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Extracellular matrix metalloproteinase inducer (EMMPRIN, CD147) is a member of the Ig superfamily, with various physiological roles
including the induction of matrix metalloproteinases (MMPs), leukocyte activation, and tumor progression. In this study, we illustrate a
novel involvement of EMMPRIN in multiple sclerosis (MS) and its animal model, experimental autoimmune encephalomyelitis (EAE).
We found EMMPRIN levels to be upregulated on peripheral leukocytes before onset of EAE clinical signs and on infiltrating leukocytes
and resident cells within the CNS in symptomatic mice. In EAE brain sections, EMMPRIN expression was localized with MMP-9 protein
and activity. The increased EMMPRIN level was also characteristic of brain samples from MS subjects, particularly in plaque-containing
areas. To evaluate the implications of elevated EMMPRIN levels, we treated EAE mice with an EMMPRIN function-blocking antibody and
found reduced EAE clinical severity accompanied by decreased CNS parenchymal infiltration of leukocytes. Amelioration of EAE clinical
signs by the anti-EMMPRIN antibody was critically dependent on its administration around the period of onset of clinical signs, which is
typically associated with significant influx of leukocytes into the CNS. Moreover, the reduction in disease severity in anti-EMMPRIN-
treated mice was associated with diminished MMP proteolytic activity at the glia limitans, the final barrier before parenchymal infiltra-
tion of leukocytes. Together, our results are the first to emphasize a role for EMMPRIN in MS and EAE, whereby EMMPRIN regulates
leukocyte trafficking through increasing MMP activity. These results identify EMMPRIN as a novel therapeutic target in MS.

Introduction
Extracellular matrix metalloproteinase inducer (EMMPRIN,
CD147) is a cell-surface glycoprotein investigated extensively in tu-
mor biology (Biswas et al., 1995). The mechanism of EMMPRIN in
tumor invasiveness is, in part, through inducing the expression of
several matrix metalloproteinases (MMPs), including MMP-1, -2,
-3, -9, and -11 (Biswas et al., 1995; Guo et al., 1997). EMMPRIN-
expressing cells induce MMP production in an autocrine and para-
crine manner (Tang et al., 2004).

In normal CNS tissue, EMMPRIN is found extensively at birth,
whereas expression in adulthood is limited to brain endothelial cells
(Fan et al., 1998). However, EMMPRIN must have important CNS
functions, as EMMPRIN null mice display various sensory deficits
(Igakura et al., 1996; Naruhashi et al., 1997; Chen et al., 2004).

Multiple sclerosis (MS) is an immune-mediated disease of the
CNS with prominent demyelination and axonal degeneration.

An animal model, experimental autoimmune encephalomyelitis
(EAE), mimics several immunological features of MS. Many leu-
kocyte subsets infiltrate into the CNS in MS and EAE through a
multistep process. This involves the initial rolling and adhesion of
leukocytes onto endothelial cells mediated through specific ad-
hesion molecules and integrins (Engelhardt, 2008). After their
diapedesis across the endothelial cell layer, leukocytes encounter
two basement membranes: the first is the endothelial basement
membrane, and the second is the parenchymal basement mem-
brane or glia limitans (Agrawal et al., 2006).

Leukocytes have been shown to readily cross the endothelial
basement membrane but require proteases to transmigrate the
glia limitans and enter the CNS parenchyma. Available evidence
indicates this proteolytic activity is provided principally by
MMPs (Mun-Bryce and Rosenberg, 1998; Agrawal et al., 2006;
Toft-Hansen et al., 2006). The use of MMP inhibitors (Toft-
Hansen et al., 2006) and mutant mice (Agrawal et al., 2006) re-
sulted in leukocytes being trapped in the perivascular space
between the endothelial basement membrane and the glia limi-
tans, and an attenuation of EAE disease.

There are 24 MMP members (Yong et al., 2001; Parks et al.,
2004), and several of these are elevated simultaneously in the
CNS of MS subjects (Anthony et al., 1997; Lindberg et al., 2001)
and EAE-afflicted animals (Clements et al., 1997; Toft-Hansen et
al., 2004; Weaver et al., 2005). Besides contributing to the traf-
ficking of leukocytes into the CNS, MMPs have roles in regulating
leukocyte activation, demyelination, and neurotoxicity (Yong et
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al., 2001). The simultaneous elevation of multiple MMPs in MS
and EAE implis that targeting these with broad-spectrum inhib-
itors, or by affecting an upstream inducer of the expression of
multiple MMPs such as EMMPRIN, would likely be more effec-
tive in resolving the disease.

As there is no existent association of EMMPRIN with MS, we
have addressed whether EMMPRIN is upregulated in MS and
EAE and whether EMMPRIN lies upstream to induce MMPs to
promote leukocyte transmigration into the CNS. Our results
highlight a role for EMMPRIN as a prominent upstream on-
switch for MMP activity and a crucial regulator of leukocyte mi-
gration into the CNS to produce pathology.

Materials and Methods
Animals and EAE induction. Six- to eight-week-old female C57BL/6 mice
were used for EAE immunization. All procedures are in accordance with
guidelines of the Canadian Council of Animal Care and have received
approval by the local ethics committee. For immunization, 50 �g of
MOG35–55 peptide in complete Freund’s adjuvant containing 10 mg/ml
of heat-inactivated Mycobacterium tuberculosis H37RA (Difco) was in-
jected subcutaneously, 50 �l on either side of the tail base. Animals were
supplemented with 300 ng of pertussis toxin injected intraperitoneally on
days 0 and 2 after myelin oligodendrocyte glycoprotein (MOG) immu-
nization. The animals were monitored daily for weight loss and changes
of EAE disease score using a scale of 1–15 described previously (Weaver et
al., 2005).

Human tissue samples. Fresh, frozen adult human CNS tissue samples
for Western blots were obtained from the Human Brain and Spinal Fluid
Resource Center in Los Angeles, California. Fixed and paraffin-embedded
MS tissues for immunohistochemical localization of EMMPRIN were from
archival specimens at the University of Calgary.

Western blots. Mouse and human CNS tissue were sonicated in protein
lysis buffer containing 1% Triton X-100 and a protease inhibitor tablet
(Roche Diagnostics). Samples were separated by SDS-PAGE on 12% gels,
transferred to polyvinylidene difluoride membranes, and probed using
antibodies to rat anti-mouse EMMPRIN (OX-114; Serotec) or mouse
anti-human EMMPRIN (109403; R&D Systems). EMMPRIN appears
around 50 kDa in Western blots. To determine whether similar amounts
of total protein were loaded per well, immunoblots were stripped (Re-
store Western blot stripping buffer; Pierce) and reprobed with an anti-
actin antibody (mouse anti-actin; Millipore).

With regard to anti-EMMPRIN antibodies for Western blots or other
applications such as flow cytometry and immunohistochemistry (see be-
low), we determined in preliminary optimization experiments that specific
anti-EMMPRIN antibodies worked best for particular techniques; therefore,
we had to use several EMMPRIN antibodies in this study, and they are all
listed in supplemental Table 1 (available at www.jneurosci.org as supple-
mental material). The specificity of the EMMPRIN antibodies was based on
reduced signal when recombinant EMMPRIN was preincubated with anti-
bodies and by the use of secondary antibody controls.

Gelatin zymography. Gelatin gel zymography was used to identify
MMP-2 and -9 present in mouse CNS tissue as described previously
(Agrawal et al., 2006). Briefly, gelatin-binding proteins were first en-
riched by treatment of samples with gelatin Sepharose and then separated
on a 10% polyacrylamide gel containing 1 mg/ml gelatin under nonre-
ducing conditions. Gels were washed in a Triton X-100 renaturing buffer,
followed by incubation in developing buffer containing 0.02% Brij 35,
and stained with Coomassie blue, followed by destaining.

In situ zymography and immunofluorescence staining. Gelatinolyic ac-
tivity was localized in CNS sections by in situ zymography as described
previously (Agrawal et al., 2006). Briefly, 10 �g/ml DQ-gelatin-FITC
(EnzCheck; Invitrogen) in 50 mM Tris-HCl, pH 7.4, plus 1 mM CaCl2 was
applied to unfixed, frozen cerebellar cryosections. These were incubated
for 4 h in a humid chamber at 37°C. Digestion of the gelatin-FITC sub-
strate results in unquenching of fluorescein and the localization of sites of
proteolytic activity in the cerebellar samples. Each section was then
washed in PBS and fixed in �20°C methanol before immunofluores-
cence staining as described previously (Agrawal et al., 2006). Primary

antibodies used in immunofluorescence staining included anti-pan
laminin as a marker of basement membranes (a kind gift from Dr. L.
Sorokin, Institute of Physiological Chemistry and Pathobiochemistry,
Westfälische Wilhelms-Universität, Münster, Germany), anti-CD45
(30F11) as a pan leukocyte marker (BD Bioscience), anti-CD3 as a T-cell
marker (RM-153; Serotec), anti-mouse EMMPRIN (OX-114; Serotec)
(supplemental Table 1, available at www.jneurosci.org as supplemental
material), anti-glial fibrillary acidic protein (GFAP) as a marker of astro-
cytes (Sigma), anti-Iba-1 as a marker of macrophages and microglia
(Wako), and anti-MMP-9 as a marker of active and inactive protease (Mil-
lipore Bioscience Research Reagents). Bound antibodies were visualized us-
ing Alexa 488-conjugated anti-rabbit or Alexa 546-conjugated anti-rat
secondary antibody (Jackson ImmunoResearch Laboratories) or Pacific blue
goat anti-rabbit secondary antibody (Invitrogen). Sections were examined
and photographed using a BX51 fluorescence microscope (Olympus) and a
Retiga 2000R camera from Q imaging.

Areas of the CNS examined included the lumbar sacral spinal cord, as
this is a region that is commonly and rapidly affected in EAE, as well as
the cerebellum, which presents with prominent perivascular inflamma-
tory cuffs.

Fluorescence-activated cell sorting. Mice were first perfused with phys-
iological saline, and then spleens, lymph nodes, and CNS were dissected
out in HBSS. Single-cell suspensions were isolated from these tissues by
sieving through a 70 �m nylon filter. Cells from the lumbar sacral spinal
cords were further separated into neural and leukocyte populations by
discontinuous density gradient centrifugation using isotonic Percoll (GE
Healthcare). Flow cytometry was performed using fluorescence-conjugated
antibodies against CD45.2 (leukocytes), CD3 (T-cells), CD11b (monocytoid
cells), or CD11c (dendritic cells) (all from BD PharMingen), GFAP (astro-
cytes), or EMMPRIN (E-Bioscience or Serotec) (supplemental Table 1,
available at www.jneurosci.org as supplemental material).

Anti-EMMPRIN antibody administration to EAE mice. An anti-mouse
EMMPRIN (clone RL73.2) function-blocking antibody (E-Bioscience)
(supplemental Table 1, available at www.jneurosci.org as supplemental
material) or rat IgG2a isotype control (E-Bioscience) was injected intra-
peritoneally (100 �g per mouse) in a volume of 100 �l into mice at
specific time points (see Results) after EAE induction.

Statistical analyses. We used Instat version 3 software (GraphPad) for
our statistical analyses. A two-tailed unpaired Student’s t test was used
where two experimental groups with parametric scores were compared.
In the case of EAE clinical scores, the ordinal scale required a nonpara-
metric Mann–Whitney U test.

Results
EMMPRIN levels are increased in mouse CNS during EAE
In nonimmunized CNS sections, low EMMPRIN immunofluo-
rescence was found restricted to endothelial cells of blood vessels
(Fig. 1A), as has been reported previously (Fan et al., 1998). In
EAE mice, however, high EMMPRIN levels were evident not only
around inflamed vessels but also on other cellular profiles in the
vicinity of inflammation (Fig. 1B). Consistent with these results,
EMMPRIN levels detected using Western blots were found to be
substantially increased in the CNS at the onset of clinical signs of
EAE (day 10 after immunization) and at peak disease (day 15);
indeed, elevated EMMPRIN levels were already evident at the
presymptomatic stage at day 5 (Fig. 1C).

Various leukocyte subsets elevate EMMPRIN expression
during EAE
To determine the cellular populations in EAE that expressed
EMMPRIN, we first used flow cytometry of various live cell pop-
ulations isolated from the lumbar sacral spinal cord and periph-
eral lymphoid organs (spleen and lymph nodes) gated on CD45�

(Fig. 1D). A higher percentage of EMMPRIN-positive cells was
detected in peripheral lymphoid organs on CD11b� monocyte/
macrophages and CD3� T-cell populations at the presymptom-
atic period (day 5), at the onset of clinical signs (day 10), and at
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later periods (day 15) (Fig. 1E) compared to naive control mice.
In the lumbar sacral spinal cord, increased EMMPRIN expres-
sion was found in infiltrating T-cells (CD3�), macrophages
(CD45 high CD11b high), as well as microglia (CD45 lowCD11b high)
(Fig. 1F, supplemental Fig. 1, available at www.jneurosci.org as
supplemental material) at days 10 and 15, with a small increase
already apparent at presymptomatic EAE (day 5).

We next used immunofluorescence staining on 4%
paraformaldehyde-fixed cryostat sections from the lumbar sacral
spinal cord. Consistent with fluorescence-activated cell-sorting
(FACS) results, at peak EAE disease, EMMPRIN was highly ex-
pressed in infiltrating CD3� T-cells (Fig. 2A–C), in CNS resident
GFAP� astrocytes (Fig. 2D–F) and in Iba-1� macrophage/mi-
croglia (Fig. 2G–I). Indeed, quantitation by flow cytometry

shows that EMMPRIN� astrocytes in-
creased from 1% in normal brain to 92%
in EAE mice, whereas the proportion of
EMMPRIN� macrophage/microglia was
elevated from 9.4% in normal to 32% in
the CNS in EAE mice (supplemental Fig.
1, available at www.jneurosci.org as sup-
plemental material). These findings
show that in EAE, EMMPRIN levels in-
crease not only in CNS infiltrating cells
but also in CNS resident cells.

Increased EMMPRIN levels colocalize
with increased MMP activity in the
mouse CNS during EAE
Immunofluorescence staining of the cer-
ebellum using a pan laminin (pan LM)
antibody to demarcate the endothelial
basement membrane and glia limitans,
and a CD45� antibody to stain leuko-
cytes, revealed in EAE-afflicted mice the
accumulation of leukocytes in perivascu-
lar cuffs as well as in the parenchyma (Fig.
3A–C). High EMMPRIN immunofluo-
rescence was found to coincide with in-
creased MMP-9 fluorescence in and
around the perivascular cuffs (Fig. 3D–F).
To determine whether EMMPRIN levels
coincide with active MMP-2/9 levels, we
used in situ gelatin zymography that de-
tects signals selective for MMP activity,
particularly those for active MMP-2
and/or MMP-9 (Oh et al., 1999; Agrawal
et al., 2006). EMMPRIN expression was
found to be coincident with MMP-2/9 ac-
tivity (Fig. 3G–I, arrows). We were unable
to measure the activity of other members
of the MMP family known to be elevated
in EAE, such as MMP-3 (Weaver et al.,
2005), because of insensitivity of tech-
niques for non-MMP-2/9 in situ.

Elevation of EMMPRIN in MS
Having determined that EMMPRIN is up-
regulated in EAE, we examined whether this
similarly occurred in MS. Western blot de-
terminations showed that EMMPRIN levels
in brain samples were higher in all four MS
cases compared with healthy controls (Fig.

4A), with higher EMMPRIN levels in active (MS1 and MS2) com-
pared with inactive (MS3 and MS4) MS plaques. Within the MS
cases, EMMPRIN levels were highest in plaques compared to adja-
cent normal appearing gray and white matter (Fig. 4B, one case
shown).

Immunohistochemical analysis of paraffin-embedded sec-
tions for EMMPRIN shows that in normal appearing white mat-
ter areas of MS CNS (Fig. 4C, box), EMMPRIN was restricted to
endothelial cells of blood vessels (Fig. 4D,E). However, in the
plaque-containing samples evident by extensive demyelination
(loss of luxol fast blue staining) (Fig. 4F, box), EMMPRIN im-
munohistochemistry was widespread (Fig. 4G) and was similar to
the staining pattern of GFAP�-reactive astrocytes in the same
area (Fig. 4H). We next performed immunofluorescence stain-

Figure 1. EMMPRIN expression is upregulated in EAE. Immunofluorescence staining (A, B), Western blot analysis (C), and flow
cytometry (D–F ) revealed higher EMMPRIN protein expression in mice immunized for EAE compared with naive controls. A, B,
EMMPRIN expression was restricted to blood vessels in control cerebellum (A; 100� original magnification) and dramatically
upregulated in EAE around inflamed blood vessels [B; 200� original magnification; the inset is double-immunofluorescence
staining for pan laminin in green (vessels) and EMMPRIN in red] and also on other cellular profiles not associated with vessels. C,
EMMPRIN, detected at 50 kDa in mouse spinal cord, increased (mean � SEM; n � 3) in mice immunized for EAE at the presymp-
tomatic stage (day 5), at the time of appearance of clinical signs (day 10), and at the peak clinical severity (day 15) compared with
naive controls. Actin was used as a loading control. D, FACS analyses gating for CD45� cells found increased numbers of
EMMPRIN� cells in lumbar sacral spinal cord isolates from EAE mice compared with controls. E, F, A time-point analysis on CD45�
gated cells from peripheral lymphoid organ (E) and lumbar sacral spinal cord (F ) revealed increase in EMMPRIN in the T-cell
(CD3�, red), macrophage (CD45 highCD11b high, brown), and microglia (CD45 low, CD11b high, green) populations with EAE pro-
gression. Data for fluorescence-activated cell sorting are mean � SEM. pooled from nine mice each.
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ing, on frozen sections, of MS CNS
plaques, choosing the same MS cases used
in the Western blots described previously
in Figure 4, A and B. The results revealed
the presence of typical inflammatory cuffs
marked by pan laminin (Fig. 4 J,K) stain-
ing of the endothelial basement mem-
brane and glia limitans, which surround
blood vessels in the CNS, as well as an ac-
cumulation of CD45� leukocytes (Fig.
4I,L) in the perivascular cuff and within the
CNS parenchyma. Staining with a mouse
anti-human EMMPRIN antibody that was
optimal for frozen tissue (but not for the
paraffin-embedded sections) revealed
prominent EMMPRIN expression (Fig.
4M,N), not only on endothelial cells of
blood vessels but also colocalized with infil-
trating leukocytes (Fig. 4M, inset, N, inset,
arrowhead) and CNS resident cells (Fig. 4N,
arrow). These findings suggest an upregula-
tion of EMMPRIN in MS and support a
role for EMMPRIN in MS.

The blockade of EMMPRIN in EAE
attenuates disease activity
To determine a role for EMMPRIN in
EAE, a function-blocking antibody for
EMMPRIN or an isotype control was ad-
ministered to mice at days 8, 11, and 15 after
EAE induction (Fig. 5A), and EAE disease
(onset, severity, and progress) was mon-
itored for each group. Anti-EMMPRIN
treatment reduced EAE severity, with a peak
clinical disease score of 4 (involvement of
tail and hindlimbs) versus 9 (involvement of
tail, hindlimbs and forelimbs) in the isotype
group. Disease scores between groups were
significantly different (*p � 0.01–0.05,
Mann–Whitney U test).

CD45� populations of cells (presum-
ably T-cells) that are CD11b� (Fig. 5B,
top left corner) were reduced in the anti-
EMMPRIN-treated group compared with
isotype controls. Fewer CD45�CD11b�

macrophage/microglia were found in
anti-EMMPRIN-treated EAE mice com-
pared with isotype antibody controls
(macrophage, 9 vs 14%; microglia, 13 vs
19%, respectively) (Fig. 5B). Moreover,
less CD4� T-cells were found in the lum-
bar sacral spinal cord of anti-EMMPRIN-
treated animals versus isotype controls at
days 10 (10 vs 21%) and 20 (28 vs 39%) of
EAE mice (Fig. 5C,D, respectively). Over-
all, a lowered percentage of CD4� cells
were detected in anti-EMMPRIN-treated
compared with isotype-treated mice (Fig.
5E). Similarly, 14 d after immunization,
immunofluorescence staining of the
cerebellum using a pan LM antibody
to demarcate the endothelial basement
membrane and glia limitans and a

Figure 2. EMMPRIN is expressed by both CNS resident and infiltrating cells in EAE. At peak EAE disease (day 15), various cell
types in the spinal cord were examined for EMMPRIN expression. A–C, Using immunofluorescence staining, we show that a large
number of CD3� infiltrating T-cells are also EMMPRIN positive; a high-magnification inset in C shows CD3 colocalization with
EMMPRIN. D–F, GFAP� astrocytes also expressed high amounts of EMMPRIN protein. G–I, Finally, Iba-1-positive macrophage/
microglial cells stained positive for EMMPRIN. Pictures are representatives from similar data from nine mice each. All micrographs
are 200� original magnification.

Figure 3. In EAE, EMMPRIN staining around inflammatory cuffs coincide with MMP-9 expression and MMP-2/9 activity.
A–C, In the white matter of cerebellum of mice with peak EAE clinical severity, perivascular inflammatory cuffs typified by
CD45� leukocytes (red; A, C) sandwiched between the two laminin-containing (Pan LM; green; B, C) basement mem-
branes of vessels are common (200� original magnification). D–F, High EMMPRIN levels (red; D, F ) are found in and
around the inflammatory cuffs coincident with high levels of MMP-9 protein (green; E, F ) (200� original magnification).
G–I, Similarly, EMMPRIN staining (red; G, I ) colocalizes (I, arrows) with MMP-2/9 activity detected by in situ zymography
(green; H, I ) at sites of perivascular cuffs (400� magnification); in situ zymography cannot differentiate between the
activity of MMP-2 and -9.
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CD45� antibody to stain leukocytes revealed a higher density of
perivascular cuffs and parenchymal infiltrates in the isotype-
treated EAE mice (Fig. 5F,G) compared with anti-EMMPRIN
animals (Fig. 5H, I). Although we expected to observe larger

perivascular cuffs in the anti-EMMPRIN-
treated animals, our results showed the
presence of smaller and fewer inflamma-
tory cuffs. EMMPRIN is expressed on en-
dothelial cells of blood vessels in the CNS
(Fan et al., 1998), and it is possible that
treatment with the function-blocking
anti-EMMPRIN antibody impedes the
binding of leukocytes to endothelial cells.
If so, this suggests a possible role for
EMMPRIN in leukocyte adhesion to en-
dothelial cells, although this would have
to be investigated further.

The number of total cerebellar perivas-
cular cuffs was counted in three mice in
each group. Briefly, each cerebellum was
completely sectioned into 10-�m-thick
coronal sections and placed onto glass
slides. Antibodies against pan laminin and
CD45 were used to stain components of
the basement membranes and infiltrating
cells, respectively, to illustrate a perivascu-
lar cuff. Every perivascular cuff in all sec-
tions was counted, taking care that the
same cuff was not counted twice. Signifi-
cantly fewer perivascular cuffs were ob-
served in anti-EMMPRIN-treated mice
compared with isotype controls (Fig. 5J).
Fewer of the perivascular cuffs were found
to be associated with CNS parenchy-
mal infiltration of CD45� cells in anti-
EMMPRIN-treated EAE mice compared
with isotype controls (42 vs 95%).

We addressed whether the decrease in
leukocyte infiltration into the CNS paren-
chyma in the anti-EMMPRIN group was
caused by lowered peripheral generation
of antigen-specific T-cells. Splenocytes
and lymph node cells were harvested at
day 10 after MOG35–55 immunization and
were restimulated with MOG35–55 in vitro
for 3[H]-thymidine incorporation. No
significant difference in T-cell prolifera-
tion was found between anti-EMMPRIN
and isotype antibody treatments (Fig.
5K), indicating that the lowered cellu-
lar infiltration into the CNS in anti-
EMMPRIN animals was not contributed
by reduced generation of antigen-specific
T-cells.

Mechanism of action for EMMPRIN
in EAE
To support the possible contention that
anti-EMMPRIN antibody reduces EAE
severity through a mechanism after acti-
vation of MOG-specific T-cells, we deter-
mined whether treatment could still affect
EAE clinical scores if administered on

days 0, 4, and 8 after MOG immunization, time points when
antigen-reactive cells and other disease-promoting leukocytes are
generated and propagated. This treatment paradigm did not re-
sult in modulation of EAE disease (supplemental Fig. 2, group I,

Figure 4. High EMMPRIN levels detected in MS plaques. A, Western blots revealed high EMMPRIN levels (50 kDa) in CNS samples from
individual MS patients (MS1–2, with active lesions; MS3– 4, inactive lesions) versus healthy donors (C1 and C2). Results are obtained from
the same blot, and the white lines are attributable to irrelevant samples that have been spliced out. Similar levels of actin as the loading
control in all samples are indicated. Samples C2 and MS4 have extra bands above and below the EMMPRIN band, respectively. The extra
band in C2 is observed in a blot stained with the secondary antibody only (data not shown) and likely represents nonspecific binding. The
lower bands in sample MS4 were not detected with the secondary antibody only and may be lower-molecular-weight glycosylated forms
of EMMPRIN. B, Among the MS cases (where an example from one MS case is displayed), EMMPRIN was highly expressed in the MS plaque
(P) compared to adjacent normal appearing white (W) and gray (G) matter. C, Hematoxylin and eosin with luxol fast blue staining of an MS
plaque-containing specimen (40� original magnification) was used to examine EMMPRIN expression in both plaque and adjacent non-
affected white matter. D, E, G, Both immunohistochemistry (D) using 3,3�-diaminobenzidine tetrahydrochloride (DAB) and immunofluo-
rescencestaining(E)revealedEMMPRINstaininginnormal-appearingareastoberestrictedtobloodvessels,whereasinplaques,EMMPRIN
immunoreactivity was widespread (G). H, Immunohistochemistry for GFAP-positive astrocytes showed a similar pattern of expression as
EMMPRIN.I–K, ImmunofluorescencestainingofanactiveMSplaquerevealedthepresenceof inflammatorycuffsmarkedwithpanlaminin
(PanLM)stainingforbasementmembranessurroundingthebloodvesselandCD45� leukocyteaccumulationandinfiltrationintotheCNS
parenchyma. L–N, EMMPRIN, found to be predominantly expressed on endothelial cells of the inflammatory cuffs with this particular
antibody, also colocalized with infiltrating CD45� cells (M, inset; N, inset, arrowhead), and CNS resident cells (N, arrow). Hoescht dye was
used to stain the nucleus of cells blue (I, K, L).
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available at www.jneurosci.org as supple-
mental material). Another group of mice
treated with anti-EMMPRIN antibody on
days 4, 8, and 11 after immunization
showed a separation of initial course of dis-
ease compared with isotype antibody-
treated mice (supplemental Fig. 2, group II,
available at www.jneurosci.org as supple-
mental material). Collectively, these results
of anti-EMMPRIN antibody administered
at various times suggest that anti-
EMMPRIN treatment was critically impor-
tant between days 8 and 11 and that the
continuation of treatment with anti-
EMMPRIN after day 11 helps to contain
disease activity.

How then is anti-EMMPRIN reducing
the trafficking of leukocytes into the CNS
parenchyma? We suggest that it may be
the result of reduced MMP activity re-
quired for penetration of cells across the
glia limitans. To address this, we sub-
jected cerebellar cryosections to double-
immunofluorescence staining for pan
laminin and/or CD45� cells, combined
with gelatin in situ zymography. We
found MMP activity in close proximity to
CD45� cells within the cuff or at the ad-
vancing front of leukocytes that infiltrated
into the CNS parenchyma (Fig. 6A,B).
Importantly, while MMP activity could be
detected in the perivascular cuff and ad-
vancing front of leukocytes within cerebellar
slices of isotype antibody controls (Fig. 6C–
E), these were barely detectable or absent in
sections from anti-EMMPRIN-treated ani-
mals at day 15 of EAE (Fig. 6F–H). These
data are compatible with reduced MMP-2
and -9 levels in anti-EMMPRIN-treated
mice compared with isotype antibody con-
trols examined through gel zymography
of tissue homogenates (Fig. 6 I). Thus, to-
gether with the coincident expression of
EMMPRIN with MMP-2/9 activity de-
scribed previously (Fig. 3), the results of
anti-EMMPRIN treatment validate that
EMMPRIN acts as a prominent upstream
on-switch for MMP activity at the blood–
brain barrier in EAE, and this particularly
promotes the entry of leukocytes into the
CNS parenchyma.

Discussion
This study is the first to investigate a role
for EMMPRIN in MS and EAE. We found
an increase in EMMPRIN levels in both
active MS plaques and in the CNS of EAE-
afflicted mice. Indeed, in the latter model
where a temporal study was possible,
EMMPRIN expression in circulating leukocytes and within the
CNS in infiltrated immune cells and CNS resident cells was ele-
vated before onset of clinical signs; the further elevation of
EMMPRIN coincided with increasing disease severity. Examined

at peak clinical disease, EMMRPIN expression correlated with
MMP-9 protein expression and MMP-2/9 enzymatic activity.
When a function-blocking antibody to EMMPRIN was injected
into EAE mice, we observed not only a reduction in disease se-
verity correspondent with reduced cellular infiltrates, but also a

Figure 5. Treatment with anti-EMMPRIN function-blocking antibody attenuates EAE disease severity. A, Mice immunized for
EAE were treated with an anti-EMMPRIN function-blocking antibody at days 8, 11, and 15 (arrows) after MOG immunization, and
EAE disease severity was found to be significantly reduced compared with mice treated with an isotype antibody control. The data
points that are statistically different are indicated (*p � 0.01– 0.05, Mann–Whitney U test). Results are mean � SEM. from six
mice each; this was reproduced in another experiment. B–D, Using fluorescence-activated cell sorting, the percentage of
CD45 �CD11b � macrophage/microglia (B; the ellipse with the higher CD45 represents macrophage, whereas the lower ellipse
depicts microglia) and CD4 � T-cells at days 10 (C) and 20 (D) in the CNS were observed to be lower in mice treated with
anti-EMMPRIN compared with those treated with isotype control. E, Percentage of CD4� T-cells was lower in the CNS of EAE mice
treated with anti-EMMPRIN compared with treatment with isotype control. F–J, Immunofluorescence staining for pan laminin
(green) and CD45� (red) cells of mouse cerebellum reveal a significantly higher number of perivascular cuffs (arrows) and CNS
parenchymal infiltrates in isotype-treated [40� (F ) and 200� (G) original magnification, respectively] animals compared with
those treated with anti-EMMPRIN [40� (H ) and 200� (I ) original magnification, respectively]; the quantified results of the total
number of perivascular cuffs observed in both groups is displayed in J. Results are representative from six mice in each group. K,
Importantly, the recall response of T-cells to MOG35–55 was not significantly different between the anti-EMMPRIN- and isotype
control-treated groups. CPM, Counts per minute in a proliferation assay.
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marked decrease in MMP activity at the glia limitans. Together,
our data implicate EMMPRIN as an upstream regulator of MMP
activity-mediated transmigration of leukocytes into the CNS.

MMPs are implicated in the pathology of MS and EAE as
marked by several lines of evidence (Hartung and Kieseier, 2000;
Yong et al., 2001, 2007; Opdenakker et al., 2003). Many members
are elevated in the serum, CSF, and brain tissue of patients with
MS (for review, see Yong et al., 2007) and in the CNS of mice
afflicted with EAE (Weaver et al., 2005; Toft-Hansen et al., 2006).
In human subjects, the period between the first and second clin-

ical attacks of MS is accompanied by an
increase in levels of MMP-9 in the serum
compared with controls (Correale and
Bassani Molinas Mde, 2003). The expres-
sion of MMPs has consequences, as these
proteases influence the activation of
T-cells in the periphery (Li et al., 2007),
the transmigration of leukocytes into the
CNS (Rosenberg, 2002; Toft-Hansen et
al., 2004; Agrawal et al., 2006), and demy-
elination and axonal/neuronal loss within
the CNS (Matyszak and Perry, 1996; New-
man et al., 2001). In support, pharmacolog-
ical inhibitors (e.g., GM6001, Ro31-9790,
and BB1101) of MMPs alleviate the clini-
cal course and neuropathology of EAE
(for review, see Yong et al., 2007). More-
over, EAE is reduced in mice that are ge-
netically deficient for MMP-2, -7, -8, and
-9 (Dubois et al., 1999; Agrawal et al.,
2006; Folgueras et al., 2008; Buhler et al.,
2009). As well, a first-line therapy used in
MS, interferon-�, reduces the expression
of several MMPs in leukocytes of MS pa-
tients (Stuve et al., 1996; Bernal et al.,
2009). Despite these results, it has not
been clear why there is the extensive up-
regulation of the multiple MMPs in MS
and EAE. Our data render EMMPRIN a
likely candidate upstream of these ele-
vated MMPs.

As noted previously, leukocytes readily
cross the endothelial basement mem-
brane but require MMPs to transmigrate
the glia limitans and enter the CNS paren-
chyma (Mun-Bryce and Rosenberg, 1998;
Agrawal et al., 2006; Toft-Hansen et al.,
2006). Thus, while the reduction of pro-
teolytic activity with anti-EMMPRIN
treatment helps account for the attenua-
tion of parenchymal infiltration of leuko-
cytes, it is surprising that we did not
observe large perivascular cuffs that could
represent immune cells that were pre-
vented from penetrating across the glia
limitans into the CNS parenchyma; in-
stead, we observed fewer and smaller cuffs
in the anti-EMMPRIN mice. This finding
suggests that EMMPRIN may also affect
leukocyte recruitment or their adhesion
onto cerebral vessels, thereby generally re-
ducing the number of inflammatory cells
that attach onto cerebral vessels. In this

regard, EMMPRIN is known to interact with the cyclophilins that
can alter leukocyte chemotaxis (Damsker et al., 2009). Moreover,
EMMPRIN colocalizes with integrins (Berditchevski et al., 1997)
expressed on endothelial cells of blood vessels and infiltrating
T-cells, and it is possible that anti-EMMPRIN treatment may
alter integrin function and thereby affect the adhesion of leuko-
cytes onto endothelial cells.

The period of treatment with anti-EMMPRIN that results in
amelioration of EAE symptoms is instructive. Treatment at a
time interval when leukocytes are being activated (days 0, 4, and

Figure 6. Anti-EMMPRIN antibody treatment reduces MMP activity in the CNS. A–C, Inflamed vessels with numerous CD45�
cells both within the perivascular cuff and invading the CNS parenchyma (B; asterisk and arrow, respectively) were observed in
cerebellum cryosections of EAE mice with no treatment or isotype control antibody treatment (A, C), double-immunofluorescence
stained for pan laminin (green) and CD45� (red). B, D, E, Immunofluorescence staining for pan laminin (red) coupled with in situ
zymography (green) showed MMP activity corresponding to the sites where leukocytes infiltrate the glia limitans to enter the CNS
parenchyma. F, In EAE mice treated with anti-EMMPRIN antibody, double-immunofluorescence staining showed CD45� cells to
be restricted to the perivascular cuff, with very little to no infiltration into the CNS parenchyma. G–I, Immunofluorescence coupled
with in situ zymography for MMP activity and gelatin gel zymography showed a reduction in MMP-2 and MMP-9 activity and levels
with anti-EMMPRIN treatment. Coomassie blue was used to stain a nongelatin gel to verify equal sample loading on gel zymo-
grams (I ). In all cases, results are representatives from two independent experiments with at least three animals per treatment in
each group.
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8) did not affect EAE, indicating that although EMMPRIN has
been reported to promote leukocyte maturation and activation
(Chiampanichayakul et al., 2006), the efficacy of the anti-
EMMPRIN antibody was likely not related to affecting this
process. This contention is supported by our data that anti-
EMMPRIN administration did not change the antigen recall re-
sponse of peripheral leukocytes. Importantly, treatment with
anti-EMMPRIN at days 8 –11 ameliorates EAE; this is a time
window when leukocytes are known to migrate into the CNS in
EAE. When mice with anti-EMMPRIN treatment at days 8 and
11 received another injection at day 15, the reduction in EAE
symptoms was sustained compared with mice that did not receive
EMMPRIN antibody at this point. Whereas this indicates a con-
tinual role for EMMPRIN in leukocyte migration into the CNS at
the later time point, we cannot exclude the possibility that
EMMPRIN has other functions within the CNS, as suggested by the
high and persistent (data not shown) expression of EMMPIN on
astrocytes in EAE and MS lesions. It is probable that the damaged
blood–brain barrier in EAE permits the entry of the anti-EMMPRIN
antibody into the CNS to neutralize EMMPRIN-dependent activity
on CNS resident cells that is distinct from regulating leukocyte mi-
gration. The recent reports of EMMPRIN being elevated within the
CNS in stroke (Burggraf et al., 2007; Zhu et al., 2008) and Alzhei-
mer’s disease (Zhou et al., 2005) support the idea that there could be
other functions of EMMPRIN in the affected adult CNS that is un-
related to large-scale leukocyte migration. Indeed, in early life,
EMMPRIN has roles in neural development unrelated to immunity
(Naruhashi et al., 1997; Curtin et al., 2007).

Recently, it was shown that when mice null for the cyclophilin
D gene were induced with EAE, they recovered earlier than their
wild-type counterparts (Forte et al., 2007). Although these null
mice had similar inflammatory scores as wild-type controls, they
had more spared axons, which were attributed to the neurons in
cyclophilin D null mice being more resistant to the reactive oxy-
gen and nitrogen species encountered in EAE (Forte et al., 2007).
Cyclophilins are implicated in the cell-surface expression of
EMMPRIN, and EMMPRIN has been identified as being essential
for cyclophilin-mediated signaling (Yurchenko et al., 2005), sug-
gesting a role for EMMPRIN in cyclophilin associated effects
in EAE.

EMMPRIN null mice do exist, wherein both male and female
homozygotes are sterile. Impaired spermatogenesis (arrest at the
metaphase of the first meiosis) is observed in EMMPRIN null
male mice (Igakura et al., 1998), whereas the female sterility is
thought to be caused by the failure of fertilization and implanta-
tion (Igakura et al., 1998). EMMPRIN null mice also have several
neurological and cognitive defects, reduced blood– brain barrier
integrity (Igakura et al., 1996), and cycling defects in lymphocytes
(Renno et al., 2002). Together, this has made EMMPRIN null
mice a poor candidate to investigate EAE in our opinion.

In summary, this study is the first to describe a role for
EMMPRIN in MS and EAE. Our results highlight EMMPRIN in
the regulation of MMP expression and activity, with resultant
impact on the transmigration of leukocytes across the glia limi-
tans into the CNS. Our findings emphasize EMMPRIN to be a
novel therapeutic target to ameliorate MS.
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