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Abstract
Oligodendrocyte precursor cells (OPCs) are present in demyelinated lesions of multiple sclerosis (MS) patients. However, 
their differentiation into functional oligodendrocytes is insufficient, and most lesions evolve into nonfunctional astroglial 
scars. Blockade of bone morphogenetic protein (BMP) signaling induces differentiation of OPCs into myelin-producing 
oligodendrocytes. We studied the effect of specific blockade of BMP-2/4 signaling, by intravenous (IV) treatment with 
anti-BMP-2/4 neutralizing mAb in both the inflammatory model of relapsing experimental autoimmune encephalomyelitis 
(R-EAE) and the cuprizone-toxic model of demyelination in mice. Administration of anti-BMP-2/4 to R-EAE-induced mice, 
on day 9 post-immunization (p.i.), ameliorated R-EAE signs, diminished the expression of phospho-SMAD1/5/8, primarily 
within the astrocytic lineage, increased the numbers of de novo immature and mature oligodendrocytes, and reduced the 
numbers of newly generated astrocytes within the spinal cord as early as day 18 p.i. This effect was accompanied with elevated 
remyelination, manifested by increased density of remyelinating axons (0.8 < g-ratios < 1), and reduced fully demyelinated 
and demyelinating axons, in the anti-BMP-2/4-treated R-EAE mice, studied by electron microscopy. No significant immu-
nosuppressive effect was observed in the CNS and in the periphery, during the peak of the first attack, or at the end of the 
experiment. Moreover, IV treatment with anti-BMP-2/4 mAb in the cuprizone-challenged mice augmented the numbers of 
mature oligodendrocytes and remyelination in the corpus callosum during the recovery phase of the disease. Based on our 
findings, the specific blockade of BMP-2/4 has a therapeutic potential in demyelinating disorders such as MS, by inducing 
early oligodendrogenesis-mediated remyelination in the affected tissue.
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Introduction

The pathological hallmarks of multiple sclerosis (MS) are 
lesions with inflammatory cell infiltration and focal demy-
elination, while axonal injury and oligodendroglial loss can 
occur as a primary phenomenon or secondary to the demy-
elination [1–6]. Oligodendrocyte regeneration and myelin 
repair are an important goal of therapy [7] because they 
restore the salutatory conduction of the action potential and 
prevent axonal and neuronal degeneration [8–10]. In most 
patients, lesion repair is limited, although the lesions may 
be populated by oligodendrocyte precursor cells (OPCs) 
[11–16]. OPCs derived from the subventricular zone (SVZ) 
of the lateral ventricles (LVs) [17–20] and from paren-
chymal OPCs [21] have been reported to regenerate into 
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myelinating oligodendrocytes and repair demyelination, 
mainly in rodents. Indeed, remyelination may occur in MS 
lesions [22–24], even extensively in some cases [25, 26], 
but these OPCs often fail to differentiate into functionally 
active remyelinating oligodendrocytes in demyelinating 
lesions in rodents [27–29] and in human MS lesions [12, 
30]. Instead, the affected lesions are populated by large 
numbers of reactive astrocytes that form a nonfunctional 
glial scar [4, 31, 32].

Bone morphogenetic proteins (BMPs) are growth factors 
that belong to the transforming growth factor beta (TGF-β) 
superfamily and are known to promote the differentiation of 
neural stem cells (NSCs) into astrocytes at the expense of 
their differentiation into oligodendrocytes or neurons in the 
adult central nervous system (CNS) [33–40]. Therefore, the 
blockade of BMP signaling is a possible target to induce oli-
godendrogenesis and remyelination. Indeed, CNS infusion 
of the BMP antagonists, noggin and chordin, increases the 
number of SVZ-derived OPCs and their mobilization into 
the corpus callosum (CC) in animal models of demyelina-
tion induced by cuprizone [41] and lysolecithin [42], respec-
tively. Increased BMP expression was observed in animals 
with demyelination pathology induced by either cuprizone 
[41], ethidium bromide [43], or lysolecithin [44]. Moreover, 
elevated levels of BMPs were detected in the lumbar spinal 
cords of animals with myelin oligodendrocyte glycoprotein 
(MOG)-induced experimental autoimmune encephalomyeli-
tis (EAE) [45] and in demyelinating lesions in postmortem 
brain tissues of patients with MS [46, 47]. In our previous 
studies, peripheral blood mononuclear cells, and particularly 
T cells, from patients with relapsing–remitting MS (RR-MS) 
secreted elevated levels of BMP-2, BMP-4, and BMP-5 [48], 
accompanied by reduced levels of the BMP antagonists nog-
gin and follistatin [49, 50]. We have also found that the sera 
of patients with RR-MS contain elevated levels of BMP-2 
[51]. Based on these data, the excessive and dysregulated 
presence of BMPs in the CNS of patients with MS may con-
tribute to the failure of OPCs to mature into myelinating 
oligodendrocytes. Most of the abovementioned reports high-
light either BMP-4 as the key player associated with demy-
elinated pathology [41, 43, 44] or both BMP-2 and BMP-4 
[52]. Furthermore, noggin, which is a pro-remylinating BMP 
antagonist [41], has a higher affinity to BMP-2 and BMP-4, 
compared to BMP-5, BMP-6, and BMP-7 [53, 54]. There-
fore, we hypothesized that specific blockade of BMP-2/4 
signaling may be a potential therapeutic target for the induc-
tion of oligodendrocyte regeneration and remyelination.

In this study, we examined the therapeutic potential of 
an IV treatment with anti-BMP-2/4 neutralizing monoclo-
nal antibody (mAb) in both R-EAE, the murine model of 
the inflammatory demyelinating disease, and in the non-
inflammatory cuprizone-induced toxic model of demyeli-
nation. We studied the ability of this treatment to induce 

oligodendrogenesis and remylination in both of these mod-
els, as well as its ability to suppress immune activity in mice 
with R-EAE.

Materials and Methods

Induction of R‑EAE and Treatment 
with Anti‑BMP‑2/4 mAb

Female SJL/JCrHsd mice (6–7 weeks of age) were pur-
chased from Envigo Inc., Israel. Animal experimentation 
was approved by the Institutional Animal Care and Use 
Committee of Tel Aviv Sourasky Medical Center. The stud-
ies were conducted in accordance with the United States 
Public Health Service’s Policy on Humane Care and Use of 
Laboratory Animals.

R-EAE was induced by subcutaneous immunization (day 
0) with 100 µg of  PLP139-151 (Sigma-Aldrich Israel Ltd., 
Rehovot, Israel) in 0.1 ml of PBS per mouse. The peptide 
was emulsified in an equal volume of complete Freund’s 
Adjuvant (CFA, Sigma-Aldrich, St Louis, MD) containing 
500 μg of Mycobacterium tuberculosis H37RA (BD, Sparks, 
MD). The mice also received an intraperitoneal (IP) injec-
tion of 300 ng of pertussis toxin (PTX, from Sigma-Aldrich) 
in 0.2 ml of PBS. A second injection of PTX (300 ng/mouse) 
was administered 48  h later. The mice were randomly 
divided into 3 groups. Initial number of mice/group until 
day 14 post-immunization (p.i.) was 23. Then, 3 mice/group 
were scarified for the inflammation assessment, so between 
days 14 and 18 p.i., there were 20 mice/group. On day 18 
p.i., 3 mice/group were sacrificed for immunohistochemical 
analysis and another 5 mice/group were sacrificed for elec-
tron microscopy analysis, so from that day until the end of 
the experiment, on day 41, there were 12 mice/group. The 
identities of the scarified mice were determined a priori, on 
the day the study groups were randomly divided (day 0).

Preliminary experiments were done to determine the 
dose of the treatment. The treatment was given on day 
9 p.i.; the first day that the disease signs were seen. One 
group of R-EAE-induced mice was IV injected with 15 μg 
or 30 μg of the neutralizing Ab; mouse anti-human BMP-2/
BMP-4 mAb (MAB3552, R&D Systems, Minneapolis, MN). 
This antibody has been demonstrated, by the manufacture 
to neutralize both human BMP-2- and human BMP-4-in-
duced activity in the ATDC5 mouse chondrogenic cell line. 
The antibody neutralizes both human and mouse, BMP-2 
and BMP-4 proteins, due to the relatively high homology 
between BMP-2 and BMP-4 in the ligand domain, as well 
as between the human and the mouse BMPs [55]. A control 
group of R-EAE-induced mice was IV injected with 15 μg 
or 30 μg of mouse IgG1 (MAB002) and served as isotype 
control (IC)-treated group. Another group of R-EAE-induced 
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mice was IV injected with PBS alone and served as the vehi-
cle control group. Three mice in each group were daily IP 
injected with 1 mg/mouse of bromo-2′-deoxyuridine (BrdU, 
Sigma-Aldrich), starting on day 9, for the following 9 days, 
and were sacrificed on day 18 p.i. for immunohistochemical 
staining of the lumbar spinal cord sections. All mice were 
daily monitored for signs of EAE, and the observations were 
scored as follows: 0 = no disease, 1 = tail paralysis, 2 = hind 
limb weakness, 3 = hind limb paralysis, 4 = hind limb plus 
forelimb paralysis, and 5 = moribund.

Induction of the Cuprizone Model and Treatment 
with the Anti‑BMP‑2/4 Ab

Eight-week-old C57BL/6 male mice (Envigo Inc.) were fed 
with 0.2% cuprizone (w/w: bis-cyclohexanone-oxaldihydra-
zone, TD.140804, Teklad diet, Envigo Inc.) for 5 weeks (day 
35, maximum demyelination) and then transferred to a regu-
lar diet. The mouse anti-human BMP-2/4 neutralizing mAb 
(MAB3552, R&D Systems) was administered via IV injection 
(30 µg/mouse) on day 15 after the initiation of the cuprizone 
diet. Control groups were IV injected with 30 μg/mouse of the 
corresponding IC (mouse IgG1, MAB002, R&D Systems) or 
vehicle alone (PBS). Mice were sacrificed 10 days after resum-
ing the regular diet (recovery phase, day 46). Five animals per 
group were examined.

Immunohistochemistry

Mice were sacrificed, transcardially perfused with PBS and 
then with 4% paraformaldehyde (PFA). Brains and spinal 
cords were removed and fixed with 4% PFA overnight. 
Tissues were then cryoprotected with 30% sucrose in PBS 
overnight at 4 °C. Fixed tissues were embedded in OCT-
Tissue Freezing Medium (Scigen Scientific, Gardena, CA) 
and frozen on dry ice. For R-EAE-induced mice experi-
ments, sections were performed in the lumbar spinal cord 
(anterior/lateral funiculus), whereas for cuprizone model 
experiments the brain tissues were sectioned in the medial 
corpus callosum (− 0.94 to − 1.70  mm bregma). Cross 
Sects. (10 μm) were placed on X-tra adhesive slides (Leica 
Biosystems, Peterborough, UK) and stored at − 20 °C. Sec-
tions were pre-incubated with a blocking solution containing 
0.5% Tween 20 (Sigma-Aldrich), 1% bovine serum albumin 
(BSA, Sigma-Aldrich), and 3% horse serum (Gibco by Life 
Technologies, New York, NY) for 1 h and then incubated 
overnight at 4 °C with primary antibodies. The primary rat 
anti-BrdU Ab (1:200, [BU1/75(ICR1)], Abcam, Cambridge, 
MA) and the Alexa Fluor 594-conjugated donkey anti-rat 
IgG secondary Ab (1:200, Molecular Probes by Life Tech-
nologies, Waltham, MA, USA) were used to detect BrdU-
labeled cells. The following primary antibodies were used 
to detect specific cell types: goat anti mouse PDGFR-α 

(AF1062, 1:10,R&D Systems), mouse anti-mature oligo-
dendrocyte marker APC (Ab-7), clone CC-1 (OP80, 1:50, 
EMD Millipore Corporation, Temecula, CA), chicken anti-
GFAP (NBP1-05,198, 1:250, Novus Biologicals, Littleton, 
Colorado), anti-MBP (ab40390, 1:750, Abcam), rabbit anti-
oligodendrocyte transcription factor 2 (Olig-2) Ab (AB9610, 
1:200, EMD Millipore) or goat anti-Olig-2 Ab (AF2418, 
1:15, R&D Systems), phospho-Smad1/Smad5/Smad9 (Smad 
8) rabbit mAb (D5B10,1:100, Cell Signaling Technology, 
MA, USA), rabbit anti-Neurofilament M (AB1987, 1:200, 
Merck) and goat anti-mouse CD45 Ab (AF114, 1:14, R&D 
Systems). The sections were incubated with Alexa Fluor® 
488-conjugated anti-mouse or anti-rabbit or ant-goat IgG, 
or with Alexa Fluor® 633-conjugated anti-rabbit or anti-
chicken IgG, or anti-chicken IgG, or with Alexa Fluor® 
594-conjugated anti-rat or anti-goat or anti-rabbit IgG 
secondary antibodies, for 1 h (1:200; Molecular Probes by 
Life Technologies). For myelin detection, slides were also 
stained with Fluoromyelin green fluorescent (F34651, 1:300, 
Molecular Probes). Control slides were incubated with the 
secondary antibody alone. Stained sections were examined 
and photographed using an LSM 700 confocal microscope 
(Zeiss). Digital images were collected, and the number of 
double-positive cells was determined in 6–8 sections from 
each mouse; 3 mice were analyzed from each group. The 
number of double-positive cells was quantified using ImageJ 
software and calculated as the number of cells/mm2. Single-
stained cells were also quantified using ImageJ software and 
are presented as the percentage of the stained area.

Electron Microscopy

R-EAE-induced mice were sacrificed on day 18 p.i. and 
transcardially perfused with PBS and then with 2.5% glu-
taraldehyde (GA) + 2.5% PFA. Spinal cords were removed, 
and lumbar segments were fixed with 2.5% GA in PBS 
overnight at 4 °C. After several washes in PBS tissues were 
post-fixed in 1% osmium tetroxide  (OsO4) in PBS for 2 h 
at 4 °C. Dehydration was carried out in graded ethanol fol-
lowed by embedding in glycid ether 100 (Serva, Heidelberg, 
Germany). In order to determine accurate location of EAE 
lesions for EM analysis, sections from lower lumbar spinal 
cord were first stained with hematoxylin and observed under 
light microscopy for inflammatory infiltrate area. Thin trans-
verse sections from the same location of the lumbar spinal 
cord were mounted on formvar/carbon-coated grids, stained 
with uranyl acetate and lead citrate and examined in Jeol 
1400 – Plus transmission electron microscope (Jeol, Japan). 
Images were captured using SIS Megaview III and iTEM the 
Tem imaging platform (Olympus).

Electron micrograph quantification of myelinated and 
vesiculated axons was performed on six images (× 6000) per 
animal, 5 mice/group. The g-ratios, i.e., the ratio between 
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the axon diameter and the axon plus the myelin sheath diam-
eter, were calculated using Image J software. Due to the 
variety orientation of the axons, which often do not exhibit 
a round shape in the sections, the inner and outer diameters 
were obtained from the axon area calculation. Moreover, 
axons that demonstrated vesicles within the inner myelin 
sheath, which represent early myelin structure breakdown, 
were analyzed, as previously described [56]. Analysis was 
performed on at least 200 fibers/animal.

Isolation of Mononuclear Cells from the Brain 
and Spinal Cord and Flow Cytometry

Mononuclears cells (MNCs) were isolated from the brains 
and spinal cords of 3 mice from each group on days 14 and 
41 p.i. using a 70%/30% (vol/vol) Percoll gradient as pre-
viously described [57]. Viable cells were counted via the 
0.4% trypan blue exclusion method using an automatic cell 
counter (NanoEntek).

Brain- and spinal cord-derived MNCs or splenocytes 
were incubated with anti-mouse CD45 APC-eFluor® 780, 
anti-mouse CD4 FITC, anti-mouse CD8a PE, anti-mouse 
CD11b APC, and anti-mouse CD19 PerCP-Cy5 (all from 
eBioscience by Thermo Fisher Scientific, San Diego, CA). 
Splenocytes (2 ×  106 cells/ml) were cultured with the Cell 
Stimulation Cocktail (plus protein transport inhibitors, 
500 × , eBioscience) for 16 h to detect Th1, Th2, and Th17 
cells. Cultures were then harvested and stained with anti-
mouse CD45 APC-eFluor® 780, anti-mouse CD3 eFluor® 
450, and anti-mouse CD4 FITC. Next, cells were fixed, 
permeabilized, and stained with anti-mouse IFN-γ APC for 
Th1 cells, anti-mouse IL-4 PE-Cy7 for Th2 cells, and anti-
mouse/Rat IL-17A PE for Th17 cells (eBioscience). Treg 
cells among splenocytes were detected using the Mouse 
Regulatory T Cell Staining kit (eBioscience) according 
to the manufacturer’s instructions. Flow cytometry analy-
ses were performed on the FACSCanto II instrument (BD 
Bioscience), and the results were analyzed using FlowJo 
software. Cells in the  CD45+ gate were analyzed. Absolute 
numbers of  CD4+ T cells,  CD8+ T cells, monocytes, B cells 
and Tregs were calculated based on the numbers of total 
living cells.

Isolation of Splenocytes and Proliferation Assay An 
XTT proliferation assay was performed on splenocytes 
isolated from R-EAE groups on day 41 (N = 4 mice per 
group), using an XTT kit (Biological Industries, Beit-
Haemek, Israel). Briefly, splenocytes were isolated by 
straining mashed spleen through a 70-μm cell strainer into 
RPMI-1640 medium containing 10% FBS. Cells were cul-
tured in 96-well plates (100,000/well) and either unstimu-
lated or stimulated with 10 μg/ml purified plate-bound 
anti-mouse CD3e (145-2C11), the corresponding IgG IC 
(both from eBioscience), or 10 μg/ml suspended  PLP139-151 

(Sigma-Aldrich Israel, Ltd.) for 72 h. Then, the XTT reac-
tion solution was added, and the absorbance of the colored 
product was quantified after 4 h at a wavelength of 450 nm 
using a Thermo Max ELISA reader.

Statistical Analysis

Data are presented as the means ± standard errors of the 
means (SEM). The EAE severity was compared between 
groups using the Mann–Whitney U test. The null hypoth-
esis asserted that the medians of the groups of samples 
were identical. The U values were calculated for the groups 
and for the conditions refuting the null hypothesis when 
P < 0.05. For EM analysis, axons were grouped according to: 
g-ratio < 0.8, 0.8 < g-ratio < 1, and g-ratio = 1. These results 
were analyzed by chi-square test with Yates correction. A 
two-tailed Student’s t test was conducted for all other experi-
ments. Statistical significance was set to P < 0.05.

Results

IV Treatment with an Antibody Directed Against 
BMP‑2 and BMP‑4 Ameliorates the Disease Severity 
of R‑EAE

Our first objective was to examine the effect of systemic 
blockade of BMP-2/4 signaling in the R-EAE model, 
induced in SJL mice by PLP peptide immunization. We first 
examined the neutralization capacity of this anti-BMP-2/4 
mAb in P19-neural cell differentiation model in vitro that 
was previously described [58]. Indeed, addition of anti-
BMP-2/4 Ab, to P19 culture, in the presence of retinoic acid 
(RA) and rhBMP-2,  reversed the neuronal phenotype acqui-
sition of MAP-2 and  blocked the astrogenesis, as examined 
by the marker GFAP (supplementary data, Fig. 1). 

In a preliminary experiment we compared the doses of 
anti-BMP-2/4 neutralizing mAb (15 μg/mouse or 30 μg/
mouse) and found a superior clinical effect of 30 μg/mouse 
(data not shown). Anti-BMP-2/4 neutralizing mAb (30 μg/
mouse) was IV administrated to R-EAE-induced mice on 
day 9 p.i. R-EAE-induced mice treated with vehicle alone 
(PBS) or the corresponding isotype control (IC; IgG1 Ab) 
served as negative controls. The timing of treatment, day 9 
p.i., was determined to be the onset day of clinical disability, 
generally observed in this R-EAE model.

As demonstrated in Fig. 1, R-EAE-induced mice started 
to develop clinical signs on day 9 post-immunization, and 
reached to the peak of the first attack on days 11–13, during 
which the maximal mean score was 2.8 ± 0.2, on day 13, 
in the IgG1-treated group. IV treatment with anti-BMP-2/4 
Ab did not seem to affect the severity of this attack dur-
ing these days. EAE signs were gradually ameliorated from 
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day 14 until day 23. A second, more moderate, relapse was 
observed on days 25–33. From the end of the first attack and 
on, there was a significant amelioration in the clinical scores 
of the anti-BMP-2/4 Ab-treated mice, compared to the IgG1-
treated mice: on days 21–27 (P < 0.03, Mann–Whitney U 
test, per each day scores), days 29–32 (P < 0.03), and on days 
38–40 (P < 0.04). Anti-BMP-2/4-treated mice also exhibited 
significant improved signs, compared to the vehicle (PBS)-
treated mice, on days 21–27 (P < 0.04), 30–32 (P < 0.03), 
34–35 (P < 0.03), and on days 38–41 (P ≤ 0.01).

The clinical EAE characteristics are summarized in 
Table 1. All R-EAE-induced mice reached, at some point, 
to a score 1 or above (incidence = 100%). As each of R-EAE-
induced mouse reached its’ maximal score during the first 
attack, and treatment with anti-BMP-2/4 Ab did not seem to 
affect the severity of this attack, no significant differences 

were observed in the maximum scores, between the anti-
BMP-2/4 Ab-treated group (2.8 ± 0.2) and IgG1-treated 
group (3.4 ± 0.2, P = NS), and between the anti-BMP-2/4 
Ab-treated group and vehicle-treated group (3.3 ± 0.3, 
P = NS). However, a significant effect of anti-BMP-2/4 Ab 
treatment on the cumulative scores was observed. The mean 
of the cumulative scores was 42.9 ± 4.8 in the anti-BMP-
2/4-treated group, vs. 57.7 ± 4.3 in the IgG1-treated group 
(% amelioration = 25.5%, P = 0.03) and 58.4 ± 2.8 in the 
vehicle-treated group (% amelioration = 26.4%, P = 0.01).

Treatment of R‑EAE with Anti‑BMP‑2/4 mAb Blocks 
BMP Signaling in the CNS

Phosphorylation of receptor-regulated SMAD1/5/8 is 
increased upon BMP ligand/receptor interaction and is indic-
ative of BMP pathway activation [59]. In order to evaluate 
whether the treatment with anti-BMP-2/4 Ab block BMP sign-
aling in the CNS, we next examined the effect of IV treatment 
with anti-BMP-2/4 mAb on SMAD1/5/8 phosphorylation in 
the lumbar spinal cord of R-EAE-induced mice. As demon-
strated in Fig. 2A, on day 18 p.i., there was around fourfold 
reduction in the number of phosphorylated-SMAD1/5/8 
expressing cells (p-SMAD+/mm2) in the spinal cord of 
R-EAE-induced mice that were IV treated on day 9 p.i. with 
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Fig. 1  IV administration of anti-BMP-2/4 mAb ameliorates the clini-
cal signs of R-EAE. Average clinical scores of R-EAE-induced mice 
that were IV injected, on day 9 p.i., with 30 μg/mouse of either anti-
human BMP-2/4 mAb or the corresponding IC (IgG1) or with PBS, 
which served as the vehicle control group. The minimum number of 
mice, after sacrifice for pathological assessment, was 12 mice/group. 

Anti-BMP-2/4 mAb-treated mice exhibited a significant improvement 
in EAE scores, compared to the IgG1-treated mice, on days 21–27 
(P < 0.03, Mann–Whitney U test), days 29–32 (P < 0.03), and days 
38–40 (P < 0.04), and compared to the vehicle (PBS)-treated mice, on 
days 21–27 (P < 0.04), days 30–32 (P < 0.03), days 34–35 (P < 0.03), 
and days 38–41 (P ≤ 0.01)

Table 1  Clinical characteristics of EAE symptoms

Vehicle IgG1 Anti-BMP-2/4 Ab

Incidence (score ≥ 1) 100.0% 100% 100%
Disease onset (days) 9.5 ± 0.2 9.5 ± 0.2 9.6 ± 0.2
Maximum score 3.3 ± 0.3 3.4 ± 0.2 2.8 ± 0.2
Cumulative score 58.4 ± 2.8 57.7 ± 4.3 42.9 ± 4.8
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the anti-BMP-2/4 mAb (97.4 ± 10.5 p-SMAD+/mm2), com-
pared to those that were treated with either IC (405.1 ± 21.2 
p-SMAD+/mm2, P < 0.01) or with vehicle alone (397.8 ± 22.8 
p-SMAD+/mm2, P < 0.01), indicating that IV administration 
of anti-BMP-2/4 mAb reduced the BMP signaling in the dis-
ease-affected area of the CNS.

Further analysis of the p-SMAD1/5/8 expressing cells 
was performed by double staining of p-SMAD1/5/8 with 
either the GFAP marker, which appear on both astrocytes 
and NSCs, or Olig-2 (oligodendrocytes), or the CD45 

(leukocytes). Overall, we have detected reduced num-
bers of  GFAP+ cells in the anti-BMP-2/4-treated group 
(312.5 ± 26.9  GFAP+/mm2), compared to the IC-treated 
group (499.7 ± 48.0  GFAP+/mm2, P < 0.01, Fig. 2B), sug-
gesting that BMP-2/4 blockade reduced astrogliosis or 
astrogenesis processes. Most of the p-SMAD1/5/8 express-
ing cells were found to be of GFAP-positive origin in the 
IC-treated group (77.3%, 313.3 ± 30.5 p-SMAD+GFAP+/
mm2), and treatment with the anti-BMP-2/4 Ab significantly 
reduced their numbers (88.5 ± 12.9 cells/mm2, P < 0.01, 
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Fig. 2  Reduced numbers of phosphorylated-SMAD1/5/8+cells in 
the spinal cord of R-EAE mice in response to treatment with anti-
BMP-2/4 mAb. A Photomicrographs of p-SMAD1/5/8 expressing cells 
(p-SMAD+) in the lumbar spinal cord (anterior/lateral funiculus) of 
the vehicle treatment (a), the IC treatment (b), and the anti-BMP-2/4 
mAb treatment (c) of R-EAE, on day 18 p.i. Quantification of immu-
nopositive cells showed a decreased phosphorylated-SMAD1/5/8+cells/
mm2 in the anti-BMP-2/4 mAb-treated group vs. both the IC- and 
the vehicle-treated groups (d). N = 3 mice/group, scale bar = 50  µm, 
**P < 0.01. B Co-localization of GFAP and p-SMAD1/5/8 stain-
ing demonstrates that most of the p-SMAD+ cells are also  GFAP+. 
Quantification presented in (c) demonstrates reduced numbers of both 
total  GFAP+ cells and double-stained p-SMAD+GFAP+ cells in the 
anti-BMP-2/4 Ab-treated group (b), compared to the IC-treated group 

(a), N = 3 mice/group, scale bar = 50 µm, **P < 0.01. Arrows indicate 
double stained cells. C Double staining of Olig-2 and p-SMAD1/5/8 
in the IC-treated (a) and anti-BMP-2/4 Ab-treated mice reveals negligi-
ble numbers of p-SMAD+Olig-2+ cells in both groups. Quantification 
demonstrates significant elevation in the numbers of total Olig-2+ cells, 
and no significant differences in the numbers of p-SMAD+Olig-2+ cells 
(c). N = 3 mice/group, scale bar = 50 µm, **P < 0.01. Arrows indicate 
double stained cells. D No co-localization was observed between the 
p-SMAD1/5/8 and the  CD45+ cells in the IC-treated (a) and the anti-
BMP-2/4 Ab-treated (b) mice. No significant differences were observed 
in the numbers of total  CD45+ cells (leukocytes) between the groups. 
N = 3 mice/group, scale bar = 50 µm
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Fig. 2B). The numbers of total Olig-2+ oligodendrocytes 
were significantly augmented in the anti-BMP-2/4-treated 
mice (544.9 ± 26.9 Olig-2+/mm2) compared to the IC-
treated group (291.0 ± 37.7 Olig-2+/mm2, P < 0.01, Fig. 2C). 
However, only 3.8% of the p-SMAD expressing cells were 
also positive for Olig-2 in the IC-treated group (15.6 ± 7.9 
p-SMAD+Olig-2+/mm2) and their numbers were not sig-
nificantly altered in response BMP-2/4 blockade (29.3 ± 2.8, 
P = NS, Fig. 2C).

These findings suggest that treatment with anti-BMP-2/4 
Ab mainly affected SMAD signaling in the  GFAP+ popula-
tion. No significant differences were found in the number 
of  CD45+ cells, indicating that the ameliorating effect was 
probably not mediated via immunosuppression mechanism 
(IC; 181.2 ± 37.6  CD45+/mm2, anti-BMP-2/4; 217.2 ± 41.3 
 CD45+/mm2, P = NS, Fig.  2D). Moreover, none of the 
p-SMAD/1/5/8 expressing cells was positive for CD45, indi-
cating that the anti BMP-2/4 did not affect the signaling of 
p-SMAD in the CNS-infiltrating leukocytes.

Treatment with Anti‑BMP‑2/4 Ab Promotes 
Oligodendrocyte Differentiation and Remyelination 
in R‑EAE

Given the clinical advantage of the anti-BMP-2/4 mAb 
treatment, we studied the effect of this treatment on oligo-
dendrocyte regeneration and remyelination. We daily IP 
injected 3 mice in each group with BrdU starting from the 
first day of treatment (day 9) for the next 9 days to detect 
the de novo differentiation of immature oligodendrocytes 
 (BrdU+Olig-2+PDGFR-α+), mature oligodendrocytes 
 (BrdU+Olig-2+CC1+), and astrocytes  (BrdU+GFAP+) in 
the affected tissue of the lumbar spinal cord [60]. Immu-
nofluorescence staining was performed on lumbar spinal 
cord tissues harvested from mice on day 18 p.i. As shown 
in Fig. 3A, there was approximately twofold induction in 
the number of de novo  BrdU+Olig-2+PDGFR-α+immature 
oligodendrocytes in the lumbar spinal cord in response to 
anti-BMP-2/4 mAb treatment (177.1 ± 18.6 cells/mm2 in 
the anti-BMP-2/4-treated group vs. 88.5 ± 13.3 cells/mm2 
in the IgG1-treated group, P < 0.01, Fig. 3A). Furthermore, 
there was above sevenfold increase, in average, in the num-
ber of newly  BrdU+Olig-2+CC1+ mature oligodendrocytes 
in response to anti-BMP-2/4 mAb treatment (190.6 ± 20.5 
cells/mm2) vs. the IC-treated group (25.0 ± 6.1 cells/mm2, 
P < 0.01, Fig. 3B). Quantification of the percentage of mye-
lin basic protein (MBP)-stained areas, in the lumbar spinal 
cord, revealed that there was significantly increased mye-
linated area in the anti-BMP-2/4 mAb-treated EAE mice 
compared to that in the IC-treated mice (81.0 ± 2.8% in the 
anti-BMP-2/4-treated group vs. 67.2 ± 3.3% in the IC-treated 
mice, P = 0.01, Fig. 3C). Moreover, double staining of neu-
rofilament, for axon detection, and fluoromyelin, revealed 

reduced demyelination and axonal loss in the anti-BMP-2/4-
treated mice (fluoromyelin: 77.7 ± 3.2% in the anti-BMP-
2/4-treated group vs. 54.4 ± 3.1% in the IC-treated mice, 
P < 0.01 and neurofilament: 98.5 ± 7.1 cells/mm2 in the 
anti-BMP-2/4-treated group vs. 64.3 ± 2.5 cells/mm2 in the 
IC-treated mice, P < 0.01, Fig. 3D).

As BMP signaling is known to induce astrogenesis at 
the expense of oligodendrogenesis, we have also examined 
the numbers of de novo  BrdU+GFAP+ astrocytes in the 
lumbar spinal cord. There was a reduction in the number 
of  BrdU+GFAP+ cells in response to treatment with anti 
BMP-2/4 mAb (7.9 ± 2.9 cells/mm2) vs. the IC-treated 
group (77.9 ± 15.1 cells/mm2, P = 0.008, Fig. 3E). Thus, IV 
treatment with anti-BMP-2/4 mAb enhances tissue repair 
by inducing stem cell differentiation into oligodendrocytes 
concomitant with a reduction in astrogenesis process.

Myelin thickness and structural changes were examined by 
transmission electron microscopy (TEM, Fig. 4A (a and b)). 
The scatterplots presented in Fig. 4A (c and d) display g-ratios 
of individual axons as a function of axon diameter in the IC- 
and anti-BMP-2/4 Ab-treated R-EAE mice, respectively. The 
g-ratios in the anti-BMP-2/4 Ab-treated R-EAE mice were 
lower (average ± S.D = 0.79 ± 0.09) than that of the IC-treated 
R-EAE mice (0.82 ± 0.10, P = 0.005) and were higher than 
that of healthy female SJL mice (0.77 ± 0.03, P = 0.001). 
Axons were categorized into 4 distinct groups (Fig. 4B), as 
previously described [60]: (i) axons demonstrating g-ratios 
that are lower than 0.8, which present preexisting myelinated 
axons (Fig. 4B (a)); (ii) axons with g-ratios between the range 
of 0.8 and 1, which stand for remyelinated axons (Fig. 4B 
(b)); (iii) axons with g-ratio = 1, i.e., fully demyelinated axons 
(Fig. 4B (c)); and (iv) axons exhibiting vesicles within the 
inner myelin sheath, which represent early myelin fragmen-
tation in EAE, meaning axons that were observed during the 
process of demyelination (Fig. 4B (d)) [55]. Treatment with 
anti-BMP-2/4 Ab had no significant effect on the number of 
preexisting myelinated axons (Fig. 4B (a)). However, this 
treatment significantly augmented the density of remyeli-
nated axons (Fig. 4B (b), 29.9 ± 4.7 ×  104 axons/mm2 in the 
anti-BMP-2/4-treated EAE vs. 21.1 ± 1.2 ×  104 axons/mm2 
in IC-treated EAE, P < 0.01). Moreover, lower numbers of 
both fully demyelinated axons (Fig. 4B (c), 12.6 ± 0.7 ×  104 
axons/mm2) and demyelinating (vesiculated) axons (Fig. 4B 
(d), 7.7 ± 2.1 ×  104 axons/mm2) were observed in the anti-
BMP-2/4-treated group, compared to the IC-treated group 
(19.5 ± 1.1 ×  104 axons/mm2 and 17.6 ± 4.8 ×  104 axons/
mm2, P = 0.02 and P < 0.01, respectively), suggesting that 
BMP-2/4 blockade not only induced the remyelination pro-
cess, but may also have a myelin protective effect in R-EAE, 
manifested by reduced demyelinating axons. Overall, in the 
anti-BMP-2/4 Ab treatment group, 80.2% of the axon were 
myelinated (premylinated or remyelinated) while in the IC  
group, 65.0% were myelinated, P = 0.013.
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The analysis of the g-ratios according to the axons 
diameter range (small; 0–1 µm, intermediate; 1–2 µm 
and large; 2–4 µm) revealed that most of the remyeli-
nated axons were of intermediate size in both the IC- and 
the anti-BMP-2/4 Ab-treated mice, and the significant 
induction in the numbers of remyelinated axons was 

demonstrated among these axons (Fig. 4B (b), P < 0.05). 
Moreover, although most of the fully demyelinated axons 
were small, with a diameter lower than 1 µm, the reduc-
tion in their numbers in response to BMP-2/4 blockade 
was also primarily observed among the intermediate axons 
(Fig. 4B (c), P < 0.01).
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The Effect of Anti‑BMP‑2/4 Ab Treatment on Immune 
Responses in the CNS and in the Periphery

We next examined whether the beneficial clinical effect of 
treatment with anti-BMP-2/4 neutralizing mAb was also 
mediated by the suppression of immune responses. We 
first examined the numbers of  CD45+ leukocytes,  CD4+ T 
cells,  CD8+ T cells,  CD11b+ monocytes, and  CD19+ B cells 
among MNCs isolated from brains and spinal cords on days 
14 and 41 p.i. (Table 2, N = 3 animals per group). We did 
not detect any significant differences in the levels of any of 
the immune cell subsets between the anti-BMP-2/4 mAb- 
and IC-treated groups. Similar findings were observed in the 
spleen (Tables 3 and 4). Although a trend toward reduced 
numbers of  CD19+ B cells was observed among spleno-
cytes in the anti-BMP-2/4 mAb-treated group compared to 
those in the IC-treated group on day 14 p.i., this trend was 
not statistically significant. An examination of the numbers 
of  CD4+Foxp3+ regulatory T cells,  CD4+IFN-γ+ Th1 cells, 
 CD4+IL-4+ Th2 cells, and  CD4+IL-17+ Th17, also did not 
reveal a significant immunomodulatory effect in the anti-
BMP-2/4 mAb-treated group, compared to the IC-treated 
group. A nonsignificant trend was observed for the induction 
of both Th1 and Th2 cells in the spleen in response to BMP-
2/4 blockade on day 41 p.i.

Measurement of the proliferation of splenocytes from 
R-EAE groups in response to T cell stimulation via CD3 
or by the cognate peptide proteolipid protein  (PLP139-151) 
at the end of the experiment (day 41), by an XTT prolif-
eration assay (N = 4 mice per group), did not indicate an 

immunosuppression mechanism of anti BMP-2/4 mAb. 
No significant differences were observed in the stimulation 
ratios (anti-CD3 stimulation/IC stimulation and PLP stimu-
lation/no stimulation) between the group treated with the 
anti-BMP-2/4 treatment and the IgG1-treated or the vehicle-
treated groups (supplementary data, Fig. 2). Hence, overall, 
we did not detect a significant immunosuppressive/ immu-
nomodulatory effect during the peak of the first relapse, nor 
at the end of the experiment (day 41).

Treatment with Anti‑BMP‑2/4 Neutralizing mAb 
Blocks the BMP Signaling in the CNS and Induces 
Differentiation into Mature Oligodendrocytes 
and Remyelination in the Cuprizone Model 
of Demyelination

We next examined the effect of an IV treatment with anti-
BMP-2/4 Ab treatment on oligodendrocyte differentiation 
and remyelination in the toxic and noninflammatory cupri-
zone model of demyelination. Mice were fed with cuprizone 
for 5 weeks (day 35, maximum demyelination) and then 
transferred to a regular diet. Anti-BMP-2/4 mAb (30 μg/
mouse), or the corresponding IC (IgG1), or vehicle alone, 
were IV administrated on day 15 post-cuprizone diet initia-
tion, as molecular processes of remyelination starts on the 
third week in this model [62]. Analysis of brain sections was 
performed 10 days after resuming the regular diet, which is 
the middle of the recovery phase (day 46).

We first examined whether treatment of cuprizone-fed 
mice with anti-BMP-2/4 mAb affected BMP signaling in 
the CNS, as the BBB is known to be less disrupted in this 
model, in comparison to the EAE. As shown in Fig. 5A, on 
day 46 (recovery phase), there was a 2.3-fold decrease in the 
number of p-SMAD1/5/8+ cells in the medial CC of cupri-
zone-fed mice which were treated with anti-BMP-2/4 mAb 
(138.4 ± 22.4 p-SMAD+cells/mm2), compared to those that 
were treated with either IC (324.5 ± 46.2 p-SMAD+cells/
mm2, P < 0.01) and to the vehicle-treated mice (321.1 ± 31.3 
p-SMAD+cells/mm2 in, P < 0.01).

Similar to the results in the R-EAE model, there were reduced 
numbers of total GFAP expressing cells, in the anti-BMP-2/4-
treated group (341.9 ± 72.4  GFAP+/mm2), compared to the IC-
treated group (665.4 ± 74.8  GFAP+/mm2, P < 0.05, Fig. 5B). 
Moreover, almost all of the p-SMAD1/5/8+ cells were also 
positive for the GFAP marker in the IC-treated group (98.4%, 
319.6 ± 41.3 p-SMAD+GFAP+/mm2), and treatment with anti-
BMP-2/4 Ab significantly decreased their level (136.4 ± 41.9 
cells/mm2, P < 0.05, Fig. 5B). In resemble to the R-EAE model, 
treatment with anti-BMP-2/4 Ab also increased the density of 
Olig-2+ cells in the corpus callosum of cuprizone-fed mice 
(375.0 ± 55.1 Olig-2+/mm2) compared to the IC-treated mice 
(210.9 ± 21.1 Olig-2+/mm2, P < 0.05, Fig. 5C). However, neg-
ligible numbers of p-SMAD+Olig-2+ cells were detected in the 

Fig. 3  Increased numbers of newly formed immature and mature oli-
godendrocytes, concomitant with induced remyelination, are accom-
panied by reduced numbers of newly generated astrocytes, in the lum-
bar spinal cords of anti-BMP-2/4-treated mice with R-EAE. Increased 
numbers of newly generated  BrdU+Olig-2+PDGFR-α+ immature oli-
godendrocytes A, and  BrdU+Olig-2+CC1+ mature oligodendrocytes 
B  were observed in the lumbar spinal cords of anti-BMP-2/4 mAb-
treated R-EAE mice (b), compared to those in IC-treated R-EAE mice 
(a) on day 18 p.i. The bar graph (c) shows quantification of the triple-
positive cells from three mice/group. Scale bar 50 µm; **P < 0.01. C 
Immunofluorescence staining for MBP in oligodendrocytes in lumbar 
spinal cords isolated from R-EAE mice treated with IC (a) or with the 
anti-BMP-2/4 mAb (b), scale bar = 200  µm. The percentage of the 
myelinated area was increased in anti-BMP-2/4-treated EAE mice (c); 
*P < 0.05. D Representative cross sections of double staining for fluo-
romyelin and neurofilament in the IC-treated group (a and b) and in 
the anti-BMP-2/4-treated group (c and d). Fluoromyelin-stained area 
increased in the anti-BMP-2/4-treated mice (e), concomitant with 
reduced loss of neurofilaments, presented in (f). Scale bar = 100 µm; 
**P < 0.01. FM fluoromyelin, NF neurofilament. E Reduced numbers 
of  BrdU+GFAP+ astrocytes were observed in the lumbar spinal cords 
of anti-BMP-2/4 mAb-treated R-EAE mice (c and d) compared with 
those in IC-treated R-EAE mice (a and b). Quantification of double-
positive cells was performed on three mice/group (e). Arrows indicate 
double-stained cells. The squares marked in a and c are magnified in 
b and d, respectively. Scale bars: a and c = 50 µm; b and d = 20 µm. 
**P < 0.01. N = 3 mice/group

◂
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IC-treated group (7.8 ± 3.6 p-SMAD+Olig-2+/mm2), which 
stand for 2.1% of the total p-SMAD expressing cells, and 
their numbers were not significantly changed in response anti-
BMP-2/4 treatment (11.7 ± 1.9, P = NS). As expected, we did not 
detect CD45-positive cells in the corpus callosum of cuprizone-
fed mice in all of the examined groups.

The diminished BMP signaling was accompanied by induc-
tion of mature Olig-2+CC1+ oligodendrocytes in the CC 
(332.5 ± 61.6 cells/mm2) vs. the IC-treated group (19.0 ± 9.8 
cells/mm2, P = 0.003) and vs. the vehicle-treated group 
(106.6 ± 25.2 cells/mm2, P = 0.01, Fig. 6A). We next exam-
ined whether the induced oligodendrocyte differentiation is 
accompanied with increased remyelination, as detected by 
MBP staining. After 35 days of feeding the cuprizone diet, 
cuprizone-challenged mice exhibited a 31.5 ± 2.6% MBP-
stained area in the medial CC (Fig. 6B, max demyelination). IV 
treatment with anti-BMP-2/4 mAb significantly enhanced the 
myelination of the CC during the recovery phase, on day 46, 
which is 11 days after returning to the regular diet (87.6 ± 1.8% 
MBP-stained area) vs. the IC-treated group (66.2 ± 3.6% 

MBP-stained area, P < 0.01) and vs. the vehicle-treated group 
(46.0 ± 10.5% MBP-stained area, P < 0.01, Fig. 6B), indicating 
that treatment with anti-BMP-2/4 mAb enhances remyelina-
tion also in a toxic noninflammatory demyelinating model. 
Finally, we quantified NF staining in all the examined groups 
in order to evaluate whether the observed myelin restoration 
in the anti-BMP-2/4 Ab-treated mice is accompanied with 
less axonal damage. As demonstrated in Fig. 6C, in compli-
ance to the MBP expression, there was a significant increase 
in the NF density in response to BMP-2/4 Ab treatment during 
the recovery phase, indicating a neuroprotective effect of the 
anti-BMP-2/4 therapy (IC, 60.6 ± 3.2% NF-stained area; anti-
BMP-2/4 Ab; 81.8 ± 2.1% NF-stained area, P < 0.01).

Discussion

In subjects with MS, BMPs and their receptors are expressed 
in inflammatory lesions [63], and elevated and deregulated 
levels of secreted BMPs in the CNS derived from both NSCs 
[36] and CNS-infiltrating immune cells [48, 64] contribute to 
the limited differentiation of OPCs and remyelination [12, 30, 
34, 35, 37] and to the induction of glial scar formation [44].

Sabo et al. have demonstrated that local blockade of BMP 
signaling in the CNS, via 14 days of infusion of noggin into 
the lateral ventricle of cuprizone-fed mice, decreased phos-
phorylation of SMAD1/5/8, increased the density of mature 
oligodendrocytes and remyelination in the CC, following 
1 week of recovery [40]. Other studies have proposed that, 
due to its pro-neurogenic properties, noggin may possess 
therapeutic potential in various neurodegenerative diseases, 
such as ischemic stroke [65], Parkinson’s disease [66], and 
Alzheimer’s disease [67]. Nonetheless, due to the very poor 
bioavailability of recombinant noggin, with an apparent half-
life of less than 60 min, either gene overexpression tech-
niques [65] or continuous intra-CNS delivery systems [40, 
41, 67] of noggin, or of the more stabilized format of noggin 
muteins [53], are often necessary for BMP signaling block-
ade in the CNS. Moreover, a recent study by Eixarch et al. 

Fig. 4  Increased remyelination and reduced demyelination in 
response to BMP-2/4 signaling blockade in R-EAE. A Representa-
tive electron micrographs of the lumbar spinal cords of IC-treated 
R-EAE mice (a), and anti-BMP-2/4-treated R-EAE mice (b), on day 
18 p.i. Scale bar = 5  µm for both images. Preexisting myelinated 
axons exhibit g-ratio < 0.8 (A1), whereas remyelinated axons (A2) 
present thinner myelin sheets (0.8 < g-ratio < 1). Fully demyelinated 
axons (A3) demonstrate g-ratio = 1, and vesiculated axons, i.e., axons 
during the demyelination process are marked as A4. The scatterplots 
display g-ratios of individual axons as a function of axon diameter in 
IC-treated (c) and anti-BMP-2/4-treated (d) R-EAE mice. B Treat-
ment of R-EAE-induced mice with anti-BMP-2/4 Ab did not sig-
nificantly affect the number of pre-existing myelinated axons, com-
pared to IC (a) but significantly increased the number of remyelinated 
axons (b) and reduced the number of fully demyelinated axons (c). 
The bar graphs exhibit the distribution of the axons according to 
the axon diameter range (small, 0–1 µm; intermediate, 1–2 µm; and 
large, 2–4 µm). The number of vesiculated axons, i.e., axons that were 
captured during the process of demyelination, was also significantly 
reduced in the anti-BMP-2/4 mAb vs. IC-treated R-EAE mice (d). 
*P < 0.05, **P < 0.01, chi-squared test, N = 5 mice/group, > 200 axons 
per animal

◂

Table 2  Number of immune cells in the CNS

Organ Day post-
immunization

Treatment N CD45 (×  105) N CD4 (×  105) N CD8a (×  105) N CD11b (×  105) N CD19 (×  105)

Spinal cord Day 14 IgG1 1.79 ± 0.44 0.73 ± 0.19 0.16 ± 0.04 0.11 ± 0.03 0.38 ± 0.12
Anti-BMP-2/4 Ab 1.41 ± 0.43 0.64 ± 0.17 0.11 ± 0.04 0.07 ± 0.02 0.26 ± 0.12

Day 41 IgG1 2.54 ± 1.14 1.35 ± 0.70 0.36 ± 0.15 0.07 ± 0.02 0.14 ± 0.07
Anti-BMP-2/4 Ab 2.65 ± 0.67 1.17 ± 0.28 0.41 ± 0.15 0.06 ± 0.01 0.26 ± 0.09

Brain Day 14 IgG1 2.01 ± 0.45 0.67 ± 0.20 0.17 ± 0.05 0.04 ± 0.01 0.80 ± 0.11
Anti-BMP-2/4 Ab 2.65 ± 0.25 1.25 ± 0.14 0.23 ± 0.02 0.06 ± 0.01 0.63 ± 0.14

Day 41 IgG1 1.58 ± 0.91 0.62 ± 0.42 0.18 ± 0.11 0.04 ± 0.01 0.32 ± 0.15
Anti-BMP-2/4 Ab 1.10 ± 0.49 0.42 ± 0.18 0.17 ± 0.08 0.02 ± 0.01 0.24 ± 0.11
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has shown that inhibition of the BMP signaling via systemic 
administration of the small molecule dorsomorphin (DM), 
or its homologue 1 (DMH1), to MOG-induced EAE mice, 
ameliorated EAE [68].

Noggin is known to antagonize also BMP-5, BMP-6, 
BMP-7 [53, 54], growth differentiation factor 5 (GDF-5) 
[69], and GDF-6 [70], beside BMP-2 and BMP-4, and DM is 
also a nonspecific BMP receptor antagonist that inhibits the 
ability of all the BMP type I receptors (ALK1, 2, 3, and 6) 
to phosphorylate BMP type II receptor [72]. Therefore, and 
taking into consideration the known association of BMP-2 
and BMP-4 with demyelinated pathology  [41, 43, 44, 
52] and the higher affinity of noggin to BMP-2 and BMP-
4, compared to other BMPs [53, 54], the question whether 
specific inhibition of only BMP-2 and BMP-4 would have 
a beneficial effect in EAE, and induce oligodendrocyte dif-
ferentiation and remyelination, remained elusive.

We demonstrate that a single IV administration of 
anti-BMP-2/4 neutralizing mAb was effective to decrease 
SMAD1/5/8 phosphorylation in the CNS of both R-EAE 
and cuprizone models. BBB breakdown is known to occur 
in R-EAE model, as early as day 6 p.i., before the appear-
ance of the disease signs [71] and in the cuprizone model, 
as early as 3 days after cuprizone feeding initiation [72], 
suggesting that it is conceivable that the anti-BMP-2/4 
neutralizing Ab penetrated to the CNS when it was admin-
istrated on day 9 p.i. to R-EAE mice, or on day 10 post 
the initiation of the cuprizone feeding. In support with 
targeting CNS antigen by a mAb in disorders where the 
blood–CNS barrier is disrupted is the IV treatment with 
anti-C5 mAb eculizumab in AQP4-positive neuromyelitis 

optica spectrum disorder that was found to reduce the 
attack frequency of this disorder [73, 74]. SMAD signaling 
dysregulation was primarily observed within the  GFAP+ 
cell population, which consists of both NSCs and astro-
cytes. This finding suggests that the alleviating effect of 
anti-BMP-2/4 Ab treatment could be mediated either via 
reduced SMAD signaling within the NSCs, leading these 
cells to undergo differentiation toward the oligodendrocyte 
lineage, or by inhibition of the astrogliosis process, which 
has been demonstrated to be associated with remyelina-
tion [44].

Indeed, the specific blockade of BMP-2 and BMP-4 sign-
aling by systemic mAb treatment approach, in the nonin-
flammatory cuprizone model of demyelination, augmented 
the numbers of mature oligodendrocytes and remyelination, 
as well as the density of surviving axons, in the CC, during 
the recovery phase of the disease, indicating that this clini-
cally applicable approach induces oligodendrocyte regenera-
tion, remyelination, and neuroprotection.

Moreover, IV injection of the anti-BMP-2/4 mAb to 
R-EAE-induced mice, ameliorated EAE signs following 
the first attack, during days 23–41. The lack of a significant 
effect during the first attack implies that the alleviating 
effect was probably mainly mediated by time-consuming 
processes, such as OPC differentiation and remyelination, 
as was demonstrated later on. Similar postponed amelio-
rating effects were observed in response to other optional 
pro-remyelinating therapies, such as kappa opioid recep-
tor (KOR) agonists [75] and clemastine, in which the first 
significant alleviation was observed on day 18 p.i. in the 
MOG-induced chronic EAE model [61].

Table 3  Number of immune cells in the spleen

* Trend for  CD19+ cells reduction by anti-BMP-2/4 Ab, among splenocytes, P = 0.06

Organ Day post-
immunization

Treatment N  CD45+ 
(×  106)

N  CD4+ (×  106) N  CD8a+ 
(×  106)

N  CD11b+ 
(×  106)

N  CD19+ 
(×  106)

N 
 CD4+Foxp3+ 
(×  106)

Spleen Day 14 IgG1 47.10 ± 3.54 14.05 ± 0.83 6.58 ± 0.41 0.61 ± 0.11 23.53 ± 1.62 1.39 ± 0.13
Anti-BMP-2/4 

Ab
34.57 ± 6.89 12.19 ± 2.21 6.14 ± 1.49 0.48 ± 0.20 14.27 ± 2.81* 1.08 ± 0.28

Day 41 IgG1 57.08 ± 16.73 17.41 ± 4.83 4.40 ± 0.89 2.37 ± 0.83 30.57 ± 9.62 0.84 ± 0.34
Anti-BMP-2/4 

Ab
56.41 ± 11.23 17.17 ± 3.22 4.38 ± 0.70 2.86 ± 0.41 28.86 ± 7.15 2.55 ± 064

Table 4  Th1, Th2, and Th17 
cell distribution among 
CD4 + splenocytes post-
stimulation

* Trend for induction in %IFN-γ+ of CD4 + cells, by anti-BMP-2/4 Ab, P = 0.07
** Trend for induction in %IL-4+ of CD4 + cells, by anti-BMP-2/4 Ab, P = 0.06

Organ Day post-
immunization

Treatment %IFN-γ+ of  CD4+ %IL-4+ of  CD4+ %IL-17+ of  CD4+

Spleen Day 14 IgG1 4.64 ± 1.86 2.54 ± 0.78 1.58 ± 0.71
Anti-BMP-2/4 Ab 4.34 ± 0.99 2.63 ± 0.64 0.97 ± 0.38

Day 41 IgG1 4.25 ± 0.87 2.63 ± 0.38 1.28 ± 0.28
Anti-BMP-2/4 Ab 7.57 ± 1.05* 3.88 ± 0.25** 1.73 ± 0.26
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Indeed, histopathological examination of the lumbar 
spinal cord of R-EAE-induced mice revealed increased 
numbers of de novo immature  (BrdU+Olig-2+PDGFR-α+) 
and mature oligodendrocytes  (BrdU+Olig-2+CC1+), 
as well as reduced  BrdU+GFAP+ astrocytes, indicating 
that this treatment favored NSCs or OPCs differentiation 
to mature oligodendrocytes at the expense of astrogen-
esis processes within the affected spinal cord of R-EAE. 
This effect was noticed as early as 9 days after therapy 
installment.

Induced differentiation of OPCs to mature oligodendro-
cytes, in response to BMP-2/4 blockade in R-EAE, was 
accompanied with enhanced remyelination, as reflected by 
increased MBP and fluromyelin staining, and augmented 
numbers of remyelinated axons exhibiting g-ratios in the 
range between 0.8 and 1, which was mostly evident among 
the intermediate size axons. The reduced numbers of fully 
demyelinated axons in the anti-BMP-2/4-treated mice 
supports the notion that accelerated remyelination during 
inflammatory demyelination attenuates the demyelination 
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Fig. 5  IV administration of anti-BMP-2/4 mAb decreases  phospho-
rylation of SMAD1/5/8, induces mature oligodendrocytes and  remy-
elination in the corpus callosum of cuprizone toxic model of demy-
elination. C57BL/6 male mice were fed 0.2% cuprizone for 35 days 
and then transferred to a regular diet. The anti-BMP-2/4 neutralizing 
mAb was IV administered (30  µg/mouse) on day 15 after initiation 
of the cuprizone diet. The control group was IV injected with 30 μg/
mouse of the corresponding IC, mouse IgG1. Immunohistochemical 
analysis of the medial CC was performed on day 46, 11  days after 
cuprizone withdrawal, during the recovery phase (N = 5 mice/group). 
A Reduced numbers of p-SMAD1/5/8+ cells in the CC of anti-
BMP-2/4 mAb-treated mice (c), compared to both IC-treated mice 
(b), and vehicle-treated mice (a), scale bar = 50  µm. Quantification 

of p-SMAD1/5/8+ cells/mm2 is presented in (d), **P < 0.01. B Dou-
ble staining of GFAP and p-SMAD1/5/8 shows that almost all of the 
p-SMAD+ cells are GFAP-positive. Quantification exhibited in (c) 
demonstrates reduced numbers of  GFAP+ cells and p-SMAD+GFAP+ 
cells in the anti-BMP-2/4 Ab-treated group (b), compared to the IC-
treated group (a), N = 3 mice/group, scale bar = 100  µm, *P < 0.05. 
C Co-localization of Olig-2 and p-SMAD1/5/8 in the IC-treated 
(a) and anti-BMP-2/4 Ab-treated mice shows that the numbers of 
p-SMAD+Olig-2+ cells are infrequent in both groups. There was a 
significant increase in the numbers of total Olig-2+ cells, but no sig-
nificant differences in the numbers of the double-stained cells (c). 
N = 3 mice/group, scale bar = 50 µm, *P < 0.05
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process, as was demonstrated in EAE induced in Chrm1 
fl/fl mice, in which the target of clemasine; the muscarinic 
receptor, was conditional knocked-out [61]. Moreover, it has 
been previously demonstrated that myelin vesiculation, i.e., 
the appearance of myelin sheaths with signs of vesicular 
disruption, is a major pattern of early myelin fragmentation 
in the spinal cords of EAE induced in Biozzi mice [56]. We 
have observed a reduced number of vesiculated axons in the 
anti-BMP-2/4 mAb-treated mice, indicating that this treat-
ment also attenuated myelin pathology deterioration. These 
findings suggest that BMP-2/4 blockade not only induces 
repair processes, but may also have an oligodendrocyte- and 

myelin-protective effect. Such an effect has been previously 
demonstrated, as exposure of oligodendroglial cells to con-
ditioned media from noggin-treated reactive microglia, dur-
ing oxygen/glucose deprivation and reperfusion, reduced the 
oligodendroglia death [76].

Furthermore, we have directly approached the ques-
tion whether the beneficial effect of anti-BMP-2/4 mAb in 
R-EAE was also mediated by suppression of the immune 
responses. Immune cells not only express BMPs but may 
also respond to BMP stimulation [77–80]. However, con-
troversy exists regarding whether BMPs exert a pro- or 
anti-inflammatory effect. Stimulation of naïve  CD4+ T cells 
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Fig. 6  Anti-BMP-2/4 mAb treatment  increases  the numbers of 
mature oligodendrocytes, the density of the myelinated area and of 
neurofilaments in the corpus callosum of cuprizone toxic model of 
demyelination. A Immunofluorescence staining for mature Olig-
2+CC1+ oligodendrocytes on day 46 revealed increased numbers of 
Olig-2+CC1+ oligodendrocytes in the medial CC of anti-BMP-2/4 
mAb-treated mice (c) compared to that in IC-treated (b) and in 
vehicle-treated (a) mice. The bar graph (d) shows a summary of the 
results from the 5 tested animals in each group. Scale bar = 50  µm, 
*P < 0.05, **P < 0.01. B The medial CC is extensively demyelinated 
after 35  days of cuprizone diet (a). An increased percentage of the 

MBP-stained area was observed in the anti-BMP-2/4 treated group 
(d) compared to that in the IC-treated group (c) and to that of the 
vehicle-treated group (b), on day 46. Quantification of the results 
from the 5 tested animals in each group is presented in the bar graph 
(d). Scale bar = 100  µm, **P < 0.01. C Neurofilament density was 
substantially reduced after 35  days of cuprizone diet (a). Neurofila-
ment-stained area was enhanced in the anti-BMP-2/4-treated group 
(d) compared to that in the IC-treated group (c) during the recovery 
phase. Quantification is shown in the bar graph (d). N = 5 in each 
group. Scale bar = 50 µm, **P < 0.01. NF neurofilament
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with TGF-β in the presence of BMP-2/4 enhances the dif-
ferentiation and suppressive activity of regulatory T cells 
(Tregs) [79], and the activation of  CD4+ T cells with defec-
tive BMPR1α results in increased IFN-γ production and 
increased cell proliferation, supporting anti-inflammatory 
effects of BMPs [78]. In contrast, the inhibition of BMP 
signaling with DM impairs T cell proliferation by reduc-
ing IL-2 production [81], and BMP-4 was found to induce 
IFN-γ production in  CD8+ T cells upon antigen stimulation 
[82], indicating a proinflammatory role of BMPs. We did not 
detect a significant effect of the anti-BMP-2/4 mAb on the 
number of CD45 + cells in the affected tissue in the spinal 
cord, on the numbers of  CD4+ T cells,  CD8+ T cells, mono-
cytes, or B cells among MNCs of the brains, spinal cords, or 
splenocytes at the peak of the first attack (day 14 p.i.) or on 
day 41 p.i.. No significant effects of the BMP-2/4 blockade 
were observed on the Th1, Th2, Th17, or Treg populations 
in the spleen. Moreover, we did not observe an effect on the 
proliferation of spleen-derived T cells in response to stimu-
lation with anti CD3 or with  PLP139-151 in the R-EAE group 
treated with anti-BMP-2/4 mAb.

Eixarch et al. studied the immunological effect of DMH1 
in EAE and showed that this treatment was associated with 
a reduction in the overall myeloid population in splenocytes, 
with an increased frequency of plasmacytoid dendritic cells 
and a reduced M2 macrophages population [68] which 
resulted, at least in part, by the blockade of BMP-6 and 
BMP-7 activity [83–87]. In similar to our findings, they did 
not find a significant effect of DMH1 on Th1, Th2, Th17, 
Treg, and M2 macrophages in the spinal cord and on T- and 
B-cell subsets in the peripheral immune system. In light of 
their research, there is also an immunosuppressive effect of 
the BMP receptor blockade, which is probably depended on 
the inhibition of BMPs that are different form BMP-2 and 
BMP-4. Our study that showed oligodendrocyte regenera-
tion and remyelination effects of BMP-2/4 blockade did not 
completely rule out any immunological effect of this therapy, 
as we did not study the function of immune cells subsets.

In conclusion, a specific blockade of BMP-2/4 signaling, via 
a single IV administration of anti-BMP2/4 mAb, exhibits an 
oligodendrocyte regenerative and a remyelinating effect in both 
inflammatory and noninflammatory demyelinating diseases of 
the CNS. Herein, treatment with anti-BMP-2/4 mAb has the 
potential to become a therapeutic approach for oligodendrogen-
esis and myelin repair in patients with demyelinating disease 
such as MS. The existing therapies for MS affect mainly the 
immune mechanism of the disease, and there is no approved 
therapy for myelin repair. It is therefore suggested that the treat-
ment with anti-BMP2/4 mAb could potentially be combined 
with immune-targeted therapy for MS.
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