields
for 6-7 brains were 400,000-600,000 macrophages or microglia and
40,000-100,000 oligodendrocytes.

2.3. Bone marrow derived macrophages (BMDMSs)

Mouse bone marrow was flushed from the femurs and tibiae with
RPMI supplemented with 25 mM HEPES (pH 7.2). Following trituration
cells were filtered using a 70 pm cell strainer, centrifuged at 400 xg for
5 min, re-suspended in BMDM growth medium [Dulbecco's modified
Eagles medium containing 10% FCS, 20% L929-conditioned medium as
source of colony stimulating factor (CSF-1), 1% sodium pyruvate and
0.1% gentamicin], and adjusted to 2 x 10 cells/ml BMDM growth
media. Cells were plated at 20 ml per 75 cm? tissue culture flasks and
differentiated in a humidified 37 °C, 5% CO, incubator for 1 week. On al-
ternate days flasks were washed with DMEM to remove non-adherent
cells and fresh BMDM growth medium was added. Cells near confluency
were removed by scraping and 2 x 10° cells plated into 60 mm x 15 mm
petri dishes. After 3 days cells were washed and infected with MHV-A59
at a multiplicity of infection (MOI) of 1 for 1 h at 37 °C. After removing
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unattached virus, cells were further incubated in 3 ml DMEM and the
medium was replaced at 4 h p.i. At indicated times p.i. supernatants
were collected, cells lysed directly in 800 pl TRIzol (Invitrogen) and both
stored at —80 °C.

24. ELISA

IFN-vy in cell free CNS supernatants was measured by ELISA as de-
scribed (Kapil et al,, 2009). Briefly, 96-well plates were coated with rat
anti-mouse IFN-y mAb (R4-6A2; BD Biosciences) at 1 pg/ml overnight
at 4 °C. Following blocking of nonspecific binding with PBS/10% FCS
for 1 h, CNS supernatants and IFN-y recombinant cytokine standard
(BD Biosciences) were adsorbed at 4 °C overnight. Bound IFN-y was de-
tected following 1 h incubation at room temperature with biotinylated
rat anti-mouse IFN-y mAb (XMG1.2; BD Biosciences) and Avidin-
Horseradish Peroxidase (Av-HRP) and subsequent development with
3,3,5,5' tetramethylbenzidine (TMB reagent set; BD Biosciences). Opti-
cal densities were read at 450 nm with a Bio-Rad model 680 microplate
reader and analyzed using Microplate Manager 5.2 software (Bio-Rad
Laboratories, Hercules, CA). IL-10 in brain supernatants was measured
using a mouse IL-10 ELISA kit as per the manufacturer's instructions
(eBioscience, catalog #88-7104-22). IL-1f3, CCL5 and CXCL10 in the
brain and BMDM supernatants were measured using mouse ELISA Kits
for IL-1p3 (R&D systems catalog # PMLB006), CCL5 (R&D systems cata-
log# MMROO), CXCL10 (R&D systems catalog# PMCX100) and TIMP1
(R&D systems catalog# MTM100) as per the manufacturer's instruc-
tions. Optical densities were read at 450 nm with a Bio-Rad model 680
microplate reader and analyzed using Microplate Manager 5.2 software
(Bio-Rad Laboratories, Hercules, CA). Triplicate samples from individual
mice (n = 6) and BMDM cultures from individual mice (n = 3), respec-
tively, were averaged and standard error of the mean was calculated.

2.5. Histology and fluorescent staining

Spinal cords from PBS-perfused mice were fixed with 10% zinc for-
malin. The spinal cords were divided into six segments and embedded
in paraffin for analysis of inflammation and pathology as described
(Phares et al,, 2012a). Cross sections from individual spinal cords were
stained at each of 6 levels with hematoxylin and eosin (HE) and luxol
fast blue (LFB) to assess inflammation and myelin loss, respectively.
Axonal damage was determined by immunoperoxidase staining for
phosphorylated and nonphosphorylated neurofilament using mAb
SMI31 and SMI32 (SMI) (Covance, Princeton, NJ). High resolution im-
ages were obtained using a scanner (Aperio Scanscope, Vista, CA) with
a 20x objective and doubling lens. Sections were scored in a blinded
fashion, and representative fields were identified based on average
score of all sections in both experimental groups.

Brains from PBS-perfused mice were divided along the mid-sagittal
plane and one half embedded in TissueTek O.C.T. compound, flash
frozen in liquid nitrogen and stored at — 80 °C. Blocks were cut into
12 um sections at 4 °C and stored at —80 °C. Sections were thawed
and fixed with 4% paraformaldehyde for 20 min at room temperature,
permeabilized in 1% Triton-X in PBS for 30 min at room temperature
and non-specific binding blocked using 1% bovine serum albumin and
10% normal goat serum. Phosphorylated PKR (PKR-p) was detected
with rabbit anti-mouse PKR-p antibody (Cedarlane Laboratories, Ontar-
io, Canada) and expression of viral nucleocapsid protein with anti-
mouse J3.3 mAb (Phares et al., 2012a). The distribution of CD4 T
cells in brain parenchyma and perivascular space was determined by
staining brain sections with rabbit anti-mouse laminin Ab (Cedarlane
Laboratories, Ontario, Canada) and rat anti-mouse CD4 mAb (BD
Pharmingen). Sections were incubated with primary Ab overnight at
4 °C and subsequently incubated with AF*®® conjugated anti rabbit or
AF°®4 conjugated anti-mouse or anti-rat secondary Ab (Invitrogen) at
room temperature for 1 h. Sections were mounted with ProLong Gold
antifade mounting media containing 4’,6-diamidino-2-phenylindole

(Invitrogen, Carlsbad, CA). Images were acquired on a SP-5 confocal mi-
croscope (Leica Microsystems, Wetzlar, Germany).

2.6. Real time PCR

RNA was extracted using TRIzol reagent (Invitrogen) according
to the manufacturer's instructions and cDNA subjected to real time
PCR analysis as described (Kapil et al., 2009, 2012; Butchi et al., 2014).
Briefly, following RNA isolation, DNA contamination was removed
with DNase [ using a DNA Free™ kit (Ambion, Austin, TX) for 30 min
at 37 °C, and cDNA synthesized using Murine Myeloid Leukemia
virus (M-MLV) reverse transcriptase (Invitrogen) in buffer containing
deoxynucleoside triphosphate mix, oligo(dT) (Promega, Madison, WI)
and random hexamer primers (Invitrogen). Quantitative real-time
PCR was performed using either SYBR green master mix (Applied
Biosystems, Foster City, CA) or TagMan technology. All PCR reactions
were performed in duplicate in a 96-well plate in 10 pl volumes contain-
ing specific master mix, 1 mM of each primer, and 4 pl cDNA using the
ABI 7500 fast PCR machine and 7500 software (Applied Biosystems).
The primer sequences for SYBR green PCR analysis are as follows: II-6,
5’-ACACATGTTCTCTGGGAAATCGT-3’ (sense) and 5'-AAGTGCATCATC
GTTGTTCATACA-3’ (antisense); CCL2 5'-AGCAGGTGTCCCAAAGAA-3’
(sense) and 5'-TATGTCTGGACCCATTCCTT-3’ (antisense); Ccl5 5'-
GCAAGTGCTCCAATCTTGCA-3’ (sense) and 5'-CTTCTCTGGGTTGGCACA
CA-3’ (antisense); CXCL10 5'-GACGGTCCGCTGCAACTG-3’ (sense) and
5’-GCTTCCCTATGGCCCTCATT-3’ (antisense); II-10, 5'-TTTGAATTCCCT
GGGTGAGAA-3' (sense) and 5’-GCTCCACTGCCTTGCTCTTATT-3’ (anti-
sense); 1I-21 5'-GGACAGTATAGACGCTCACGAATG-3’ (sense) and 5’-
CGTATCGTACTTCTCCACTTGCA-3’ (antisense); Timp1, 5'- CCAGAGCC
GTCACTTTGCTT-3' (sense) and 5'- AGGAAAAGTAGACAGTGTTCAGGC
TT-3’ (antisense). Expression was compared relative to the endogenous
control glyceraldehyde-3-phosphate dehydrogenase (Gapdh) as de-
scribed (Kapil et al., 2012). SYBR green reaction conditions were as fol-
lows: 95 °C for 10 min, 40 cycles of denaturation at 94 °C for 10 s,
annealing at 60 °C for 30 s, and elongation at 72 °C for 30 s. Dissociation
curves were used to confirm amplification of a single product for each
primer pair per sample. Expression levels of Ifn-(3, Ifn-o4, Ifn-o5, Ifitl,
Ifit2, II-13 and Ifn-y were determined using TagMan primer-probe
sets, and 2 x universal Tagman fast master mix (Applied Biosystems,).
Reaction conditions for TagMan were 95 °C for 20 s as holding temper-
ature and then 40 cycles of denaturation at 95 °C for 3 s, annealing and
extension at 60 °C for 30 s. Data were calculated relative to Gapdh using
the formula 2[CT(GAPPH) — CT(Target Gene)l s 1000 where Ct is the threshold
cycle.

2.7. Statistical analysis

Results are expressed as the mean 4= SEM for each group of mice. In
all cases, significance is considered at p < 0.05 using Microsoft excel
software.

3. Results
3.1. JHMV induces PKR activation in infected and uninfected cells

IFN-ot/3 dependent responses are vital to limit early JHMV spread
throughout the CNS, stem neuronal infection, and prevent mortality
(Ireland et al., 2008). Furthermore, the kinetics, diversity and magni-
tude of gene expression of IFN-a/p and IFN-o/p stimulated genes
(ISGs) are regulated in a cell type specific manner during JHMV infec-
tion in vivo (Kapil et al., 2012). However, the antiviral and regulatory
roles of ISGs within the CNS remain poorly characterized (Ireland
et al.,, 2008, 2009; Rose et al., 2010). Due to the diverse PKR functions
in regulating antiviral activity and inflammation, we initially assessed
the expression kinetics of Pkr relative to Ifn-a/3 mRNA in the brains of
wt mice following JHMV infection (Fig. 1). Ifn-3 and Ifn-o4 mRNA,
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Fig. 1. Kinetics of PKR mRNA expression following JHMV infection. Ifn-o/3 mRNA expression and Pkr mRNA expression in brains of wt infected mice were determined relative to Gapdh by
real time PCR. Upper panels show the average + standard error mean (SEM) mRNA levels from individual brains with n = 3-6 mice/time-point. Lower panels show Pkr mRNA levels in
CNS derived microglia, macrophages and oligodendrocytes purified by FACS. Arrows indicate virus infected cells. Data for cell populations are average values 4+ SEM derived from 2 to 3

separate experiments, each using pooled brain samples from n = 5-6 per timepoint.

barely detectable in naive mice, were modestly upregulated by days 3
and 5 p.i. and already reduced by day 7 p.i. Pkr mRNA, abundant in
naive brains, was further increased by ~3 and ~10 fold at days 3 and 5
p.i., respectively, consistent with early Ifn-a/3 expression However,
unlike the decline of Ifn-a/3 mRNAs after day 5 p.i., Pkr mRNA only
decreased after day 7 p.i. While microglia/macrophages are the early
targets of infection, virus replicates prominently in oligodendrocytes
by day 7 p.i. However, Ifn-a/3 mRNA is only induced in microglia/mac-
rophages and not in oligodendrocytes (Kapil et al., 2012). Transcripts
were thus also monitored in CNS derived cell populations preferentially
infected by JHMV to assess cell type specific Pkr mRNA regulation in vivo
(Fig. 1). Basal Pkr mRNA was higher in microglia compared to that in ol-
igodendrocytes, consistent with various other ISGs (Kapil et al., 2012).
In infected mice Pkr mRNA levels rose by 3-fold in microglia at day 3
p.i. but declined thereafter. Similarly, Pkr mRNA was high in CNS infil-
trating monocytes, but subsided after day 5 p.i. By contrast, infection
induced a ~11-18 fold increase in Pkr mRNA in oligodendrocytes
by days 3 and 5 p.i., which further rose to 30-fold above basal values
by day 7 p.i., at which time T cell effector function and IFN-y production
peaks (Bergmann et al., 2006). These data revealed that microglia/
macrophages as well as oligodendrocytes contribute to overall elevated
Pkr mRNA throughout acute infection, but that maximal expression in
oligodendrocytes coincides with peak adaptive rather than innate im-
mune responses.

PKR exerts activity following autophosphorylation (Taylor et al.,
1996), with dsRNA as a primary, but not exclusive activation signal dur-
ing viral infection (Garcia et al., 2006). To determine if PKR activation is
restricted to infected cells, expression of phosphorylated PKR (PKR-p)
and viral antigen were assessed by immune fluorescence (Fig. 2). PKR-
p was abundant in infected brains at both days 5 and 7 p.i. (Fig. 2), but
undetectable in naive brains (data not shown). Quantification revealed
that >50% of cells expressed PKR-p, while it remained undetectable in
infected PKR ™/~ mice at matched time points (data not shown). Fur-
thermore, the vast majority of virus infected cells exhibited PKR activa-
tion at day 5 p.i,, but not at day 7 p.i. (Fig. 2), when T cells start
controlling virus replication (Bergmann et al., 2006). PKR-p was also
detected in a large population of uninfected cells localized not only

proximal, but also distal to foci of virus infection at both 5 and 7 days
p.i. (Fig. 2); however we cannot exclude the possibility of proximal
infected cells below detection or outside the focus field. Overall, these
results suggest that non-virus associated signals, such as stress, pro-
inflammatory factors, or death associated molecular stimuli contribute
to PKR activation during acute viral encephalitis.

3.2. Reduced virus control early in PKR ™'~ mice is not due to defects
in IFN-o/3 signals

A crucial function of PKR-p is the reduction of viral replication by
blocking translation (Garcia et al., 2006). Antiviral activity of PKR was
thus assessed by comparing CNS viral replication in PKR™/~ and wt
mice. PKR~/~ mice harbored ~5 and 10-fold elevated virus in the brains
throughout days 3 and 5 p.i., respectively (Fig. 3). Virus load was still
10-fold higher in the absence of PKR at day 7 p.i., but was reduced to
similar levels as in wt mice by day 10 p.i. These data indicated an
early protective effect of PKR, which nevertheless appeared redundant
for ultimate viral control by adaptive immune effector function
(Bergmann et al., 2006).

As activated PKR can directly promote IFN-o/3 expression in re-
sponse to select stimuli (Der and Lau, 1995; McAllister et al., 2012),
we evaluated whether reduced viral control early was indirectly
due to reduced IFN-o/p induction. PKR deficiency did not alter the
kinetics or expression of Ifn-£, Ifn-a4 and Ifn-a5 mRNA in the brains
of infected mice (Fig. 4). Ifn-3 mRNA was induced to similar levels at
days 3 and 5 p.i. and did not decline until day 7 p.i., while Ifn-o4 and
Ifn-a5 mRNAs peaked at day 3 p.i. and declined by day 5 p.i. in both
groups. Induction of the ISGs Ifit1 and Ifit2, which are highly sensitive
to IFN-a/p during JHMV infection (Ireland et al., 2008), was used as a
readout for IFN-a/3 signaling, as coronaviruses only induce barely
detectable levels of IFN-a/ within the CNS (Butchi et al., 2014).
No differences in ifit1 or ifit2 mRNA levels supported similar [FN-a/
activity in both groups (Fig. 4). These data suggest that PKR contributes
modestly to innate antiviral immunity by directly interfering with virus
replication.
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Fig. 2. PKR activation is not restricted to infected cells. Expression of activated PKR was determined in the brain at days 5 and 7 p.i. relative to total and virus infected cells. Brain sections
were stained with antibody specific for phosphorylated PKR (PKR-p; green) in combination with either DAPI (blue) or mAb ]3.3 (red) specific for viral nucleocapsid protein and analyzed
by confocal microscopy. Images are representative of 6-9 fields/brain with n = 6 mice/group/time-point. Graphs show numbers of PKR-p™ within total DAPI™ cells/field and numbers of

PKR-p™ cells within viral antigen™ cells.

3.3. PKR deficiency reduces mRNA but not protein expression of select
pro-inflammatory factors

PKR-p regulates NF-kB activity by degrading the NF-kB inhibitor
Ik-B, thereby promoting expression of pro-inflammatory genes
(Kumar et al., 1994). However, to our knowledge this has not been
investigated extensively in vivo. Several proinflammatory factors were
therefore monitored at the transcriptional level to reveal potential im-
pairment in the absence of PKR. IL-1p and IL-6, commonly upregulated
following neuroinflammation, both promote disruption of the blood
brain barrier (BBB) and recruitment of lymphocytes (Hopkins and
Rothwell, 1995; Erta et al,, 2012). CCL2 is essential for monocyte recruit-
ment (Savarin et al., 2010), while CXCL10 and CCL5 attract T cells to
the CNS (Glass et al., 2004; Liu et al., 2001a). II-13, II-6, Ccl2, and Ccl5
mRNAs were all induced to comparable levels in the brains of infected
PKR™/~ relative to wt mice at day 3 p.i. (Fig. 5A). After day 3 p.i.
Ccl2, 1I-6, and II-13 mRNA declined progressively, with II-6 mRNA
dropping to 50% of wt levels in PKR™/~ brains at days 5 and 7 p.i.

(Fig. 5A). Ccl5 mRNA in PKR™/~ brains was sustained throughout
days 3-10 p.i., contrasting the significant increase in wt mice at days 7
and 10 p.i. (Fig. 5A). The selective increase in Ccl5 mRNA in the CNS of
infected wt mice at day 7 p.i. suggested expression by a newly infiltrat-
ing population, possibly T cells (Glass and Lane, 2003), which may be
dysregulated in the absence of PKR. Cxcl10 mRNA was not induced
until day 5 p.i. in either group, but was significantly reduced in the ab-
sence of PKR, reaching only ~30% of the levels in wt mice at both days
5 and 7 p.i. (Fig. 5A). These data support PKR-p as a positive regulator
of only a subset of genes regulated by NF-kB.

The opposing functions of PKR in enhancing cytokine and chemo-
kine expression at the transcriptional level, yet also interfering with
host cell translation makes it difficult to predict the net outcome on cy-
tokine/chemokine release. We therefore measured IL-1p, CCL5 and
CXCL10 protein in the CNS at various times p.i. (Fig. 5B). IL-13 levels
were similar at day 3 p.i. in both groups and correlated with the
mRNA levels. However, despite the decline in II-13 mRNA, protein levels
remained high and even increased by 2-fold in the absence of PKR
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relative to wt levels at day 5 p.i. (Fig. 5B). IL-1p remained similarly high
in both groups at day 7 p.i. and only declined at day 10 p.i. Similar CCL5
levels in both groups also reflected equal mRNA levels at day 5 p.i. By
day 7 p.i. the ~3-fold increase in CCL5 in wt mice also coincided with
elevated mRNA. Unexpectedly however, CCL5 in PKR~/~ mice reached
similar levels observed in wt mice at days 7 and 10 p.i., despite the ab-
sence of enhanced transcriptional activation after day 5 p.i. (Fig. 5B).
Similarly, irrespective of significantly reduced mRNA levels in the
absence of PKR (Fig. 5A), CXCL10 protein was comparable to wt mice
at days 5 and 7 p.i. These data are consistent with the notion that
reduced transcriptional activation of these cytokines in vivo in the
absence of PKR is compensated by enhanced translation.

Total CNS expression analysis does not address whether reduced
transcription of pro-inflammatory genes, yet no defects in protein pro-
duction, is attributed to the same cell type in vivo. Pro-inflammatory
factors are induced in multiple cell types during JHMV infection, includ-
ing astrocytes and microglia/macrophages early and T cells later during
infection (Glass et al., 2002; Bergmann et al., 2006). We therefore
assessed whether PKR deficiency results in similarly dysregulated che-
mokine expression in vitro. The MHV-A59 strain, which infects primary
cells more efficiently (>70%) than the JHMV variant, was used to infect
BMDM as a defined myeloid cell population known to induce both CCL5
and CXCL10. While infected wt BMDM strongly upregulated both Ccl5
and Cxcl10 mRNA between 12 and 18 h p.i., induction of both mRNAs
was significantly reduced in PKR~/~ BMDM (Suppl. Fig. 2). By contrast,
Ccl2 mRNA levels were not affected by PKR deficiency (Suppl. Fig. 2).
Furthermore, infected PKR~/~ BMDM secreted increased CCL5 and sim-
ilar CXCL10 compared to wt BMDM (Suppl. Fig. 2). Expression patterns
of mRNAs and proteins thus mirrored the in vivo findings.

3.4. PKR regulates CNS CD4 T cell function and perivascular accumulation

The absence of PKR correlated with increased CD8 T cell proliferation
in other models (Kadereit et al., 2000; Nakayama et al., 2010). Effective
virus control, despite elevated replication during the early phase of
JHMV infection, supported the concept that PKR deficiency may
enhance T cell recruitment or antiviral function. The magnitude and
composition of CNS infiltrating cells were thus compared between in-
fected PKR™/~ and wt mice by flow cytometry (Suppl. Fig. 3). Total
CD45" infiltrating cells and the magnitude of CD45"™ F4/80* infiltrating
monocytes were similar in both groups (Suppl. Fig. 3). CD4 and CD8 T
cells both accumulated in the CNS to maximal levels between days
7-10 p.i. and accounted for ~60% of total CD45" infiltrates in both
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Fig. 3. Virus replication is initially enhanced in PKR™/~ mice but eventually controlled.
Virus replication was determined by plaque assay of brain supernatants at the indicated
time points p.i. Data represent the average of three separate experiments 4+ SEM (n =9
per group and timepoint). *p > .05. Dotted line represents detection limit.

groups. Furthermore, CD8 T cells were consistently higher at day 7
p.i. and CD4 T cells at both days 7 and 10 p.i. within the brains of
PKR™/~ relative to wt mice (Suppl. Fig. 3). No differences or less
than 2-fold higher numbers of monocytes and T cells, respectively,
supported the absence of defects in chemokine mediated leukocyte
recruitment in the absence of PKR.

PKR has been implicated in regulating CD8 T cell antiviral function
and IL-10 production in monocytes (Cheung et al., 2005; Nakayama
et al,, 2010). During acute JHMV encephalomyelitis, perforin mediated
cytolysis and IFN-y produced by T cells are essential antiviral mediators
(Bergmann et al,, 2006). PKR deficiency enhanced IFN-y mRNA and pro-
tein early, but did not affect IFN-y during peak T cell accumulation in the
CNS (Fig. 6). To rule out a reduction in other T cell functions in the ab-
sence of PKR, we further assessed expression of IL-10. During JHMV in-
fection IL-10 in the CNS is predominantly produced by CD4 T cells
(Trandem et al., 2011) and is critical to minimize demyelination. IL-10
is also produced by a small fraction of CD8 T cells with high cytolytic ca-
pacity, yet it inhibits clearance of infectious virus (Trandem et al., 2011).
I1I-10 mRNA was prominently increased at day 7 in wt mice, but was re-
duced by 6-7 fold in PKR™/~ mice (Fig. 6). Moreover, IL-10 protein
levels were also significantly impaired (Fig. 6). The kinetics and breadth
of IL-10 reduction, despite unimpaired T cell infiltration suggest a CD4 T
cell specific functional defect. CNS CD4 T cells are also the main
producers of IL-21 and TIMP1, but do not express IL-17 during JHMV in-
fection (Zhou et al., 2005; Kapil et al., 2009; Phares et al., 2012b). While
IL-21 enhances humoral responses during JHMV infection (Phares et al.,
2013a), TIMP1 deficiency impairs migration of CD4 T cells from the
perivascular space to the brain parenchyma (Savarin et al., 2013). Re-
duced II-21 and Timp1 transcripts in the CNS of PKR~/~ mice supported
selectively impaired CD4 T cell function (Fig. 6). Furthermore, reduced
IL-21 protein expression was supported by reduced levels of IgG
mRNA at day 10 p.i. (Fig. 6), when IL-21 dependent antibody secreting
cells start accumulating in the CNS (Phares et al., 2013a). Moreover,
TIMP1 levels were also significantly reduced (Fig. 6), suggesting that
impaired IL-10, IL-21 and TIMP1 transcription was not overcome by en-
hanced translation.

Arole of PKR in specifically modulating CD4 T cell function was con-
firmed by stimulating brain derived T cells with immunodominant viral
peptides, followed by analysis of [FN-y and IL-10 production. The ability
of virus specific CD4 T cells to produce IL-10 was indeed reduced by
~50% in the absence of PKR (Fig. 7). By contrast, CD8 T cells demonstrat-
ed no affects of PKR deficiency on IL-10 production (Fig. 7). Consistent
with similar IFN-y protein in CNS supernatants, [FN-y production was
not impaired in either CD4 or CD8 T cells (Fig. 7). These results demon-
strate that PKR specifically regulates IL-10, but not IFN-vy, in virus specif-
ic CD4 T cells during JHMV induced encephalomyelitis. Furthermore,
unlike CXCL10 and CCL5, IL-10 appeared prominently regulated at the
transcriptional level.

The relevance of reduced TIMP1 expression in PKR deficient mice
was tested by comparing CD4 T cell distribution in the perivascular
space and parenchyma (Fig. 8A). Numbers of CD4 T cells were increased
at days 7 and 10 p.i. in PKR™/~ compared to wt mice (data not shown),
consistent with flow cytometric analysis (Suppl. Fig. 3). Although there
were no differences in parenchymal CD4 T cell numbers between the
groups, PKR™/~ mice harbored higher numbers of perivascular CD4 T
cells (Fig. 8). In wt mice overall distribution of total CD4 T cells dropped
from ~40% at day 7 to ~15% at day 10 p.i. in perivascular cuffs (Fig. 8A).
By contrast, ~30-40% of total CD4 T cells remained perivascular in
PKR™/~ mice at day 10 p.i. (Fig. 8A). These results support a role for
TIMP1 in promoting CD4 T cell access to the parenchyma and demon-
strate PKR enhances TIMP1 expression following JHMV induced en-
cephalitis. To confirm PKR effects on CD4 T cells are CD4 T cell
intrinsic, PKR activation in CNS localized wt CD4 T cells was assessed
using immunohistochemistry. PKR-p expression was detected in CD4
T cells in the brain at days 7 p.i. (Fig. 8B), supporting a direct role of
activated PKR-p in CD4 T cell function following viral CNS infection.
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Fig. 4. PKR deficiency does not alter expression of IFN-o/j3 or responsive genes. Expression of Ifii-oy/3, Ifit1 and Ifit2 in brains of naive and JHMV infected wt and PKR ~/~ mice was determined
using real time PCR. Data represented the average 4+ SEM of n = 6 mice/group/time-point and are pooled from two separate experiments. *p > .05. Naive values are shown for wt mice.

3.5. PKR deficiency does not alter demyelination, axonal damage,
or clinical disease

Based on the protective role of IL-10 in limiting demyelination
following JHMV infection (Trandem et al,, 2011), we assessed whether
reduced IL-10 expression correlated with enhanced demyelination. Al-
though [I-10 transcripts were also reduced by 70-80% in spinal cords
of PKR™/~ mice at days 7 and 10 p.i. (data not shown), the extent of in-
flammation, demyelination and axonal damage was similar in wt and
PKR™/~ mice at day 14 p.i. (Fig. 9A). Moreover, demyelination was
also similar at day 21 pi. reaching 38 4 6% in wt and 44 4 6% in PKR de-
ficient spinal cords. Although increased perivascular cuffs were still
noted at day 14 p.i., differences had resolved by day 21 p.i. and the
distribution and number of inflammatory cells were indistinguishable
in the two groups (data not shown). The absence of overt pathological
differences was consistent with the observation that PKR deficiency
did not affect severity or progression of clinical disease (Fig. 9B).

4. Discussion

The anti-viral mediators of IFN-a/p mediated protection during
coronavirus encephalomyelitis are largely unknown. The 2’-5'-
oligoadenylate synthetase (OAS)/RNaseL pathway plays only a minor
direct antiviral role in the CNS (Ireland et al., 2009; Zhao et al., 2013),
but protects from lethal pathology during JHMV infection (Ireland
et al., 2009). Ifit2 mediates innate antiviral activity against MHV-A59
via promoting [FN-o/3 (Butchi et al., 2014). The present study investi-
gated PKR as a candidate contributing to protection based on its ability
to not only block translation, but also promote IFN-a/3 production and
pro-inflammatory mediators (Garcia et al., 2006). Following JHMV
infection PKR was activated in the majority of CNS infected cells at
5 day p.i,, supporting virus mediated activation. However, PKR-p detec-
tion in neighboring uninfected cells suggested that stimuli other than
viral RNA also activate PKR. Higher CNS virus replication early during
JHMV infection in PKR~/~ relative to wt mice, in the absence of overt
defects in Ifn-a/3 mRNA or ISGs induction, supported PKR mediated an-
tiviral activity in vivo. However, the effects were modest and increased
replication was ultimately controlled by adaptive immunity.

PKR can influence inflammatory responses by promoting NF-kB
transcriptional activation in a variety of settings in vitro, including
poly I:C activation of mouse embryonic fibroblasts (Garcia et al.,
2006). However, poly I:C-induced NF-kB activation in mouse peritoneal
macrophages does not require PKR (Maggi et al., 2000), suggesting that
the function of PKR in promoting NF-kB transcriptional activation de-
pends on the activating stimulus and cell type. MHV induces IFN-o/p
via the intracellular recognition receptor MDA5 in macrophages
(Roth-Cross et al., 2008) and both MDAS5 and RIGI in an oligodendrocyte
cell line (Li et al., 2010). Although the pathway underlying induction of
NF-kB dependent chemokines and cytokines has not been studied ex-
tensively, abrogation of RIGI partially blocked NF-kB activity following
MHV-A59 infection (Li et al., 2010). This finding supported a potential
link between viral mediated MDAS5 activation and NF-kB transcriptional
activation. Reduced expression of II-6, Ccl5 and Cxcl10 but not II-13, and
Ccl2 mRNAs in vivo in the absence of PKR during JHMV infection is thus
consistent with PKR mediated promotion of NF-kB activation. Although
the cell types involved remain to be identified, MHV-A59 infected
BMDM exhibited similar selective defects in proinflammatory gene in-
duction. TMEV infected PKR™/~ astrocytes also showed limited activa-
tion of NF-kB dependent transcription, but also impaired IFN-ot/3
expression (Palma et al., 2003; Carpentier et al., 2007). By contrast, no
differences were evident in Ifn-a/f3, Ifit1 or Ifit2 mRNA following MHV
infection of PKR™/~ BMDM (data not shown). IL-6, CXCL10 and CCL5
are all implicated in promoting leukocyte infiltration into the CNS pa-
renchyma. Specifically CXCL10 and CCL5 facilitate CD4 T cell recruit-
ment to the CNS during JHMV infection (Liu et al., 2001, Glass and
Lane, 2003). Reduced mRNA levels of these proinflammatory factors
were thus inconsistent with the increase in CNS infiltrating T cells in
PKR™/~ mice. This discrepancy was resolved by the demonstration of
similar or even increased CCL5, CXCL10 and IL-1( protein in the brains.
The notion that impaired transcription of select genes was balanced by
increased translation was supported by MHV infected BMDM from wt
and PKR™/~ mice. Moreover, astrocytes, which are not or rarely infected
by JHMV (Ireland et al., 2009), not microglia/macrophages, are the pre-
dominant source of CXCL10 following MHV infection (Lane et al., 1998;
Phares et al.,, 2013b). These results indicate that PKR dependent regula-
tion of CXCL10 expression is not dependent on infection and not neces-
sarily cell type specific. Although CD4 T cells are implicated as a
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Fig. 5. PKR deficiency impairs mRNA but not protein expression of pro-inflammatory genes in the CNS. (A) Expression of NF-kB induced pro-inflammatory genes Il-13, -6, Ccl2, Ccl5, and
Cxcli0 relative to Gapdh in brains of infected PKR™/~ and wt mice. Data represent the average of n = 6 mice/group/time-point from two separate experiments 4 SEM. Data from day 3 p.i.
represents n = 3. (B) IL-1p3, CCL5 and CXCL10 proteins in cell free supernatants from brains from PKR~/~ and wt mice were measured by ELISA. Data are the average of n = 6 mice/group/
time-point + SEM. *p > .05.
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Fig. 6. PKR deficiency impairs IL-10, [I-21 and TIMP1 expression. Cytokines prominently produced by T cells during JHMV infection were monitored by analysis of brain derived mRNA and
protein in cell free supernatants. Upper panel: Expression of Ifn-vy, II-10, Timp1 and Il-21 mRNA by real time PCR and lower panel: IFN-vy, IL-10 and TIMP1 in cell free supernatants was
determined by ELISA and IgG mRNA by real time PCR. All PCR data are calculated relative to Gapdh and represent the average 4+- SEM of n = 6/time point/group. ELISA data are the average
+ SEM of n = 6/time point/group with values from naive mice subtracted.
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Fig. 7. PKR deficiency impairs IL-10 expression by virus specific CD4, but not CD8 T cells. Brain infiltrating CD4 and CD8 T cells were tested for production of IL-10 and IFN-y after stim-
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dominant source of CCL5 based on reduced CCL5 mRNA levels in
CD4~/~ mice (Lane et al., 2000), CD4 T cells may also indirectly affect
CCL5 production by other cellular sources (Lane et al., 2000).

The most surprising effect of PKR deficiency following JHMV infec-
tion was the impaired CNS expression of selective CD4 T cell dependent
functions, especially the anti-inflammatory cytokine IL-10. Consistent
with CD4 T cells as the main producers of IL-10 in our model
(Puntambekar et al., 2011), the frequency of CNS derived virus specific
PKR™/~ CD4 T cells capable of IL-10 production was reduced by ~50%
compared to that of wt CD4 T cells. By contrast, PKR~/~ CD8 T cells
showed no evidence for reduced IL-10 production, and IFN-y produc-
tion was not impaired in either T cell subset, consistent with effective
viral control. Decreased II-21 mRNA and TIMP1, also mainly produced
by CD4 T cells (Zhou et al., 2005; Phares et al., 2012b), support the
concept that PKR primarily affects CD4 T cell function. In this context
itis interesting to note that [I-10 expression is regulated by various tran-
scription factors, including NF-kB, Jnk, cMaf, AP1, and IRF4, while II-21

transcription in CD4 T cells is linked to cMaf activation (Hiramatsu
et al., 2010), suggesting a possible in vivo link between PKR and cMaf
activation. While our results specifically demonstrate an effect on
virus specific CD4 T cells, it is not clear if PKR also affects IL-10 produc-
tion by other CD4 regulatory T cell subsets. Irrespectively, detection of
activated PKR-p in CD4 T cells, consistent with PKR activation in CNS
infiltrating CD3 T cells during EAE (Chakrabarty et al., 2004), supports
a direct effect.

PKR upregulates IL-10 in an NF-kB dependent manner in response to
mycobacterium, bacterial LPS, dsRNA and Sendai virus (Chakrabarti
et al., 2008). While microglia/macrophages only sparsely produce IL-
10 in vivo during JHMV infection, analysis of MHV-A59 infected
PKR ™/~ BMDM confirmed a 70-80% decrease in Il-10 mRNA, coincident
with a 44% reduction in [L-10 secretion (data not shown). As CD4 T cells
are not infected, the mechanisms inducing IL-10 in macrophages and
CD4 T cells are clearly distinct, but suggest that activated PKR-p acts
on a common intermediate signaling factor, such as NF-kB. The
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upstream signals activating PKR remain to be identified, but may in-
volve a variety of factors, including stress inducing molecules (Sadler
and Williams, 2007). Similarly, the promotion of CXCL10 mRNA expres-
sion in astrocytes, independent of direct infection, suggests that intrin-
sic cellular not virus mediated signals regulates PKR activation. While
no evidence for dysregulation of CD8 T cells contrasted the apparent
PKR effects on CD8 T cell expansion following LCMV infection

(Nakayama et al.,, 2010), the effects of PKR deficiency in the latter stud-
ies appeared to be indirectly mediated by innate defects in antigen pre-
senting cells rather than intrinsic CD8 T cell effects (Nakayama et al.,
2010).

PKR is also associated with exacerbated pathology in various neuro-
logical diseases. PKR activation in hippocampal neurons is associated
with neuronal loss and during Alzheimer's, Huntington, and Parkinson's
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Fig. 9. PKR deficiency does not alter inflammation, demyelination, axonal damage or disease severity. (A) Cross sections of spinal cords from infected wt and PKR™/~ mice at day 14 p.i.
stained with hematoxylin and eosin (HE) for inflammation, luxol fast blue (LFB) for demyelination, or SMI31/32 (SMI) for axonal loss (bar = 500 pm; inset = 100 pm). (B) Clinical disease
of infected wt and PKR~/~ mice. Data are representative of three separate experiments (n > 9-15).
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diseases (Bando et al., 2005). Similarly, the absence of PKR provides
protection from extensive spinal cord damage during poliomyelitis
(Scheuner et al.,, 2003). In contrast to these reports, pathological changes
in JHMV infected PKR ™~ and wt mice was similar with respect to in-
flammation, demyelination and axonal damage. Thus, while impaired
IL-10 expression has been associated with enhanced demyelination
during JHMV encephalomyelitis (Trandem et al.,, 2011), the partial loss
of IL-10 in the absence of PKR appeared insufficient to exacerbate
pathology.

In summary, our results demonstrate that PKR has a modest direct
antiviral role in the CNS during the innate phase of JHMV infection,
but does not affect adaptive immune control. Paradoxically, impaired
mRNA, but not protein expression of CXCL10 and CCL5 in the absence
of PKR confirmed that it selectively regulates pro-inflammatory cyto-
kines at both the transcriptional and translational levels in vivo and
in vitro. Importantly these results are the first to demonstrate that
PKR promotes IL-10, IL-21 and TIMP1 production in virus specific CD4
T cells. While the imbalance between pro- and anti-inflammatory
responses in the CNS did not affect severity or progression of clinical
disease or tissue damage, the data highlight the potential of PKR to mod-
ulate numerous pro- as well as anti-inflammatory molecules in both
infected and non-infected cells, including T cells.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jneuroim.2014.02.012.
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