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Axonally derived matrilin-2 induces proinflammatory
responses that exacerbate autoimmune
neuroinflammation
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In patients with multiple sclerosis (MS) and mice with experimental autoimmune encephalomyelitis (EAE), inflammatory
axonal injury is a major determinant of disability; however, the drivers of this injury are incompletely understood. Here, we
used the EAE model and determined that the extracellular matrix protein matrilin-2 (MATN2) is an endogenous neuronal
molecule that is regulated in association with inflammatory axonal injury. Compared with WT mice, mice harboring a
deletion of Matn2 exhibited reduced disease severity and axon damage following induction of EAE. Evaluation of neuron-
macrophage cocultures revealed that exogenous MATN2 specifically signals through TLR4 and directly induces expression
of proinflammatory genes in macrophages, promoting axonal damage. Moreover, the MATN2-induced proinflammatory
response was attenuated greatly in macrophages from Myd88 KO mice. Examination of brain sections from patients with
MS revealed that MATN2 is expressed in lesions but not in normal-appearing white matter. Together, our results indicate
that MATN2 is a deleterious endogenous neuroaxonal injury response signal that activates innate immune cells and could
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Introduction

Axonal injury is an important pathological feature of acute and
chronic multiple sclerosis (MS) lesions. It is now widely accepted
that immune-mediated axonal damage and loss are major
determinants of irreversible neurological disability in patients
with MS (1-4). Therefore, there is a need for novel neuroprotec-
tive therapies that can be administered as adjuncts to existing
immunomodulatory therapies for the treatment or prevention of
progressive disease.

Previous studies have shown that following axonal injury,
specific neuronal gene transcription and translation events are
initiated, with the potential to either reduce or enhance neuronal
survival. For example, in MS autopsy tissue, Dutta et al. (5) used
RNA microarrays to demonstrate that cortical neurons induce
genes encoding components of the neuroprotective ciliary neu-
rotrophic factor signaling pathway, presumably in response to
inflammatory demyelination or distant axonal injury. One lim-
itation of human CNS gene expression profiling in MS is that it
is by necessity usually performed on autopsy tissue with highly
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contribute to early axonal damage in CNS inflammatory diseases like MS.

heterogeneous disease course and little ongoing inflammation
and with variable RNA degradation post-mortem. Therefore,
we investigated neuronal gene expression changes during acute
inflammatory CNS axon injury using murine myelin oligoden-
drocyte glycoprotein 35-55-induced (MOG,, .-induced) exper-
imental autoimmune encephalomyelitis (EAE) (6-8). The anal-
ysis of gene expression in the EAE mouse noninflamed motor
cortex, a region containing pyramidal neurons with direct axonal
projection to the spinal cord, revealed a significantly altered
expression of several mRNAs encoding proteins associated with
the extracellular matrix (ECM).

Recent studies have shown that various ECM molecules,
including biglycan (9, 10), versican (11), and hyaluronan (12), func-
tion as damage-associated molecular pattern molecules (DAMPs)
(13). DAMPs comprise endogenous molecules that are released
following tissue injury and signal the innate immune system to
initiate and maintain inflammatory responses (14-16). DAMPs are
normally sequestered intracellularly or are bound tightly in the
ECM and can only become active signaling molecules following
release after cell damage or ECM degradation.

In this study, we identified the noncollagenous ECM protein
matrilin-2 (MATN2) as an endogenous molecule that is expressed
and upregulated by neurons in response to immune-mediated
axonal injury. MATN?2 is one of four members of the matrilin
family, each of which is thought to act as an oligomeric extracel-



The Journal of Clinical Investigation

>

IBA-1

Healthy mc

EAE mc

(7]

Relative expression
in EAE motor cortex

Matn2 Pkp2 Spink8 Vwf Fkbp5 Fn  ApoD

RESEARCH ARTICLE

B Genes encoding ECM-related proteins

I

Tafbri
Sic3%a8
Bace2
M7ra
Fjx1
Btbd17
Hapin1
Gfrat
Ednrb
Pvrid
Emen
Apin
Prss22
Ugt8a
Chredl1
Abi3bp

I

1 2 3 4

o

-4 -3 2 -1

Fold change (mc EAE vs. mc control)

Figure 1. Axonal injury in the spinal cords of EAE mice induces gene expression changes in the motor cortices. (A) Expression of GFAP and IBA-1in the
motor cortices (mc) of healthy and EAE mice is consistent with induction of a glial response in EAE cortices. Nuclei were visualized with DAPI (blue). Scale
bar: 100 um (left); 25 um (left inset); 200 pum (right); 50 um (right inset). (B) Fold changes (P < 0.05) of genes encoding ECM-related proteins differentially
expressed in the motor cortices of EAE mice compared with healthy controls identified with microarray analysis. (€) Gene expression changes (mean + SEM,

gRT-PCR) for indicated transcripts in the motor cortices of EAE mice (n = 4-8
**P < 0.01; ***P < 0.001; ****P < 0.0001, Student’s t test.

lular adaptor protein (17). Outside the CNS, MATN?2 is a struc-
tural component of the ECM in many tissues, including the skin
(18-20). Changes in MATN2 gene expression have further been
linked to various inflammation-associated diseases, such as can-
cer and fibrosis; however, its specific functions remain unclear
(21). In the context of peripheral nerve crush injury it has, how-
ever, been shown that Matn2 KO mice have delayed and incom-
plete recovery of neurological function and impaired axonal
outgrowth, suggesting a potential role for MATN2 in peripheral
nervous system repair (22).

Here, we show a disparate effect of endogenous MATN2induc-
tion in inflammatory CNS injury. We demonstrate that MATN2 is
upregulated and released by CNS neurons following acute axonal
damage and that extracellular MATN2 induces a proinflammatory
response in macrophages/microglia via TLR-associated signaling
pathways, thus exacerbating tissue injury.

Results

Axonal injury in the spinal cords of EAE mice alters gene expression
in the motor cortex. Although numerous microarray experiments
have been conducted to identify differentially regulated genes
in EAE (23), most of these studies have focused on the local
lesion environment in the spinal cord. In order to identify genes
potentially regulated in neurons in response to more distal neu-
roinflammation or axonal damage, we studied gene expression

per group) relative to healthy control mice (dotted line). *P < 0.05;

in the motor cortices of C57BL/6 mice induced with MOG_
EAE. Although there is little lesion activity in the cortex in this
model (24), the large pyramidal motor neurons of the motor cor-
tex (corticospinal motoneurons) project their axons through the
severely infiltrated spinal cord. To first verify our hypothesis that
inflammatory axonal injury within the spinal cord produces a
response in the motor cortex, we performed immunohistochem-
istry (IHC) on coronal sections collected from severely diseased
EAE mice (grade 3, day 21 after induction) and healthy mice. We
observed increased staining of activated astrocytes (GFAP) and
microglia (IBA-1) (Figure 1A), consistent with induction of a glial
response in the EAE cortex, but CD3-positive T cells or inflam-
matory lesions were absent (data not shown). We then com-
pared gene expression in motor cortices of healthy and severely
affected EAE mice (grade 3-3.5, EAE day 21) using microarray
technology. We identified 132 differentially regulated genes
(P < 0.0005, fold change 21.3), 52 with increased and 80 with
decreased expression in EAE compared with that in healthy
control cortex (Supplemental Table 1; supplemental material
available online with this article; doi:10.1172/JCI171385DS1),
with a maximum relative expression change of 3.9-fold. Clus-
tering according to predicted location of gene products showed
that 39 of the 132 genes (29.5%) were associated with the ECM
(Figure 1B). We therefore decided to further assess the most
highly regulated ECM-associated genes and validated their
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Figure 2. MATN2 is expressed in neurons and is increased in EAE motor cortex. (A) Labeling for MATN2 or colabeling for MATN2 and NeuN (pan-neuronal
nuclear marker) in the frontal cortices of healthy mice. Scale bar: 100 pum (left); 50 um (right); 12.5 um (inset). (B) MATN2 IHC labeling in the human frontal
cortex. Scale bar: 50 pm; 25 pum (inset). (C) Confocal images showing colabeling for MATN2, NeuN, and giantin in the frontal cortices of healthy mice. Scale
bar: 10 um. (D) Labeling for MATN2 in the frontal cortices of healthy mice and EAE mice. Scale bar: 50 um. (E) Denaturing immunoblot analysis reveals
increase in MATN2 protein in the frontal cortices of EAE mice (day 21, grade 3) compared with healthy controls. (F) Matn2 gene expression (mean + SEM,
gRT-PCR) in the motor cortices of EAE mice (day 21) is associated with disease score and specific for the frontal cortex region (n = 4-6 per group).

***P < 0.001, 1-way ANOVA/2-way ANOVA.

transcriptional regulation using quantitative real-time PCR
(qQRT-PCR) in an independent cohort of mice (Figure 1C). One
of the most highly induced genes was Matn2 (P = 0.00002, fold
change = 1.7). Since MATN2 has been shown recently to play a
role in peripheral nerve regeneration after crush injury (22), we
selected this molecule for further investigation.

MATN?2 is expressed in neurons of mouse and human brains
and is increased in acute EAE motor cortices. The gene structure
of mouse and human Matn2 show a 93% similarity, 86.5% iden-
tity (25), and an identical basic gene structure (26), and previous
studies have detected MATN2 in the murine CNS (27, 28). How-
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ever, a cell-specific expression analysis has not been performed
to date. Using immunofluorescence labeling, we found that,
under physiological conditions, MATN2 protein was expressed
by NeuN-positive neurons (Figure 2A), particularly in cortical
layers 2/3 and 5 (Supplemental Figure 1A), in which corticospi-
nal motoneurons are located. In addition, MATN2 was highly
expressed by hippocampal neurons (Supplemental Figure 1B).
This was consistent with Matn2 expression levels in primary
murine CNS cell monocultures, in which we found that neurons
expressed the highest levels of Matn2 compared with various
glial cells (Supplemental Figure 1C).
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Figure 3. MATN2 expression is specific to neu-
rons in nonlesioned EAE cortex but differentially
expressed in murine EAE and human MS lesions.
(A) Colabeling for MATN2 and IBA-1, CC1, or GFAP
in the frontal cortices of healthy mice. Scale bar:
50 um. (B) Labeling for MATN2 on longitudinal
spinal cord sections of healthy, acute, and chronic
EAE lesions. Scale bar: 12.5 um. (C) IHC labeling for
MATNZ in normal-appearing white matter (NAWM)
and early acute and chronic human MS lesions.
Acute lesions show lesional extracellular, astro-
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Human postmortem tissue revealed MATN2 expression in
some cortical and hippocampal neurons, mirroring the murine
expression pattern (Figure 2B and Supplemental Figure 1B). Inves-
tigation of the neuron-specific location of MATN2 using confocal
imaging revealed that MATN2 colocalized with giantin, a marker
for the Golgi apparatus in the neuronal cytoplasm (Figure 2C). We
next investigated whether MATN2 expression correlated with EAE
disease severity and found that both MATN2 protein (Figure 2, D
and E) and gene expression (Figure 2F) were upregulated in the
motor cortex, with a maximal upregulation of 1.7-fold (P = 0.0002;
EAE score = 2.75, day 21). We further showed that Matn2 expres-
sion was not regulated in the EAE mouse occipital cortex, a region
without direct neuronal spinal cord projections (Figure 2F).

MATN?2 expression is increased in murine EAE and human MS
lesions. Colocalization studies with markers for astrocytes, macro-
phages/microglia, and oligodendroglia showed that MATN2 was
expressed within neurons of the nonlesioned cortex (Figure 3A).
In the lesion-associated spinal cords of EAE mice, however, we
demonstrated that MATN?2 protein was differentially expressed. We
did not detect MATN2 in healthy spinal cord, but it was present in
acute and chronic EAE spinal cord lesions (day 18-21 and day 45-50,
respectively; Figure 3B). We detected MATN2 both in association
with axons and in the extracellular space at day 18 to 21 but showed
that it is predominantly extracellular in its localization with lesion
development (day 45-50). Extracellular MATN2 protein expression
was both lesional and perilesional, highest in mice with severe dis-
ease, and less intense in mice with lower EAE disease scores and
fewer lesions (data not shown), confirming an association between
the extent of MATN2 accumulation and disease severity.

At later stages of lesion evolution (chronic EAE), extracellu-
lar MATN2 became increasingly abundant in spinal cord lesions
(Supplemental Figure 2A; P = 0.004) and colocalized with the
ECM molecules laminin and fibronectin in perilesional areas (Sup-
plemental Figure 2B), suggesting an association of MATN2 with
other disease-induced ECM components.

We also assessed whether MATN2 was expressed in brain
lesions of patients with MS. In normal-appearing white matter
little or no MATN2 expression was found (Figure 3C). Concor-
dant with the murine MATN2 expression, early acute demy-
elinating lesions obtained from biopsies showed abundant
extracellular MATN2, which was located in perivascular lesion
areas but was also present in morphologically identifiable
astrocytes (Figure 3C). In chronic MS lesions, MATN2 showed
a prominent extracellular location (Figure 3C). It is important
to note that biopsied “acute” MS lesions typically evolve over
weeks to months after large lesions become symptomatic,
whereas acute EAE tissue is sampled within hours/days of true
lesion onset, limiting direct comparisons between human and
murine lesions.

MATN?2 is released by damaged axons in acute EAE spinal cord
lesions. Since cortical MATN2 expression is limited to neurons
in our mouse model (Figure 2), we hypothesized that projecting
axons are the primary source of MATN?2 in the acutely injured spi-
nal cord. Using immunofluorescence labeling, we showed a direct
colocalization of the axon markers neurofilament and synapto-
physin with MATN2 in acute EAE lesions (Figure 4A). In addition,
orthogonal confocal imaging of specific axons revealed an intraax-
onal location of MATN2 (Figure 4B).
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To further investigate our hypothesis that acute inflammatory
injury results in the induction of neuronal Matn2, we modified an in
vitro model of inflammatory neuroaxonal injury, using a coculture
of bone marrow-derived murine macrophages and cortical neu-
rons. In this coculture, LPS addition induced neurite injury within
24 hours, including beading and transection (Supplemental Figure
3A). This was associated with a significant reduction in both neurite
length and branching in comparison to untreated control cultures
(P < 0.001 for each comparison; Supplemental Figure 3B) and a sig-
nificant decrease in cell viability (P=0.001; Supplemental Figure 3C),
demonstrating the presence of macrophage-induced neuronal and
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Figure 4. MATN2 is released from
neurons following axonal injury in
spinal cord lesions. (A) Colabeling
for MATN2, synaptophysin, and
pan-neurofilament (NF) (top) in
acute spinal cord lesions showing
clear intraaxonal as well as extraax-
onal MATN2 expression. Scale bar:
12.5 um (top); 1.5 um (bottom).

(B) Confocal 3D image showing

NE colabeling for MATN2 and neurofil-
ament (NF) in an acute spinal cord
lesion. Scale bar: 1.5 um. (C) Matn2
expression (mean + SEM, gRT-PCR)
in mono- and cocultures follow-
ing 24-hour LPS addition shows
increased Matn2 expression in
LPS-treated cocultures (n = 6-9 per
group). Gene expression is shown
relative to untreated cultures.

***P < 0.001, P> 0.5 = not signifi-
cant, 2-way ANOVA. (D) Immuno-
blot analysis reveals specific MATN2
protein expression in WT neuron
(WT n) cultures compared with KO
controls (KO n) and is increased in
cocultures following LPS addition
(24 hours). WT m, WT macrophage;
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axonal injury in this model. Using this coculture system, we assessed
Matn2 expression and showed a significant increase in Matn2 mRNA
in the cocultures after LPS addition, relative to untreated cocultures
(P = 0.0001; Figure 4C). In contrast, Matn2 expression was
decreased in primary macrophage monocultures after LPS addition
(P=0.0002) and unchanged in primary neuronal cultures.

To directly demonstrate neuronal MATN2 protein secretion fol-
lowing axonal injury, we assayed for MATN2 in the supernatant of
neuron-macrophage cocultures using neurons from WT or Matn2
KO mice. We found that MATN2 protein could only be detected
in the supernatant of cocultures using WT neurons (Figure 4D),
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Figure 5. Matn2 deletion reduces EAE disease severity and proinflammatory gene expression in vivo and in vitre. (A) Significantly reduced disease
severity (EAE grades, mean + SEM) at day 21in Matn2 KO mice compared with WT mice. Data presented are averaged from 4 independent cohorts with
20 to 40 mice and a total number of 60 mice per genotype. All 4 cohorts showed significantly reduced disease severity in Matn2 KO mice. ***P < 0.001,
Mann-Whitney rank-sum test. (B) Survival of EAE-induced WT and Matn2 KO mice (days 0-22) shows significantly greater survival of Matn2 KO mice

(n = 60 per genotype). ***P < 0.001, log-rank test. (C) Comparison of lesion size and cross-sectional cord area (%) with inflammatory lesions in the lumbar
spinal cords (mean = SEM) in Matn2 KO and WT mice in acute EAE (n = 10 per genotype). **P < 0.01, Student’s t test. (D) Quantification of IBA-1-positive
macrophages, CD3-positive T cells, NG2-positive oligodendroglia, and GFAP-positive astrocyte density (mean + SEM) in the lumbar spinal cords of WT and
Matn2 KO mice (acute EAE) (n =10 per cohort). *P < 0.05, Student’s t test. (E and F) Expression of inflammation-associated genes (mean + SEM, gRT-
PCR) in whole spinal cords from acute EAE WT and Matn2 KO mice (n = 4-6 per group). ****P < 0.0001, ***P < 0.001, **P < 0.01, P > 0.5 = not significant,
Student’s t test. (G) Dose response of induced expression (mean + SEM) of inflammation-associated cytokine gene transcripts in cultured bone marrow-
derived macrophages after addition of recombinant MATN2 for 24 hours (n = 3 cultures per condition, 3 independent experiments). Results are shown
relative to untreated controls (dotted line). ***P < 0.001, **P < 0.01, P > 0.5 = not significant), 1-way ANOVA.

clearly identifying neurons, rather than macrophages, as the source  together with the lack of appearance of extracellular MATNZ2 in the
of MATN2 in this in vitro model. The presence of some MATN2in  cortices of EAE mice due to the absence of lesions in this area, sup-
all WT cultures could be the result of basal cell death in the first 24  port our hypothesis that MATN2 may be released from axons or
hours of the culture. However, LPS-induced axonal injury increased ~ neurons following acute inflammatory injury, either by passive dif-
MATN2 protein levels in the supernatant (Figure 4D). These results,  fusion or by active secretion.
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Figure 6. MATN2 contributes to neuroaxonal injury. (A) Axon counts (mean + SEM) in the dorsal spinal cord columns of healthy and EAE WT and Matn2

KO mice at day 21and 45 are reduced in EAE WT mice but not in EAE KO mice (n = 4-6 per group). ***P < 0.001, **P < 0.01, P > 0.5 = not significant, 2-way
ANOVA. (B) pNfH levels (mean + SEM; ELISA) as a marker of axonal injury in sera of WT and Matn2 KO mice at EAE day 21 (n = 21-26 per genotype). **P < 0.01,
Student's t test. (C) Neuron/macrophage cocultures stained with Calcein AM and Ethidium Homodimer after 24-hour incubation with recombinant MATN2

(1 pg/ml) or untreated controls. Arrows indicate neurite beading and transection in the presence of MATN2. Scale bar: 50 pm; 12.5 um (inset). (D) Assessment
of neurite length and number of branches (mean + SEM; percentage) of 100 neurons in coculture after 24-hour incubation with recombinant MATN2 (1 ug/ml)
(n = 3 cultures per condition, 3 independent experiments). ***P < 0.001; **P < 0.01, Student's t test. (E) Expression of proinflammatory cytokines (mean +
SEM, gRT-PCR) in WT macrophage/KO neuron cocultures following a 24-hour incubation with recombinant MATN2 (1 ug/ml) (n = 2-4 cultures per condition, 3
independent experiments). Results are shown relative to untreated controls (dotted line). ****P < 0.0001; *P < 0.05, P > 0.5 = not significant, Student’s t test.

Although extracellular MATN2 was located in close prox-
imity to infiltrating mononuclear cells such as macrophages and
T cells (Figure 4E), MATN2 staining did not colocalize with macro-
phages, astrocytes, oligodendroglia, or T cells in acute EAE spinal
cord, thus excluding these cell types as a source of MATN2 during
the early phase of lesion development. Interestingly, MATN2 was
present in GFAP-positive astrocytes, CCl-positive oligodendro-
cytes, and NeuN-positive dorsal horn neurons at chronic disease
stages (EAE day 45-50; Supplemental Figure 4A). Consistent with
the induction of MATN?2 in these other cell types, Matn2 expres-
sion at EAE day 50 was markedly increased in the spinal cord,
whereas expression in the motor cortex had returned to basal
expression levels (Supplemental Figure 4B). Concordant with
the EAE expression patterns, we also found intracellular MATN2
expression in cells with astrocytic, oligodendrocytic, and neuronal
morphology in chronic MS lesions (Supplemental Figure 4C).

Ablation of Matn2 reduces EAE disease severity and lesion devel-
opment. Previous studies have shown that deletion of Matn2 in
mice causes no obvious phenotypic abnormalities with respect to
organ histology, life span, and fertility (25). First, we confirmed
that Matn2 deletion occurred in the CNSs of the Matn2 KO mice at
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the transcript and protein level (Supplemental Figure 5, A-C) and
further showed that, under physiological conditions, cell and axon
numbers in the dorsal column of the spinal cords were not differ-
ent compared to those of WT littermates (Supplemental Figure 5,
D and E). We next induced MOG,_ . EAE in Matn2 KO mice and
WT littermates. The data presented are averaged from 4 indepen-
dent cohorts (20-40 mice in each cohort), with a total number of
60 mice per genotype (Figure 5A). We found that Matn2 KO mice
had significantly lower disease scores in acute EAE from day 17
(P = 0.01) to day 21 (P = 0.0001; Figure 5A), and this effect was
apparent within the individual cohorts as well as the grouped data.
The mean disease severity in Matn2 KO mice was characterized
by mild hind limb weakness, with paresis of the tail (EAE grade
2.25), whereas in WT mice, it comprised complete hind limb and
tail paralysis (EAE grade 3). In addition, KO mice showed a signifi-
cantly higher survival rate (P = 0.0003; Figure 5B).

Lesion assessment of mice with acute EAE (day 18-21)
showed that Matn2 KO mice had significantly smaller lesions
compared with WT mice (P = 0.008; Figure 5C), although the
density of cells within lesions was similar (P = 0.17; Supplemental
Figure 6A). Overall, a lower percentage of total spinal cord area
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Figure 7. Exogenous MATN2 induces
proinflammatory gene expression
in macrophages via TLR signaling
pathways. (A) Expression of //1b,
Tnfa, and Nirp3 in WT and Myd88

KO macrophages (mean + SEM,
gRT-PCR) following incubation with
recombinant MATN2 (2 ug/ml) at
indicated time points (n = 3 cultures
per condition, 3 independent experi-
ments). Results are shown relative to
untreated controls (dotted line;
****Pp < 0.0001, **P < 0.01, *P< 0.05,
2-way ANOVA). (B) Immunoblot
analysis of whole cell lysates for pro-
IL-1B, pro-TNF-a, and NLRP3 of WT
and MyD88 KO macrophages without
or after 30, 60, and 240 minutes of
MATN2 incubation. Data show 1 of

4 independent experiments with
total ERK as loading control. (C) WT
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was composed of densely packed lesional nuclear cell infiltrates
in KO mice (P = 0.003; Figure 5C). In addition, the relative pro-
portions of the two major inflammatory lesional cell types, mac-
rophage/microglia (IBA-1) and T cells (CD3), were significantly
decreased in KO mice (Figure 5D). This was no longer the case
when mice from different genotypes with identical disease grades
were compared (Supplemental Figure 6B), indicating that lack of
endogenous MATN2 decreased lesion size without selectively
inhibiting the migration of T cells and/or macrophages into the
CNS. The difference in EAE disease grades was maintained up
to day 43 after induction (P = 0.004; Supplemental Figure 6C).
However, divergence in EAE scores after day 26 after induc-
tion was not observed, consistent with the acute and monopha-
sic nature of this EAE model. Accordingly, lesion assessments
in chronic EAE mice (day 45-50) revealed that the differences
in lesion size and cell numbers were no longer present (Supple-
mental Figure 6, D and E). This suggests that, in the EAE model
examined, endogenous MATN2 primarily exacerbates the acute
inflammatory phase of the disease.

MATN2 activates immune cells and induces proinflammatory
gene expression in macrophages. Since other ECM molecules, such
as hyaluronan and biglycan, have been shown to stimulate the
peripheral inflammatory response via macrophage/microglia
activation (29), we hypothesized that MATN2 could similarly
act as a proinflammatory molecule. We determined CdI1b and
Cd45 gene expression levels in acute EAE spinal cords and found

independent experiments.

a marked reduction in KO mice compared with WT mice (Cd11b
expression: P = 0.003, Cd45 expression: P = 0.0003; Figure 5E).
Interestingly, this effect was seen even in WT and KO EAE mice
with matched disease severity grades (Cd11b expression: P = 0.04,
Cd45 expression: P = 0.001; Supplemental Figure 6F), consistent
with a reduced inflammatory activation state of macrophages/
microglia in Matn2 KO mice compared with that in WT mice. To
further investigate the effect of MATN2 on macrophages/micro-
glia, we assessed gene expression of proinflammatory molecules
and found a marked reduction in Il1b, Tnfa, Cox2, and Inos expres-
sion in Matn2 KO mice (Il1b expression: P = 0.01, Tnfa expression:
P =0.03, Cox2 expression: P = 0.004, Inos expression: P = 0.001;
Figure 5F). Again, gene expression changes were still significantly
reduced in selected mice from both genotypes with matched dis-
ease grades (Il1b expression: P = 0.01, Tnfa expression: P = 0.03,
Cox2 expression: P = 0.02, Inos expression: P=0.001; Supplemen-
tal Figure 6G). These results suggest that MATN2 directly or indi-
rectly upregulates proinflammatory molecule expression during
acute EAE-associated neuroinflammation.

To further determine whether MATN2 can induce proinflam-
matory gene expression in macrophages, we added recombinant
MATN?2 to cultured murine bone marrow-derived macrophages
and examined gene expression changes 24 hours later. Consis-
tent with our in vivo data, we found a dose-dependent increase
in expression of Il1b (maximum P = 0.00008), Cox2 (maximum
P = 0.0001), Il6 (maximum P = 0.0001), and Tnfa (maximum
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Figure 8. MATNZ2 signals through TLR 4. (A) Screening for MATN2-triggered (2 pg/ml) activation of the alkaline phosphatase reporter via TLR/NF-«B
signaling in genetically modified HEK293 cells expressing the indicated type of TLR (black bars). Alkaline phosphatase activity (arbitrary units) is used
as an indicator for TLR stimulation. As positive control, cell lines were induced with a receptor-specific ligand. TLR2, heat-killed Listeria monocyto-
genes at 108 cells/ml; TLR3, poly(l:C) at 1 ug/ml; TLR4, E. coli K12 LPS at 100 ng/ml; TLRS, S. typhimurium flagellin at 100 ng/ml; TLR7, CLO97 at 1 ug/
ml; TLR8, CLO75 at 10 pg/ml + poly(dT) 10 uM; and TLR9, CpG ODN 1826 at 100 ng/ml. Noninduced TLR clones were used as negative controls (white
bars), and a HEK293 cell line expressing only alkaline phosphatase but not TLR4 was used as specific TLR4 negative control (TLR4-). (B and C) Fold
induction in alkaline phosphatase triggered by (B) 2 pg/ml MATN2 or 100 ng/ml LPS or by (C) the indicated doses of MATN2 or LPS. Note that the
response elicited by 2,000 ng/ml MATN2 is significantly greater than that of the trace LPS concentration of 0.01 ng/ml (P = 0.003). ****P < 0.0001,

***P <0.001, **P < 0.01, *P < 0.05.

P = 0.0001) (Figure 5G), indicating that MATN2 can directly
induce proinflammatory gene expression in macrophages.
MATN?2 contributes to neuroaxonal imjury. To determine
whether MATNZ2 has an effect on neuroaxonal injury, we analyzed
axon numbers in the dorsal columns of healthy and EAE WT and
Matn2 KO mice. EAE WT mice showed a significant loss of axons
relative to WT controls (P = 0.003), with marked inflammatory
cell infiltration and abnormally shaped axons (Figure 6 and Sup-
plemental Figure 7). In contrast, EAE in KO mice did not result in
axonal loss compared with that in Matn2 KO controls (P = 0.17),
and Matn2 KO EAE mice had a significantly higher axon density
than WT EAE mice at day 21 (P = 0.0002; Figure 6A and Supple-
mental Figure 7). Although more fibrous ECM tissue accumulated
visually in the WT spinal cord in chronic EAE (day 45) (Supplemen-
tal Figure 7), no additional axon loss was found in mice of either
genotype (P = 0.9 for both; Figure 6A), indicating that axonal loss
in our EAE model is confined to the acute stage of the disease and
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that no on-going deleterious effect of MATN2 on axon integrity
occurred up to 45 days after disease induction. Reduced axonal
injury in Matn2 KO mice with acute EAE was further confirmed
by lower levels of circulating phosphorylated neurofilament heavy
chain (pNfH) protein (P = 0.006; Figure 6B), a marker that cor-
relates with axonal loss in the dorsal column of EAE mice (6).

To model the potential effect of MATN2-mediated macro-
phage activation on neurons, we cocultured WT macrophages
with cortical neurons from Matn2 KO mice and assessed mea-
sures of neuroaxonal injury following addition of recombi-
nant MATN2. After a 24-hour incubation, we observed marked
induction of neurite beading and transection in MATN2-treated
cultures when compared with untreated controls (Figure 6C).
We also detected a significant reduction in total neurite length
(P = 0.002) and neurite branching (P = 0.001) in these cultures
(Figure 6D). However, MATN2 addition to neuron monocul-
tures did not induce neuronal injury or cell death (Supplemental
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Figure 8, A and B). Similar to the macrophage monoculture, we
also identified increased expression of I/1b (P = 0.0006), Cox2
(P<0.0001), Tnfa (P=0.002), and Il6 (P < 0.0001) after MATN2
addition in the cocultures (Figure 6E). Taken together, these
results indicate that MATN2 can induce activation of macro-
phages, potentially contributing to neuroaxonal injury.

MATN2 signals via TLR signaling pathways in macrophages.
Previous studies have shown that several ECM DAMPs activate
intracellular signaling pathways via the family of TLRs, particu-
larly TLR2 and TLR4, leading to the induction of proinflammatory
cytokines via the adaptor protein myeloid differentiation factor 88
(MyD88) (9,11, 12,15). To assess whether MATN2 induces II-1p and
TNF-o through TLR/MyD88-mediated pathways in macrophages,
we compared mRNA expression levels in response to exogenous
MATN?2 addition to WT and Myd88 KO macrophages. Consis-
tent with our previous results showing an increase of both tran-
scripts 24 hours after MATN2 addition (Figure 5E), we also found
increased Il1b and Tnfa mRNA expression in WT macrophages 2-8
hours following MATN2 addition, with a maximal induction at the
2-hour time point (I/1b expression: P < 0.0001, Tnfa expression:
P < 0.0001; Figure 7A). By contrast, induction of both transcripts
was significantly lower in MyD88 KO macrophages at all investi-
gated time points (I/Ib expression: P < 0.0001, Tnfa expression:
P <0.0001; Figure 7A). Since activation and secretion of pro-IL-18
into its mature form is dependent on an accumulation of NLRP3
protein in the cell (30), we also examined whether stimulation
of macrophages with MATN?2 leads to the production of NLRP3.
Indeed, Nirp3 mRNA expression was significantly increased in
WT macrophages following MATN2 addition (P < 0.0001) and
showed a markedly lower expression in Myd88 KO macrophages
(P < 0.0001; Figure 7A). These results were confirmed by West-
ern blot analysis and showed, 4 hours after MATN2 addition, an
increase in pro-IL-1B, TNF-0, and NLRP3 protein levels, which were
considerably lower in Myd88 KO macrophages (Figure 7B). There-
fore, these results suggest that MATN2 signals at least partially
through TLR-mediated signaling pathways. We further observed
that MATN2 addition led to changes in the shape of WT macro-
phages that were consistent with the cells being in an activated state,
whereas KO cells appeared to remain in a resting state (Figure 7C).

To identify downstream pathways associated with DAMP/
TLR/MyD88-dependent signaling in response to MATN2, we
examined phosphorylation of the MAP kinases ERK and p38 as
well as the transcription factor NF-kB. In WT macrophages, we
detected a prominent increase in ERK, p38, and NF-xB (p65)
phosphorylation following MATN2 incubation, reaching a max-
imum after 10 minutes for ERK and after 30 minutes for p38
and NF-kB (Figure 7D). In contrast, phosphorylation of NF-«xB
and p38 remained unchanged compared with baseline levels in
Myd88 KO macrophages. However, phosphorylation of ERK was
still induced, although with lower intensity and duration. Collec-
tively, these results confirm that MATN2 signaling involves TLR
family receptor activation, including signaling via the ERK, p38,
and NF-«B pathways, leading to MATN2-dependent induction of
pro-IL-1B, TNF-a, and NLRP3.

MATN2 signalsthrough TLR4. Toidentify the potential receptor
for MATN2, we used HEK293 cells expressing the murine TLR2,
TLR3, TLR4, TLR5, TLR7, TLRS8, or TLR9 receptors, together with

RESEARCH ARTICLE

alkaline phosphatase, under the control of the Il12p40 promoter,
whichisinduced bythe activation of NF-kB. Inthese assays, 2 ug/ml
recombinant MATN2 or the appropriate positive control ligand was
added to each HEK293 culture. Surprisingly, activation of alka-
line phosphatase by MATN2 was detected exclusively in TLR4-
expressing cells (Figure 8A; P = 0.00001). The magnitude of
MATN2-induced alkaline phosphatase activity was approximately
one-third of that induced by the TLR4 ligand LPS (200 ng/ml;
Figure 8B). By contrast, in HEK293 cells expressing only the
reporter gene but not the TLR4 receptor (TLR4-negative control),
alkaline phosphatase was not induced by addition of MATN2 (Fig-
ure 8A). An additional experiment using a range of MATN2 dos-
ages (2,000, 200, 20 ng/ml) showed a dose-dependent stimula-
tory effect on TLR4 at 2,000 ng/ml (P = 0.0005) and 200 ng/ml
(P=0.03) (Figure 8C).

As endotoxins (LPS) are major contaminants found in com-
mercially available proteins (31), it is necessary to ensure that
TLR4 activation by MATN2 was not solely attributable to the
presence of endotoxins within the peptide preparation. According
to previous studies showing that 1 endotoxin unit (EU) is equiva-
lent to 100 to 120 pg endotoxin (31), we estimated that the mass
of endotoxin contained within 2 ug MATN2 (0.031 EU/pg by LAL
method; R&D Systems catalog no. 3234-MN, lot no. NTR026031)
would have a maximum contamination of 10 pg. To allow direct
comparison of trace endotoxin to the observed MATN2-associ-
ated stimulatory responses, we investigated induction of alkaline
phosphatase using LPS dosages of 10 pg (0.01 ng/ml) and 100 pg
(0.1 ng/ml). We found that the response elicited by 2 pg/ml
MATN2 was significantly greater than that of the trace LPS con-
centration of 0.01 ng/ml (Figure 8C; P = 0.003), demonstrating
that the stimulatory effects of MATN2 are not likely to be entirely
attributable to endotoxin contamination.

TLR4 protein and gene expression have been identified in
macrophages as well as neurons. In an attempt to investigate
whether MATN2 could also exert its effects by autocrine signaling
in neurons, we examined gene expression of Tlr4 in monocultures
of both cell types, which revealed a markedly higher gene expres-
sion in macrophages than in neurons (Supplemental Figure 9A).
After LPS addition to the monocultures, expression of Tlr4 was
induced only in macrophages. MATN2 did not change the expres-
sion of Tlr4 in either cell type (Supplemental Figure 9B). These
results again suggest that the presence of macrophages is required
to effect MATN2-induced axonal injury. However, we cannot
completely exclude an autocrine-signaling pathway in neurons as
contributing to this response.

Collectively, our results demonstrate that MATN2 is a TLR4
ligand that activates p38, ERK, and NF-«B in macrophages, which
leads to the expression of proinflammatory molecules and the
likely induction of neuroaxonal injury in coculture systems.

Discussion

In our initial studies, we used microarray technology to identify
several ECM proteins, including MATN2, which are upregulated
in the EAE cortex in response to acute inflammation in the spi-
nal cord. Although only a limited number of studies have investi-
gated the functions of ECM molecules in disease, there is strong
evidence to suggest that some of them can act as danger signals,
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so-called DAMPs (9, 13, 14, 30, 32), which are released from cells
following tissue stress or injury. DAMPs are recognized by innate
immunity receptors and, functioning in a similar way to patho-
gen-associated molecular patterns (33), they induce or increase an
acute local proinflammatory response. Our data collectively indi-
cate that MATN2 functions as a neuroaxonally produced DAMP
in the CNS.

Histological characterization of MATN2 expression in the
acute EAE cortex and spinal cord revealed that MATN2 expres-
sion is increased in cortical neurons and also colocalizes to axons
within inflammatory spinal cord lesions. Based on these obser-
vations, we hypothesized that acute lesional ECM-associated
MATN?2 originates from cortical neurons and is either actively
secreted or passively released from lesional axons. Conversely,
at postacute EAE stages and in all MS lesions examined, MATN2
was expressed in lesional and perilesional CNS cells, particularly
astrocytes. Thus, it is likely that glial cells contribute to the contin-
ued accumulation of MATN2 in EAE and MS lesions, with increas-
ing lesion chronicity. It is possible that ECM-bound MATN?2 plays
a distinct role at later disease stages; however, as was described
previously for the DAMP biglycan (15), our data suggest that the
proinflammatory functions of MATN2 are limited to acute inflam-
matory disease stages when MATN2 is present in its soluble form.

During the postacute disease stage, when inflammation-in-
duced axon injury is no longer present, we did not observe mod-
ulation of disease severity (pathologically or molecularly) associ-
ated with the presence of ECM-associated MATN2 up to 45 days
after EAE induction. However, it remains possible that MATN2
could modulate demyelination or remyelination without affecting
EAE severity grades, and this should be investigated using more
suitable models in the future.

Underscoring the deleterious role of endogenous MATN2,
we showed that Matn2 KO mice subjected to EAE had a signifi-
cant survival benefit, markedly attenuated acute disease sever-
ity, reduced axonal loss, and lower expression of proinflamma-
tory genes compared with WT mice. Interestingly, assessment
of cytokine profiles in WT and Matn2 KO mice matched for EAE
grade revealed a persistent reduction in many cytokine expres-
sion profiles classically associated with activated macrophages
in Matn2 KO mice. Our interpretation of this finding is that, for a
given EAE grade, the relative contribution of macrophage activity
to this composite end point must be relatively reduced in KO mice
compared with that in WT mice compared with contributions, for
instance, from T-lymphocyte cells. This result, therefore, provides
further correlative evidence that endogenous MATN2 in EAE acti-
vates lesional macrophages.

Using an in vitro model of acute axonal injury, we extended
our observations to show that exogenous soluble MATN2 causes
production of proinflammatory molecules in macrophages, in par-
ticular IL-1B. In parallel studies, another matrilin family member,
matrilin-3, has also been shown to induce the expression of proin-
flammatory genes, including Il1b, Tnfa, Il6, Cox2, and Inos, in pri-
mary human chondrocytes (18). Interestingly, production of mature
IL-1p in macrophages is also induced by other ECM DAMPs, such
as biglycan and hyaluronan (30, 34). Importantly, these studies
revealed that both molecules led to the production of a fully func-
tional and active IL-1B protein by triggering the induction of both
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pro-1L-1B and NLRP3 autonomously (30). We were able to show a
similar increase in IL-1p and NLRP3 protein and mRNA expression
following MATN2 addition. However, the production of fully func-
tional IL-1p in response to MATN2 remains to be confirmed.

Interestingly, ECM components, such as fibronectin extra
domain A, hyaluronan-derived oligosaccharides, lumican, and
biglycan, are now accepted as endogenous ligands of pattern rec-
ognition receptors, in particular TLR2 and TLR4. Signal trans-
duction through TLRs is well characterized, mediated through
two possible routes involving the adapter molecules MyD88 and
TRIF (35). While signal transduction through most TLRs is solely
dependent on MyD88, TLR4 can also signal through an alterna-
tive TRIF-dependent mechanism. MyD88-mediated activation
of downstream pathways involves phosphorylation of the MAP
kinases ERK and p38 as well as the transcription factor NF-«xB
(13, 32, 36). Although most TLR-activating ECM molecules sig-
nal through the same TLRs, they all have obvious structural dif-
ferences and trigger differential responses and biological out-
comes. For an example of this, by comparison, biglycan signaling
induces proinflammatory TNF-o and pro-IL-1B, which in turn
induces the expression of COX-2 and IL-6 (9, 13, 30), whereas
decorin promotes the induction of antiinflammatory IL-10 (37).
In macrophages, we found increased phosphorylation of NF-«B,
p38, and ERK following exogenous MATN2 addition, leading to
the expression of proinflammatory cytokines. Compared with WT
cells, Myd88 KO macrophages had markedly lower IL-18, TNF-o,
and NLRP3 protein and gene induction and considerably lower
induction of NF-kB, p38, and ERK1/2 phosphorylation following
MATN2 addition. These data suggest that MATN?2 acts as a novel
ligand for TLR-mediated signaling in macrophages. We were then
able to show specific activation of the TLR4 receptor by MATN2
in a HEK cell assay. This specific activation of TLR4 by MATN2 is
in line with our previous observation that MATN2-induced proin-
flammatory gene and protein expression is incompletely inhibited
in Myd88 KO cells, as TLR4 can also induce activation through the
alternate TRIF-dependent pathway. The presence of MyD88-inde-
pendent ERK phosphorylation also suggests the involvement of
other, as yet, unidentified receptors in MATN?2 signaling.

In addition to macrophage-mediated effects, it is also possi-
ble that MATN2 could directly signal in axons and neurons in an
autocrine fashion, because following tissue injury, TLR4 protein
and gene expression is known to be increased in cortical neurons
(38-40). In our experiments, exogenous MATN2 added to neu-
ronal monocultures did not induce Tlr4 expression or promote
neuronal cell death; however, further work is required to exclude
the possibility that MATN2 also signals directly through neurons.

In summary, the present study has identified MATN2 as an
important neuronal danger-associated molecule in the CNS that
is released in association with tissue damage to elicit a robust
proinflammatory response by cells of the innate immune sys-
tem. We showed that, in the highly aberrant EAE disease state,
MATN2 expression in acute inflammatory lesions was associated
with worsened disease, likely to be mediated by increased axon
loss and more severe acute inflammatory infiltration. In principle,
blockade of MATN2 signaling or its neutralization could be a novel
therapeutic strategy for early relapsing-remitting MS, in which
severe lesional axonal injury is often a feature.
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Methods

Mice. We used female and male Matn2 KO mice (25) and their WT
littermates on a C57BL/6 background. Mice were backcrossed for
10 generations to achieve a >98% C57BL/6 background for EAE
experiments. Myd88 KO mice (41) were previously backcrossed with
C57BL/6 mice for over 10 generations.

EAE induction. MOG,, ., EAE was induced in 8- to 12-week-
old sex-and age-matched C57BL/6 mice as described previously
(42). EAE mice were weighed, monitored, and clinically assessed
according to the following grading scale: O = no symptoms;
1 = distal tail weakness; 1.5 = tail weakness and some hind limb
weakness; 2 = complete tail paralysis; 2.25 = complete tail paraly-
sis and gait abnormality; 2.5 = complete tail paralysis and severe
gait abnormality; 2.75 = complete tail paralysis and monoplegia;
3 = paraplegia; 3.5 = inability to right when placed on back or sig-
nificant forelimb weakness; 4 = euthanized or spontaneous death.
EAE induction in Matn2 KO mice for analysis of acute disease was
performed in 4 independent cohorts of WT and KO littermates, and
disease grades were averaged for all mice.

Microarray. Gene expression in motor cortex-enriched tissue was
assessed from 4 healthy mice and 6 EAE female mice. Tissue was col-
lected from mice with paraplegia or monoplegia, with contralateral
hind limb paresis (EAE grade 22.75; day 18-21). For tissue collection,
the mice were euthanized and perfused with 20 ml MT-PBS followed
by 10 ml RNAlater (Ambion), and forebrains were removed and placed
into a cold metal brain matrix. The brains were cut into 1-mm coronal
slices, and regions of interest were dissected with the help of a brain
atlas (Allen mouse brain atlas; http://mouse.brain-map.org). Region
specificity was determined by qRT-PCR analysis for motor cortex-
specific genes. RNA was extracted using the RNeasy Mini Tissue Lipid
Kit (Qiagen). RNA yield and quality was determined, and processing,
including cDNA transcription, labeling and hybridization onto the
Affymetrix mouse genome 430 2.0 array, and primary quality control
measures of the chip results, was performed by the Australian Genome
Research Facility (Melbourne, Australia). For biotin labeling of the
chip cDNA, 1 ug RNA was used. CEL files were analyzed using Partek
Genomic suite (version 6.3 beta, Partek). Every GeneChip passed the
chip quality control. Lists of significantly changed probe sets (P values
less than 0.05 and fold changes of 1.3 or greater) were generated for
each comparison between control and treatment groups. Functional
annotation and clustering of the differentially regulated genes were
performed using Metacore software (GeneGo, 205 Inc.). The array
data is available at the NCBI Gene Expression Omnibus repository
(mouse gene expression profiles: GSE47900).

qRT-PCR. Tissue was collected as described in the Microarray
section. RNA was extracted using the RNeasy Lipid Mini Kit (Qiagen).
qRT-PCR was performed on an ABI7700 Sequence Detection System
(Applied Biosystems) using the comparative Ct method (43). Primers
(GeneWorks) were designed over exon-exon borders, and each primer
pair was tested for specificity and amplification efficiency by PCR on
the basis of a qRT-PCR standard amplification and dissociation curve.
All Ct values were normalized against 18S, and the mean expression
values were calculated by using one single gene transcript level from
the same group as reference. Sequences of primers are as follows:
18Sfw: CGGCTACCACATCCAAGGAA, rv: GCTGGAATTACCGC-
GGCT; Matn2fw: GAGGGCTTTGTCCTAGCTGA, rv: GGGAAACT-
GCCAAGGAATCT; VWFfw: GTCCCAAGAGGAAGTGGACA, rv:
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CTCGTGGTACACGACAGAGC; Spink8fw: GACCGGGGAGCTTC-
TACAAA, rv: AGAATTCCGGAGCAGAGATG; Pkp2fw: TCAGCAT-
ACACGGAAGATGC, rv: GCAGAGGCTGTGGTTTCAAT; ApoDfw:
AAGATCCCAGCGAGCTTTG, rv: TGAGACGTTGCTCTGTTTGG;
Fkbp5fw: AGGTGTTGGCAGTCAATCC, rv: CTTTGGCCTTTCCT-
TCTTCC; Fnfw: TGACAACTGCCGTAGACCTG, rv: TCGTCTCT-
GTCAGCTTGCAC; B3-Tubulinfw: AAGGCCTTCCTGCACTGG, rv:
TCTCGGCCTCGGTGAACTC; Il-1pfw: AGTTGACGGACCCCAA-
AAGA, rv: GGACAGCCCAGGTCAAAGG; iNOSfw: GGATCTTCC-
CAGGCAACCA, rv: AATCCACAACTCGCTCCAAGATT; CD11bfw:
AAGTGGAGCCATATGAAGTTCACA, rv: GCACCAGGCCCCCAAT;
CD45fw: GCGGTGTAAAACTCGTCAAAAAT, rv: GCTTAGGCGTT-
TCTGGAATCC; TNF-ofw: CACAAGATGCTGGGACAGTGA, rv:
TCCTTGATGGTGGTGCATGA; Il6fw: CAAAGCCAGAGTCCTTC-
AGAG, rv: TGGTCCTTAGCCACTCCTTC; Cox2fw: CTCCCT-
GAAGCCGTACACAT, rv: GCTCGGCTTCCAGTATTGAG; Mat-
n2WT/KO fw: TGTTTGGGACCTGAAAAATCA, Matn2WT rv:
CAGTGCAGTCTGCGGATACAT; Matn2KO rv: CCTTTGCAGGT-
GTATCTTATA, Nlrp3fw: ATTACCCGCCCGAGAAAGG, Nlrp3rv:
TCGCAGCAAAGATCCACACAG.

Western blotting. Protein lysates from tissue were prepared using
the TissueLyzer II (Qiagen) and RIPA lysis buffer (1% v/v Triton
X-100, 1% w/v sodium deoxycholate, 0.1% w/v SDS, 50 mM NacCl,
10 mM Tris [pH 7.5]) supplemented with protease and phosphatase
inhibitor tablets (Roche). Lysates from primary cells were washed, and
lysates were collected with 100 pl RIPA lysis buffer using cell scrap-
ers. Lysates were separated under reducing or nonreducing conditions
by sodium dodecyl sulphate polyacrylamide gel electrophoresis (10%
gels) and transferred to PVDF membranes (Pall Corporation) at 25 V
for 2 hours or to nitrocellulose membranes by iBlot (Invitrogen). Pro-
teins were visualized and quantified using the Odyssey Infrared Imag-
ing System and quantification tools (LI-COR Biosciences) or visual-
ized using Amersham Hyperfilm ECL chemiluminescent substrate
(Amersham Biosciences). Primary antibodies were MATN2 (R&D
Systems, rabbit), B-actin (Sigma-Aldrich), pERK1/2 (Cell signaling,
rabbit), ERK1/2 (Cell signaling, rabbit), pNF-kB (Cell signaling, rab-
bit), and NF-kB (Santa Cruz Biotechnology, rabbit).

ELISA for pNfH. Blood samples were collected at the time of cull-
ing and were used in an ELISA for pNfH as previously described (6).
Antibodies used included chicken anti-pNfH capture and rabbit anti-
pNfH detection. The pNfH ELISA reagents were a gift from Gerry
Shaw (Encor Biotechnology, Gainesville, Florida, USA).

Immunofluorescence. Mice were perfused with 20 ml MT-PBS fol-
lowed by 20 ml 4% PFA and postfixed in 4% PFA for another 30 min-
utes (spinal cords) or 1 hour (brains) at 4°C and cryosectioned (10-12
um). Frozen sections were rehydrated, blocked with 10% (v/v) normal
serum/0.5% (v/v) Triton X-100 in MT-PBS for 1 hour, and incubated
with primary antibodies at 4°C overnight. Fluorescently labeled sec-
ondary antibodies were then added for 30 to 60 minutes at room
temperature, followed by labeling with Hoechst33342 (Invitrogen).
Images were acquired using a Zeiss Axioplan2 upright microscope and
Axiovision software. Primary antibodies used were CC1 (Calbiochem,
mouse), CD3 (Dako, rabbit), Fn (Chemicon, rabbit), GFAP (Dako, rab-
bit), IBA-1 (Wako Pure Chemical Industries, rabbit), Lam (Chemicon,
rabbit), MATN2 (R&D Systems, goat), MATN2 (generated in-house;
ref. 18; rabbit), NeuN (Chemicon, mouse), SMI312 (Abcam, mouse). In
all presented images, MATN2 (R&D Systems, goat) was used.
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The percentage of the MATN2-positive area in lesions was deter-
mined using MetaMorph software (version 7.7.5, Molecular Devices).
Lesions, defined as areas with dense nuclei, were identified by seg-
menting with the Count Nuclei module and then filtered so that
nuclei that were clustered (<5 pm) were identified as a lesion. The
MATN2-positive area was determined by segmentation of the posi-
tive staining area and refining it with the Integrated Morphometric
Analysis function.

Methylene blue myelin staining. Four spinal cords per genotype
were collected and processed as previously described (42). For axonal
counts, left and right sections of the dorsal columns of methylene
blue-stained spinal cords were photographed at x100 magnification
on a Zeiss Axioplan 2 imaging system. Quantification of axon numbers
was performed as previously described (44).

Human tissue and IHC. THC analyses for MATN2 were performed
on brain sections from controls and patients with MS for the inves-
tigation of acute demyelinating lesions from biopsy and autopsy tis-
sues; chronic active, chronic inactive, and partly remyelinating lesions
from autopsy tissues; and tissues from healthy brain autopsy samples.
Lesions were classified according to the previously described classifi-
cation system (45). A total of 13 different lesions from 6 autopsies and 5
biopsy samples from patients with MS, with lesions located in different
parts of the brain, were analyzed. Five tissue samples from gray and
white matter areas were selected from brain sections of 3 cases, with
no obvious brain pathology to be used as controls.

Human biopsy specimens were fixed in 4% paraformaldehyde
and embedded in paraffin. Autopsy material was fixed in 10% formalin
and tissue embedded in paraffin. Both tissues were cut in 4-um-thick
sections. Antigen retrieval was performed using either Proteinase K
(Dako) for 10 minutes (MATN2) or citric acid (Thermo Fisher Scien-
tific) for 35 minutes (GFAP, rabbit). After incubation in 3% H,0, and
primary antibody at 4°C overnight, proteins were visualized using the
Vectastain Elite ABC Universal Kit (Vector Laboratories) according
to the manufacturer’s instructions. Slides were counterstained with
Hematoxylin. Primary antibodies were against human MATN2 (R&D
Systems) and GFAP (Dako, rabbit). Controls omitting the primary
antibody showed no staining.

Analysis of EAE disease severity in Matn2 KO mice. Absolute lesion
size, average nuclei per lesion, and lesion area relative to total tissue
area were determined on Hoechst33342-stained (Molecular Probes)
sections using MetaMorph. Nuclei counts were based on a standard
area count method.

For the quantification of macrophages and T cells, sections were
labeled with Hoechst33342 and IBA-1 or CD3 and analyzed with Meta-
Morph. IBA-1- and CD3-positive cells were detected using a standard
intensity threshold that overlapped or surrounded nuclei (Integrated
Morphometric Analysis function). All counts and analyses were per-
formed blinded to the genotype of the animal.

For the described procedures, a minimum of 3 slides containing
20 transverse cords of mixed genotypes were analyzed. Spinal cords
were cryosectioned (at 12 pm) 50 pm apart to cover a minimum cross-
sectional area of 200 pm of the lumber expansion. Images were auto-
matically captured with a x20 PlanFluor 0.5 NA objective using the
automated Nikon Ti-E microscope.

Primary neuronal cultures. Primary neuronal cultures were derived
from embryonic day 16 C57BL/6 embryos. Therefore, cerebral corti-
ces were dissected and the meninges were removed. Cells were dis-
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sociated by trypsinization (0.125% Trypsin/Ca**-free Mg**-free HBSS
buffer [Gibco]) for 12 minutes at 37°C. 10 ml DMEM/10% FBS was
added, and the tissue was centrifuged at 1,300 g for 2 minutes. Cells
were triturated following addition of neurobasal medium (Invitrogen)
containing 1:50 B27 (Invitrogen), 1% penicillin/streptomycin (Gibco),
and 0.25% GlutaMax (Gibco) and centrifuged at 1,300 g for 2 min-
utes. Cells were then resuspended in 2 ml NBM media for plating.
The neurons were plated onto poly-D-lysine-coated (Sigma-Aldrich)
6-well plates at a density of 5 x 10° neurons per well. Cultures were
maintained in NBM at 37°C/5% CO,. Every 3 to 4 days, 50% of the
media was replenished with fresh medium. Before the performance of
assays, floating dead cells in the cultures were removed.

Bone marrow-derived macrophage cultures. Macrophages cul-
tures were prepared as previously described (46). Briefly, femur and
tibia were excised, and bone marrow was flushed out. Cells were col-
lected by centrifugation at 350 g for 5 minutes and then resuspended
in macrophage medium (DMEM [Invitrogen no. 11995]; 10% FCS,
100 U/ml penicillin, 100 pg/ml streptomycin, and 2 mM GlutaMax-1
[all Gibco]; and 2.5 U human MCSF-1 [R&D Systems]) and seeded
onto a noncoated T175 tissue culture flask for 3 to 4 days. After 3 days,
nonadherent, undifferentiated cells were collected and centrifuged at
350 g for 7 minutes. Cells were cultured for an additional 3 to 4 days
in macrophage medium before they were used in experiments. Cells
were maintained at 37°C at 5% CO,, and full media change was per-
formed every third day. For the activation of macrophages, recombi-
nant mouse MATN2 (R&D Systems) was added at concentrations of
either 1 to 2 pg/ml for RNA assays or 2 pg/ml for protein assays to the
culture media and incubated at 37°C/5% CO, for 4 to 24 hours (RNA)
or 15 to 45 minutes (protein).

Primary neuron/microglia cocultures. After 7 to 8 days in culture,
neurons were cocultured with macrophages by placing the macro-
phages onto the neurons. Therefore, macrophages were collected by
centrifugation at 350 g for 7 minutes, resuspended in 1 ml neuronal
medium, counted, and added to the neurons at 350,000 cells per well
in the 6-well plates.

For the activation of macrophages, 1 pg/ml LPS (Sigma-Aldrich)
was added to the culture media and cocultures were incubated at
37°C/5% CO, for 24 hours. Where indicated, instead of the LPS recom-
binant MATN2 (R&D Systems) at 1 ug/ml was added to the cultures.

Live/dead assay and axonal injury analysis. Cells were incubated
with Calcein AM and Ethidium Homodimer (4 uM; Invitrogen) for 12
minutes at 37°C followed by Hoechst33342 for an additional 5 min-
utes. Images of 5 fields of view were randomly chosen and captured
from each well. To determine cell viability, cells were counted using
the cell count function in MetaMorph software. For identification of
neurite length and branching, the neurite outgrowth module within
MetaMorph was used. This module identifies neurons using the Cal-
cein AM stain via their nuclei and traces neurites to determine the neu-
rite outgrowth per cell and number of branches per cell. The following
parameters were used to identify the cell bodies and neurites: cell bod-
ies = 30 pm, maximum width of neurites = 6 pm.

TLR activation assay. MATN2-induced stimulation was tested in
HEK293 cells expressing one of the TLRs (TLR2, TLR3, TLR4, TLR5,
TLR7, TLRS, or TLRY) and secreted alkaline phosphatase under the
control of a modified human I/12p40 promoter, which is inducible by
NF-«B, activator protein-1, and IFN-regulatory factors cloned into
pNIFTY2-SEAP vectors. The amount of secreted alkaline phosphatase
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was determined using the SEAP Reporter Assay Kit (measurements
were performed by TLR-screening service of InvivoGen) as arbitrary
units. Screening was performed in triplicates using 2 ug/ml MATN2
and was compared with the induction of alkaline phosphatase in non-
induced TLR clones and NF-kB-negative cells using TNF-o (negative
controls) as well as to the activation with stimulating ligands (positive
controls): TLR2 = heat-killed Listeria monocytogenes at 10® cells per ml;
TLR3 = poly(I:C) at 1 pg/ml; TLR4 = E. coli K12 LPS at 100 ng/ml;
TLR5 = S. typhimurium flagellin at 100 ng/ml; TLR7 = CL0O97 at
1 pg/ml; TLR8 = CLO75 at 10 pg/ml plus poly(dT) 10 uM; and TLR9 =
CpG ODN 1826 at 100 ng/ml (InvivoGen).

Statistics. Statistical analysis was conducted using GraphPad
prism software V.6 (GraphPad Software). Values are expressed as
mean * SEM. Groups of 2 were compared by unpaired 2-tailed ¢ test.
One- or two-way ANOVA followed by Bonferroni’s multiple compar-
ison test were used for comparisons among three or more groups. For
EAE disease curves, Mann-Whitney rank-sum tests were performed.
In Kaplan-Meier curve, a y* test was used for statistical analysis. A
Pvalue of less than 0.05 was considered statistically significant.

Study approval. All animal experimentation was conducted
according to National Health and Medical Research Council guide-
lines (Australia) and with approval from the Howard Florey Institute
animal ethics committee (09-113).

Human histological studies were conducted in the laboratory of
T. Kuhlmann. All patient biopsies were undertaken for clinical indica-
tions after standard clinical consent was obtained and documented.
Autopsies were conducted with consent of relatives. These materials
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were stored in standard pathology archives. The ethics committee
of the University Hospital, Muenster, has approved the use of these
materials for scientific purposes. According to German law, patients
and relatives do not have to explicitly consent to the use of these codi-
fied materials for specific scientific studies, on the proviso that all pub-
lication of data respects patient anonymity.
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