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ABSTRACT 

Inflammation in multiple sclerosis and its animal model, experimental autoimmune 
encephalomyelitis (EAE), is manifested by changes in matrix metalloproteinase (MMP) 
expression and in the ratio of T helper (Th) 1 and 2 effector cytokines. Here, we provide a 
comprehensive documentation of MMPs in EAE and report that of all the MMPs that could be 
measured at peak disease in spinal cord tissue, MMP-12 was the most highly up-regulated. In 
contrast to previously published findings of MMPs in EAE, this increase in MMP-12 expression 
was associated with protection, as MMP-12 null mice had significantly worse maximum severity 
and EAE disease burden compared with wild-type (WT) controls. When spleen and lymph node 
cells were removed from EAE-afflicted WT and MMP-12 null mice at the same disease score 
before divergence of disease and restimulated in vitro, the MMP-12 null cells had significantly 
higher Th1 to Th2 cytokine ratio. Measurements of the transcriptional regulators of T cell 
polarization revealed that MMP-12 null cells had increased T-bet and reduced GATA-3 
expression, a condition that favors a Th1 bias. These results emphasize that specific MMPs can 
have beneficial roles in inflammation, and they implicate MMPs in T effector polarization for the 
first time. 
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ultiple sclerosis (MS) and one of its animal models, experimental autoimmune 
encephalomyelitis (EAE), are diseases of the central nervous system (CNS) that are 
influenced by the particular pattern of cytokine expression characteristic of T helper 

(Th) 1 effector subsets. In addition, recent evidence has implicated the matrix metalloproteinases 
(MMPs) in the pathogenesis of MS and EAE (reviewed in refs 1, 2). 

T cell polarization has been the subject of intense research since the initial characterization of 
CD4+ Th1 and Th2 effector cell populations by Mossman et al. (3). These subsets have 
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differential roles (4); the Th1 effector subset, traditionally responsible for the production of 
proinflammatory cytokines such as interferon-gamma (IFN-γ), has been implicated in the 
pathogenesis of autoimmunity. Conversely, the Th2 cytokines, including interleukin (IL)-5, are 
important in parasitic infections as well as the development of asthma. In addition, T helper 
lymphocyte polarization can result in repression of the opposite effector cytokine expression, 
such that Th2 cells have the ability to balance the Th1 cytokines and alleviate the severity of 
autoimmune diseases. 

MMPs are a family of 23 zinc-bound proteases that, collectively, have the capability to degrade 
all protein components of the extracellular matrix (ECM). For this reason, the initial roles 
attributed to MMPs have been in processes that require remodeling of the ECM, such as 
developmental events, wound healing, and tumor metastasis (5). However, recent evidence has 
implicated MMPs in more complex roles, including apoptosis, cell signaling, and immune 
regulation (5, 6). 

MMPs are implicated in MS and EAE pathology (1, 2). Increased expression of various MMP 
members (MMP-2, -3, -7, -9, and -14) has been found in the serum, cerebrospinal fluid, and 
autopsied brains of patients with MS, compared with controls (7–9). In EAE, MMP–3, -7, -8, -9, 
-12, and -14 are up-regulated and expression of some has been correlated with disease severity 
(10–13). Young MMP-9 null mice are less susceptible to EAE induction than WT mice (14). In 
support of a pathogenic role of MMPs in EAE, synthetic inhibitors of metalloproteinases 
attenuate the EAE disease course (12, 13, 15, 16). In MS, one mechanism attributed to the 
efficacy of interferon-β is the inhibition of MMP production by T lymphocytes (17). Overall, it is 
thought that MMPs contribute to MS and EAE pathology through a variety of mechanisms, 
including leukocyte trafficking, blood-brain barrier disruption, and cleavage of myelin proteins 
(1, 2). 

Currently, most research on MMPs in EAE has focused on the detrimental roles of a very narrow 
spectrum of MMP family members. Whether other MMPs are involved and whether MMPs have 
beneficial functions in the disease are unknown. In addition, no research has addressed a link 
between MMP activity and the polarization of the Th1 and Th2 effector T cell subsets. In this 
manuscript, by using the myelin oligodendrocyte glycoprotein (MOG)-induced model of 
relapsing-remitting EAE in 129/SvEv mice, we have analyzed the expression of 22 of 23 murine 
MMP family members during peak EAE severity. We have found that MMP-12 
(metalloelastase) is highly up-regulated at peak disease course. Unexpectedly, this protease plays 
an important protective role in attenuating EAE, since mice lacking MMP-12 have a significantly 
worse disease outcome than wild-type (WT) mice. Finally, we demonstrate that splenocytes and 
lymph node cells from MMP-12-deficient animals during disease remained highly Th1 polarized, 
whereas WT cells at the same disease score had a higher Th2 to Th1 cytokine ratio. These data 
indicate for the first time that an up-regulated MMP member is a protective molecule in EAE and 
that MMP-12 functions in part by modulating the Th1/Th2 effector cytokine balance. M

MATERIALS AND METHODS

Induction of relapsing-remitting MOG EAE 

Female 129/SvEv mice, aged 8-10 wk, were induced for EAE using MOG35-55 in complete 
Freunds adjuvant (CFA); in this strain of mice, this protocol produces a relapsing-remitting 
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model of disease. Animals were injected subcutaneously in their flanks, at day 0, and again at 
day 7, each with 100 μg of MOG35-55 in 100 μl of CFA, supplemented with an additional 4 
mg/ml of Mycobacterium tuberculosis (H37Ra) as described previously (12). No pertussis toxin 
was used. 

Daily assessments of disease in mice 

Animals were evaluated daily using a scoring system that makes the assessment of disease in 
129/SvEv mice more responsive to change. This new scale ranges from 0 to 15 and is the sum of 
the state of the tail and all of the four limbs. For the tail, a score of 0 reflects no signs, 1 
represents a half paralyzed tail, while a score of 2 is given to a mouse with a fully paralyzed tail. 
For each of the hind- or forelimbs, each assessed separately, 0 signifies no signs, a score of 1 is a 
weak or altered gait, 2 represents paresis, while a score of 3 denotes a fully paralyzed limb. Thus, 
a fully paralyzed quadriplegic animal would attain a score of 14. Mortality equals a score of 15. 
Typically, a mouse undergoing an attack would first have loss of function in the tail followed by 
one of the hindlimbs; therefore, a low score of 3 or 4 indicates tail involvement and a weak 
hindlimb, akin to Grade 2 on the commonly used 5 point scale (12). The ability of our scoring 
method to differentiate between animals is highlighted by an example of two animals where one 
remains at a score of 12 (both hindlimbs and tail are fully paralyzed and forelimbs are partially 
paralyzed) and another that has remitted from 12 to a score of 7 (where the animal has recovered 
function in both hindlimbs and forelimbs but not completely). Both of these states would be 
given a score of 4 by the old scoring method (12), because the forelimbs were involved even 
though clinically these animals behaved very differently. For this reason, the new scoring 
method was preferred. For studies at peak disease, animals were killed at a point when disease 
signs were no longer worsening and animals were just beginning to show signs of remission. 

RNA analyses 

Immediately after death, the lumbar/sacral spinal cord was removed into 1 ml of Trizol® and the 
total RNA was then extracted. An RNase protection assay (RPA) was first used to compare the 
regulation of MMPs in control and EAE animals (129/SvEv WT mice) at peak disease. A probe 
set with nine MMPs, containing the ribosomal protein RPL32-4A (or L32) as an internal loading 
control, was employed as described previously (12). 

TaqMan polymerase chain reaction (PCR) was also used to profile mRNA levels when animals 
reached peak disease, since this allowed MMPs not included in the RPA to be analyzed. One 
microgram of RNA was reverse transcribed to make cDNA. Only WT samples were used for 
these analyses, with four normal nonimmunized animals, and six animals at peak EAE disease. 
All primers and methodology have been described previously (18, 19). The 18S rRNA gene was 
used as an endogenous internal control. The cycle number was recorded as the fluorescence 
crossed a threshold, determined by the linear phase of replication, and relative amounts were 
determined using a standard curve and twofold serial dilutions covering the range of 20-0.625 ng 
of RNA (for 18S analyses, the range was from 4 to 0.125 ng). Ranges were determined using a 
precalculated standard curve developed from the measurement of individual molecules of each 
RNA species. 
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Localization of the source of MMP-12 in EAE 

Mice at peak EAE were killed, and spinal cord was removed for in situ hybridization for MMP-
12 transcripts as described previously (19). The cellular source of the MMP-12 signal was 
achieved by immunohistochemistry using antibodies to cell type specific markers before the in 
situ hybridization process (19). 

Comparison of MMP-12 null mice and WT in relapsing-remitting EAE 

MMP-12 null mice on a 129/SvEv background were used for MOG EAE to analyze phenotypic 
characteristics in comparison to WT mice on the same background. The MMP-12 null mice have 
been previously detailed (20) and are on the 129/SvEv background. MMP-12 null mice and WT 
129/SvEv animals were genotyped using PCR of tail DNA and by casein zymography for protein 
expression (data not shown). Histological examinations of the spinal cords were performed as 
described previously for indications of inflammation and neural changes (12). The spinal cords 
from five mice of each group were analyzed at their respective peak disease. 

Isolation of splenocytes and lymph node cells  

To examine whether the lack of MMP-12 would affect the polarization and cytokine expression 
in T cell subsets of mice induced with EAE, both WT and MMP-12 null mice were induced with 
EAE as described above. At a clinical score of 4, akin to Grade 2 on the commonly used EAE 
scale (12), the spleen and draining lymph nodes (LN) from four animals were removed and 
ground together into a suspension in sterile PBS. The splenocyte/LN cell (LNC) population was 
isolated using a Ficoll gradient (21). Isolated splenocytes were plated in triplicate at 5 × 106 
cells/ml in enriched RPMI media in 100 μl wells of a 96-well round bottom plate (21). This 
clinical score of 4 was chosen, as mice of both the WT and MMP-12 null mice were still similar 
in signs, but this would be the point of eventual divergence of disease: WT mice would begin to 
remit after this while MMP-12 null mice would progressively worsen. 

Analysis of cytokine expression in supernatants of splenocytes and LNCs 

Isolated splenocytes/LNCs were either left untreated as controls, treated with MOG35-55 to 
observe antigen induced cytokine expression, or treated with concanavalin A (ConA; Sigma-
Aldrich) at 5 μg/ml as a positive control (each in triplicate). Cytokine levels in total supernatants 
of cell cultures were assessed by ELISA for IFN-γ after 48 or 72 h of treatment and for IL-5 after 
120 h, as per instructions provided with each kit (Biosource International). 

Analysis of cytokine mRNA expression 

Splenocytes and LNCs were treated as above and cultured in a 24-well plate at 5 × 106 cells in 1 ml of 
enriched RPMI media for 48 h. Cultured cells were resuspended, removed of supernatant and lysed in 
Trizol®. RNA was reverse transcribed to make cDNA and analyzed for cytokine and transcription factor 
expression using SYBR®-green real-time PCR analyses. The primers (forward and reverse) were as 
follows: IFN-γ (ACTGGCAAAAGGATGGTGAC and TGAGCTCATTGAATGCTTGG), IL-5 
(GAAGTGTGGCGAGGAGAGA and GCACAGTTTTGTGGGGTTTT), T-bet 
(CAACAACCCCTTTGCCAAAG and TCCCCCAAGCAGTTGACAGT), and GATA-3 
(AGAACCGGCCCCTTATCAA and AGTTCGCGCAGGATGTCC). 
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RESULTS 

Complete spectrum of MMP alterations at peak EAE disease demonstrates a dramatic up-
regulation of MMP-12 

Immunization of female mice with MOG35-55 on the 129/SvEv strain produces a relapsing 
remitting disease course where initial disease signs are less predictable in onset (ranging from 
days 12-22; average of 14 days) than other mouse strains (data not shown). Animals primarily 
lose function of tail and limbs in a caudal to rostral progression, with a peak in disease averaging 
around day 18 and they then remit and regain most or complete function in a rostral to caudal 
manner. Remission may last for several days up to 2 wk before clinical signs reappear. Animals 
will typically repeat the disease course for two or three cycles before the disease becomes a slow 
steady progression. 

An initial RNase protection assay (RPA) was used to survey the regulation of 9 MMPs at peak 
disease (Fig. 1). Although many MMPs were up-regulated, including MMP-2, -3, -9, -12, and -
14, MMP-12 elevation was the most prominent. Real-time PCR (18, 19) for 22 MMPs was then 
performed, and quantitative expression of each MMP as a fraction of 18S rRNA demonstrated 
the involvement of many MMPs in EAE at peak disease (Fig. 2). We found no discrepancy 
between the RPA and TaqMan data. Whereas MMP-7 and MMP-10 were below the level of 
detection by RPA, TaqMan PCR demonstrated that these were unaltered and increased, 
respectively, in EAE. Some of the most prominent increases in gene expression, besides MMP-
12, included MMP-3, -8, -10, -19, and -25. Interestingly, some MMPs were down-regulated in 
EAE compared with normals and these included MMP-15, -16, -17, -21, and -24. We also 
profiled the endogenous tissue inhibitors of metalloproteinases (TIMPs); TIMP-1 was elevated in 
EAE, TIMP-4 was unaltered, while TIMP-2 and -3 were reduced. A display of the fold increase 
of all MMPs and TIMPs from unaffected normal spinal cord is presented in Fig. 3. 

The real-time PCR data confirmed, most notably, the massive up-regulation of MMP-12 detected 
through RPA, in that there was almost 1000-fold increase in the transcript encoding this MMP 
member in the spinal cord of EAE afflicted animals compared with normals (Fig. 3). 

We determined the source of MMP-12 at peak EAE using in situ hybridization and found strong 
message emanating from the subpial surfaces of the spinal cord (Fig. 4). Cell type-specific 
immunohistochemistry demonstrates that the majority of cells expressing MMP-12 were Iba1-
positive, representing cells of macrophage/microglia lineage (19, 22; Fig. 4). 

MMP-12 null mice have significantly worse disease outcomes than their WT counterparts 

Since MMP-12 transcript levels were notably increased during peak disease in EAE, we 
addressed further its involvement in EAE. We immunized MMP-12 null or WT mice with MOG 
and compared the resultant disease severity. Animals were followed over 73 days, during which 
the daily scoring was used to assess disease progress. Surprisingly, the results of the clinical 
scores demonstrated that MMP-12 null mice did significantly worse than their WT counterparts. 
While the maximum disease severity score for WT animals was an average of 5.2 ± 2.3 
(means±SD; akin to Grade 2 on the commonly used 5 point EAE scale, representing hindlimb 
involvement), that for MMP-12 animals was nearly doubled at 9.7 ± 2.6 (Fig. 5A; akin to Grade 
4 on the commonly used EAE scale, with forelimb and hindlimb involvement). 
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Because the onset of signs in 129/SvEv tended to be variable between animals, we could not 
accurately display the average daily disease score of groups of WT or null mice. However, each 
animal’s disease burden over the entire experiment could be computed by adding their daily 
disease score to obtain the “sum of scores” for that mouse. Thus, we demonstrate that MMP-12 
null mice had a significantly worse sum of scores, representing a more extensive disease burden 
(Fig. 5B). In this regard, the WT mice typically reached their peak in disease and then remitted to 
the point where the animals recovered full function of all four limbs and their tail. In contrast, 
MMP-12 null mice achieved a higher peak disease score and for longer periods of time. When 
disease remitted in MMP-12 null mice, most animals never fully recovered function and were 
left with lasting impairment and weakness in tail and hindlimbs (data not shown). 

Although the onset of signs was variable amongst mice, group means indicate that both the WT 
and MMP-12 null mice had similar average day of onset of disease (Fig. 5C). Thus, the worse 
disease outcome in MMP-12 null was due to the course of disease after onset, rather than the 
time taken to succumb to disease. 

The spinal cord histology was examined from mice at peak disease to determine the basis for the 
worse disease score in MMP-12 null mice. Figure 6 demonstrates that there was qualitatively 
more cellular infiltration and demyelination in MMP-12 null mice compared with WT animals. 
Thus, a worse disease score in animals without MMP-12 is correlated with increased 
inflammation and neuropathology in the CNS. 

Overall, the data implicate MMP-12 as a protective enzyme in the pathology and course of EAE. 

MMP-12 is involved in T effector cell polarization during MOG induced EAE 

To determine the mechanisms of MMP-12 in EAE, we first addressed whether MOG 
immunization generates a differential antigenic response in WT and MMP-12 null mice before 
the onset of signs of disease. Ten days after MOG treatment, and before the appearance of 
symptoms, splenocytes and LNCs were isolated from mice and retreated with MOG in vitro. 
Measurement of the content of IFN-γ in the conditioned medium 3 days after shows that there 
was no difference between WT and MMP-12 null cells, either with respect to the basal non-
MOG stimulated amount, or in response to MOG incubation (Fig. 7A). Similarly, [3H]thymidine 
incorporation assays show that the increase in the ratio of antigen- vs. basal-proliferation of WT 
cells was 2.6 ± 0.6 (n of 4 mice, 8 wells per condition per mice), while that for MMP-12 null 
cells was essentially similar (2.5±0.5; P>0.05). These results, together with the similar time of 
onset of clinical signs in both genotypes, suggest that MMP-12 did not play a role in the 
generation of encephalogenic T cells but rather that its effect occurred after clinical signs of 
disease had begun. 

To evaluate further the mechanisms of MMP-12 in EAE, we made note of the results that while 
WT mice were achieving a maximum disease score of 4-6 before the disease remitted, MMP-12 
null mice at this juncture continued to become more diseased, subsequently achieving a peak 
score of between 8 or 10. Thus, we killed animals at a similar disease score of 4, a point of 
divergence between WT and MMP-12 null mice, to evaluate possible differences in cytokine 
expression by lymphoid cells in both groups. Specifically, we tested the hypothesis that because 
Th1 and Th2 effector cells are crucial to EAE disease development and resolution, the difference 
between the two groups could be attributed to mechanisms in the control of the Th1/Th2 
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polarization. WT and MMP-12 null mice were immunized with MOG and killed when they 
reached an EAE score of 4. Splenocytes and LNCs were removed, cultured in enriched RPMI 
media, and were either left untreated or were restimulated with MOG for analysis of cytokine 
expression. A proliferation assay first revealed that there was no significant difference between 
splenocytes and LNCs from MMP-12 null and WT mice after stimulation with MOG (data not 
shown), indicating that the precursor frequency of MOG antigen-specific cells was similar 
between both groups. When supernatants from cultured cells were assayed by ELISA for the Th1 
cytokine, IFN-γ, we found that both the 10 and 20 μg/ml MOG-induced IFN-γ levels were 
significantly greater (P<0.05, two tailed unpaired t test) in the MMP-12 null samples than in the 
WT cells (Fig. 7B). IL-5 was below the level of ELISA detection. 

To evaluate the Th cell polarization further, RNA was extracted from splenocytes and LNCs of 
mice at a disease score of 4 and examined for changes in IFN-γ and IL-5 using real-time PCR. 
MMP-12 null cells upon MOG antigen restimulation in vitro displayed a 14-fold increase in IFN-
γ levels relative to the unstimulated cells (Fig. 8A; P<0.001, two tailed unpaired t test), while IL-
5 was decreased (P<0.01, two-tailed unpaired t test, compared with unstimulated cells; Fig. 8B). 
We then used the ratio of IFN-γ to IL-5 for each individual mouse, which was further averaged 
across each group. Such analyses highlight that MMP-12 null splenocytes were significantly 
skewed toward a Th1 phenotype (P<0.001, two tailed unpaired t test; Fig. 8C). In contrast, WT 
splenocytes were biased toward a Th2 polarizing condition (Fig. 8D), and this ratio was 
significantly different from 1 (P<0.05, two tailed unpaired t test, compared with unstimulated 
WT cells). The modest ratio of Th2 to Th1 of 2 for the WT cells presumably reflects a disease 
stage in which the WT mice were just beginning to remit and where Th2 cytokines were just 
beginning to increase over those of Th1. In studies by others, EAE is highly Th1 polarized in the 
initial stages of disease, while Th2 cytokines predominate during the remission phases (23, 24). 

Collectively, these data indicate that the mechanism by which MMP-12 is protective in EAE is 
accounted for, in part, by altering a Th1 to a Th2 milieu. 

Transcriptional regulators of Th1/Th2 polarization are altered in MMP-12 null mice 

We addressed possible mechanisms that could underlie the differences in the T effector cell 
polarization between WT and MMP-12 null mice. Specifically, by using splenocytes and LNCs 
harvested from mice at a disease score of 4, as described above, we examined the expression of 
the transcriptional regulators for Th1 and Th2 promotion, which are T-bet and GATA-3, 
respectively (25, 26). Real-time PCR analyses show that the level of T-bet transcripts was 
significantly increased in MMP-12 null cells after MOG stimulation (P<0.001, two tailed 
unpaired t test, compared with unstimulated state; Fig. 8E). In contrast, there was a significant 
decrease in GATA-3 expression after MOG stimulation in null cells (P<0.01 compared with 
unstimulated state). 

Overall, the combined data from cytokine and transcription factor analyses indicate that at a 
disease score of 4, WT T cells are beginning to show a slight Th2 bias and mice subsequently 
remit. In contrast, MMP-12 null animals at this same score have increased T-bet and reduced 
GATA-3 expression, favoring a T effector phenotype that is highly polarized toward a Th1 type; 
in concordance, animals continue to worsen clinically. Therefore, the data indicate that despite 
similar clinical deficits at this point in the disease, WT and MMP-12 null mice have profoundly 
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divergent T effector cell responses driving disease pathology, thus linking an MMP to T cell 
polarization for the first time. 

DISCUSSION 

EAE is a prototypical animal model of a Th1-mediated autoimmune disease (27, 28) that shares 
many clinical and pathological features of MS. The differentiation of T helper cells into Th1 or 
Th2 effector cells is believed to be crucial to the severity and outcome of the inflammation in 
both diseases. Other families of inflammatory molecules, including chemokines, adhesion 
molecules, and MMPs, are altered in MS and EAE, and these are also thought to contribute to the 
disease process. A pathogenic role for MMPs in MS and EAE is attributed to the observations 
that inhibitors of metalloproteinase activity alleviate disease severity in EAE (12, 13, 15, 16) and 
to the discovery that young MMP-9 null mice are less susceptible to the induction of EAE (14). 
Clinically, a mechanism by which interferon-β is thought to alleviate the MS disease process is 
through the inhibition of MMP-9 production by T cells, thus attenuating their ability to 
transmigrate across barriers into the CNS (17). 

A limited number of MMPs have thus far been investigated in EAE and elevations of MMP-3, -
7, -8, -9, -12, and -14 have been found in the disease (10–13, 27). Whether other MMPs are 
likewise altered, or which MMP is a crucial regulator of the disease, is unclear. Recently, by 
using a comprehensive TaqMan screen, Toft-Hansen et al. (29) reported the elevation of MMP-8, 
-10, and -12, as well as a related member, ADAM-12, in EAE induced by the adoptive transfer 
of T cells. In this study, we have systematically evaluated the expression of 22 of 23 MMP 
members during peak EAE in MOG-immunized 129/SvEv mice. Our data reveal that many 
MMP members are elevated in peak EAE, while some MMP members are down-regulated 
during the disease process. In correspondence between the TaqMan and RPA data, MMP-12 
transcripts are most abundantly up-regulated in peak EAE. 

The source of MMP-12 is Iba1-positive cells (Fig. 4), representing microglia and infiltrating 
macrophages in the CNS (19, 22); it is currently not possible to delineate reliably between 
microglia and macrophages in tissue sections. The description of MMP-12 in 
microglia/macrophages supports that of Toft-Hansen et al. (29), who used PCR to detect MMP-
12 transcripts in distinct populations of cells isolated by flow cytometry from the spinal cord of 
adoptive transfer EAE mice. In active demyelinating lesions of MS, Vos et al. (30) found that 
MMP-12 detected by immunohistochemistry was localized to phagocytic macrophages. 

We note that the results of this manuscript have focused on the expression of transcripts, which 
may not always equate with protein expression (31). Although it is desirable to determine protein 
expression as well, the reagents (e.g., antibodies) to detect most nongelatinase MMPs, including 
MMP-12, are rudimentary and the specificity suspect. Future studies will have to define better 
MMP protein expression and secretion to extend the current data. It must also be kept in mind 
that the changes in MMP expression in EAE may reflect the profile of MMPs expressed by 
different leukocyte subsets, as these infiltrate into the CNS in EAE. Nonetheless, the current 
results do suggest MMP members, based on their high expression, for further detailed studies. 

We sought to elucidate the function of MMP-12 in EAE. By using MMP-12 null mice to 
evaluate the significance of MMP-12 in EAE, however, we discovered that MMP-12 had a 
protective role in the disease, since the null mutants had a worse disease phenotype than WT 
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controls (Fig. 5). These data emphasize for the first time that an up-regulated MMP in EAE has a 
beneficial role. 

Recently, there have been other reports of MMP-12 being significantly up-regulated in EAE (28, 
32). Unlike the current manuscript, these authors did not further evaluate the beneficial or 
detrimental function of MMP-12 in EAE. 

Since EAE and MS are diseases dominated by Th1 cytokines and to evaluate the disparity in 
disease severity between WT and MMP-12 null mice, we examined cytokine expression in 
splenocytes and LNCs isolated at the same disease score, before the subsequent divergence of 
disease scores. Individual WT animals demonstrated an attenuated Th1 response and a trend 
toward Th2 cytokine polarization. In contrast, MMP-12 deficient animals remained highly Th1 
polarized. The basis of this Th1 polarization in MMP-12 null mice is attributed to the altered 
expression of the transcriptional regulators of Th1/Th2 bias: increased T-bet and decreased 
GATA-3. These data indicate for the first time that an MMP may function through modulating 
the Th1/Th2 effector cytokine balance. 

We considered the possibility that the divergence of disease severity between WT and MMP-12 
null mice was the result of the differential generation of encephalogenic T cells after MOG 
immunization. Two factors argue against this. First, we did not find evidence of a difference in 
the onset of disease between both groups, suggesting that the impact of MMP-12 develops after 
signs of disease are evident in EAE. Second, when we used splenocytes and lymph node cells 
from WT or MMP-12 null mice at day 10 after MOG immunization, and before disease signs 
were obvious, the antigen-specific response of T cells was similar between both genotypes when 
evaluated using either IFN-γ (Fig. 7A) or proliferation. 

It is possible that MMP-12 has other beneficial roles in EAE apart from modulating the Th1/Th2 
response. MMP-12 may regulate repair processes within the CNS, including remyelination (33); 
MMP-9 has been implicated in this phenomenon (34). MMPs may provide for migratory cues for 
various neural cell types (1) or activate neurotrophins for neural cell survival (35). As well, there 
is the potential for MMPs to contribute to the termination of inflammation, although such studies 
have not focused on MMP-12. In this regard, IL-1β can be degraded by MMP-2, - 3, and -9 (36). 
Cytokine receptors, such as IL-2Rα, can be cleaved from T-cells by MMP-9 (37). MMPs also 
have the ability to process chemokines into antagonists at chemokine receptors. The  N terminus 
truncation of monocyte chemoattractant protein (MCP)-3 by MMP-2, -13, and -14 generated an 
antagonist at several chemokine receptors (38). As well, stromal-cell derived factor-1 is 
processed by MMP-1, -2, -3, -9, -13, and –14 to result in alteration of its properties (39). 
Altogether, the expression of beneficial MMPs in EAE and MS may have several modes of 
action by which to produce a favorable recovery response from these diseases. 

Previous studies have demonstrated that the use of metalloproteinase inhibitors in EAE or MS 
alleviated disease severity (12, 13, 15, 16). Thus, if MMP-12 is beneficial in EAE, which MMP 
is detrimental to the disorder? MMP-9 is a candidate since the MMP-9 null mice are less 
susceptible to the development of EAE (14). Conceivably, many of the up-regulated MMPs 
found in this study are possible candidates, either alone or in concert, as detrimental MMPs to 
the EAE disease process; a systematic study to address this is clearly warranted. Our results also 
caution against the indiscriminate use of nonselective MMP inhibitors in MS or EAE, as 
detrimental as well as beneficial properties of MMPs will be similarly impaired. 
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We have shown that a mechanism by which MMP-12 alters Th1/Th2 polarization is through the 
expression of the key transcriptional factors that control Th1/Th2 effector cell development, T-
bet, and GATA-3. How MMP-12 accomplishes this precisely is unknown as there is still much to 
learn about the detailed mechanisms that regulate T effector cell formation. Another point to 
consider is whether MMP-12 deficiency causes a compensatory change in levels of other MMPs, 
which would then result in the phenotype described in the study. In a recent study of MMP-2 null 
mice, the higher susceptibility of MMP-2 null mice to EAE was attributed to a deficiency of 
MMP-9 (40). In MMP-12 null mice, however, we have found no evidence of altered expression 
of transcripts for other MMPs, either in the normal state or when afflicted with EAE (data not 
shown). 

In summary, we demonstrate for the first time that a highly up-regulated MMP in EAE, MMP-
12, is protective against the disease. The results also provide a new link between two important 
pathways of inflammation, that of MMPs and Th1/Th2 polarization. 

ACKNOWLEDGMENTS 

This study was funded by the Interdisciplinary Health Research Team (IHRT) program of the 
Canadian Institutes of Health Research. A. Weaver was funded through a studentship from the 
Multiple Sclerosis Society of Canada. We thank Tammy Wilson for skilled technical assistance 
and Fabrizio Giuliani for intellectual feedback. 

REFERENCES 

1. Yong, V. W., Power, C., Forsyth, P., and Edwards, D. R. (2001) Metalloproteinases in 
biology and pathology of the nervous system. Nat. Rev. Neurosci. 2, 502–511 

2. Hartung, H. P., and Kieseier, B. C. (2000) The role of matrix metalloproteinases in 
autoimmune damage to the central and peripheral nervous system. J. Neuroimmunol. 107, 
140–147 

3. Mosmann, T. R., Cherwinski, H., Bond, M. W., Giedlin, M. A., and Coffman, R. L. (1986) 
Two types of murine helper T cell clone. I. Definition according to profiles of lymphokine 
activities and secreted proteins. J. Immunol. 136, 2348–2357 

4. Murphy, K. M., and Reiner, S. L. (2002) The lineage decisions of helper T cells. Nat. Rev. 
Immunol. 2, 933–944 

5. Egeblad, M., and Werb, Z. (2002) New functions for the matrix metalloproteinases in cancer 
progression. Nat. Rev. Cancer 2, 161–174 

6. Parks, W. C., Wilson, C. L., and Lopez-Boado, Y. S. (2004) Matrix metalloproteinases as 
modulators of inflammation and innate immunity. Nat. Rev. Immunol. 4, 617–629 

7. Anthony, D. C., Ferguson, B., Matyzak, M. K., Miller, K. M., Esiri, M. M., and Perry, V. H. 
(1997) Differential matrix metalloproteinase expression in cases of multiple sclerosis and 
stroke. Neuropathol. Appl. Neurobiol. 23, 406–415 

Page 10 of 21
(page number not for citation purposes)



8. Leppert, D., Ford, J., Stabler, G., Grygar, C., Lienert, C., Huber, S., Miller, K. M., Hauser, 
S. L., and Kappos, L. (1998) Matrix metalloproteinase-9 (gelatinase B) is selectively 
elevated in CSF during relapses and stable phases of multiple sclerosis. Brain 121, 2327–
2334 

9. Bar-Or, A., Nuttall, R., Duddy, M., Alter, A., Pennington, C., Bourgoin, P., Edwards, D., 
and Yong, V. W. (2003) Analyses of all MMP members in leukocytes emphasize monocytes 
as major inflammatory mediators in MS. Brain 126, 2738–2749 

10. Kieseier, B. C., Kiefer, R., Clements, J. M., Miller, K., Wells, G. M., Schweitzer, T., 
Gearing, A. J., and Hartung, H. P. (1998) Matrix metalloproteinase-9 and -7 are regulated in 
experimental autoimmune encephalomyelitis. Brain 121, 159–166 

11. Nygardas, P. T., and Hinkkanen, A. E. (2002) Up-regulation of MMP-8 and MMP-9 activity 
in the BALB/c mouse spinal cord correlates with the severity of experimental autoimmune 
encephalomyelitis. Clin. Exp. Immunol. 128, 245–254 

12. Brundula, V., Rewcastle, N. B., Metz, L. M., Bernard, C. C., and Yong, V. W. (2002) 
Targeting leukocyte MMPs and transmigration: minocycline as a potential therapy for 
multiple sclerosis. Brain 125, 1297–1308 

13. Clements, J. M., Cossins, J. A., Wells, G. M., Corkill, D. J., Helfrich, K., Wood, L. M., 
Pigott, R., Stabler, G., Ward, G. A., Gearing, A. J., et al. (1997) Matrix metalloproteinase 
expression during experimental autoimmune encephalomyelitis and effects of a combined 
matrix metalloproteinase and tumour necrosis factor-alpha inhibitor. J. Neuroimmunol. 74, 
85–94 

14. Dubois, B., Masure, S., Hurtenbach, U., Paemen, L., Heremans, H., van den Oord, J., Sciot, 
R., Meinhardt, T., Hammerling, G., Opdenakker, G., et al. (1999) Resistance of young 
gelatinase B-deficient mice to experimental autoimmune encephalomyelitis and necrotizing 
tail lesions. J. Clin. Invest. 104, 1507–1515 

15. Gijbels, K., Galardy, R. E., and Steinman, L. (1994) Reversal of experimental autoimmune 
encephalomyelitis with a hydroxamate inhibitor of matrix metalloproteases. J. Clin. Invest. 
94, 2177–2182 

16. Hewson, A. K., Smith, T., Leonard, J. P., and Cuzner, M. L. (1995) Suppression of 
experimental allergic encephalomyelitis in the Lewis rat by the matrix metalloproteinase 
inhibitor Ro31-9790. Inflamm. Res. 44, 345–349 

17. Stuve, O., Dooley, N. P., Uhm, J. H., Antel, J. P., Francis, G. S., Williams, G., and Yong, V. 
W. (1996) Interferon beta-1b decreases the migration of T lymphocytes in vitro: effects on 
matrix metalloproteinase-9. Ann. Neurol. 40, 853–863 

18. Nuttall, R. K., Pennington, C. J., Taplin, J., Wheal, A., Yong, V. W., Forsyth, P. A., and 
Edwards, D. R. (2003) Elevated membrane-type matrix metalloproteinases in gliomas 
revealed by profiling proteases and inhibitors in human cancer cells. Mol. Cancer Res. 1, 
333–345 

Page 11 of 21
(page number not for citation purposes)



19. Wells, J. E., Rice, T. K., Nuttall, R. K., Edwards, D. R., Zekki, H., Rivest, S., and Yong, V. 
W1. (2003) An adverse role for matrix metalloproteinase 12 after spinal cord injury in mice. 
J. Neurosci. 23, 10107-10115 

20. Shipley, J. M., Wesselschmidt, R. L., Kobayashi, D. K., Ley, T. J., and Shapiro, S. D. (1996) 
Metalloelastase is required for macrophage-mediated proteolysis and matrix invasion in 
mice. Proc. Natl. Acad. Sci. USA 93, 3942–3946 

21. Youssef, S., Stuve, O., Patarroyo, J. C., Ruiz, P. J., Radosevich, J. L., Hur, E. M., Bravo, M., 
Mitchell, D. J., Sobel, R. A., Steinman, L., et al. (2002) The HMG-CoA reductase inhibitor, 
atorvastatin, promotes a Th2 bias and reverses paralysis in central nervous system 
autoimmune disease. Nature 420, 78–84 

22. Ito, D., Imai, Y., Ohsawa, K., Nakajima, K., Fukuuchi, Y., and Kohsaka, S. (1998) 
Microglia-specific localisation of a novel calcium binding protein, Iba1. Brain Res. Mol. 
Brain Res. 57, 1–9 

23. Issazadeh, S., Mustafa, M., Ljungdahl, A., Hojeberg, B., Dagerlind, A., Elde, R., and 
Olsson, T. (1995) Interferon gamma, interleukin 4 and transforming growth factor beta in 
experimental autoimmune encephalomyelitis in Lewis rats: dynamics of cellular mRNA 
expression in the central nervous system and lymphoid cells. J. Neurosci. Res. 40, 579–590 

24. Kennedy, M. K., Torrance, D. S., Picha, K. S., and Mohler, K. M. (1992) Analysis of 
cytokine mRNA expression in the central nervous system of mice with experimental 
autoimmune encephalomyelitis reveals that IL-10 mRNA expression correlates with 
recovery. J. Immunol. 149, 2496–2505 

25. Hatton, R. D., and Weaver, C. T. (2003) Immunology. T-bet or not T-bet. Science 302, 993–
994 

26. O'Shea, J. J., Ma, A., and Lipsky, P. (2002) Cytokines and autoimmunity. Nat. Rev. 
Immunol. 2, 37–45 

27. Pagenstecher, A., Stalder, A. K., Kincaid, C. L., Shapiro, S. D., and Campbell, I. L. (1998) 
Differential expression of matrix metalloproteinase and tissue inhibitor of matrix 
metalloproteinase genes in the mouse central nervous system in normal and inflammatory 
states. Am. J. Pathol. 152, 729–741 

28. Steinman, L., Martin, R., Bernard, C., Conlon, P., and Oksenberg, J. R. (2002) Multiple 
sclerosis: deeper understanding of its pathogenesis reveals new targets for therapy. Annu. 
Rev. Neurosci. 25, 491–505 

29. Toft-Hansen, H., Nuttall, R. K., Edwards, D. R., and Owens, T. (2004) Key 
metalloproteinases are expressed by specific cell types in experimental autoimmune 
encephalomyelitis. J. Immunol. 173, 5209–5218 

30. Vos, C. M., van Haastert, E. S., de Groot, C. J., van der Valk, P., and de Vries, H. E. (2003) 
Matrix metalloproteinase-12 is expressed in phagocytotic macrophages in active multiple 
sclerosis lesions. J. Neuroimmunol. 138, 106–111 

Page 12 of 21
(page number not for citation purposes)



31. Anthony, D. C., Miller, K. M., Fearn, S., Townsend, M. J., Opdenakker, G., Wells, G. M., 
Clements, J. M., Chandler, S., Gearing, A. J., and Perry, V. H. (1998) Matrix 
metalloproteinase expression in an experimentally-induced DTH model of multiple sclerosis 
in the rat CNS. J. Neuroimmunol. 87, 62–72 

32. Tsutsui, S., Schnermann, J., Noorbakhsh, F., Yong, V. W., Warren, K., and Power, C. 
(2004) A1 Adenosine receptor up-regulation and activation attenuates neuroinflammation 
and demyelination in a model of multiple sclerosis. J. Neurosci. 24, 1521–1529 

33. Larsen, P., and Yong, V. W. (2004) The expression of matrix metalloproteinase-12 by 
oligodendrocytes regulates their maturation and morphological differentiation. J. Neurosci. 
24, 7597–7603 

34. Larsen, P. H., Wells, J. E., Stallcup, W. B., Opdenakker, G., and Yong, V. W. (2003) Matrix 
metalloproteinase-9 facilitates remyelination in part by processing the inhibitory NG2 
proteoglycan. J. Neurosci. 23, 11127–11135 

35. Lee, R., Kermani, P., Teng, K. K., and Hempstead, B. L. (2001) Regulation of cell survival 
by secreted proneurotrophins. Science 294, 1945–1948 

36. Ito, A., Mukaiyama, A., Itoh, Y., Nagase, H., Thogersen, I. B., Enghild, J. J., Sasaguri, Y., 
and Mori, Y. (1996) Degradation of interleukin 1beta by matrix metalloproteinases. J. Biol. 
Chem. 271, 14657–14660 

37. Sheu, B. C., Hsu, S. M., Ho, H. N., Lien, H. C., Huang, S. C., and Lin, R. H. (2001) A novel 
role of metalloproteinase in cancer-mediated immunosuppression. Cancer Res. 61, 237–242 

38. McQuibban, G. A., Gong, J. H., Wong, J. P., Wallace, J. L., Clark-Lewis, I., and Overall, C. 
M. (2002) Matrix metalloproteinase processing of monocyte chemoattractant proteins 
generates CC chemokine receptor antagonists with anti-inflammatory properties in vivo. 
Blood 100, 1160–1167 

39. McQuibban, G. A., Butler, G. S., Gong, J. H., Bendall, L., Power, C., Clark-Lewis, I., and 
Overall, C. M. (2001) Matrix metalloproteinase activity inactivates the CXC chemokine 
stromal cell-derived factor-1. J. Biol. Chem. 276, 43503–43508 

40. Esparza, J., Kruse, M., Lee, J., Michaud, M., and Madri, J. A. (2004) MMP-2 null mice 
exhibit an early onset and severe experimental autoimmune encephalomyelitis due to an 
increase in MMP-9 expression and activity. FASEB J. 18, 1682–1691 

Received April 11, 2005; accepted June 21, 2005. 

Page 13 of 21
(page number not for citation purposes)



Fig. 1 
 

                        
 
Figure 1. RNase protection assay for MMP mRNA expression at peak disease severity in 129/SvEv WT mice. Six EAE 
spinal cord specimens are displayed, along with 4 normal spinal cord samples as controls. 
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Fig. 2 
 

 
 
Figure 2. TaqMan real time PCR analyses of spinal cord samples from normal controls (n of 4, white bar) and from mice 
at peak EAE severity (black bar, n of 6). RNA levels on the y-axis are expressed relative to 18S rRNA levels. Values are 
means ± SE. *P < 0.05, **P < 0.01, ***P < 0.001 (2-tailed Student’s t test). Both forms of MMP-1 were undetectable. 
There is no MMP-4 to -6, as members initially assigned these were subsequently found to be other MMPs. There is no 
human or mouse MMP-18 or -22. MMP-26 is only found in humans, and there is no mouse homologue. At the time of this 
analysis, the sequence for MMP-27 was unknown. Thus, of 23 MMPs in mouse, only MMP-27 was not examined. 
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Fig. 3 
 

 
 
Figure 3. Summary of MMP and TIMP data from TaqMan analyses, displaying the relative fold increase of each 
individual MMP member compared with controls. Black bars denote significant increase, empty bars reflect no change, 
while gray bars denote transcripts that are down-regulated from normal controls. Statistical significance was determined at 
P < 0.05, using 2-tailed Student’s t test. 
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Fig. 4 
 

 
 
Figure 4. Expression of MMP-12 is largely in microglia/macrophages. By in situ hybridization, the signal for MMP-12 
(top left, darkfield) is mostly at the subpial surface of the spinal cord and corresponds to cells that are 
microglia/macrophages as detected by Iba1 immunohistochemistry (bottom left, which is the same section as the darkfield 
image; positive Iba1 cells are brown). A higher magnification photomicrograph is displayed on the right. MMP-12 could 
not be localized to glial fibrillary acidic protein (GFAP)-positive astrocytes (data not shown). 
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Fig. 5 
 

 
 
Figure 5. MMP-12 null mice have a worse disease course than WT animals. A) Maximum disease severity attained for 
each mouse over the course of experiment has been tabulated, and the group average (±SD) is displayed. MMP-12 null 
mice have a greater maximum disease severity than the WT group. B) Daily disease score for each mouse is added over the 
entire experiment to produce the sum of score for that mouse. Each point is of a single animal, while horizontal bar 
represents the group mean. §Note that 2 MMP-12 null mice died during the course of the experiment because of the 
severity of their EAE disease, and they have not been included in the analysis. In C, means ± SD of the day of onset of EAE 
is displayed for both groups. *P < 0.05. 
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Fig. 6 
 

 
 
Figure 6. The degree of inflammation and demyelination in the spinal cord is increased in MMP-12 null mice. H&E and 
LFB were used to characterize inflammatory activity and demyelination, respectively, of the thoracic spinal cord. 
Displayed are sections from a normal noninduced mouse (A) and from a WT (B) or MMP-12 null mouse (C) at peak 
disease. Sections are representative of 5 EAE animals analyzed from each genotype; only the lateral columns are displayed. 
MMP-12 null mice, on average, had a large number of infiltrating cells that were more diffusely spread around blood 
vessels and away from the subarachnoid space than in WT. Pictures were taken at an original magnification of ×200, while 
the inserts were at ×400. An area of inflammatory infiltrate is indicated by each arrow. 
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Fig. 7 
 

                                
Figure 7. IFN-γ production to investigate the generation of MOG-specific T cells (A) and their polarization (B). A) Cells 
were obtained from mice 10 days after MOG immunization, before the appearance of symptoms, and were incubated with, 
or with MOG, in culture for 72 h. NS: not significant. B) Cells were taken from EAE-afflicted mice at a disease score of 4, 
just before the eventual divergence of disease severity. The secretion of the Th1 cytokine, IFN-γ, is increased in MMP-12 
null mice compared with WT, following MOG stimulation. Each bar is means ± SE of 4 samples. 
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Fig. 8 
 

             
                                
Figure 8. An increase in Th1 bias is evident in MMP-12 null lymphoid cells. A, B) Each bar is the relative expression of 
the cytokine of interest in MOG stimulated vs. unstimulated condition, for either null or WT cells. C) The Th1/Th2 ratio is 
obtained by analyzing the individual interferon-γ to IL-5 level for that mouse and group means ± SE is then displayed; D 
gives the opposite ratio. The level of statistical significance denotes comparison between WT and null cells. Finally, in E 
and F, MMP-12 null mice have significantly higher expression of T-bet and lower expression of GATA-3, a condition of 
transcriptional regulation that favors a Th1 bias. All bars represent n of 4 samples. **P < 0.01, ***P < 0.001. In control 
experiments, cells from normal WT mice that were not exposed to MOG were treated with or without MOG in culture. 
There was no relative change of T-bet or GATA-3 expression with MOG treatment compared with no MOG, and the 
relative ratio was 1. 
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