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The brain’s endogenous capacity to restore damaged myelin dete-
riorates during the course of demyelinating disorders. Currently,
no treatment options are available to establish remyelination.
Chronic demyelination leads to damaged axons and irreversible
destruction of the central nervous system (CNS). We identified
two promising therapeutic candidates which enhance remyelina-
tion: oncostatin M (OSM), a member of the interleukin-6 family,
and downstream mediator tissue inhibitor of metalloproteinases-1
(TIMP-1). While remyelination was completely abrogated in OSMRβ
knockout (KO) mice, OSM overexpression in the chronically demye-
linated CNS established remyelination. Astrocytic TIMP-1 was dem-
onstrated to play a pivotal role in OSM-mediated remyelination.
Astrocyte-derived TIMP-1 drove differentiation of oligodendrocyte
precursor cells into mature oligodendrocytes in vitro. In vivo, TIMP-1
deficiency completely abolished spontaneous remyelination, pheno-
copying OSMRβ KO mice. Finally, TIMP-1 was expressed by human
astrocytes in demyelinated multiple sclerosis lesions, confirming the
human value of our findings. Taken together, OSM and its down-
stream mediator TIMP-1 have the therapeutic potential to boost
remyelination in demyelinating disorders.

oncostatin M | remyelination | oligodendrocyte precursor cells |
astrocytes | tissue inhibitor of metalloproteinases-1

Following a demyelinating event, oligodendrocyte precursor
cells (OPCs) proliferate and migrate to the lesion site, where

they differentiate into oligodendrocytes and enwrap naked axons
with new myelin sheaths (1). This remyelination process restores
saltatory conduction, protects axons from degeneration, and re-
solves functional deficits (2–4). Despite the presence of OPCs in
demyelinated lesions, remyelination often fails in (inflammatory)
demyelinating disorders such as multiple sclerosis (MS) or fol-
lowing traumatic central nervous system (CNS) injury (5–7). An
inhibitory environment in and around the lesion impairs
remyelination. It leads to a depletion of OPCs, it decreases OPC
migration to the lesion site, and it hampers OPC differentiation
into oligodendrocytes. This inhibitory environment is created by
the secretory products of CNS resident cells and infiltrated im-
mune cells, expression of inhibitory molecules on denuded axons
(8), and changes in the composition of the extracellular matrix
(ECM), associated with the formation of a glial scar in chronic
lesions (9, 10). Astrocytes and microglia are crucially involved in
the formation of mature oligodendrocytes and in the myelination
of axons by producing neurotrophic factors (11, 12). The in-
volvement of some proteoglycans as ECM building blocks and
matrix metalloproteinases as ECM wreckers has been demon-
strated as a key modulatory process of demyelination and
remyelination (13). It is clear that a permissive environment is
essential to allow robust remyelination. For MS, the most common

demyelinating disease, current therapies are aimed at modulating
or inhibiting the ongoing immune response to limit autoimmune-
mediated demyelination, but fail to directly induce repair.
Therefore, those treatments are not effective in progressive MS,
where compromised remyelination is prominent, resulting in ax-
onal and neuronal death (14). In that light, there is a high need for
treatment strategies that revert the nonpermissive environment to
establish the inherent property of the CNS to regenerate. One way
to do this is to boost endogenous remyelination-enhancing mes-
senger molecules.
Oncostatin M (OSM) is a first messenger molecule that is

produced by microglia, hypertrophic astrocytes, and infiltrated
immune cells in demyelinated lesions (15). OSM belongs to the
gp130-signaling family and has shown neuroprotective effects in
previous studies, including ours. OSM limits neuronal cell death
caused by excitotoxicity in vitro and in vivo (16, 17) and pro-
motes neurite outgrowth of primary cortical neurons in vitro
(18). Furthermore, following spinal cord injury, OSM treatment
reduces lesion size, promotes sprouting of nerve fibers, and in-
duces functional recovery (18). Yet, the role of OSM in remye-
lination remains elusive.
In this study, the cuprizone model is used as a reproducible

and well-characterized mouse model of de- and remyelination
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(19). On a cuprizone diet, mature oligodendrocytes are depleted,
which induces microgliosis resulting in complete demyelination
of the corpus callosum (CC). When cuprizone is omitted from
the diet, the CC gradually remyelinates (19). We demonstrate
that the OSM-specific receptor subunit beta (OSMRβ) is highly
up-regulated during remyelination. In OSMRβ-deficient mice,
remyelination is completely absent, whereas CNS-targeted lentiviral
(LV)-OSM overexpression boosts remyelination. We identify tissue
inhibitor of metalloproteinases-1 (TIMP-1), which is produced by
astrocytes, as one of the determining factors involved in OSM-driven
remyelination. TIMP-1, present in the secretome of OSM-treated
astrocytes, is sufficient to induce in vitro OPC differentiation.
Moreover, spontaneous remyelination is abolished in animals
lacking TIMP-1. In demyelinated white matter lesions of MS pa-
tients, we found expression of TIMP-1 in astrocytes, validating its
potential as a target in human disease.
This study uncovers a previously uncharacterized and crucial

role for OSMR signaling in remyelination and suggests that
OSMR activation and its downstream effector molecule, astrocytic
TIMP-1, are promising leads for treating demyelinating disorders,
including MS.

Results
OSMR Signaling Is Crucial for Remyelination. To determine the in-
volvement of OSMR signaling in remyelination, we first measured
the expression level of Osmrβ in the brain of cuprizone-challenged
mice (Fig. 1A). After 5 wk of cuprizone-induced demyelination,
mRNA expression of Osmrβ was strongly up-regulated, increasing
5.3-fold (Fig. 1B). This enhanced Osmrβ expression persisted
during remyelination compared to healthy mice (3.3-fold after
1 wk of standard diet) (Fig. 1B). To define the functional signifi-
cance of OSMR up-regulation, OSMRβ knockout (KO) mice
were used. Five weeks of cuprizone diet induced demyelination to
a similar extent in both wild-type (WT) and OSMRβ KO mice, as
evidenced by a strong reduction in myelinated area in the CC (Fig.
1 C and D). In contrast, while WT mice showed a clear increase in
myelinated areas in the CC after 2 wk of remyelination, no sig-
nificant remyelination was seen in OSMRβ KOmice (Fig. 1 C and
D). In line with this, Mbp mRNA expression was strongly up-
regulated in WT mice after 1 wk of remyelination, whereas this
up-regulation was completely absent in OSMRβ KO mice (SI
Appendix, Fig. S1A). mRNA expression of Mag (a later marker of
oligodendrocyte maturation) was not significantly different be-
tween WT and OSMRβ KO mice (SI Appendix, Fig. S1B). Taken
together, in the absence of OSMR signaling, demyelination after
5 wk of cuprizone diet is not affected, while remyelination is
abrogated.
Next, we investigated what happens to the different oligo-

dendrocyte maturation stages during de- and remyelination in
the absence of OSMR signaling. Five weeks of cuprizone diet
reduced the number of mature oligodendrocytes (CC1+) in the
CC of both WT and OSMRβ KO mice (Fig. 1E), as cuprizone
leads to cell death of oligodendrocytes (19, 20). This depletion of
mature oligodendrocytes was accompanied by a strong increase
in the number of OPCs (NG2+) in WT mice, while in OSMRβ
KO mice this was significantly less (Fig. 1F). After 2 wk of
remyelination, a robust increase in CC1+ oligodendrocytes was
found in WT mice, but not in OSMRβ KO mice (Fig. 1E). These
results are supported by a significantly lower induction of the
oligodendrocyte differentiation gene Lpar1 (21, 22) during remye-
lination in OSMRβ KO mice compared to WT mice (Fig. 1G).
Taken together, the lack of OSMR signaling results in a de-

creased induction of OPC numbers following acute demyelination
and a reduced number of newly formed mature oligodendro-
cytes after cuprizone withdrawal, ultimately leading to failure of
remyelination.

CNS-Targeted LV-OSM Treatment Induces Remyelination of the
Chronically Demyelinated Brain. Since OSMRβ deficiency abro-
gated remyelination, we next investigated whether OSMR en-
gagement, through therapeutic application of a LV vector
expressing OSM (LV-OSM), stimulates remyelination in the con-
text of chronic demyelination, a prominent feature in progressive
MS currently not targeted by existing therapies (23). WT mice
received a cuprizone diet for 12 wk to induce chronic demyelin-
ation, resulting in pronounced depletion of oligodendrocytes and
OPCs, thereby limiting the rate of spontaneous remyelination after
cuprizone withdrawal (24). LV-OSM, or control LV (LV encoding
eGFP; LV-eGFP), was injected in the right striatum after 11 wk of
cuprizone diet (Fig. 2A). We confirmed overexpression of OSM in
both the striatum and CC of the transduced hemisphere using
immunohistochemistry (SI Appendix, Fig. S2). Up-regulation of
Osmrβ was also detected in the CC during chronic demyelination
and persisted during subsequent LV-OSM–induced remyelination
(Fig. 2B). LV-OSM–treated animals displayed an enlarged mye-
linated area in the CC after 2 wk of normal diet consecutive to
chronic demyelination (Fig. 2 C and E, P = 0.057 compared to the
chronically demyelinated CC at 11 wk of cuprizone diet). For LV-
eGFP–treated mice no evident remyelination was seen. In line
herewith, CNS-targeted LV-OSM treatment significantly de-
creased the G ratio evidencing remyelination, while no reduction
in G ratio was detected in the LV-eGFP control group (Fig. 2 D
and F). In addition, the number of CC1+ mature oligodendrocytes
in the CC significantly increased compared to chronic demyelin-
ation (week 11), further reflecting the remyelination-inducing
properties of OSM (Fig. 2G). Collectively, these results show
that CNS-targeted LV-OSM treatment during chronic demye-
lination increased the number of mature oligodendrocytes and
established remyelination.

OSMR Signaling Regulates TIMP-1 Production during Remyelination.
To uncover the underlying mechanism of OSM-induced remye-
lination, downstream mediators of OSMR signaling were in-
vestigated. Therefore, we measured mRNA expression of trophic
factors (ciliary neurotrophic factor [CNTF], leukemia inhibitory
factor [LIF], insulin-like growth factor 1 [IGF1], and TIMP-1),
inhibitory molecules (Notch1, Jagged1, leucine rich repeat and
Ig domain containing (LINGO)-1), pro- and antiinflammatory
cytokines (IL-1β, IL-6, and transforming growth factor beta
[TGF-β]), and M1/M2/phagocytosis markers (CD32, CD86,
CD206, and Lrp1) in the brain (Fig. 3A). Timp-1, Cd32, Cd86,
and Igf-1 mRNA levels were up-regulated after 5 wk of cupri-
zone diet in WT mice, indicating the involvement during de-
myelination (SI Appendix, Fig. S3). Lower mRNA levels of Timp-
1 were observed in the absence of OSMR signaling after acute
demyelination and remyelination, compared to WT mice (Fig.
3A). Interestingly, during these conditions, high Lif mRNA ex-
pression was present, possibly due to compensation mechanisms
(25). For the other factors, no differences were observed be-
tween OSMRβ KO and WT animals. After chronic demyelin-
ation, higher Timp-1, Cd32, Cd206, Cd86, Cntf, and Il-1β mRNA
levels were detected in LV-OSM–treated mice in the transduced
hemisphere, compared to eGFP-treated mice. For Timp-1, Cd32,
and Il-1β also higher expression levels were seen at the region of
the CC, in the comparison of LV-OSM–treated with LV-eGFP–
treated mice (Fig. 3A).
Of the preselected molecules, Timp-1 was the only gene that

was down-regulated in OSMRβ-deficient mice, while increased
after triggering of the OSMR with OSM, making it a prime
candidate as a downstream mediator of remyelination by OSMR
signaling. Therefore, a more detailed mRNA profiling of Timp-1
was examined to follow its expression pattern during the cupri-
zone experiments. A strong increase in mRNA expression of
Timp-1 was observed in the brain of WT mice after acute de-
myelination and persisted during the remyelination phase, while
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Fig. 1. OSMR signaling is essential for remyelination. (A) Mice were fed a 0.2% cuprizone diet for 5 wk to cause demyelination, followed by 2 wk of standard
diet to allow spontaneous remyelination. (B) Osmrβ expression was measured in whole brain of healthy mice, after acute demyelination (5 wk cuprizone diet)
and during remyelination (5 wk cuprizone diet followed by 1 wk standard diet) using qPCR (n = 5 per group). (C and D) Representative pictures (C) and
quantification (D) of the Luxol fast blue (LFB) staining in the CC (around bregma −1.82 mm). (E and F) Number of CC1+ cells (E) and NG2+ cells (F). All stainings
were performed on the CC of WT and OSMRβ KO mice receiving standard diet (n = 4 per group), after acute demyelination (n = 4 per group), and acute
demyelination followed by remyelination (n = 5 per group). (G) mRNA level of Lpar1 in whole brain of healthy mice, after acute demyelination (5 wk
cuprizone diet) and during remyelination (5 wk cuprizone diet followed by 1 wk standard diet) using qPCR (n = 5 per group). Data are depicted as mean ±
SEM, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. One-way ANOVA (B) or two-way ANOVA (D–G) with multiple comparison and Tukey’s post hoc
test. (Scale bars, 200 μm.)
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in the OSMRβ KO mice—where remyelination is abrogated
(Fig. 1 C and D)—Timp-1 up-regulation was completely absent
(Fig. 3B). Moreover, CNS-targeted LV-OSM treatment, enabling
remyelination following chronic demyelination, induced a higher
Timp-1 mRNA expression in the region of the CC compared to
LV-eGFP control mice (Fig. 3C). Since TIMP-1 appears to be the
main downstream mediator of OSMR signaling in these models,
we also investigated gene expression of Mmp2 and Mmp9, both
inhibited by TIMP-1. However, no significant differences were
observed for these genes (Fig. 3A). Overall, these data point to-
ward an important role for TIMP-1 as a mediator of remyelination

downstream of the OSMR, as both endogenous OSMR signaling
and LV-OSM treatment strongly regulate its expression.

Astrocytes Produce TIMP-1 in Response to OSM. Next, we sought to
identify the cellular source of TIMP-1 in response to OSM.
Different cell types of the CNS express OSMRβ, as previously
reported by us (26). Moreover, we already identified increased
OSMRβ expression in astrocytes and microglia after demyelin-
ation using the cuprizone model (26). Most studies assign TIMP-
1 expression to astrocytes (27, 28). Therefore, we considered
astrocytes to be the main cellular producers of TIMP-1 after

Fig. 2. CNS-targeted OSM treatment enables remyelination after chronic demyelination. (A) Schematic representation of cuprizone feeding; mice received
cuprizone diet for 12 wk to induce chronic demyelination, followed by 2 wk of standard diet to allow remyelination. After 11 wk, mice were injected with LV-
OSM (OSM) or LV-eGFP (control) in the right striatum. (B) OSMRβ mRNA levels in the CC of healthy mice, after chronic demyelination and during remyeli-
nation using qPCR (n = 5 per group). (C and E) Representative images (C) and quantification (E) of LFB staining in the CC (around bregma −1.82 mm) (n = 4 or
5 per group). (D and F) Representative TEM images (D) and quantification of the G ratio (F) in the CC (n = 3 per group). (G) Quantification of CC1+ cells
measured using immunohistochemistry in the CC (n = 4 or 5 per group). Data are depicted as mean ± SEM, **P < 0.01, ***P < 0.001, and ****P < 0.0001. One-
way ANOVA with multiple comparison and Tukey’s post hoc test (B) and one-way ANOVA with multiple comparison to 11w and Dunnett’s post hoc test (E–G).
(Scale bars, 200 μm in C and 5 μm in D.)
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OSMR signaling. Here, we demonstrated that LV-OSM treat-
ment strongly enhanced the astroglial response compared to LV-
eGFP controls at the site of injection (Fig. 4 A and B), though
not at the level of the CC (Fig. 4C), supporting the active in-
volvement of astrocytes in OSMRβ signaling. Therefore, we in-
vestigated whether astrocytes produce TIMP-1 during de- and
remyelination. Immunofluorescent double staining in the CC of
the LV-OSM–treated mice illustrated coexpression of TIMP-1
with GFAP (Fig. 4D). Moreover, treatment of primary cell cul-
tures of astrocytes with recombinant mouse OSM (rmOSM)
strongly up-regulated Timp-1 mRNA levels (Fig. 4E). Further
validation at the protein level demonstrated expression and a
strongly increased secretion of TIMP-1 in primary cultured

astrocytes after rmOSM treatment (Fig. 4 F and G). As expected
no TIMP-1 protein levels were detected in astrocyte-conditioned
medium (ACM) derived from TIMP-1 KO astrocytes. Taken
together, OSMR signaling regulates TIMP-1 production in de-
myelinating and remyelinating lesions mainly through astrocytes.
Lastly, we analyzed the cellular distribution of TIMP-1 in well-

characterized MS lesions (Fig. 5). In control white matter tissue
and normal appearing white matter (NAWM), TIMP-1 expres-
sion was detected in cells with an astrocytic morphology (Fig.
5E). Robust expression of TIMP-1 was observed in the demye-
linated white matter (Fig. 5F) compared to NAWM (Fig. 5E),
especially in the active white matter lesion. Double immuno-
histochemistry revealed that TIMP-1 was markedly expressed in

Fig. 3. OSMR signaling induces TIMP-1 production. (A) mRNA expression of M1/M2/phagocytosis markers (Cd32, Cd86, Cd206, and Lrp1) trophic factors (Cntf,
Lif, Igf-1, and Timp-1), inhibitory molecules (Notch1, Jagged1, and Lingo-1), pro- and antiinflammatory cytokines (Il-1β, IL-6, and Tgf-β), and matrix metal-
loproteinases (Mmp2 and Mmp9) measured using qPCR (n = 5 per group). Whole brain tissue of OSMRβ KO and WT mice was used after acute demyelination
(5 wk cuprizone diet) and following remyelination (5 wk cuprizone diet followed by 1 wk standard diet) (Left). For LV-OSM– and LV-eGFP–injected mice during
remyelination (12 wk cuprizone followed by 1 wk normal diet), brain tissue in the region of injection (transduced) and region of the CC was used (Right).
Expression is converted to fold change as compared to WT or LV-eGFP mice, respectively. (B) mRNA expression of Timp-1 in whole brain of WT and OSMRβ KO
mice receiving standard diet, after acute demyelination and following remyelination (n = 5 per group). (C) mRNA expression of Timp-1 in the region of
injection (transduced), contralateral side (contra), and region of the CC in LV-eGFP–(control) and LV-OSM–injected mice (OSM) after 12 wk cuprizone followed
by 1 wk normal diet (n = 5 per group). Expression is converted to fold change as compared to mice receiving normal diet (dotted line). Data are depicted as
mean ± SEM, *P < 0.05, **P < 0.01, and ****P < 0.0001. Two-way ANOVA with multiple comparison and Dunnett’s post hoc test (A), two-way ANOVA with
multiple comparison and Tukey’s post hoc test (B) or Sidak’s post hoc test (C).
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Fig. 4. TIMP-1 is produced by astrocytes after OSM treatment. (A and B) Representative pictures (A) and quantification (B) of the GFAP+ area measured at the
injection site of control mice (transduced with LV-eGFP), contralateral site of LV-OSM–injected mice (OSM contra) and injection site of LV-OSM–treated mice
(transduced with LV-OSM) fed with cuprizone diet for 12 wk followed by 2 wk of standard diet (n = 4 or 5 per group). (C) Quantification of the GFAP+ area
measured using immunohistochemistry in the CC of LV-eGFP– and LV-OSM–treated mice fed with standard diet, cuprizone diet for 11 wk, or cuprizone diet
for 12 wk followed by 2 wk of standard diet (n = 4 or 5 per group). (D) Double immunohistochemical staining for TIMP-1 (red) and GFAP (green) in the CC of
the LV-OSM–treated mice following chronic demyelination and remyelination. Magnifications of double positive cells are depicted on the Right. (E) Primary
astrocytes were treated with 0 ng/mL (dashed line) or 25 ng/mL OSM for 24 h, 48 h, and 72 h, after which Timp-1mRNA expression was measured by qPCR (n =
3). (F) Representative pictures of TIMP-1 protein expression in primary astrocytes treated for 72 h with 0 ng/mL or 25 ng/mL rmOSM measured using im-
munohistochemistry. (G) TIMP-1 expression was measured after 72 h OSM treatment in ACM of WT and TIMP-1 KO mice. WT-OSM ACM: 9.6 ± 0.3 ng/mL TIMP-1;
WT-no OSM: 1.8 ± 1.3 ng/mL TIMP-1; KO-OSM: not detected (n.d.); KO-no OSM: not detected. Data are depicted as mean ± SEM, *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001. One-way ANOVA with multiple comparison using Tukey’s post hoc test (B and C) or Sidak’s post hoc test (G). One-way ANOVA with
multiple comparison to 0 ng/mL OSM (E) and Tukey’s post hoc test. (Scale bar, 50 μm.)
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20 to 58% of all GFAP-positive astrocytes in white matter MS
lesions (Fig. 5 G–I). These results validate our mouse data,
where TIMP-1 expression was attributed to astrocytes and up-
regulated after demyelination of the white matter.

TIMP-1 Enhances OPC Differentiation and Is Essential for In Vivo
Remyelination. To confirm that OSM-induced astrocytic TIMP-
1 is a primary mechanism to induce remyelination, OPCs were
incubated for 3 d with ACM derived from WT and TIMP-1 KO

Fig. 5. Astrocytes express TIMP-1 in demyelinated white matter MS lesions. (A–D) Classification of the type of MS lesion was done based on proteolipid
protein (PLP) (A and B) and human leukocyte antigen (HLA)-DR (C and D) staining. (E and F) TIMP-1 positive cells with an astrocytic morphology are found in
NAWM (E) as well as in white matter lesions (F). (G–I) Colocalization of TIMP-1 and GFAP is found in astrocytes.
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astrocytes treated with or without rmOSM. ACM from OSM-
treated WT astrocytes enhanced OPC differentiation compared
to ACM from untreated WT astrocytes (Fig. 6A). Moreover,
ACM from TIMP-1 KO astrocytes, regardless of OSM treat-
ment, did not augment OPC differentiation (Fig. 6A). In line
herewith, in vitro stimulation of primary OPCs with recombinant
rTIMP-1 demonstrated that TIMP-1 directly boosts OPC dif-
ferentiation after 3 d of stimulation (Fig. 6B). This effect was
diminished after 6 d of treatment (Fig. 6B), indicating accelerated
formation of MBP+ mature OLG by TIMP-1.
Next, the kinetics of TIMP-1 expression and its receptor CD63

were assessed in whole brain during the acute cuprizone model
(Fig. 6 C and D). Both TIMP-1 and CD63 showed highest ex-
pression at the peak of demyelination and remained elevated
during the remyelination phase. To define whether TIMP-1 de-
ficiency affects remyelination in vivo, TIMP-1 KO mice and WT
mice were challenged with cuprizone for 5 wk followed by 2 wk
of normal diet (Fig. 1A). The expression level of Cd63, the cel-
lular receptor for TIMP-1 (29), was significantly up-regulated
after 5 wk of cuprizone diet in the CC of both TIMP-1 KO
and WT mice. This is indicative of active involvement of TIMP-1
signaling in acutely demyelinated regions (Fig. 6E). No com-
pensatory expression of the other TIMP family members (TIMP-
2, -3, and -4) was detected after deletion of TIMP-1 (SI Ap-
pendix, Fig. S4). In agreement with the strong up-regulation of
the OSMR during cuprizone-induced de- and remyelination,
Osmrβ was also significantly up-regulated after 5 wk of cuprizone
exposure in the CC of TIMP-1 KO mice (Fig. 6F). Demyelin-
ation was induced to a similar extent in both WT and TIMP-1
KO mice after 5 wk of cuprizone treatment (Fig. 6 G and H). In
contrast, after 2 wk of standard chow, significant remyelination
was seen in WT, but significantly less in TIMP-1 KO mice (Fig. 6
G and H). In conclusion, we directly linked OSM-induced
astrocytic TIMP-1 production to enhanced OPC differentia-
tion. Moreover, our results in TIMP-1 KO mice phenocopied the
findings in OSMR KO mice, identifying TIMP-1 as a major ef-
fector molecule of OSM-mediated remyelination.

Discussion
In this study, we identified OSMR signaling and its effector
molecule TIMP-1 as essential mediators for remyelination. First,
we demonstrated that OSMRβ was up-regulated during remye-
lination. Expression of OSM and its receptor are increased in
response to different types of CNS pathology, such as nerve in-
jury, epileptic seizures, spinal cord injury, and MS (15, 18, 30,
31). Whereas these studies pointed to a direct neuroprotective
effect of OSM, this study shows that OSMR signaling is essential
for remyelination. In OSMRβ KO mice, OPC numbers were
reduced in the CC following acute demyelination compared to
WT, coinciding with a decrease in newly formed oligodendro-
cytes and subsequent failure of remyelination. A possible ex-
planation could be that the OPCs lose the ability to fully develop
into myelinating oligodendrocytes when OSMRβ signaling is
absent. Of course we cannot exclude the involvement of OSMRβ
signaling in other mechanisms such as reduced cell survival. In
contrast, CNS-targeted LV-OSM treatment following chronic
demyelination enhanced the number of newly formed mature
oligodendrocytes in the CC, thereby enabling remyelination.
To investigate the underlying mechanism of OSM-induced

remyelination, different candidate downstream mediators were
investigated. In the absence of OSMR signaling, LIF expression
was increased during de- and remyelination. A compensatory
mechanism due to the shared gp130 subunit for the OSMR and
LIF receptor (LIFR) (25) is credible. LIF was previously reported
by us and others to protect OPCs and oligodendrocytes from
inflammation-induced cell death (32–35). At the site of OSM
overexpression higher levels of neurotrophic factor CNTF, proin-
flammatory (CD86 and IL1β), and antiinflammatory (CD32 and

CD206) mediators were detected, all known to promote remyeli-
nation (36–39). Yet, TIMP-1 was the only factor both reduced in
the absence of OSMRβ and increased upon LV-OSM treatment.
Here, we identify TIMP-1 as one of the major effector molecules
responsible for OSMR signaling-induced remyelination. As
remyelination is a highly complex process, we do not exclude the
involvement of other mediators (40, 41).
In response to demyelination, TIMP-1 expression is robustly

induced in line with previous reports (28, 42–44). Here we
demonstrate that in the absence of OSMRβ, up-regulation of
TIMP-1 is abrogated, indicating the crucial role of endogenous
OSMR signaling to induce TIMP-1 in demyelinated lesions.
Moreover, CNS-targeted LV-OSM treatment strongly increased
TIMP-1 expression and reinstalled remyelination. Finally, we
demonstrated that TIMP-1 deficiency phenocopied the abroga-
tion of remyelination in OSMRβ KO mice. Thus, both OSMR
signaling as well as its downstream mediator TIMP-1 are es-
sential for remyelination. Astrocytes were major producers of
TIMP-1 in our model, and express a functional OSMR (26, 45).
While we cannot exclude other sources of TIMP-1, there is ample
evidence from other studies confirming our findings in demyeli-
nated lesions (27, 28, 42, 46). Accumulating evidence indicates
that astrocytes are key players in CNS repair (11, 47) in addition to
earlier reported neuroinflammation-promoting characteristics
(48). They are the most abundant cell type in the CNS and fulfill
multiple functions such as maintaining metabolic homeostasis,
regulation of synaptogenesis, formation of the blood–brain bar-
rier, and providing trophic support. Following CNS damage, as-
trocytes produce factors that promote OPC proliferation,
differentiation, and myelination (47, 49, 50). In this study, CNS-
targeted LV-OSM expression induced a local astroglial reaction at
the site of overexpression. TIMP-1 expression was evident in the
accumulating astrocytes and we confirmed that rmOSM directly
induced TIMP-1 production in primary astrocytes. Taken together,
our data support the notion that astrocytes play an essential role
during remyelination through OSM-induced TIMP-1 production.
Importantly, we identified a direct link between OSM and

astrocytic TIMP-1 on OPC differentiation. The secretome of
OSM-treated astrocytes enhanced OPC differentiation, while this
effect was not observed with the secretome of OSM-treated
TIMP-1 KO astrocytes. Moreover, our in vitro experiments show
that TIMP-1 directly accelerated OPC differentiation, in line with
results obtained by Moore et al. (51), again underscoring the in-
volvement of TIMP-1 in the remyelination process. TIMP-1 may
establish remyelination through different mechanisms. TIMP-1 is
an endogenous regulator of the proteolytic action of matrix met-
alloproteinases (MMPs) (52, 53), which are important to create
a remyelination-permissive environment via modulation of the
ECM (13, 54, 55). The MMP-dependent function of TIMP-1 is
therefore definitely important. Since ECM components were not
exogenously added to our assays, this suggests that a second
mechanism, related to the less characterized MMP-independent
functions of TIMP-1 (56), particularly contributes to the effects we
observed. Moreover, a recent report described no effect of a broad
spectrum MMP inhibitor on OPC differentiation. Yet, OPC dif-
ferentiation could be induced with the C-terminal domain of
TIMP-1 (57), which is essential for MMP-independent TIMP-1
signaling via the CD63/β1 receptor (29). In line with this, we
found robust up-regulation of CD63 in acutely demyelinated re-
gions, indicating that this pathway is active in our in vivo model.
These findings suggest that CD63/β1 signaling is heavily involved
in TIMP-1–induced OPC differentiation in vitro. In addition, we
now report an increase of astrocytic TIMP-1 expression in human
white matter MS lesions, warranting its use for human applications.
Since OSM signals through both the OSMR and LIFR in

humans (58, 59), the effects of LIFR activation also need to be
taken into consideration when designing new therapeutic strategies
based on the findings reported here. LIFR signaling influences the
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Fig. 6. TIMP-1 is crucial for in vitro OPC differentiation and in vivo remyelination. (A and B) Ratio of MBP+ oligodendrocytes and O1+ cells to quantify OPC
differentiation into mature oligodendrocytes after 3 d of incubation with ACM from WT (n = 10) and TIMP-1 KO (n = 4) astrocytes treated with or without
rmOSM (A) or after 3 d (n = 4) and 6 d (n = 3) of 10 ng/mL recombinant rTIMP-1 treatment (B). (C and D) Timp-1 (C) and Cd63 (D) mRNA levels in whole brain of
healthy mice, during acute demyelination and remyelination (n = 5 per group). (E and F) mRNA expression of Cd63 (E) and OSMRβ (F) in the CC of naive WT
and TIMP-1 KO mice and after de- and remyelination. (G and H) Representative pictures (G) and quantification (H) of the myelinated area measured using LFB
staining in the CC (around bregma −1.82 mm) in WT and TIMP-1 KO mice receiving a normal diet (n = 5 or 6 per group) or a cuprizone diet for 5 wk (n = 5 per
group) and 5 wk followed by 2 wk normal diet (WT n = 5; KO n = 6). Data are depicted as mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <
0.0001. One-sample t test (A and B), one-way ANOVA with multiple comparisons to 0w (dotted line) and Dunnett’s post hoc test (C and D), two-way ANOVA
with multiple comparison and Tukey’s post hoc test (F) or with multiple comparison to 0w and Dunnett’s post hoc test (C and D). (Scale bars, 200 μm.)
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Th17/Treg axis toward Treg expansion and thereby promotes im-
mune tolerance (60, 61). Moreover, protective effects of LIF on
neural survival are already described (32–34, 62). Therefore, stimu-
lation of endogenous pathways through both the OSMR and LIFR
has promising implications for the clinic. The main reason for using
mouse models was to discriminate OSM actions specifically related to
OSMR ligation from those related to LIFR signaling, as mouse OSM
selectively binds to OSMR in contrast to what is seen in the human
situation (63). Taken together, we identify the crucial role of OSMR
signaling, as well as its downstream mediator TIMP-1, in pro-
moting remyelination. Together with the reported well-established
neuroprotective properties, OSM and TIMP-1 are promising ther-
apeutic candidates for demyelinating CNS disorders.

Materials and Methods
For the materials and methods used in this study, a detailed description is
available in SI Appendix, including: experimental setup, cuprizone and lentiviral

vector treatment, cell culture of primary astrocytes and oligodendrocyte
precursor cells, ELISA, histochemistry, immunocytochemistry, quantitative PCR,
transmission electron microscopy (TEM), and statistical analysis. All animal
procedures were in accordance with the EU directive 2010/63/EU, and all
mouse experiments were approved by the Hasselt University Ethics Committee
for Animal Experiments. All rat experiments were approved by the Institutional
Animal Care and Use Committee of the University of Groningen.

Data Availability Statement. All relevant data are within the manuscript and
SI Appendix.
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