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ABSTRACT

Expression of matrix metalloproteinases (MMPs), especially
MMP9 correlates with blood—brain barrier (BBB) disruption
during many neuroinflammatory diseases. During neuro-
tropic coronavirus virus (JHMV) induced encephalomyelitis,
MMP9 activity is restricted to neutrophils. Furthermore,
myeloid cell depletion implicated MMP9 in facilitating leu-
kocyte central nervous system (CNS) infiltration via loss of
BBB integrity. The requirement of MMP9 in BBB disrup-
tion was thus assessed in JHMV infected MMP9 deficient
(MMP9 /") mice. Depletion of neutrophils reduced CNS
accumulation of monocytes and T cells, albeit without
affecting overall pathogenesis. By contrast, infected
MMP9 '~ mice revealed no differences in CNS leukocyte
infiltration, composition or localization, consistent with
BBB disruption similar to wild-type (WT) mice. Unimpaired
T cell mediated virus control supported an unexpectedly
redundant role of MMP9 in promoting leukocyte access to
the brain parenchyma. Although MMP9 deficiency did not
expand the overall limited pattern of MMP expression dur-
ing JHMYV infection, it coincided with MMP3 upregulation.
MMP3 expression remained largely confined to astrocytes,
similar to WT mice. These data demonstrate that neutro-
phil-derived MMP9 is not the sole mediator facilitating
parenchymal leukocyte entry via BBB disruption during vi-
ral encephalomyelitis. Moreover, significantly enhanced
MMP3 expression by astrocytes in infected MMP9 ™/~ mice
suggests an active role of resident cells in participating and
potentially collaborating with infiltrating cells in regulating
BBB permeability. Overall, these results highlight the com-
plexity of targeting individual MMPs as a strategy to regu-
late inflammation. ©2011 Wiley-Liss, Inc.

INTRODUCTION

Leukocyte recruitment into the central nervous system
(CNS) parenchyma is highly regulated by the blood—brain
barrier (BBB), limiting invasion of cell-associated patho-
gens as well as immune-mediated neuronal dysregulation
and tissue damage (Bechmann et al., 2007). However, leu-
kocyte entry into the CNS parenchyma is essential to pro-
tect the host following CNS infection. Among key factors
controlling BBB permeability are matrix metalloprotei-
nases (MMPs), which belong to a large family of endopro-
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teinases primarily involved in turnover and remodeling of
the extracellular matrix (Candelario-Jalil et al., 2009).
CNS infections, degenerative diseases, autoimmune
inflammation, as well as stroke are all associated with up-
regulation of MMPs, which degrade components of the
basement membrane and extracellular matrix, thus facili-
tating leukocyte invasion (Hartung and Kieseier, 2000;
Parks et al.,, 2004; Rosell and Lo, 2008; Wang et al.,
2008). Intracranial MMP injection into naive mice sup-
ports the role of MMPs in increasing BBB permeability
and CNS leukocyte migration (Anthony et al., 1998). Con-
versely, inhibition of MMPs decreases BBB breakdown,
limits parenchymal leukocyte entry and ameliorates clini-
cal symptoms (Liedtke et al., 1998; Toft-Hansen et al.,
2006; Tran et al.,, 1998). Furthermore, broad-spectrum
MMP inhibitors retain leukocytes in the perivascular
space supporting a role for MMPs in degrading the glia
limitans (Toft-Hansen et al., 2006).

MMP9 is the most prominent in promoting BBB dis-
ruption among the various MMPs associated with CNS
inflammation. Its upregulation coincides with loss of
BBB integrity after lipopolysaccharide injection, during
experimental autoimmune encephalitis (EAE), meningi-
tis, viral encephalitis, as well as trauma-induced neuro-
inflammation (Dubois et al., 1999; Mun-Bryce and
Rosenberg, 1998; Noble et al., 2002; Paul et al., 1998;
Sporer et al., 1998; Wang et al., 2008). Disease activity
in multiple sclerosis patients further coincides with high
MMP9 serum levels (Opdenakker et al., 2003). MMP9
most likely functions by disrupting the glia limitans,
based on its ability to cleave dystroglycan, an anchoring
component of astrocyte endfeet, and its high affinity for
Laminins 1 and 2, two major components of the glia lim-
itans (Agrawal et al., 2006; Sixt et al., 2001). Although
these data implicate MMP9 in promoting leukocyte
access into the CNS parenchyma, an essential role for
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MMP9 IS DISPENSABLE FOR BBB PERMEABILITY DURING CORONAVIRUS INFECTION

MMP9 in mediating disruption of the glia limitans has
not been demonstrated.

Characterization of discrete roles of individual MMPs is
complicated by the wide variation of expression patterns,
kinetics, substrate, and cell specificity in different inflam-
matory settings. The present study used a viral encephalo-
myelitis model characterized by a highly limited MMP
expression pattern (Zhou et al., 2005) to define the role of
MMP9 in BBB disruption at the glia limitans. Infections
with both lethal and sublethal neurotropic JHM strains of
mouse hepatitis virus (JHMV) induce only three MMPs:
MMP9 is produced by inflammatory neutrophils (Savarin
et al., 2010; Zhou et al., 2003). MMP3 expression is largely
restricted to astrocytes (Zhou et al., 2003, 2005). Finally,
MMP12 is produced by both CNS resident cells and infil-
trating leukocytes (Zhou et al., 2005). Compared to the sub-
lethal infection, the lethal infection is characterized by sig-
nificantly increased neutrophil inflammation as well as
MMP expression; combined neutrophil/monocyte ablation
abrogated CNS MMP9 expression and BBB disruption
(Zhou et al., 2003). Anti-CXCR2 treatment to block CNS
neutrophil migration during the sublethal infection also
reduced CNS leukocyte accumulation, impaired viral con-
trol, and accelerated mortality (Hosking et al., 2009). To-
gether, these data supported a protective role of neutrophils
in promoting BBB disruption via MMP9 release.

To identify MMP9 as the key neutrophil component
enhancing BBB disruption during sublethal JHMYV infec-
tion, lymphocyte access and viral control were compared in
MMP9 deficient (MMP9 /") and neutrophil depleted mice.
Sublethal infection is characterized by early CNS neutro-
phil and monocyte recruitment, followed by T and B cell
infiltration, both critical for virus control (Bergmann et al.,
2006). Neutrophil depletion reduced infiltrating monocytes
and T cells by ~50%—60%, but did not affect clinical disease
or viral control. Surprisingly, infected MMP9 /'~ mice
exhibited identical BBB permeability, CNS leukocyte
recruitment and distribution as wild-type (WT) mice. Anal-
ysis of potential MMP dysregulation in the absence of
MMP9 revealed a marked, transient increase specifically of
MMP3 in the CNS. Similar to WT controls, MMP3 expres-
sion was restricted to astrocytes, suggesting that enhanced
focal MMP3 activity at the parenchymal side of the BBB
contributes to BBB disruption and may compensate for the
absence of MMP9. Overall, these results demonstrate that
neither neutrophils nor MMP9 are essential in mediating
protective lymphocyte access to the CNS parenchyma dur-
ing sublethal viral encephalomyelitis. Limited MMP activa-
tion in this model further implicates compensatory or alter-
native mechanisms breaching BBB permeability.

MATERIALS AND METHODS
Mice, Virus, and Poly I:C

Homozygous C57BL/6-MMP9 deficient (MMP9 /) mice
(Dubois et al., 1999) backcrossed for 12 generations to
C57BL/6 mice were provided by Dr. Robert Fairchild,
Cleveland Clinic. C57BL/6 mice were purchased from the
National Cancer Institute (Frederick, MS). All mice were

1771

used at 6-7 weeks of age and injected intracranially (i.c.)
in the left hemisphere with 30 pL of endotoxin-free Dul-
becco’s phosphate-buffered saline (PBS) containing 250
plaque-forming units (PFU) of the glia tropic 2.2v-1 mono-
clonal antibody (mAb)-derived variant of mouse hepatitis
virus strain JHM (Fleming et al., 1986). Clinical disease
severity was graded daily as described (Fleming et al.,
1986): 0, healthy; 1, hunched back; 2, partial hind limb
paralysis or inability to maintain the upright position; 3,
complete hind limb paralysis; 4, moribund or dead. For
innate immune activation mice were injected i.c. with 200
pg poly (I:C) (high molecular weight) (Invivogen, San
Diego, CA) in 30 pL endotoxin-free PBS. Brains were
removed at 2, 6, and 12 h post injection (p.i.), snap frozen
in liquid nitrogen for gene expression analysis. Neutro-
phils were depleted by intraperitoneal (i.p.) injection of
250 pg of anti-Ly6G (clone 1A8) every other day, starting
2 days prior to infection until Day 7 p.i. Control mice
were injected with 250 pg of irrelevant mAb (clone
GL113). Virus titers were determined from clarified brain
homogenates by plaque assay on DBT cell monolayers as
described (Lin et al., 1997; Stohlman et al., 2008). All pro-
cedures were carried out in compliance with Institutional
Animal Care and Use Committee approved protocols.

Isolation of CNS Derived Cells and Flow
Cytometry

After perfusion with PBS, brains were homogenized
individually in Dulbecco’s PBS using Tenbroeck tissue
homogenizers. Supernatants for virus titer determination
were collected after centrifugation at 400 X g for 7 min at
4°C and CNS derived cells were isolated using percoll gra-
dients (Pharmacia, Uppsala, Sweden) as previously
described (Savarin et al., 2010). After isolation, cells were
washed in RPMI 1640-HEPES medium prior to analysis.
Following pre-incubation with mouse serum and anti-
mouse CD16/CD32 mAb (clone 2.4G2, BD PharMingen,
San Diego, CA), cells were stained for surface markers in
0.1% bovine serum albumin (BSA) in PBS for 30 min on
ice with FITC-, PE-, PerCP-, or APC- conjugated mAb (all
from BD PharMingen except when indicated), including
anti-CD45 (clone Ly-5), CD4 (clone GK1.5), CD8 (clone 53-
6.7), CD11b (clone m1/70), F4/80 (Serotec, Raleigh, NC),
and Ly6G (clone 1A8). Samples were analyzed using a
FACS Calibur flow cytometer and CellQuest Software (BD
Biosciences, Mountain View, CA).

Individual CNS derived cell populations were purified
from the CNS of infected mice (n = 4) as described
(Phares et al., 2010). Briefly, brains and spinal cords were
finely minced, digested in 0.25% Trypsin for 30 min at
37°C, and trypsin activity inhibited by adding RPMI
1640-HEPES supplemented with 20% newborn calf se-
rum. Cells were collected by centrifugation, washed, and
enriched using percoll gradients. Cells were stained with
APC-CD45 mAb to separate glial cells (CD457), microglia
(CD45") and infiltrating leukocytes (CD45hi) using a
FACS Aria (BD Biosciences) cell sorter. Purified cells were
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resuspended in TRIzol reagent (Invitrogen, Carlsbad, CA)
for subsequent gene expression analysis.

Zymography

Unfractionated cells purified from the CNS were
resuspended in lysis buffer (1% Triton X-100, 300 mM
NaCl, 50 mM tris(hydroxymethyl)aminomethane (Tris),
pH 7.4) and lysates from 2.5 X 10° cells separated on
10% acrylamide gels containing 1% gelatin (Bio-Rad,
Hercules, CA). Following electrophoresis, gels were con-
secutively placed in 1X renaturing buffer (Bio-Rad) for
30 min at room temperature, 1X developing buffer (Bio-
Rad) for 20 min at room temperature, and then over-
night at 37°C. Gels were stained with 0.25% Coomassie
brilliant blue R-250 (Bio-Rad) and destained with the
destain solution (Bio-Rad).

Gene Expression Analysis

Individual brains were frozen in liquid nitrogen and
stored at —80°C. RNA was extracted with TRIzol rea-
gent (Invitrogen) according to the manufacturer’s
instructions. cDNA was synthesized using 2 pg of RNA,
SuperScript II Reverse Transcriptase (Invitrogen) with
oligo(dT)2_1s. Quantitative real-time PCR was per-
formed using the SYBR green kit (Roche, Basel, Switzer-
land), a LightCycler (Roche) and the following primer
sets: MMP2: F: 5-TTCCCTAAGCTCATCGCAGACT-3,
R: 5-CACGCTCTTGAGACTTTGGTTCT-3'; MMP3: F: 5'-
TTTAAAGGAAATCAGTTCTGGGCTATA-3, R: 5-CGA
TCTTCTTCACGGTTGCA-3’; MMP7: F: 5-TGGCT
TCGAAGGAGAGATC-3', R: 5-CGAAGGCATGACCTAG
AGTGTTC-3'; MMP12: F: 5'-GGAGCTCACGGAGACTTC
AACT-3', R: 5-CCTTGAATACCAGGTCCAGGATA-3;
MMP14: F: 5-TAAGCACTGGGTGTTTGACGAA-3', R:
5-CCCTCGGCCAAGCTCCT-3’; TIMP1: F: 5-CCAGAG
CCGTCACTTTGCTT-3, R: 5-AGGAAAAGTAGACAGTG
TTCAGGCTT-3; TNF: F: 5-GCCACCACGCTCTTCTG
TCT-3', R: 5-GGTCTGGGCCATAGAACTGATG-3’; IL-
18: F: 5-GACGGCACACCCACCCT-3', R: 5-AAACCG
TTTTTCCATCTTCTTCTTT-3’; Neutrophil elastase: F:
5-AGAGGCGTGGAGGTCATTTCT-3, R: 5-GGGCTGC
TGACATGACGAA-3'; Ubiquitin: F: 5-TGGCTATTAATT
ATTCGGTCTGCAT-3', R: 5-GCAAGTGGCTAGAGTGCA
GAGTAA-3'. Tagman primers and 2X TagMan fast master
mix (Applied Biosystems, Carlsbad, CA) were used to
assessed Cathepsin G and MMP8 mRNA levels. mRNA
expression was compared relative to ubiquitin mRNA and
converted to a linearized value using the following for-
mula: [1.8e(Ctypiquitin—Ctgenex)] X 10° (Zhou et al., 2005).

Blood-Brain Barrier Permeability

Ten minutes before sacrifice, mice were injected i.p.
with 100 pL of sodium fluorescein (NaF; 100 mg/mL)
(Sigma, St Louis, MO) diluted in PBS. Following perfusion
with PBS, brains were removed and homogenized in 4 mL
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PBS using Tenbroeck tissue homogenizers. Supernatants
were collected following centrifugation at 400 X g for 7
min at 4°C and treated with an equal volume of 15% tri-
chloroacetic acid. Samples were centrifuged at 10,000 X g
for 10 min. NaOH was added to a final concentration of 1
M. Fluorescence was determined at 530 nm using a Spec-
tramax M2 microplate reader (Molecular Devices, Sunny-
vale, CA) and compared using a NaF standard curve.

Immunohistology

Leukocyte distribution at the BBB was determined as
described (Savarin et al., 2010). Briefly, mice were per-
fused with PBS followed by 4% paraformaldehyde. Brains
and spinal cords were then stored in cryoprotection solu-
tion until 30-um sections were prepared using a micro-
tome. Before staining, sections were treated with 1% Tri-
ton X-100 for 30 min followed by blocking solution (1%
BSA and 10% normal goat serum in PBS) for 30 min at
RT. Sections were stained with rabbit anti-mouse laminin
(Cedarlane Laboratories, ON, Canada) and rat anti-
mouse CD45 Ab (Serotec) overnight at 4°C. Alexa Fluor
594 goat anti-rabbit (Invitrogen) and biotinylated anti-rat
Ab (Vector Laboratories, Burlingame, CA) were added for
1 h at RT, followed by streptavidin FITC (Vector Laborato-
ries) for 1 h at RT. To visualize MMP3 and Glial Fibrillary
Acidic Protein (GFAP), mice were perfused with ice-cold
PBS, brains dissected, frozen in OCT and stored at
—80°C. 10-um sections were fixed for 5 min in acetone at
—20°C. After incubation in blocking solution for 30 min,
sections were incubated overnight at 4°C with goat anti-
mouse MMP3 (Santa Cruz Biotechnology, Santa Cruz,
CA) and mouse anti-mouse GFAP (Sigma). For immuno-
fluorescence, Alexa Fluor 488 goat anti-mouse (Invi-
trogen) and Rhodamine donkey anti-goat (Jackson Immu-
noResearch, West Grove, PA) secondary antibodies were
added for 1 h at RT. Sections were mounted with Vecta-
shield mounting medium with 4’-6-Diamidino-2-phenylin-
dole (DAPI) (Vector Laboratories). For immunohistochem-
istry, biotinylated anti-goat (Jackson ImmunoResearch)
secondary antibody was added for 1 h at RT. Sections
were incubated with ABC peroxidase kit (Vector Labora-
tories) for 1 h at RT and revealed with diaminobenzidine.
Tissue sections were analyzed using a Leica DM4000B
microscope (Leica, Microsystems, Wetzlar, Germany).

Statistical Analyses

Statistical differences were calculated using a two-tailed
unpaired Student’s ¢ test or the Mann-Whitney nonpara-
metric test. P values <0.05 were considered as significant.

RESULTS
Decreased CNS Inflammation in Neutrophil
Depleted Mice

Sustained BBB integrity coincident with the absence
of MMP9 expression in neutropenic mice infected with
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Fig. 1. Neutrophil depletion reduces CNS leukocyte accumulation. A:
Disease severity was scored daily (n = 60 per group) after JHMV i.c. infec-
tion using the following grades: 0, healthy; 1, hunched back or ruffled fur;
2, partial hind limb paralysis or inability to maintain the upright position;
3, complete hind limb paralysis; 4, moribund or dead. Numbers of bone

lethal JHMV suggested that neutrophil-secreted MMP9
disrupts the BBB (Zhou et al., 2003). However, the rapid
mortality after lethal JHMV infection prevented an
assessment of altered BBB permeability specifically on
CNS T cell recruitment. In addition, a subsequent study
using sublethal JHMYV infection revealed a role of mono-
cytes in promoting BBB disruption at the glia limitans
(Savarin et al., 2010). To more precisely characterize the
role of neutrophil-derived MMP9 in enhancing CNS leu-
kocyte access during sublethal JHMYV infection, mice
were treated with anti-Ly6G mAb to selectively deplete
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marrow-derived infiltrating leukocytes (CD45"M) (B), neutrophils (Ly6G™),
macrophages (F4/80"), CD4", and CD8" T cells (C) were determined in
the CNS of control and neutrophil-depleted mice between Day 3 and 14 p.i.
using flow cytometry. Data represent the mean (=SEM) of six mice per
group per time point from two separate experiments. *P < 0.05.

neutrophils (Daley et al., 2008). Neutrophil depletion did
not affect disease severity or mortality compared to con-
trol animals (Fig. 1A and data not shown). Clinical
symptoms during sublethal JHMYV infection are largely
determined by lymphocyte infiltration and antiviral
effector function, rather than magnitude of viral replica-
tion (Ireland et al., 2009; Kapil et al., 2009; Savarin et
al., 2008). The similar disease course therefore sug-
gested that neutrophils expressing MMP9 were redun-
dant in promoting CNS leukocyte infiltration. Analysis
of total numbers of CD45™ cells within the CNS showed
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Fig. 2. Similar disease severity and CNS inflammation in WT and
MMP9 '~ mice. A: MMP9 activity was analyzed by zymography in the
CNS of infected WT mice at days 3, 5, and 7 p.i. B: Clinical symptoms
were monitored daily in WT (n = 80) and MMP9 '~ (n = 80) mice
using the grades described in Fig. 1. Total numbers of inflammatory

that overall leukocyte infiltration was not affected by
neutrophil depletion at Days 3 and 5 p.i. (Fig. 1B). How-
ever, at the peak of inflammation (Day 7 p.i.) and subse-
quently, infiltrating cells were reduced by ~50% (Fig.
1B). In control mice CNS neutrophil recruitment peaked
at Day 3 p.i. and decreased between Days 5-7 p.i., but
comprised an overall small fraction of infiltrating cells
(Fig. 1C). Very few neutrophils were detected at any
time in the CNS of anti-Ly6G treated mice confirming
depletion efficiency (Fig. 1C). Neutrophil depletion
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leukocytes (CD45™) (C), neutrophils (Ly6G™), macrophages (F4/807),
CD4", and CD8" T cells (D) were analyzed by flow cytometry in the
CNS of WT and MMP9 /™ mice. Data represent the means (+SEM) of
nine mice per group per time point from three separate experiments.

resulted in decreased macrophages (CD45"F4/80"),
CD4" and CD8' T cell populations at Day 7 p.i.,
although no differences were evident prior to peak leu-
kocyte accumulation (Fig. 1C). By Day 10 p.i., macro-
phages were decreased relative to Day 7 p.i. in both
groups reaching similar overall levels. By contrast, both
CD4" and CD8™ T cell subsets remained reduced in neu-
tropenic mice relative to controls, with differences wan-
ing by Day 14 p.i. (Fig. 1C). Despite decreased T cell
numbers between Days 7 and 10 p.i., viral replication
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Fig. 3. BBB disruption and CNS leukocyte distribution are identical
in MMP9 '~ mice and controls. A: BBB permeability was assessed by
NaF. Data represent the average NaF amount per brain (*standard
deviations) from nine mice per time point from three individual experi-
ments. B: Leukocyte distribution in the perivascular space versus pa-

was controlled below the level of detection by Day 14 p.i.
similar to neutrophil sufficient mice (data not shown).
These data indicate that neutrophils promote, but are
not essential for T cell migration across the BBB or viral
control during sublethal JHMV infection.

MMP9 Deficiency does not Affect Disease Severity
or Leukocyte Infiltration

Prepackaged MMP?9 is localized exclusively in neutrophils
during JHMYV infection (Savarin et al., 2010; Zhou et al.,
2005). Consistent with the burst of neutrophil accumulation
at Day 3 in WT mice (Fig. 1C), MMP9 activity was promi-
nent within the CNS at Day 3 p.i., but declined by Day 5 p.i.
(Fig. 2A). To demonstrate that MMP9 is the major protease
facilitating leukocyte extravasation into the CNS paren-
chyma, JHMV pathogenesis was compared in syngeneic
MMP9 /= and WT mice. Both the groups exhibited clinical
signs of encephalitis, characterized by hunched posture and
ruffled fur, at Day 6 p.i. and subsequently progressed to
hind limb paralysis (Fig. 2B); survival rates were also not
altered (data not shown). The absence of MMP9 therefore
had no overt consequences on clinical manifestations or dis-
ease progression, similar to neutrophil-depleted mice.
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To assess whether MMP9 deficiency reduced CNS leu-
kocyte accumulation to the same extent as mneutrophil
depletion, CD45™ inflammatory cells and their composi-
tion were compared to WT mice. Unexpectedly, CD45"
cells in the CNS were similar in infected MMP9 /"~ com-
pared to WT mice throughout Days 3-14 p.i. (Fig. 20).
CNS accumulation of neutrophils (Ly6G*), macrophages
(F4/80%), CD4", and CD8™ T cells was also not affected by
MMP9 deficiency. Neutrophils peaked at Day 3 p.i. and
decreased similarly in both groups (Fig. 2D), whereas
macrophages only decreased to low levels at Day 10, as T
cells accumulated (Fig. 2D). Both T cell subsets peaked at
similar levels between Days 7 and 10 p.. in WT and
MMP9 '~ mice. No differences in total leukocytes, as well
as subsets in the CNS of MMP9 /™ mice suggested MMP9
is not essential in disrupting BBB integrity.

MMP9 Deficiency does not Alter BBB Disruption
or Virus Clearance

To confirm the apparently redundant role of MMP9 in
disrupting the BBB during the course of viral encephali-
tis, mice were injected with NaF at distinct times follow-
ing infection (Fig. 3A). At Day 3 p.i., the peak of neutro-
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phil accumulation (Fig. 2D), the loss of BBB integrity
was similar comparing both groups. No differences were
detected at later time points p.i. and BBB function was
restored to a similar degree by Day 10 p.i. in both
groups (Fig. 3A). BBB disruption was thus not corre-
lated to MMP9 activity during sublethal JHMYV infec-
tion.

Trafficking through the BBB is a two-step process that
requires migration from the blood to the perivascular
space and subsequently into the parenchyma (Owens et
al., 2008). MMPs enhance leukocyte penetration through
the endothelial cell tight junction, as well as through the
glia limitans (Toft-Hansen et al., 2006). Neither flow
cytometry nor NaF measurements distinguish a specific
role of MMP9 in this two-step process. To assess whether
the absence of MMP9 had more subtle effects on leukocyte
localization within the BBB, the distribution of inflamma-
tory cells was quantified following laminin staining to vis-
ualize the two basement membranes that define the peri-
vascular space (Savarin et al., 2010). CNS leukocyte accu-
mulation was too sparse at Day 3 p.i. for quantitative
analysis. At Day 5 p.i. the majority of infiltrating cells
were already localized in the parenchyma in both groups
of mice (Fig. 3B). Furthermore, no difference in leukocyte
distribution within the perivascular space versus paren-
chyma was detected comparing WT and MMP9 '~ mice at
Days 7 and 10 p.i. (Fig. 3B). Sublethal JHMV primarily
infects glial cells and requires T cell interaction with
infected cells to diminish viral replication (Bergmann et
al., 2001; Savarin et al., 2008). Similar parenchymal T cell
entry was thus further verified by monitoring viral control
as a measure of T cell function. The peak, magnitude, and
decline of infectious virus were all identical in both groups
(data not shown), supporting the concept that MMP9 defi-
ciency did not interfere with anti-viral T cell activity.
Overall, these results demonstrate that MMP9 does not
affect leukocyte entry into the CNS parenchyma during
viral encephalitis.

Transient MMP3 Increase in MMP9 '~ Mice

The apparent redundancy of MMP9 for leukocyte
access to the CNS parenchyma contrasted with indirect
evidence that neutrophil-derived MMP9 contributes to
BBB disruption during JHMYV infection (Hosking et al.,
2009; Zhou et al., 2003). It also contradicted decreased
CNS leukocyte recruitment after neutrophil depletion
(see Fig. 1) and suggested alternative neutrophil derived
proteases contribute to BBB breakdown. In addition to
MMP9, neutrophil granules contain a variety of pro-
teases involved in endothelial cell interactions, vascular
permeability and anti-microbial activity (DiStasi and
Ley, 2009; Hager et al., 2010). Thus, neutrophil elastase,
MMPS8 and Cathepsin G, all upregulated during neuro-
inflammatory diseases (DiStasi and Ley, 2009; Hager et
al., 2010; Toft-Hansen et al., 2004), were examined as
potential alternative mediators of BBB disruption in ab-
sence of MMP9. Neutrophil elastase was upregulated at
Days 3 and 5 p.i. in WT mice, when neutrophils peak in
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the CNS (Fig. 4A); however, no increase in mRNA
expression was observed in MMP9 /" mice. Moreover,
MMPS8 and Cathepsin G mRNA levels both remained
very low relative to naive mice and compared to neutro-
phil elastase or other MMPs. A slight but not significant
MMPS8 increase was observed in MMP9 ™/~ mice.
Although these data suggested that neutrophil-derived
proteases were not dysregulated in the absence of
MMP9 (Fig. 4A), higher levels of prepackaged proteases
remains possible.

We next determined if up-regulation of other members
of the MMP family compensated for the absence of
MMP9. Unlike other inflammatory models, e.g., EAE
(Pagenstecher et al., 1998), JHMYV infection only induces
a restricted number of MMPs, namely MMP3 and
MMP12 (Zhou et al., 2005). Therefore, MMP3 and
MMP12 were initially monitored as compensatory candi-
dates for MMP9. MMP3 mRNA expression was
increased greater than 10-fold in MMP9 "/~ compared to
WT mice at Day 3 p.i., coincident with peak neutrophil
recruitment (Fig. 4B). Although levels remained signifi-
cantly elevated at Day 5 p.i., they declined to similar
levels as in WT mice after Day 7 p.i. By contrast, no dif-
ferences in CNS MMP3 mRNA levels were observed
comparing neutrophil-depleted and control mice at Days
3, 5, and 7 p.i. (Fig. 4C). MMP12 mRNA expression was
also elevated in the absence of MMP9, most prominently
at Day 5 p.i. (Fig. 4B). Similar to MMP3 however, no
significant variations in MMP12 mRNA expression were
observed comparing neutropenic with control mice (Fig.
4C). The only MMP inhibitor, tissue inhibitor of metallo-
proteinase 1 (TIMP-1), induced during JHMYV infection
(Zhou et al., 2005), was also identical in WT and
MMP9 '~ mice. Expression of MMP2, MMP7, and
MMP14, upregulated during other neuroinflammatory
disorders (Hartung and Kieseier, 2000; Rosenberg,
2002), was also assessed to determine if the absence of
MMP9 diversified the pattern of MMP expression.
MMP2 mRNA was constitutively expressed in the CNS
of naive mice and increased to similar levels in infected
WT and MMP9 '~ mice (Fig. 4B). However, as previ-
ously described (Zhou et al., 2005), MMP2 enzymatic ac-
tivity could not be detected in the CNS after JHMV
infection suggesting post-transcriptional regulation (Fig.
2A). In addition, neither MMP7 nor MMP14 mRNA
were upregulated in the CNS of either group following
infection. Finally, expression of ADAM12 and ADAM17,
proteases related to the MMP family (Seals and Court-
neidge, 2003), also remained undetectable in the CNS of
infected WT and MMP9 /™ mice (data not shown). Thus,
MMP9 deficiency did not alter the restricted MMP
expression pattern induced by JHMYV infection.

These data implicate MMP3 as a potential candidate
that compensates for the absence of MMP9 activity in
promoting leukocyte entry into the CNS parenchyma
during JHMV infection. However, in WT mice MMP3
expression by astrocytes is parenchymal (Zhou et al.,
2005), whereas MMP9 is likely to act on the endothe-
lium and/or glia limitans, posing a physical discrepancy.
To address whether MMP3 expression remains restricted
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Fig. 4. MMP3 mRNA is increased in MMP9 '~ mice. A: Neutrophil
elastase, MMP8, and Cathepsin G mRNA expression in brains were ana-
lyzed by real time PCR at the peak of CNS neutrophil infiltration (Day 3
and 5 p.i.) of WT' and MMP9 /~ mice B. MMP3, MMP12, MMP2, and
TIMP1 mRNA expression was analyzed by real time PCR in the brain of

to astrocytes in the absence of MMP9, MMP3 mRNA
levels were determined in purified populations of CNS
infiltrating leukocytes (CD45™), microglia (CD45') and
glial (CD45"°®) cells. Elevated MMP3 in total CNS RNA
from MMP9 /" mice was recapitulated primarily in the
CD45~ CNS resident population containing astrocytes,

naive, WT, and MMP9 '~ mice. *P < 0.05 C. MMP3 mRNA expression
was analyzed in the brain of control and neutrophil-depleted mice
between Day 3 and 7 p.i. Data represent the average mRNA expression
(+standard deviations) relative to ubiquitin of three mice per group per
time point and are representative of two separate experiments.

in which MMP3 mRNA was already detectable at Day 3
p.i. and increased further at Day 5 p.i. (Fig. 5A); in WT
mice MMP3 was not detected until Day 5 p.i. and levels
were substantially lower. At Day 5 p.i. MMP3 mRNA
was also elevated in microglia (CD45") and infiltrating
leukocytes (CD45M) derived from MMP9 '~ mice
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Fig. 5. MMP3 is expressed by astrocytes. A: MMP3 mRNA expres-
sion was analyzed in FACS purified populations of glial cells (CD45),
microglia (CD45") and CNS infiltrating leukocytes (CD45™) isolated
from WT and MMP9 /™ mice at Day 3 and 5 p.i. B: MMP3 and GFAP

(Fig. 5A), albeit at lower levels compared to the astro-
cyte enriched population. MMP3 protein expression by
astrocytes was confirmed by immunofluorescence. At
Day 3 p.i. all MMP3 positive cells in infected MMP9 "/~
mice co-expressed GFAP (Fig. 5B), supporting MMP3
expression primarily by astrocytes, similar to WT mice
(Zhou et al., 2005). Moreover, higher MMP3 mRNA lev-
els did not correlate with an increased number of cells
expressing MMP3 but rather enhanced expression per
cell (Fig. 5C). As astrocytes are integral components of
the glia limitans, their significantly elevated MMP3 pro-
duction may contribute to disruption of the basement
membrane in MMP9 /" mice.

GLIA

co-expression in brain sections from MMP9 /™ mice at Day 3 p.i. Scale
bar, 25 ym. C: MMP3 expression was analyzed by immunohistochemis-
try in WT and MMP9 ™/~ mice at Day 3 p.i. and at 4X higher magnifi-
cation in the inset. Scale bar = 100 pm.

Mechanisms of MMP3 upregulation in the absence of
MMP9 remain elusive. A direct effect of MMP9 in down-
regulating MMP3 was ruled out as abrogation of MMP9
via neutrophil depletion in WT mice did not upregulate
MMP3. Early MMP3 upregulation following infection
suggested the innate immune response might thus pro-
vide the induction signal. This is supported by IL-18 and
TNF mediated induction of MMP3 and MMP?9 in cultured
astrocytes and microglia (Crocker et al., 2006; Gottschall
and Yu, 1995). However, similar magnitude and kinetics
of TNF and IL-183 mRNA expression in the CNS of
infected WT and MMP9 /™ mice (Fig. 6A) did not support
a direct relationship between these proinflammatory
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Fig. 6. MMPs induction does not correlate with TNF and IL-18
expression. A: Kinetics of TNF and IL-18 mRNA expression was compared
between WT and MMP9 '~ mice. B: mRNA expression of TNF, IL-1p,

cytokines and MMP3. To investigate a correlation
between MMP induction and proinflammatory signals in
vivo in the absence of infection and inflammatory cell
recruitment, innate responses in the CNS were initiated
by injection of WT mice with poly (I:C), as a viral RNA
mimic. Although TNF and IL-18 mRNA were specifically
upregulated by poly (I:C) as early as 2 h post injection,
expression was transient and returned to baseline levels
by 6 h (Fig. 6B). By contrast, MMP3 mRNA upregulation

MMP3, and MMP12 was analyzed at 2, 6, and 12 h after poly (I:C) injec-
tion. Data represent the average mRNA expression (+standard devia-
tions) relative to ubiquitin of 3—4 mice per group per time point.

did not reach peak levels until 12 h. MMP12 mRNA levels
were already induced at 6 h and remained constant until
12 h. These data suggest that neither TNF, IL-18 nor
innate immune signals are primary factors inducing
MMP3 upregulation in vivo. Overall, the data support al-
ternative or additional factors distinct from neutrophil-
secreted proteases, TNF and IL-1B, underlying dysregu-
lated MMP3 expression in the absence of MMP9 during
viral encephalitis.
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DISCUSSION

Among various MMPs upregulated during neuroinflam-
matory disorders, MMP9 has been a consistent candidate
for promoting BBB disruption, including in the JHMV
infection model (Hosking et al., 2009; Zhou et al., 2003).
However, rapid mortality following neutrophil/monocyte
ablation during lethal JHMV infection preceded peak lym-
phocyte accumulation (Zhou et al., 2003), leaving the role of
neutrophils and MMP9 on T cell migration through the
BBB inconclusive. Using a sublethal virus variant, the
present study shows that neutrophil depletion decreased
CNS leukocyte recruitment by ~50%, predominantly at the
peak of inflammation. Although macrophage and T cell
infiltration were both reduced in neutropenic mice, similar
virus clearance and disease severity as in control mice sug-
gested that T cells accessing the CNS parenchyma are suffi-
cient to exert effective anti-viral responses. By contrast, a
similar decrease in CNS macrophage and T cell recruitment
after blocking ELR" CXC chemokine to limit CXCR2-medi-
ated neutrophil migration resulted in increased mortality
and delayed virus clearance (Hosking et al., 2010). CXCR2
expression on CNS resident cells (Omari et al., 2005, 2006)
or a role of CXCR2 in oligodendrocyte protection during
JHMYV infection (Hosking et al., 2010) may explain this dis-
crepancy. Altogether, our data suggest that while neutro-
phils participate in leukocyte accumulation in the CNS,
they are not essential to protect the host from JHMYV infec-
tion. Monocytes have also been implicated in facilitating T
cell migration through the glia limitans at early time points
during JHMYV infection (Savarin et al., 2010). Neutrophils
and monocytes are the first cells to access the CNS and are
both a reservoir of proteases. We propose cooperation
between these two innate cells in breaching the BBB early
following infection. By releasing granule-sequestrated pro-
teases, neutrophils may induce initial BBB disruption,
which is amplified by monocytes to enhance leukocyte
migration through the glia limitans. This scenario is sup-
ported by the transient retention of leukocytes, including
CD4" and CD8™" T cells, in the absence of monocytes.

In contrast to neutropenic mice, MMP9 /™ mice infected
with JHMV exhibited no difference in virus clearance, dis-
ease severity or CNS inflammation compared to WT mice,
indicating that MMP9 is redundant in promoting leukocyte
migration through the BBB. Similar clinical disease and
CNS inflammation were also observed in MMP9 '~ and
WT mice during EAE (Dubois et al., 1999). The absence of
MMP9 may thus be overcome by additional neutrophil
derived proteases contributing to degrading BBB compo-
nents (Hager et al., 2010). Indeed, neutrophil elastase com-
pensates for MMP9 deficiency in a model of experimental
peritonitis (Kolaczkowska et al., 2009). However, neutrophil
elastase, MMP8 and Cathepsin G, were not significantly
upregulated in JHMV infected MMP9 '~ compared to WT
mice, suggesting that neutrophil-derived proteases did not
compensate for MMP9 deficiency at the BBB. Potential
compensation by other MMPs in MMP9 /™~ mice is difficult
to test during EAE due to the wide range of MMPs upregu-
lated in this model (Rosenberg, 2002). However, upregula-
tion of the limited array of MMPs characteristic of JHMV
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infection was conserved in MMP9 /" mice. Moreover,
enhanced MMP3 expression specifically in astrocytes fur-
ther demonstrated that the source of MMPs also remained
unaltered in MMP9 /™ mice. As astrocytes endfeet are part
of the glia limitans (Bechmann et al., 2007), MMP3 release
from the parenchymal side may exert similar degrading
effects as MMP9 released from the luminal side of the peri-
vascular space. A role for MMP3 in regulating BBB perme-
ability has previously been suggested using a lipopolysac-
charide-induced neuroinflammatory model (Gurney et al.,
2006). However, our data are distinct in suggesting that
MMP?9 activity at the luminal side of the BBB may be com-
pensated by MMP3 expressed by astrocytes at the ablumi-
nal side. Unfortunately, to our knowledge there are no in
vivo specific MMP3 inhibitors available to test this notion.
It is also noted that the absence of MMP upregulation at
the mRNA level does not rule out compensatory mecha-
nisms by other MMPs, as MMP activity may be enhanced
by post-translational cleavage. However, as noted above, ac-
tivity measurements of individual MMPs are difficult due
to the limited assays currently available. Nevertheless, our
data emphasize an important role of astrocytes in maintain-
ing BBB integrity, especially at the glia limitans.

The signaling pathway controlling MMP3 expression in
the absence of MMP9 remains unclear. Our in vivo data
suggested that the pro-inflammatory cytokines IL-1B and
TNF are insufficient to induce MMP3, contrasting their
effect on glial cell cultures (Crocker et al., 2006; Gottschall
and Yu, 1995). Moreover, neutrophil depletion did not
increase MMP3 in WT mice, suggesting MMP9 does not
directly regulate MMP3. A similar discrepancy was
observed during EAE comparing young and adult MMP9
~ mice. Whereas adult MMP9 /™ mice were indistinguish-
able from WT mice, young MMP9 /" mice (<4 weeks of
age) were resistant to EAE (Dubois et al., 1999). These data
suggest that compensatory mechanisms may occur develop-
mentally, when MMPs play an important role in CNS de-
velopment. Indeed, MMP9 expression during early post-
natal development is an important factor regulating myelin
formation (Larsen et al., 2006).

In conclusion, our data show that neutrophils participate
in BBB disruption during JHMV infection, but are not
essential in protecting the host from infection. Moreover,
the specific role of neutrophil-derived MMP9 in BBB break-
down, especially at the glia limitans, remains unclear due
to potential alternative/compensatory pathways dependent
on MMP3. These data emphasizes the difficulty of targeting
MMPs to alter CNS inflammation due to their complex reg-
ulation and dual roles (beneficial vs. detrimental).
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