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Nogo receptor-Fc delivered by 
haematopoietic cells enhances neurorepair 
in a multiple sclerosis model
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Nogo receptor 1 is the high affinity receptor for the potent myelin-associated inhibitory factors that make up part of the inflammatory 
extracellular milieu during experimental autoimmune encephalomyelitis. Signalling through the Nogo receptor 1 complex has been 
shown to be associated with axonal degeneration in an animal model of multiple sclerosis, and neuronal deletion of this receptor 
homologue, in a disease specific manner, is associated with preserving axons even in the context of neuroinflammation. The local de-
livery of Nogo receptor(1-310)-Fc, a therapeutic fusion protein, has been successfully applied as a treatment in animal models of spinal 
cord injury and glaucoma. As multiple sclerosis and experimental autoimmune encephalomyelitis exhibit large numbers of inflamma-
tory cell infiltrates within the CNS lesions, we utilized transplantable haematopoietic stem cells as a cellular delivery method of the 
Nogo receptor(1-310)-Fc fusion protein. We identified CNS-infiltrating macrophages as the predominant immune-positive cell 
type that overexpressed myc-tagged Nogo receptor(1-310)-Fc fusion protein at the peak stage of experimental autoimmune enceph-
alomyelitis. These differentiated phagocytes were predominant during the extensive demyelination and axonal damage, which are as-
sociated with the engulfment of the protein complex of Nogo receptor(1-310)-Fc binding to myelin ligands. Importantly, mice 
transplanted with haematopoietic stem cells transduced with the lentiviral vector carrying Nogo receptor(1-310)-Fc and recovered 
from the peak of neurological decline during experimental autoimmune encephalomyelitis, exhibiting axonal regeneration and even-
tual remyelination in the white matter tracts. There were no immunomodulatory effects of the transplanted, genetically modified 
haematopoietic stem cells on immune cell lineages of recipient female mice induced with experimental autoimmune encephalomyelitis. 
We propose that cellular delivery of Nogo receptor(1-310)-Fc fusion protein through genetically modified haematopoietic stem cells 
can modulate multifocal experimental autoimmune encephalomyelitis lesions and potentiate neurological recovery.

1  Department of Neuroscience, Central Clinical School, Monash University, Prahran, Victoria 3004, Australia
2  B’, Department of Neurology, Laboratory of Experimental Neurology and Neuroimmunology, AHEPA University Hospital, 

Stilponos Kiriakides str. 1, 54636 Thessaloniki, Macedonia, Greece
3  ToolGen Inc., Gangseo-gu, 07789 Seoul, Korea
4  Department of Clinical Laboratory Sciences, College of Applied Medical Sciences, Taif University, PO Box 11099, Taif 21944, 

Saudi Arabia
5  STEMCELL Technologies Inc., Vancouver, British Columbia V6A 1B6, Canada
6  Australian Centre for Blood Diseases, Central Clinical School, Monash University, Prahran, Victoria 3004, Australia

Received June 07, 2022. Revised November 17, 2022. Accepted April 03, 2023. Advance access publication April 4, 2023
© The Author(s) 2023. Published by Oxford University Press on behalf of the Guarantors of Brain. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, 
distribution, and reproduction in any medium, provided the original work is properly cited.

https://orcid.org/0000-0001-8607-6695
https://orcid.org/0000-0001-6040-6246
https://orcid.org/0000-0002-7535-8651
https://orcid.org/0000-0001-8188-3092
https://orcid.org/0000-0003-1211-4577
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/braincomms/fcad108


2 | BRAIN COMMUNICATIONS 2023: Page 2 of 24                                                                                                                     S. Ye et al.

7  Clinical Haematology, Alfred Hospital, Prahran, Victoria 3004, Australia
8  Program in Cellular Neuroscience, Neurodegeneration and Repair, Yale University School of Medicine, New Haven, CT 06536, 

USA

Correspondence to: Steven Petratos  
Department of Neuroscience, Central Clinical School, Monash University  
Prahran, Victoria 3004, Australia  
E-mail: steven.petratos@monash.edu

Keywords: Nogo receptor-Fc; haematopoietic stem cells; experimental autoimmune encephalomyelitis; remyelination; axonal 
regeneration

Abbreviations: AD = axial diffusivity; ADC = apparent diffusion coefficient; ALS = amyotrophic lateral sclerosis; Arg1 = arginase 
1; BBB = blood–brain barrier; BCA = bicinchoninic acid protein; BCAS1 = brain enriched myelin associated protein 1; BSA = bovine 
serum albumin; CFA = complete Freund’s adjuvant; DMEM = Dulbecco’s Modified Eagle Medium; DTI = diffusion tensor imaging; 
EAE = experimental autoimmune encephalomyelitis; EBSS = Earle’s balanced salt solution; ECL = enhanced chemiluminescence; 
empty vector HSCT EAE = recipient female mice transplanted with haematopoietic stem cells transduced by lentiviral vectors only 
carrying ZsGreen reporter induced with experimental autoimmune encephalomyelitis; FA = fractional anisotropy; FBS = foetal 
bovine serum; FISH = fluorescent in situ hybridization; Flt3 = ligand FMS-like tyrosine kinase 3 ligand; GAP43 =  
growth-associated protein 43; GFAP = glial fibrillary acidic protein; GM = grey matter; HEK293T = human embryonic kidney 
293T cell; HRP = horseradish peroxidase; HSCT = haematopoietic stem cell transplantation; IgG = immunoglobulin G; IL-3 =  
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Graphical Abstract

Introduction
Multiple sclerosis is an immune-mediated neurodegenerative 
disorder resulting in demyelinated lesions in the brain and 
spinal cord, with axonal degeneration as the arbiter of 
permanent neurological disability.1 Currently, the immuno-
modulatory and immunosuppressive drugs available to treat 
multiple sclerosis may only slow disease progression, but the 
eventual burden of disease leads to profound neurodegenera-
tion. As a novel means of modulating autoimmune-mediated 
inflammation and neurological disability, haematopoietic 
stem cell transplantation (HSCT) is currently being trialed 
to treat aggressive refractory relapsing–remitting multiple 
sclerosis. However, the possibility for further progression 
following HSCT exists in this population of treated 

individuals, with ∼17% of patients reported to have 
progressed 8 years post-transplantation (for review, see 
Bakhuraysah et al.2). A novel approach by which the 
eventual pathological sequelae and progression could be 
abrogated may be through limiting the deleterious accumula-
tion of extracellular inhibitory milieu to promote neural 
repair, subsequent to expanding neuroinflammatory lesions.

Nogo receptor 1 (NgR1) is a high affinity receptor that 
binds to myelin-associated inhibitory factors (MAIFs).3

MAIFs can include NogoA, myelin-associated glycoprotein 
(MAG) and oligodendrocyte myelin glycoprotein (OMgp), 
which are expressed on the myelin membrane lamellae as 
well as within mature oligodendrocytes,3-5 have been shown 
experimentally to block neurite outgrowth.6,7 It has been 
shown that NogoA can potentiate axonal degeneration in 
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the optic nerves and spinal cords of mice induced to develop 
experimental autoimmune encephalomyelitis (EAE), an ani-
mal model of multiple sclerosis.8

NogoA has been an attractive target in neurological re-
search, and recently, a clinical phase I safety, tolerability 
and pharmacokinetics trial for relapsing–remitting multiple 
sclerosis has been completed (NCT01435993). This study 
utilized ozanezumab, a therapeutic monoclonal antibody 
targeting the N-terminus of NogoA, was abruptly termi-
nated due to questions surrounding preclinical model data 
exclusion.9 A phase II study has also been completed with 
ozanezumab for amyotrophic lateral sclerosis, reporting no 
efficacy in a double-blind controlled trial.10 Despite termin-
ation of these previous trials due to fatal data reporting er-
rors,9,10 targeting myelin ligands could be effective in 
treatment of specific neurological conditions with an appro-
priate preclinical design and therapeutic window. Indeed, the 
anti-Lingo 1 (NgR1 coreceptor) humanized monoclonal 
antibody, opicinumab, has been identified to have a clear 
mechanism of action in robust preclinical and clinical 
studies.11-13 Data from the RENEW trial (NCT01721161) 
with enrolled patients intravenously infused with opicinu-
mab showed beneficial effects utilizing sensitive multifocal 
field visual evoked potential measures to assess optic neuritis 
latencies.14,15 Moreover, a phase II SYNERGY clinical trial 
(NCT01864148) confirmed disability improvement in 65% 
of relapsing–remitting multiple sclerosis subjects during the 
administration of opicinumab at a dosage of 30 mg/kg.16

However, a dose–response was observed with disability im-
provement being attenuated over 72 weeks, suggesting that 
the initial remyelination potentially being promoted by opi-
cinumab treatment was either lost or dysfunctional with fur-
ther ensuing inflammation.16 This has led the sponsor 
(Biogen Idec) to launch a Phase IIb AFFINITY trial 
(NCT03222973),17 incorporating the novel anti-Lingo 1 
antibody Li81 (opicinumab)18 with the recruitment of the 
secondary Lingo 1 binding site to enhance remyelination.

It is plausible to suggest that developing biologicals such 
as ozanezumab or opicinumab to purely antagonize the re-
ceptors and ligands expressed upon oligodendrocyte precur-
sor or neuronal cells may be insufficient in a disease 
environment that may also require active clearance of cellu-
lar debris that is inhibitory to neuroregeneration in the 
CNS.19 At the paranodal regions of myelinated nerve fibres, 
resident microglia or myeloid macrophages play the role in 
attacking myelin sheath and stripping away compact 
MAIF-enriched membranes during active inflammation.19-21

Also, subsequent deposition of extracellular myelin debris is en-
gulfed by phagocytic microglia/macrophages which may be 
manipulated to actively promote CNS repair in the context of 
inflammation.19-21 Studies using the ectodomain of NgR1 dem-
onstrate that blocking the binding of extracellular MAIFs can 
enhance neurological recovery following CNS injury through 
enhanced axonal regeneration in animal models of spinal 
cord injury and glaucoma.22-26 We postulated that functional 
inhibition of MAIFs in EAE by means of administrating the 
NgR(310)ecto-Fc decoy protein ectodomain of NgR capable 

of binding to MAIFs fused with immunoglobulin G (IgG)-Fc 
may contribute to repair following demyelination and axono-
pathy in the context of EAE-induced neuroinflammation.

Due to the tightly regulated blood–brain barrier (BBB) in 
multiple sclerosis patients, it is challenging for molecules to 
enter the CNS compartment. However, as multiple sclerosis 
and EAE exhibit large numbers of inflammatory cell infil-
trates within CNS lesions, we took advantage of the proper-
ties of activated immune cells during the pathogenesis of 
EAE in our study. By directly genetically modifying trans-
plantable HSCs that can differentiate into any immune cell 
lineage, we devised a specific cellular delivery method for 
the therapeutic NgR(310)ecto-Fc fusion protein, localized 
specifically to sites of CNS inflammatory demyelination. 
Delivery of the NgR(310)ecto-Fc decoy fusion protein to 
the inflammatory demyelinating lesion during EAE progres-
sion achieved a novel means of overcoming axonal degener-
ation and enhancing neurorepair. The animals transplanted 
with therapeutic NgR(310)ecto-Fc-overexpressing HSCs 
were rescued from symptoms associated with EAE. These re-
sults suggest that HSCs can be utilized as carriers of the 
therapeutic protein for specific targeting of EAE lesions, 
thereby promoting neurological recovery.

Material and methods
Animals
In accordance with the ARRIVE (Animal Research: 
Reporting of In Vivo Experiments) 2.0 updated guidelines,27

this original study was designed to compare female recipient 
C57Bl/6 mice, transplanted with littermates male donor mice 
HSCs either non-transduced or transduced with either empty 
or NgR(310)ecto-Fc vectors. Randomization occurred 
through allocating irradiated mice into cages, which in-
cluded four HSC recipient mice per cage where a minimum 
of eight recipient mice were included in the transplantation 
experiment. These experiments were performed five times 
over the period of 6 years and adhered to all ethical standards 
to ensure mice were immediately humanely killed when they 
exceeded an EAE clinical score of 3 or defined animal distress 
using the mouse grimace scale. Age- (6–8 weeks old) male 
donor and age- (8–12 weeks old) female recipient C57Bl/6 
wildtype mice were bred and maintained at the Alfred 
Medical Research and Education Precinct animal facility. 
The Animal Ethics Committee (AEC# E/1532/2015/M) ap-
proved the use of these mice for experimentation, in accord-
ance with the principles of the National Health and Medical 
Research Council of Australia.

Lentiviral vector design and plasmid 
propagation
We cloned the NgR1(1-310) ectodomain construct fused 
with an additional myc-tag and Fc-binding ligand into the 
lentiviral packaging plasmid, pLVX-EF1-IRES-ZsGreen1 
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(Clontech). Briefly, the NgR(310)ecto cDNA was cloned 
from the adult mouse brain Marathon-Ready cDNA 
(Clontech) and inserted into pFUSE-mIgG1-Fc plasmid 
(InvivoGen) to add the Fc component. The NgR(310) 
ecto-Fc portion was amplified and inserted into the pCMV- 
Tag 5 plasmid (Agilent Technologies) to add a myc-tag for 
tracking purposes. The total NgR(310)ecto-myc-Fc cDNA 
was confirmed by DNA sequencing before being ligated 
into pLVX-EF1α-IRES-ZsGreen1 with primers 5′-TATTT 
CCGGTGAATTCTTAATGAAGAGGGCG TCCT-3′ (for-
ward) and 5′-TAGTCTCGAGGAATTCGCCCTACAGA 
TCCTCTTC-3′ (reverse). This yielded pLVX-EF1α- 
NgR(310)ecto-myc-Fc-IRES-ZsGreen plasmids, were propa-
gated by bacterial culture and purified by maxiprep kit 
(Qiagen).

Lentiviral transduction into 
haematopoietic stem cells
Bone marrow derived lineage-negative cells extracted from 
male donor wildtype mice were either non-transduced or 
transduced with either lentivirus-carrying empty or 
NgR(310)ecto-myc-Fc vectors, at a multiplicity of infection 
(MOI) of 50. StemSpanTM Serum-Free Medium (StemCell 
Technologies) contained L-glutamine with penicillin, strep-
tomycin (1 × 105 units/mL, Life Technologies), IL-3 (5 ng/ 
mL), IL-6 (1 ng/mL), SCF (50 ng/mL) and Flt3 ligand 
(50 ng/mL; PeproTech), as HSC medium in our experiments. 
The vector was added to 2 mL of HSC medium in 35 mm 
dishes coated with 20 μg of retronectin (Clontech) 
and spin-infected at 1200×g at 32°C for 90 minutes. 
Post-centrifugation, the supernatant was removed. 1.5 ×  
106 lineage-negative cells were seeded in 2 mL of HSC me-
dium and spin-transduced for further 60 minutes at 32°C, 
290×g. Subsequently, another 1 mL of HSC medium was 
added, and the cells were allowed to incubate for 72 hours.

Irradiation and transplantation via 
intravenous injection
Female recipient C57Bl/6 mice were transplanted with pre-
pared HSCs, either non-transduced or transduced with 
empty or NgR(310)ecto-Fc vectors. Prior to transplantation, 
the mice were irradiated with two separate doses of 550 cGy 
caesium source gamma radiation to ablate their native 
endogenous bone marrow. Following a 3-hours period of 
recovery, the mice were then intravenously injected with 
1 × 106-lentivirus-transduced HSCs in 200 μL mouse ton-
icity phosphate buffered saline (PBS) containing 2% v/v foe-
tal bovine serum (FBS). After transplantation, all mice were 
monitored daily. They were weighed and humanely killed if 
more than 15% of their body mass had been lost overnight. 
They were provided with mash, jelly and 10 mM neomycin 
containing acidified water (pH 2.9) and kept on a heat pad 
until engraftment was achieved.

Immunization with myelin 
oligodendrocyte glycoprotein 
(MOG)35–55

After 8 weeks of recovery post-transplantation, recipient mice 
underwent EAE induction by immunizing with 200 μg of en-
cephalitogenic peptide of myelin oligodendrocyte glycopro-
tein (MOG35–55) emulsified in complete Freund’s adjuvant 
(CFA; Sigma-Aldrich) and supplemented with 4 mg/mL inac-
tivated mycobacterium tuberculosis (BD Biosciences), sub-
cutaneously injected at both sides of the lower flank. 
Subsequently, 350 ng pertussis toxin (List Biological 
Laboratories) was administered intraperitoneally, and then a 
further 350 ng of pertussis toxin was administered 48 hours 
post-induction. Overall, there were five experimental groups 
of mice included: (i) naïve mice (abbreviated as ‘Naïve’); (ii) 
non-irradiated and non-transplanted control mice with EAE 
induction (abbreviated as ‘EAE’); (iii) irradiated but trans-
planted with non-transduced HSCs control mice with EAE 
induction (abbreviated as ‘Mock HSCT EAE’); (iv) empty 
vector-transduced (abbreviated as ‘empty vector HSCT 
EAE’); and (v) NgR(310)ecto-Fc-transduced HSC-transplanted 
mice with EAE induction [abbreviated as ‘NgR(310)ecto-Fc 
HSCT EAE’].

Clinical score assessment
All experimental mice were coded by the principal investiga-
tor (PI) according to the year that transplantation occurred 
and the treatment performed on the individual mouse num-
ber. The clinical/behavioural observations that were per-
formed by the scientific staff and students were blinded to 
all treatments following randomization of mice according 
to cage numbers and treatment regimes. These randomized 
mouse categories were stored digitally by the PI on two sep-
arate devices protected by a password code. Unblinding oc-
curred following completion of all datasets generated on 
excel spreadsheets. Daily clinical manifestations of immu-
nized mice were observed and evaluated according to the 
previous standardized protocol during 30 days post-EAE in-
duction.8 Paralysis of the mice’ limbs, legs and tail is consid-
ered as the primary criterion in this clinical score scale. The 
peak clinical score was assessed as 3 in our experiments 
(Supplementary Table 1). In accordance with ethical consid-
erations, mice were humanely killed when their clinical 
scores were assessed as 4 or 5. Survival rate, mortality and 
disease incidence of all MOG35–55-induced EAE mice were 
also evaluated (Supplementary Table 1). A minimum of 12 
mice were included in the transplantation experiments with 
a minimum of 8 mice included in power analysis calculations 
for an alpha value of <0.05 to reject the null hypothesis when 
comparing EAE clinical score outcomes.

Immunoprecipitation (IP)
Preparation of single cell suspension
The snap-frozen spleen and spinal cords of experimental 
mice were dissected, fragmented and preserved in Earle’s 

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
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balanced salt solution (EBSS, Life Technologies). Spleen 
samples were then homogenized in 1× radioimmunoprecipi-
tation assay (RIPA) buffer (Cell Signaling Technologies) with 
protease (Qiagen) and phosphatase inhibitors (Calbiochem). 
The resulting homogenate was then centrifuged at 13 000 rpm 
for 20 minutes, where the protein concentrations of the super-
natant collected were determined using the bicinchoninic acid 
protein (BCA) assay kit (Thermo Scientific).

Spinal cord fragments were processed to the single cell sus-
pension. Tissue fragments were digested by papain dissoci-
ation kit (Worthington Biochemical Corp) at 37°C for 
30 minutes and then washed with EBSS. These dissociated 
tissues were then triturated in ovomucoid solution (trypsin 
inhibitor, Sigma-Aldrich) with 0.005% w/v DNase (Roche) 
and filtered to obtain the homogenous suspension.

Immunopanning of CD11b+ macrophages
Panning dishes with 2 mL of Tris buffer (50 mM, pH 9.5) 
with secondary anti-rabbit IgG (Supplementary Table 2) 
were incubated at 4°C overnight. The next day, panning 
dishes coated with secondary antibody were incubated 
with primary antibody rabbit anti-CD11b (Supplementary 
Table 2) which were mainly probed against macrophages 
at room temperature for 2 hours. The prepared spinal cord 
homogeneous suspension was then panned on the pre- 
incubated petri dishes coated with the CD11b antibody– 
antigen complex, with 2 hours incubation in a 10% CO2 

and 37°C incubator. Following incubation, CD11b+ macro-
phages from spinal cord single cell suspension were bound to 
the panning plate. The adherent cells were detached by add-
ing 1 mL trypsin solution (0.25% v/v Trypsin EDTA, Life 
Technologies) with Ca2+ Mg2+ free EBSS. Next, 10% v/v 
FBS solution in Dulbecco’s Modified Eagle Medium 
(DMEM) was treated in the panning plate to neutralize the 
trypsin and 2 mL DMEM with PBS and added to wash the 
panning plate, following another round of cell collection. 
The CD11b+ macrophage cluster was dislodged by the gen-
tle aspiration and then harvested by centrifugation at 220×g 
for 15 minutes.

Purified CD11b+ macrophage clusters were then lysed in 
the cell lysis cocktail including 1× RIPA buffer (Cell 
Signaling Technology), PhosSTOP™ phosphatase inhibitor 
cocktail and protease inhibitor cocktail (Calbiochem). 
Subsequently, they were centrifuged at 13 000 rpm for 
20 minutes. The supernatant was then collected and pre-
served at −20°C. Concentrated CD11b+ macrophage lysates 
containing protein of interest were assessed by BCA assay 
and analyzed at wavelength 562 nm to determine the lysate’s 
concentration.

IP
100 μg of protein sample was incubated overnight at 4°C 
with 1 μg of mouse anti-myc (Supplementary Table 2) cap-
ture antibody with constant agitation. These samples were 
then incubated with mouse IgG for 2 hours at room tempera-
ture. In the follow-up, 100 μL of Protein G magnetic beads 
(Millipore) were incubated for 30 minutes to capture the 

antibody–antigen complex. After completion of the incuba-
tion, samples were placed in the magnetic beads rack. 
Beads were magnetized and precipitated to the sides of tubes. 
Clearly separated supernatant was then discarded and 
washed in Tris-based saline with 0.1% v/v Tween-20 
(TBST). 5 μL Antioxidant (Invitrogen) and 5 μL 4× LDS 
(lithium dodecyl sulphate) sample buffer (Invitrogen) z sam-
ples were boiled for 5 minutes at 95°C to denature proteins 
completely.

Western blot
For each western immunoblot, 5 μg protein lysates were 
loaded and run on 4–12% Bis-Tris gel (Invitrogen). For im-
munoblot analysis, protein-loaded gels were electrophoretic-
ally transferred onto polyvinylidene fluoride (PVDF) 
membranes (Millipore). The membranes were blocked in 
5% skim milk in TBST (blocking buffer) and primary 
antibodies (Supplementary Table 2) diluted in blocking buf-
fer were added and incubated overnight at 4°C. After 
thoroughly washing the membranes with TBST, secondary 
horseradish peroxidase (HRP)-conjugated antibodies 
(Supplementary Table 2) were added and incubated for 
2 hours at room temperature. Immunoreactive proteins 
were detected using the enhanced chemiluminescence 
(ECL) prime chemiluminescence kit (GE healthcare).

Immunofluorescence
All mice were humanely killed with CO2 inhalation and per-
fused with 1× mouse tonicity PBS followed by 4% parafor-
maldehyde (PFA). The spinal cords were dissected and 
post-fixed in 4% PFA for 24 hours, at 4°C. Subsequently, 
samples were then cryo-protected in 15% and 30% w/v su-
crose for 24 hours each at 4°C. Samples were then embedded 
in OCT (optimal cutting temperature) compound 
(Tissue-Tek) and frozen in isopropanol cooled on dry ice. 
Longitudinal sections were cut at 10 μm on a cryostat 
(Leica Microsystems) and mounted on microscope slides. 
Sections were then blocked and permeabilized in 10% v/v 
normal goat serum and 0.3% v/v Triton X-100 in PBS for 
1 hour at room temperature. Primary antibodies 
(Supplementary Table 2) diluted in the blocking buffer (ei-
ther 5% v/v normal goat serum or normal donkey serum 
and 0.1% v/v Triton X-100) were applied on tissue sections 
overnight at 4°C. Secondary antibodies (Supplementary 
Table 2) diluted in the blocking buffer were applied on tissue 
sections for 2 hours at room temperature. Sections were 
counterstained with DAPI (Invitrogen) for 15 minutes at 
room temperature and then mounted with fluorescent 
mounting medium (Dako).

Imaging analysis
Images were taken using a Nikon A1R inverted confocal 
microscope with 20× glycerol objective. The captured multi-
channel images were separated into individual channels by 
ImageJ (Fiji), measuring the number of cells of interest, inten-
sity density of the cell marker fluorescence and intensity 
density of myelin debris. The intensity profiling of protein 

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
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of interest was measured as integrated density exclusively in 
ZsGreen-positive areas and normalized by ZsGreen-negative 
areas in ImageJ (Fiji). Inflammatory and peri-plaque regions 
within white matter were manually defined using customized 
tools in Fiji software as the region of interest (ROI). ROI 
was traced in accordance with the DAPI nuclei for all 
immunofluorescence analysis. The region of aggregated 
DAPI-labelled nuclei and ZsGreen expression is referred to 
as the inflammatory region (IR), while evenly dispersed 
DAPI nuclei is defined as the peri-plaque white matter 
(PPWM). All immune cell profiles and histopathological out-
comes in transplanted C57Bl/6 female recipient mice with 
MOG35–55-induction were assessed by observers in a blinded 
manner using codes kept by the PI. Decoding occurred fol-
lowing the compilation of the dataset.

Histopathological staining
The perfusion-fixed spinal cords were prepared embedded in 
resin as described below for transmission electron micros-
copy. Spinal cord sections were stained using luxol fast 
blue (LFB), periodic acid Schiff (PAS) and Bielschowsky sil-
ver stains as previously described.28 Images were captured 
under a brightfield Olympus BX51 microscope.

Analysis of dystrophic axons by toluidine blue-stained 
semithin sections
1 µm semithin sections were cut using a standard microtome. 
Sections were incubated with 1% w/v toluidine blue in 1% w/v 
sodium borate at 60°C for 30 seconds, then washed in running 
dH2O. Subsequently sections were mounted in DPX mounting 
medium. Images were taken using an Olympus BX51 bright-
field microscope with ×100 oil objective.

Immunogold-labelled electron 
microscopy (EM)
Spinal cords were fixed overnight at 4°C with 0.1 M phos-
phate buffered 2% w/v EM-graded PFA and 0.2% w/v glu-
taraldehyde. The fixed samples were embedded in 12% w/v 
gelatin in 0.1 M phosphate buffer at 37°C and allowed to set 
at 4°C before being cut into small cubes measuring ∼0.5 mm 
on each edge. The gelatin embedded tissues were infiltrated 
with 2.3 M sucrose in 0.1 M phosphate buffer at 4°C over-
night on a rocker. The sucrose infiltrated gelatin blocks 
were mounted on cryo-pins and then frozen in liquid nitro-
gen for cryo-ultramicrotomy. Frozen samples were trimmed 
at −100°C and sectioned at −120°C using a Cryo-EM UC7 
ultramicrotome (Leica) equipped with a 45° diamond cryo- 
trimming knife (Diatome) and a 35° diamond cryo-immuno 
knife (Diatome). Cryo-sections were retrieved by pick-up 
loop with a droplet of phosphate buffered 1% w/v methyl 
cellulose and 1.15 M sucrose and then deposited on carbon- 
coated formvar grids for immunolabelling. The grids were 
prepared for immunolabelling by melting up-side-down on 
PBS at 37°C and then rinsing the grids on droplets of 
0.02 M glycine in PBS. The grids were blocked with 1% w/v 

bovine serum albumin (BSA) in PBS, incubated with 
anti-myc-tag (Supplementary Table 2) in 1% w/v BSA in 
PBS at room temperature for 1 hour and incubated with a 
bridging rabbit anti-biotin (100–4198, 1:10,000, Rockland) 
and then rinsed with 0.1% w/v BSA in PBS. The grids were 
then incubated with Protein-A conjugated 10 nm gold parti-
cles diluted (1:50, Cellbiology, Utrecht) in 1% w/v BSA in 
PBS for 20 minutes at room temperature, rinsed with PBS. 
After stabilization of the reaction by 1% w/v glutaraldehyde 
in PBS for 5 minutes, grids were rinsed in distilled water. 
Finally, the grids were stained with 2% w/v uranyloxaalace-
tate (pH 7.0) for 5 minutes at room temperature and 0.4% 
w/v uranyl acetate in 1.8% w/v aqueous methyl cellulose 
(pH 4) for 5 minutes at 4°C and dried in a thin film of the final 
stain in the centre of a wire loop. EM imaging was done on 
JEM-1400Flash (Jeol).

Transmission electron microscopy 
(TEM)
Spinal cords were fixed in 2% w/v paraformaldehyde and 
2.5% w/v glutaraldehyde in 0.1 M sodium cacodylate (pH 
7.4) supplemented with 5 mM calcium chloride and 
10 mM magnesium chloride for 2 hours at room tempera-
ture. They were then washed and post-fixed in 1% w/v os-
mium tetroxide and 1.5% w/v potassium ferricyanide in 
0.065 M sodium cacodylate (pH 7.4). Cells were then 
scraped, pelleted and processed by gradual dehydration in 
ethanol (70%, 80%, 90%, 95% and 100%) and propylene 
oxide (100%). This was followed by embedding in epon re-
sin and then left to polymerize for 48 hours at 60°C. 
Ultrathin (80 nm) sections were cut by a Leica Ultracut 
UCT and imaged on Jeol 1400PLUS. The diameter of the in-
ner and outer ring of the axons was measured on ImageJ, and 
the g ratio was calculated using the following formula.

g ratio =
Inner ring axon diameter

The total outer ring axon diameter 

Ex vivo MRI
The L1 to L5 spinal cord segments were dissected out for im-
aging due to the ascending paralysis in the EAE model with 
the peak of disease (EAE clinical score 3) exhibiting numer-
ous inflammatory demyelinating lesions. After clearing ex-
cess paraformaldehyde from the spinal cord segments with 
PBS at 4°C, they were then transferred and immersed into 
a fomblin-filled tube. The spinal cord samples were exam-
ined by diffusion tensor imaging (DTI) using a 9.4 Tesla 
Bruker MRI scanner at the Monash Biomedical Imaging 
facility at the Alfred Research Alliance precinct. DTI para-
meters included the following; repetition time/echo time, 
1000/29 ms; matrix, 192 × 144 × 64; field of view, 15.36 ×  
11.52 × 5.44 mm3, and B-value of 4000 s/mm2. Structural 
and microstructural analyses of spinal cord DTI data were 
performed. Firstly, the white matter (WM) and grey matter 

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
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(GM) were segmented using ITK-SNAP software, followed 
by calculation of the volume ratio of GM versus WM. 
Microstructural analysis of the spinal cord L1–L5 was per-
formed by assessing axial diffusivity (AD) in three ROIs, 
the dorsal tract, the dorsal–lateral WM and the ventral 
WM. AD images were reconstructed from denoised DTI 
images using MRtrix3 software. Acquisition and analysis 
of MRI data were performed blindly.

Single molecule array (SIMOA)
Neurofilament light chain (NfL) levels in the serum of 
mice were assessed using SIMOA HD-X AnalyserTM 

(Quanterix, Billerica, MA, USA). The blood samples were 
collected by submandibular bleeding from all experimental 
mouse groups at the onset and progressive stage of EAE 
and were stored at −20°C freezer. The blood samples were 
centrifuged at 10 000 rpm for 20 minutes at 4°C to extract 
the serum. 42 μL of serum from each sample was isolated 
to perform immunoassays in duplicate using the Simoa® 
NF-lightTM Advantage Kits as per the manufacturer’s in-
structions, with the exception that samples were run using 
an 8× benchtop dilution rather than a 4× machine dilution. 
Experimenters conducted the immunoassays under a blinded 
condition. All samples measured above the lower limit of 
quantification (0.174 pg/mL) were within the assay dynamic 
range (1800 pg/mL).

DigiGaitTM animal behaviour analysis
The gait performance was monitored by the DigiGaitTM im-
aging system and evaluated by the DigiGaitTM 15.0 analysis 
software (Mouse Specifics).28 Mice paw prints were captured 
by a transparent plastic treadmill and a high-speed digital 
camera. The tails of the mice were dyed black to enhance 
the contrast for the automated analysis. The mice were ini-
tially habituated to the treadmill before the day of testing 
where the training data were excluded from the final ana-
lysis. To measure the maximum speed of the mice, the speed 
of the treadmill was incrementally increased by 5 cm/s from 
0 cm/s to 15 cm/s, at a 5 s interval (0, 5, 10 and 15 cm/s), 
where a video sequence of 5 seconds duration with the max-
imum speed was recorded.

Statistics
Data were analyzed using GraphPad Prism 9.2 software. The 
normality of data distribution was validated by Shapiro– 
Wilk test and Kolmogorov–Smirnov test. Unpaired 
two-tailed t-test was performed for the normally distributed 
dataset. Welch’s correction was performed for dataset with 
unequal variances. Mann–Whitney two-tailed U test was ap-
plied in the non-normally distributed dataset. Ordinary one- 
way ANOVA with Tukey’s post hoc test was applied for 
comparing the statistical outcome of one variable in multiple 
groups that pass the assumption of homogeneity of variance 
(Brown–Forsythe test, P > 0.05). Otherwise, Kruskal–Wallis 
one-way analysis with Dunn’s post hoc test was used for 

analyzing multiple groups with the non-normal distribution. 
Two-way ANOVA mixed-effect model with Tukey’s post 
hoc test was used for analyzing two variables in multiple 
groups. Greenhouse–Geisser correction was used for adjust-
ing the violated sphericity. All statistical analyses and n 
numbers were specified within the figure legends. Data 
were expressed as mean ± standard error of the mean 
(SEM), P-values of <0.05 were considered as significant 
unless otherwise specified. Linear regression model was 
used in g ratio analysis. R2, slope and intercept were shown 
on figures.

Data availability
The authors confirm that the data supporting the findings of 
this study are available within the article and its 
supplementary material. Derived data supporting the find-
ings of this study are available from the corresponding au-
thor on request.

Results
NgR(310)ecto-Fc-transduced HSC 
recipient animals clinically recovered 
from the peak of disease
Lethally irradiated mice were transplanted with lentivirally 
transduced HSCs carrying either empty vectors or 
NgR(310)ecto-myc-Fc vectors (also known as NgR(310) 
ecto-Fc) and immunized with MOG35–55 peptide to mimic 
immune-mediated demyelination, as illustrated in the sche-
matic (Fig. 1). Strikingly, recipients transplanted with 
NgR(310)ecto-Fc-transduced HSCs, following EAE induc-
tion and fulminant neuroinflammation, exhibited signifi-
cantly reduced clinical scores after the peak stage of 
disease symptoms, demonstrated recovery following clinic-
al neurological decline associated with EAE (Fig. 2A). 
Importantly, clinical recovery in recipients transplanted 
with NgR(310)ecto-Fc HSCs was identified by diffusion 
weighted ex vivo DTI-MRI, whereby the fibre tract distri-
bution was exhibited by tractography (Fig. 2B), and the in-
tegrity of axons in the neurologically recovered mice was 
assessed by spinal cord grey and white matter volume ratios 
along with axial diffusivity measurements (Fig. 2C and D; 
apparent diffusion coefficient (ADC), fractional anisotropy 
(FA) and radial diffusivity (RD) were assessed for all trans-
plantation paradigms compared to control mice in 
Supplementary Fig. 8A). Initial spectral confocal reflection 
(SCoRe) microscopy analysis of spinal cord white matter 
tracts of EAE-induced HSCT recipient mice identified a sig-
nificant reduction in the change in fluorescence intensity at-
tributed to myelin debris, during the progression and 
recovery of EAE, in the NgR(310)ecto-Fc-transduced reci-
pients (Supplementary Fig. 8B–D). Axonal damage was as-
sessed by measuring the levels of NfL in serum from mouse 
cohorts. Randomized and double-blinded analyses 

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
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confirmed the reduction in NfL levels in partially (EAE clin-
ical score 1.5) and completely recovered (EAE clinical score 
0) NgR(310)ecto-Fc-transduced HSC recipients, suggesting 
the potential of NfL as a molecular biomarker in our 
preclinical model (Fig. 2E). Analysis of locomotor perform-
ance through DigiGaitTM analysis demonstrated an en-
hanced treadmill speed during the period of recovery time 
in mice transplanted with NgR(310)ecto-Fc-transduced 
HSCs (Fig. 2F).

Secretion of the cellular NgR(310)ecto-Fc fusion protein 
from transfected HEK293T cell lysates was confirmed by 
western blotting, as indicated by the expression of full-length 
protein upon probing with anti-NgR1 and anti-Fc antibody 
(Supplementary Fig. 1B). Following transplantation in re-
cipient female mice, we obtained sera and spleen tissue ly-
sates that were collected at the peak of EAE from both 
empty- and NgR(310)ecto-Fc vector HSC transduction 
groups, demonstrating translation and secretion of 
NgR(310)ecto-Fc fusion protein from immune lineage cells 
(Supplementary Fig. 2C–F). Further analyses confirmed the 
presence of NgR(310)ecto-Fc-transduced cells within the 
periphery as the ZsGreen fluorescent reporter was detected 
by flow cytometry in the bone marrow, peripheral blood cir-
culation and lymph node, as well as c-Kit+ haemopoietic cell 

population visualized in the bone marrow of recipient mice 
(Supplementary Fig. 3A and B). Fluorescent in situ hybrid-
ization (FISH) analysis within the spleen and spinal cord de-
monstrated definitive ZsGreen+ immune lineage cells 
labelled for the Y-chromosome, confirming lineage differ-
entiation of transplanted HSCs from male mice in female 
recipients during the peak stage of EAE (Supplementary 
Fig. 3C). Importantly, the percentage of mature immune 
cell populations in the recipient EAE cohorts with 
either empty vector-, NgR(310)ecto-Fc vector-transduced 
HSCT or non-transduced mock HSCT was similar to 
EAE cohorts without transplantation, demonstrating no 
significant differences among mature immune lineage cells 
in peripheral blood and lymph node (Supplementary Fig. 
4B and C). Furthermore, CD19+ (B cell) and CD3e+ 
(T cell) immune cell populations were observed in the 
spleen, along with infiltrates in inflammatory demyelinat-
ing lesions of spinal cords of NgR(310)ecto-myc-Fc vector- 
transduced HSCT recipient mice at the peak stage of 
disease (Supplementary Fig. 4D–G). These data suggest 
that no significant modulation could be observed in the 
peripheral immune profile following the lentivirus trans-
duction of HSCs with or without NgR(310)ecto-myc-Fc 
after prominent lymphoid differentiation.

Figure 1 Schematic illustration of the in vitro and in vivo experimental timeline. Lentivirus is first packaged in HEK 293T cells and 
lentivirus titres achieved after infection of Hela cells in culture. HSCs isolated from C57BL6 male donor mice are transduced by packaged 
lentivirus. The transduced HSCs are then transplanted into female recipient littermates. After 8 weeks of recovery following engraftment, mice 
transplanted with transduced HSCs are induced with EAE by MOG immunization. Once EAE is induced in animals, the disease course is followed 
for up to 30 days.

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
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Figure 2 Development of lentiviral vectors and multifaceted recovery outcome of EAE clinical score in NgR(310) 
ecto-Fc-transduced HSC recipient mice. (A) Following MOG33–55-induced EAE, NgR(310)ecto-Fc HSCT recipient mice at Day 30 (n = 13, 
each data point plotted on the graph represents the mean value of EAE score) recovered from the peak stage of EAE (clinical scores 3) when 
compared to EAE (n = 25), mock HSCT EAE (n = 9) and empty vector HSCT EAE (n = 10) groups. Data are represented as mean ± SEM. Two-way 
ANOVA mixed-effect model with Tukey’s post hoc test. ****P < 0.0001. (B) Tractography and fibre orientation density were colour coded. 
Tractography indicated the diffusion of lateral fibres (blue), anteroposterior fibres (red) and rostral-caudal fibres (green) in the lumbar spinal cord 
sections, while fibre orientation density estimated the orientation of a single fibre shown as a voxel with gradients according to the x (red), y 
(green) and z (blue) directions. The single voxel is presented in a red box. Mice with higher EAE clinical scores displayed striking disarray in their 
fibre tracts with sites of lesions in red on the tractography images. Scale bar = 500 µm. (C–D) The volume ratio of grey matter versus white matter 
(C) in clinically recovered NgR(310)ecto-Fc HSCT recipients showed a closer ratio to the basal level with a higher WM AD (D) in regions of 
interest compared to empty vector HSCT recipients. n = 3–6. One-way ANOVA and Tukey’s post hoc test. *P < 0.05, **P < 0.001, ****P < 0.0001. 
(E) SIMOA detected decreased serum NfL in NgR(310)ecto-Fc HSCT recipients with an EAE clinical score of 0 compared with empty vector 
HSCT recipients with an EAE clinical score of 3. n = 3–5, except for the mouse group injected with pertussis toxin (n = 1) and the mouse group   

(continued) 
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Delivery of the NgR(310)ecto-Fc 
fusion protein to inflammatory 
demyelinating lesions within the CNS 
at the peak stage of EAE shows 
increased numbers of CD11b+ 
macrophages
One of the key pathological hallmarks of multiple sclerosis 
and EAE is inflammatory cell infiltrates that mobilize to 
the CNS via extravasating through a leaky BBB.29 We aimed 
to exploit this biological property of activated immune cells 
and thereby directly deliver the NgR(310)ecto-Fc protein to 
the inflammatory demyelinating lesions within the CNS from 
lineage-differentiated HSCs. We detected the localization of 
transduced infiltrated leucocytes within inflammatory le-
sions of spinal cords in HSC recipient mice (Supplementary 
Fig. 4F and G), with CD11b+ macrophages representing 
the predominant population of differentiated immune cells 
(Fig. 3A). We identified a significant increase in the number 
of CD11b+ cells within NgR(310)ecto-Fc HSCT mice 
when compared to the empty vector-transduced mice 
(Fig. 3B, the first graph). However, we did not demonstrate 
a significant difference in the numbers of ZsGreen+ lineage- 
differentiated CD11b+ macrophages between the empty vec-
tor and NgR(310)ecto-Fc-transduced HSC-transplanted 
groups, indicating that NgR(310)ecto-Fc did not affect 
macrophage-monocytic lineage differentiation (Fig. 3B, the 
third graph). We further quantified the population of 
CD11b+ macrophages colocalized with either myc 
(Fig. 2B, the fourth graph) or ZsGreen and myc (Fig. 2B, 
the fifth graph) in the NgR(310)ecto-Fc vector-transduced 
group, which attempted to differentiate whether NgR(310) 
ecto-Fc protein that was phagocytosed by total peripheral 
macrophages or that was secreted/phagocytosed by only 
ZsGreen lineage macrophages in smaller and less densely 
packed inflammatory infiltrates within lesions. We showed 
an ∼5-fold increase in the absolute numbers of myc+CD11b+ 
cells that were myc+ (2420 ± 467.1/mm2) compared with 
ZsGreen+myc+CD11b+ cells (542.0 ± 98.60/mm2) in NgR 
(310)ecto-Fc-transduced HSC-transplanted mice, suggesting 
that non-transduced phagocytes participated in the engulfment 
of the NgR(310)ecto-Fc fusion protein (Fig. 3B). Furthermore, 
the engulfment of the NogoA protein within ZsGreen+ myc+ 
HSC-derived CD11b+ macrophages was also observed in 
these lesions, suggesting the potential presence of NgR 

(310)ecto-myc-Fc-MAIF complex (Fig. 3C). These data 
were further supported by immunogold-labelled myc+ parti-
cles phagocytosed in the phagosome of CD11b+ macro-
phages, clearly showing phagocytic uptake in NgR(310) 
ecto-Fc vector-transduced HSC recipient animals (Fig. 3D 
and E).

Peripheral macrophages and endogenous microglia are the 
main effectors in multiple sclerosis and MOG35–55-induced 
EAE. Previous studies suggest that during MOG35–55-induced 
EAE, a shift towards the pro-inflammatory phenotype of clas-
sically activated macrophage/microglia occurs, promoting in-
flammation and disease progression.30 A shift towards an 
anti-inflammatory phenotype of alternatively activated macro-
phage/microglia has been associated with evidence of neuro-
trophic support potentiating repair and regeneration.31-33

Either mice administrated with the transplantation of 
NgR(310)ecto-Fc-transduced HSCs or the empty vector- 
transduced HSCs, similar demyelinating outcomes based on 
MBP myelin protein expression within inflammatory, and peri- 
plaque white matter regions were observed in these cohorts at 
clinical score 3 (Fig. 4A and B). In the current study, we demon-
strated a decrease in the number of classically activated macro-
phages identified by the numbers of myeloid-related protein 
(MRP)-14+34,35 and iNOS+ myeloid cells36,37 in demyelinating 
spinal cord sections of NgR(310)ecto-Fc HSCT EAE mice 
at the peak stage of disease (Fig. 4A and B; Supplementary 
Fig. 5A and B). Thus, we further characterized the effects of 
NgR(310)ecto-Fc on the expression of alternatively activated 
macrophages (CD206+ and Arg1+)37-40 by analyzing infiltrates 
throughout spinal cord lesions at the peak stage of EAE and 
compared this with mice that had neurologically recovered 
(EAE score 0) (Fig. 4C and D; Supplementary Fig. 5C and 
D). Significant numbers of alternatively activated CD206+ 
macrophages in the spinal cords of NgR(310)ecto-Fc HSCT 
recipient mice were colocalized with cells expressing ZsGreen 
and myc, indicating that these cells were derived from the trans-
planted HSCs (Fig. 4C). There were ∼3-fold higher numbers 
of CD206+myc+ cells present within the inflammatory regions 
of spinal cords of NgR(310)ecto-Fc HSCT recipient mice 
compared to empty vector HSCT recipient mice (3044 ±  
222.1/mm2 versus 845.8 ± 126.8/mm2, P = 0.0005) (Fig. 4D), 
suggesting that other endogenous CD206+ZsGreen− cells 
were potentially uptaking the NgR(310)ecto-Fc produced by 
transduced and transplanted HSC-derived cells with lineage 
differentiation at the peak stage of disease. A visible decrease 
in the expression of CD206+myc+ cells within the inflamma-
tory regions were observed in clinically recovered NgR(310) 

Figure 2 Continued 
transplanted with NgR(310)ecto-Fc HSCs prior to EAE induction (n = 2). One-way ANOVA with Tukey’s post hoc test. *P < 0.05. (F) DigiGaitTM 

analysis demonstrated decreased treadmill speed in all experimental groups from post-EAE induction Day 10, but the speed of the clinically 
recovered NgR(310)ecto-Fc-transduced group increased at Day 30. The treadmill of the NgR(310)ecto-Fc-transduced group was significantly 
higher than that of the empty vector-transduced group at Day 30 (individual data points plotted on the graph represent the mean value of the 
treadmill speeds for each group of mice with and without transplantation). Pertussis ctrl: n = 3, EAE and mock HSCT EAE, empty vector HSCT 
EAE, NgR(310)ecto-Fc HSCT EAE: n = 10. Mann–Whitney two-tailed t-test. *P < 0.05.

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
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Figure 3 The elevated population of CD11b+ macrophage infiltrates exhibited notable phagocytic ability within inflammatory 
spinal cord lesions of NgR(310)ecto-Fc-transduced HSC-transplanted recipients at the peak stage of the disease (EAE clinical 
score 3). (A) Immunohistochemical staining of ZsGreen (green), myc (red) and CD11b (cyan) within inflammatory spinal cord lesions of the 
empty vector and NgR(310)ecto-Fc HSCT recipient with EAE clinical score 3. ZsGreen lineage CD11b+ macrophage infiltrates colocalized with 
myc (white arrowheads) or without myc (yellow arrows) are shown. Scale bar = 50 µm. (B) The number of CD11b+ macrophages, myc+ cells, 
myc+CD11b+ macrophages, ZsGreen+CD11b+ macrophages, ZsGreen+myc+CD11b+ macrophages per inflammatory lesion area (mm2) and   

(continued) 



NgR-Fc promotes neurorepair in EAE                                                                          BRAIN COMMUNICATIONS 2023: Page 13 of 24 | 13

ecto-Fc vector-transduced HSC recipient mice compared to 
mice at the peak stage of EAE (180.4 ± 73.78/mm2 versus 
3044 ± 222.1/mm2, P < 0.0001; Fig. 4D). Similarly, in the peri- 
plaque regions of neuroinflammation, there was an increase in 
CD206+myc+ expression in NgR(310)ecto-Fc HSCT recipient 
mice compared to empty vector HSCT recipient mice (578.7 ±  
73.95/mm2 versus 95.78 ± 18.99/mm2, P < 0.0001; Fig. 4D). 
The numbers of CD206+myc+ cells were also reduced in clinic-
ally recovered NgR(310)ecto-Fc HSCT recipient mice when we 
compared the same recipient groups of mice at the peak stage of 
EAE (366.7 ± 42.90/mm2 versus 578.7 ± 73.95/mm2, respect-
ively; Fig. 4D). These data collectively suggest that the active 
production of NgR(310)ecto-Fc fusion protein within and 
around spinal cord neuroinflammatory lesions may shift the 
macrophage phenotype towards an alternate neurorepair and 
neuroprotective phenotype.

The evidence that large amounts of myelin proteins were 
being engulfed by macrophages within neuroinflammatory 
lesions at the peak stage of EAE in the NgR(310)ecto-Fc 
HSCT recipient mice was demonstrated by isolating 
CD11b+ cells using an immunopanning procedure of homo-
genized lumbosacral cord spinal cords from these mice. 
NgR1 and Fc protein, along with Nogo 66 and MAG which 
are components of MAIFs, were immunoprecipitated by 
anti-myc antibody in NgR(310)ecto-Fc HSCT recipients, 
while there was no detection from empty vector HSCT 
recipient mice (Fig. 5B).

Transplanted HSCs transduced with 
the NgR(310)ecto-Fc vector may 
enhance axonal regeneration
Both empty and NgR(310)ecto-Fc vector-transduced HSC 
recipient mice at the peak of EAE showed the classical patho-
logical hallmarks of disease severity, including axonal degen-
eration and inflammatory demyelination (Fig. 6A and B). 
The numbers of dystrophic axons demonstrating morpho-
logical Wallerian degeneration were semi-quantitatively as-
sessed on toluidine blue-stained semithin lumbar spinal 
cord cross-sections (Fig. 6C and D). Clinically recovered 
NgR(310)ecto-Fc HSCT recipients showed a 1.5-fold 
decrease in the number of dystrophic axons (Fig. 6D, the se-
cond graph) with increases in axonal numbers (Fig. 6D, the 

fourth graph) when compared to the peak of EAE, which 
are nearing the naïve state within the dorsal columns. 
Furthermore, the spinal cord of both transduced HSCs 
groups exhibited an accumulation of βAPP at the peak of 
EAE, indicating altered axonal transport41,42 associated 
with demyelination depicted by reduced fluoromyelin posi-
tivity (Fig. 7A and B). We identified increased NogoA expres-
sion within ZsGreen+ immune lineage cells (Fig. 7C and D), 
but importantly, in the NgR(310)ecto-Fc HSCT group at the 
peak of disease, indicating that NogoA, one of the integral 
MAIFs governing neurite outgrowth inhibition, was actively 
engulfed by ZsGreen+ cells in NgR(310)ecto-Fc-transduced 
groups (Fig. 7C-i). Furthermore, we also found elevated 
NogoA+ cells of an elongated morphology resembling pre- 
myelinating oligodendroglial precursor cells (OPCs) with 
branched processes (Fig. 7C-ii). These data confirmed that 
the demyelinated inflammatory lesions were consisted of 
immune-lineage cells which actively express NgR(310) 
ecto-Fc, implying the participation of cellular NogoA− 
NgR(310)ecto-Fc related therapeutic mechanism during 
EAE progression and corroborating the facilitated clearance 
of myelin debris illustrated in Figs. 3 and 4.

Axonal NgR1 signalling is activated upon its high affinity 
binding with MAIFs expressed on myelin.43-45 In accordance 
with our hypothesis that the local production of NgR(310) 
ecto-Fc therapeutic protein could block NgR1-MAIF- 
dependent signalling, we showed that the HSC-transplanted 
recipient mice with NgR(310)ecto-Fc transduction, at the 
peak stage of EAE, exhibited potentiated growth-associated 
protein 43 (GAP43)46 expression levels at the peak stage of 
EAE, suggesting axon growth and plasticity or sprouting 
(Fig. 8A and B).

The observation of possible NogoA+ precursor cell mobil-
ization and the enhanced axonal growth-related profile ex-
hibited in our NgR(310)ecto-Fc vector-transduced HSC 
recipient group was further validated by measuring the num-
ber of bona-fide pre-myelinating OPCs. We explored the 
numbers of BCAS1+ and Sox10+ double-labelled OPCs 
which are commonly observed in chronic white matter le-
sions of multiple sclerosis patients.47 We observed 2-fold 
and 7-fold increases in NogoA and GAP43 expression, indi-
cating recruitment of OPCs and axonal regeneration, re-
spectively, as well as an increase in the number of BCAS1+ 
remyelinating oligodendrocytes which co-expressed Sox10 

Figure 3 Continued 
area of active lesions of the spinal cord were quantified in the empty vector and NgR(310)ecto-Fc HSCT mice at the peak stage of EAE. n = 3 per 
group. Data are represented as the mean ± SEM. Mann–Whitney two-tailed t-test. ****P < 0.0001. Individual data points represent the analysis of 
cell numbers obtained from inflammatory versus non-inflammatory regions of spinal cord (longitudinal sections) of experimental mice. (C) 
Immunohistochemical imaging of ZsGreen (green), myc (cyan) and NogoA (red) within inflammatory spinal cord lesions of the empty vector and 
NgR(310)ecto-Fc HSCT recipient with EAE clinical score 3. ZsGreen lineage-differentiated macrophages phagocytosing NogoA (white 
arrowheads) or not phagocytosing NogoA (yellow arrows) were shown in the spinal cords of the empty vector- and NgR(310)ecto-Fc HSCT 
recipient animals with EAE clinical score 3. Scale bar = 20 µm. (D) Immunogold-labelled electron microscopy visualized the engulfment of 
myc-tagged protein complex of NgR(310)ecto-Fc-bound myelin debris into the lysosome (Ly) by macrophages. (E) High-magnification view of gold 
particles conjugated to a myc tag against NgR(310)ecto-myc-Fc fusion protein as individual black dots (with a diameter of 10 nm) within the 
macrophage cytoplasm or distributed surrounding the membrane of the macrophage (green arrowheads).
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Figure 4 Increased population of anti-inflammatory CD206+ macrophages with concomitant decreased pro-inflammatory 
MRP14+ macrophages within the inflammatory spinal cords of NgR(310)ecto-Fc vector-transduced HSC-transplant recipient 
animals at the peak stage of the disease (EAE clinical score 3). (A) Immunohistochemical staining of ZsGreen (green), MBP (red) and 
MRP14 (cyan) in ZsGreen lineage macrophages within inflammatory regions (IRs) and peri-plaque white matter (PPWM) of the spinal cords of the 
empty vector and NgR(310)ecto-Fc HSCT recipient animals at EAE clinical score 3. Scale bar = 50 µm. (B) The intensity density of MRP14 
fluorescence was quantified per IR and PPWM area (mm2) in the EAE control, empty vector and NgR(310)ecto-Fc HSCT mice at the peak stage of 
disease. n = 3 per group. Kruskal–Wallis one-way analysis with Dunn’s post hoc test. Data are represented as mean ± SEM. *P < 0.05, ****P <  
0.0001. Individual data points represent the analysis of fluorescence intensity obtained from inflammatory versus non-inflammatory regions of   

(continued) 
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per inflammatory lesion area in NgR(310)ecto-Fc vector- 
transduced HSC recipient animals (Fig. 8C and D). 
Collectively, these data support the therapeutic property po-
tential of the NgR(310)ecto-Fc protein as its delivery facili-
tates local axonal regeneration by antagonizing axonal 
NgR1-dependent signalling in dystrophic axons and subse-
quent recruitment of OPCs to lesion areas where the fusion 
protein was expressed, thereby potentially achieving repair.

Remyelination of axons occurs in 
clinically recovered animals following 
transplantation with NgR(310) 
ecto-Fc vector-transduced HSCs
To assess whether increased OPC recruitment led to en-
hanced remyelination in the NgR(310)ecto-Fc-transduced 
HSCT group, we performed electron microscopic analysis. 
The characteristic ultrastructural features of increased mye-
linated axonal density, reduced dystrophy and newly remye-
linating axons in which two-layered inner- and outer-spiral 
membranes were observed along with loose cytoplasm-filled 
membranes containing an uncompacted myelin sheath of 
limited lamellae (hypomyelinated), enclosing and surround-
ing many axons in the spinal cord dorsal columns of 
NgR(310)ecto-Fc HSCT recipient mice (Fig. 9A–E).

The majority of spinal cord axons were swollen, and their 
myelin sheaths were decompacted and degenerative in mice 
at an EAE clinical score of 3 (Fig. 9B). However, a 2-fold de-
crease in the percentage of demyelination were demonstrated 
in the clinically recovered animals compared to NgR(310) 
ecto-Fc vector-transduced HSC recipients at the peak stage 
of EAE (Fig. 9E, the third graph). Remyelinated fibres were 
observed in greater numbers among smaller calibre axons 
along with an increased g ratio (Fig. 9F). This enhanced re-
myelination process may be directly related to the increased 
population of BCAS1-labelled OPCs demonstrated in 
Fig. 8C and D. Indeed, the modulation of this cellular re-
sponse could also be related to the endogenous microglial 
and astrocyte populations that were also potentiated in the 
spinal cords. In the NgR(310)ecto-Fc vector-transduced 
HSC recipient mice, we showed that there was a promotion 
of significant numbers of TREM2+ (Supplementary Fig. 6B 
and C), along with a reduced GFAP+C3+ ‘A1’ pro- 
inflammatory astrocytes present within inflammatory re-
gions during the peak stage of EAE, whereas we observed 
an expanded GFAP+/S100A10+ ‘A2’ reactive astrocyte 

population48,49 present in the spinal cord peri-plaque white 
matter in the NgR(310)ecto-Fc vector-transduced HSC re-
cipient mice that had recovered from the peak stage of 
EAE (Supplementary Fig. 7). These data correlated with re-
duced CSPG4+ immunolabelling at peak stage of disease in 
the NgR(310)ecto-Fc vector-transduced HSC recipient 
mice (Supplementary Fig. 7D). Collectively, these data 
strongly argue that targeted delivery of the NgR(310) 
ecto-Fc therapeutic protein to neuroinflammatory lesion 
sites following HSC transplantation with ensuing lineage dif-
ferentiation can prevent ongoing neurological decline and 
may enhance neurorepair through axon regrowth and 
remyelination.

Discussion
In the present study, we developed a superior and promising 
therapeutic strategy utilizing migratory immune cells to de-
liver NgR(310)ecto-myc-Fc fusion protein directly to disse-
minated inflammatory demyelinating lesion sites by 
transplanting NgR(310)ecto-Fc vector-transduced HSCs 
into the EAE animal model of multiple sclerosis. In this 
proof-of-principle study, we found that there were no altera-
tions in the functional capacity of transduced HSCs in the re-
cipient mice, as demonstrated by successful cell engraftment 
and chimerism in the periphery. Upon EAE induction follow-
ing immunization with MOG35–55, HSCs transduced with 
the NgR(310)ecto-Fc vector and transplanted into recipient 
female mice exhibited reduced clinicopathological character-
istics associated with axonal pathology. Importantly, mice 
from the NgR(310)ecto-Fc vector-transduced HSCT group 
displayed complete recovery of the clinical symptoms of 
EAE.

Taking advantage of activated immune cells that migrate 
into the CNS during inflammatory demyelinating disease pro-
gression, we observed no overt modulation in the immuno-
pathogenesis of EAE following the transplantation of either 
empty vector- or NgR(310)ecto-Fc vector-transduced HSCs 
in wildtype recipient mice. However, we identified inflamma-
tory infiltrates expressing and secreting NgR(310)ecto-Fc pro-
tein, which were predominantly derived from CD11b+ 
macrophages within the spinal cord lesions at the peak stage 
of EAE clinical score 3. In fact, it was shown that lentivirally 
modified HSCs for gene therapy can be utilized in myeloid lin-
eage cells and enter the CNS to replace tissue-resident macro-
phages and microglial-like cells, demonstrating therapeutic 

Figure 4 Continued 
spinal cord (longitudinal sections) of experimental mice. (C) Immunohistochemical staining of ZsGreen (green), CD206 (red) and myc (magenta) in 
transduced HSC-derived macrophages within IR and PPWM in the spinal cords of the empty vector- and NgR(310)ecto-Fc HSCT recipient animals 
at the peak stage of EAE (clinical score 3), and NgR(310)ecto-Fc HSCT recipient animals at the recovery stage. Scale bar = 100 µm. (D) The 
number of CD206+myc+ macrophages was quantified per IR and PPWM area (mm2) in the empty vector, NgR(310)ecto-Fc HSCT mice and 
clinically recovered NgR(310)ecto-Fc HSCT mice during EAE progression. n = 3 per group. Kruskal–Wallis one-way analysis with Dunn’s post hoc 
test. Data are represented as mean ± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001. Each data point represents the analysis of cell numbers obtained 
from the individual longitudinal spinal cord sections from experimental mice.

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
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efficacy as an alternative to enzyme replacement therapy for 
inherited neurometabolic diseases in human trials.50-54

Collectively, our paradigm-shifting data suggest that our 
lentivirus-based NgR(310)ecto-Fc-transduced HSC trans-
plantation is clinically translatable.

Furthermore, we observed the presence of ZsGreen lin-
eage CD11b+ myc+ macrophages, which may phagocytose 
and actively remove NgR(310)ecto-Fc-bound myelin debris. 
Enhanced clearance of myelin debris is now becoming recog-
nized as a prominent biological mechanism for promoting 

Figure 5 The role of microglia and macrophages in the phagocytosis of extracellular myelin protein that were bound to 
interstitially produced NgR(310)ecto-Fc was validated by immunoprecipitation. (A) Schematic illustration of the purification of 
CD11b+ macrophages by immunopanning and the pull-down of myc-tagged myelin debris by immunoprecipitation. The schematic diagram was 
generated by BioRender. (B) The expression of Nogo 66, MAG, NgR1 and Fc protein was detected in myc-tagged CD11b+ macrophage lysates 
isolated from the spinal cord of NgR(310)ecto-Fc HSCT mice at EAE peak stage. Direct western blotting detected 5%-input Nogo 66, MAG, NgR1 
and tubulin protein in both transduced-HSCT mice. See Supplementary Fig. 9 for uncropped blots.

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data
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Figure 6 Histological evidence of axonal degeneration and demyelination pathology in mice at the peak stage of EAE. (A) 
Dystrophic and intact axons were revealed by Bielschowsky’s silver in white matter tracts of the spinal cord. Retraction bulbs and swollen and 
even transected axons (black arrows) can be identified at higher magnifications. Scale bar = 50 µm. (B) LFB-PAS staining demonstrated myelin 
debris engulfed by macrophages (black arrows) in white matter tracts from empty vector, NgR(310)ecto-Fc HSCT recipients at the peak of disease 
and clinically recovered mice. Scale bar = 50 µm. (C) Toluidine blue-stained semithin cross-sections from naïve, EAE clinical scores of 1 and 3, 
empty vector and NgR(310)ecto-Fc HSCT recipient animals at EAE clinical score 3 and clinically recovered animals. Insets showcase individual 
axons. (D) The number of total and dystrophic axons was quantified per mm2. The percentage of dystrophic axons and the delta change (−Δ) of 
axon dropouts were also calculated. n = 3 per group. One-way ANOVA with Tukey’s post hoc test. Data are represented as mean ± SEM. *P <  
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Individual data points represent the analysis of axonal degeneration obtained from spinal cord white 
matter tracts (in toluidine blue-stained semithin cross sections) of experimental mice.
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Figure 7 Axonal damage, dystrophy (βAPP) and NogoA+ myelin debris engulfment exhibit variability within inflammatory 
lesions at the peak stage of the disease. (A) Immunohistochemical analysis of ZsGreen (green), fluoromyelin (red) and βAPP (magenta) in the 
spinal cord of the empty vector, NgR(310)ecto-Fc HSCT and clinically recovered NgR(310)ecto-Fc HSCT mice. Scale bar = 100 μm. (B) The 
inflammatory lesion sites exhibited a high intensity but not significantly different levels of βAPP accumulation. n = 3 per group. Unpaired two-tailed 
t-test. Individual data points represent the analysis of fluorescence intensity obtained from inflammatory regions of spinal cord (longitudinal 
sections) of experimental mice. (C) Immunohistochemical analysis of ZsGreen (green) and NogoA (red) in the spinal cord of the empty vector, 
NgR(310)ecto-Fc HSCT and clinically recovered NgR(310)ecto-Fc HSCT mice. Scale bar = 100 μm. Hatched boxes depict close-up cellular 
populations within the lesion site. A representative image of (C-i) macrophages engulfing NogoA+ myelin debris and (C-ii) NogoA+ OPCs. (D) 
Increased fluorescent expression of NogoA in the ZsGreen+ inflammatory lesion areas in the NgR(310)ecto-Fc HSCT mice compared to the 
empty vector HSCT mice, suggesting the recruitment of oligodendroglial precursors (OPCs). n = 3 per group. Data are represented as mean ±  
SEM. Unpaired two-tailed t-test. **P < 0.01. Individual data points represent the analysis of fluorescence intensity obtained inflammatory regions 
of spinal cord (longitudinal sections) of experimental mice. (E) Immunofluorescence labelling of ZsGreen+ spinal cord infiltrates co-expressing 
degraded MBP (red), representing internalized myelin debris. Scale bar = 100 μm.
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axonal preservation, regeneration, and remyelination.55 The 
role of myelin-clearing phagocytic macrophages or 
CNS-resident microglia in local immunosuppression has 
also been implicated in recent investigations.56-58 Studies 

have revealed the presence of myelin-laden macrophages/ 
microglia releasing anti-inflammatory molecules in demye-
linating multiple sclerosis lesions and the suppression or 
switching of detrimental phenotype of classically activated 

Figure 8 Myelin structure is preserved along with an increased number of BCAS1+ remyelinating oligodendrocytes in 
NgR(310)ecto-Fc HSCT EAE mice. (A) Immunohistochemical analysis of ZsGreen (green) and GAP43+ axonal area (red) within 
inflammatory lesion areas of spinal cord in the empty- and NgR(310)ecto-Fc HSCT animals at EAE clinical score of 3. Scale bar = 70 μm. (B) The 
relative increase in GAP43 intensity in the ZsGreen+ inflammatory lesions suggests enhanced axonal regeneration in the NgR(310)ecto-Fc 
HSCT-transduced animals. n = 3 per group. Data are represented as mean ± SEM. Mann–Whitney two-tailed t-test. ****P < 0.0001. Individual data 
points represent the analysis of fluorescence intensity obtained from inflammatory regions of spinal cord (longitudinal sections) of experimental 
mice. (C) Immunohistochemical analysis of ZsGreen (green), BCAS1 (red), and Sox10 (cyan) in the LSSC sections of the empty vector and 
NgR(310)ecto-Fc HSCT mice at EAE clinical score 3. Scale bar = 50 μm. (D) Quantification of BCAS1+ remyelinating and Sox10+ mature 
oligodendrocytes per inflammatory lesion area (mm2) in the empty vector- and NgR(310)ecto-Fc HSCT-transduced mice. The percentage of 
BCAS1+Sox10+ remyelinating oligodendrocytes was greater in NgR(310)ecto-Fc HSCT mice. n = 3 per group. Data are represented as mean ±  
SEM. Unpaired two-tailed t-test. *P < 0.05, **P < 0.01, ****P < 0.0001. Individual data points represent the analysis of cell numbers obtained 
inflammatory regions of spinal cord (longitudinal sections) of experimental mice.
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macrophages/microglia to anti-inflammatory cells followed 
by myelin debris clearance.59,60 Immunogold-labelled elec-
tron microscopic analyses revealed an enhanced uptake of 
the myc+ protein-laden macrophages within lesions of the 
NgR(310)ecto-Fc-transduced HSC-transplanted mice with 
NogoA+ and degraded MBP+ protein expression present 
within these cells. These data support the notion that the 

local lesioned production of NgR(310)ecto-Fc is expediting 
the engulfment of myelin proteins, probably from debris.

Our results suggest that NgR(310)ecto-Fc proteins did not 
affect inflammatory cell infiltrates and CNS pathology in 
EAE since there were no significant differences in the levels 
of inflammatory demyelination and axonal degeneration de-
tected by immune cell infiltration throughout and βAPP 

Figure 9 Newly remyelinated axons are present in the LSSC white matter from clinically recovered NgR(310)ecto-Fc HSCT 
mice following the peak stage of disease. (A–D) The dorsolateral white matter of lumbosacral spinal cord sections harvested from (A) naïve, 
(B) EAE clinical score of 3, and (C–D) the clinically recovered NgR(310)ecto-Fc HSCT recipients were assessed using electron microscopy. (C) 
Newly remyelinating (RAx) and intact axons with a compact myelin sheath (Ax) were observed. (D) Inner (CI) and outer spiral membranes (CO) 
of myelin ensheathing near axon where cytoplasm is later excluded following myelin compaction. (E) The number of total and dystrophic axons 
was quantified per mm2 in toluidine blue-stained semithin cross-sections from naïve, EAE clinical score of 1.5 and 3, and clinically recovered 
NgR(310)ecto-Fc HSCT mice. The percentage of demyelination and the number of newly remyelinated axons were also calculated. n = 3 per 
group. Data are represented as mean ± SEM. One-way ANOVA with Tukey’s post hoc test. *P < 0.05, **P < 0.01, ****P < 0.0001. Individual data 
points represent the analysis of myelinated axonal numbers obtained from toluidine blue-stained semithin cross sections of spinal cord white 
matter tracts of experimental mice. (F) A scatter plot displays g ratio of individual myelinated axons as a function of the respective axon calibre and 
the linear regression of the g ratio measurements for each group. (G) The percentile frequency of myelinated axons with respect to axon calibre at 
0.25 μm intervals in lumbar white matter.
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accumulation, respectively, in the NgR(310)ecto-Fc- 
transduced mice when compared to the empty vector control 
mice. Furthermore, the number of dystrophic axons under-
going Wallerian degeneration was significantly reduced in 
the clinically recovered mice with vastly elevated small cali-
bre fibres present, suggesting the recovery of axons after pro-
found neuroinflammation. Enhanced axonal regeneration in 
NgR(310)ecto-Fc-transduced HSCT recipients was impli-
cated by an increased intensity of GAP43 in the axons, which 
is one of the common histological characteristics indicating 
regenerative axons in the CNS since GAP43 is associated 
with neurite regrowth and plasticity.46 These results suggest 
that secreted NgR(310)ecto-Fc proteins contributed to 
axonal regeneration by limiting degenerative axonal 
NgR1-dependent signalling and promoted the phagocytic 
activity of macrophages by removal of NgR(310) 
ecto-Fc-bound myelin debris.

Of great significance for this reparative paradigm, our 
electron microscopy analysis showed significantly increased 
g ratios in the clinically recovered NgR(310)ecto-Fc- 
transduced HSC recipients. This outcome in the recovered 
mice was further substantiated in the diseased spinal cords 
of NgR(310)ecto-Fc-transduced HSC recipient mice that 
showed greater numbers of BCAS1+ exhibited mobilization 
of remyelinating oligodendrocytes. These observations sup-
port the therapeutic roles of NgR(310)ecto-Fc protein to re-
pair denuded axons by enhancing myelin restoration and 
support the recent findings of the NgR(310)ecto-Fc thera-
peutic fusion protein in a stroke model.61 Furthermore, the 
cluster of NogoA+ OPCs localized to demyelinated regions, 
enriched with ZsGreen+ and myc+ macrophages within 
the NgR(310)ecto-Fc vector-transduced HSC-transplanted 
mice, may further support an attractive/mobilization role 
for NogoA+ OPCs when exposed to local NgR(310) 
ecto-Fc at lesion sites.

It has been suggested that CNS myelin debris may impede 
or are potent endogenous inhibitory cues for OPC recruit-
ment and maturation.62 Importantly, NogoA expression is 
not the only myelin-bound inhibitory cue involved in the de-
velopment of myelin structure (i.e. internodes) formed by oli-
godendrocytes since blocking NogoA showed no changes in 
internodal properties.63 This may provide an explanation for 
unsuccessful anti-NogoA therapy that resulted in low thera-
peutic efficacy. Despite concerns pertaining to the stability 
and safety of lentiviral vectors, studies using lentivirus- 
dependent gene therapy have previously shown insignificant 
immune responses against lentiviral vectors in animal models 
of neurological disorders.64 In addition, clinical applications 
of lentivirus-transduced HSCs showed an acceptable safety 
profile. Follow-up studies for treating inborn errors of meta-
bolic diseases that affect the CNS, such as X-linked 
adrenoleukodystrophy, metachromatic leukodystrophy and 
Wiskott–Aldrich syndrome, have all reported excellent 
outcomes.65-71 Specific concerns related to random integra-
tion of lentiviral vectors have been reported, with unexpect-
ed serious adverse events of acute myeloid leukaemia during 
the LentiGlobin (Bluebird Bio) trial for sickle cell disease.72

However, this was later reported to be unrelated to the thera-
peutic lentiviral vector.72 Nevertheless, in a future study, one 
can devise a gene editing-based integration of NgR(310) 
ecto-Fc into a safe harbour locus for safer gene transfer.73,74

Conclusion
In summary, the current study suggests a potential therapeutic 
approach for progressive multiple sclerosis by targeting axon-
al NgR1-dependent signalling, which highlights its inhibitory 
role in neurodegeneration. This outcome has profound impli-
cations for the development of novel therapeutic approaches 
for progressive multiple sclerosis. Since many biological thera-
peutic candidates in the drug development pipeline have failed 
to show high therapeutic efficacy, as these agents cannot cross 
the blood–brain barrier or directly target disseminated mul-
tiple sclerosis lesions within the CNS,75 such a novel approach 
may provide a potential solution for neuroprotection and re-
pair paradigms for ∼2.8 million individuals worldwide living 
with the disease.76 Here, we report the therapeutic potential of 
transplanted HSCs transduced with NgR(310)ecto-Fc, report-
ing its capacity to drive axonal regeneration and, most import-
antly, remyelination in a model of multiple sclerosis-like 
disease, with complete recovery from neurological decline. 
Our data also suggest that NgR(310)ecto-Fc-transduced 
HSC-derived phagocytic macrophages play an important 
part in the delivery of the fusion peptide and may exert an al-
ternatively activated phenotype that is anti-inflammatory and 
capable of switching its polarization to eliminate NgR(310) 
ecto-Fc-bound myelin debris. This expedited clearance of 
myelin debris may indeed be modifying the extracellular mi-
lieu to enhance axonal preservation, regeneration and remye-
lination. This study has provided proof-of-principle data for 
future development in preclinical models and the possibility 
for future clinical trials.

Supplementary material
Supplementary material is available at Brain Communications 
online.

Acknowledgements
The authors would like to thank the contributions of Speros 
Thomas, Viola Oorschot, Melissa Biemond, Rohit 
Damarapalli, Michael F Azari, Frank Alderuccio, as well as 
Georg Ramm from the Monash Ramaciotti Centre for 
Cryo Electron Microscopy (Cryo-EM), Irena Carmichael 
and Stephen Cody from the Alfred Research 
Alliance-Monash Micro Imaging (ARA-MMI), Robert 
Brkljaca from the Alfred Research Alliance-Monash 
Biomedical Imaging (ARA-MBI) and Jesse Bain from the 
Department of Neuroscience, for their work and assistance 
in experiments that have provided data in preparation of 
this study. The authors acknowledge the facilities and 

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad108#supplementary-data


22 | BRAIN COMMUNICATIONS 2023: Page 22 of 24                                                                                                                 S. Ye et al.

scientific and technical assistance of the National Imaging 
Facility (NIF), a National Collaborative Research 
Infrastructure Strategy (NCRIS) capability at ARA-MBI 
and ARA-MMI and a Technology Research Platform at 
Monash University.

Funding
J.Y.L. was supported by the Multiple Sclerosis Research 
Australia and Trish Multiple Sclerosis Research 
Foundation Postgraduate Scholarship; S.P. was supported 
by the National Multiple Sclerosis Society Project Grant 
(RG4398A1/1); International Progressive Multiple 
Sclerosis Alliance Challenge Award (PA0065); Multiple 
Sclerosis Research Australia and Trish Multiple Sclerosis 
Research Foundation (15-022); Bethlehem Griffiths 
Research Foundation (BGRF1706); and MS Australia 
Project Grant (212-0000000058).

Competing interests
All other authors listed declare no competing financial and/ 
or non-financial interests in relation to the work described.

References
1. Lee JY, Taghian K, Petratos S. Axonal degeneration in multiple 

sclerosis: Can we predict and prevent permanent disability? Acta 
Neuropathol Commun. 2014;2(1):97.

2. Bakhuraysah MM, Siatskas C, Petratos S. Hematopoietic stem cell 
transplantation for multiple sclerosis: Is it a clinical reality? Stem 
Cell Res Therapy. 2016;7(1):12.

3. Fournier AE, GrandPre T, Strittmatter SM. Identification of a recep-
tor mediating Nogo-66 inhibition of axonal regeneration. Nature. 
2001;409(6818):341-346.

4. Domeniconi M, Cao Z, Spencer T, et al. Myelin-associated glyco-
protein interacts with the Nogo66 receptor to inhibit neurite out-
growth. Neuron. 2002;35(2):283-290.

5. Wang KC, Kim JA, Sivasankaran R, Segal R, He Z. P75 interacts 
with the Nogo receptor as a co-receptor for Nogo, MAG and 
OMgp. Nature. 2002;420(6911):74-78.

6. Li S, Kim JE, Budel S, Hampton TG, Strittmatter SM. Transgenic in-
hibition of Nogo-66 receptor function allows axonal sprouting and 
improved locomotion after spinal injury. Mol Cell Neurosci. 2005; 
29(1):26-39.

7. Li S, Liu BP, Budel S, et al. Blockade of Nogo-66, myelin-associated 
glycoprotein, and oligodendrocyte myelin glycoprotein by soluble 
Nogo-66 receptor promotes axonal sprouting and recovery after 
spinal injury. J Neurosci. 2004;24(46):10511-10520.

8. Petratos S, Ozturk E, Azari MF, et al. Limiting multiple sclerosis re-
lated axonopathy by blocking Nogo receptor and CRMP-2 phos-
phorylation. Brain. 2012;135(Pt 6):1794-1818.

9. Multiple doses of anti-NOGO A in relapsing forms of multiple 
sclerosis. Clinical trial. https://clinicaltrials.gov/ct2/show/NCT014 
35993.

10. Meininger V, Genge A, van den Berg LH, et al. Safety and efficacy of 
ozanezumab in patients with amyotrophic lateral sclerosis: A rando-
mised, double-blind, placebo-controlled, phase 2 trial. Lancet 
Neurol. 2017;16(3):208-216.

11. Mi S, Hu B, Hahm K, et al. LINGO-1 antagonist promotes spinal 
cord remyelination and axonal integrity in MOG-induced experi-
mental autoimmune encephalomyelitis. Nat Med. 2007;13(10): 
1228-1233.

12. Pepinsky RB, Shao Z, Ji B, et al. Exposure levels of anti-LINGO-1 
Li81 antibody in the central nervous system and dose-efficacy rela-
tionships in rat spinal cord remyelination models after systemic ad-
ministration. J Pharmacol Exp Ther. 2011;339(2):519-529.

13. Ranger A, Ray S, Szak S, et al. Anti-LINGO-1 has no detectable im-
munomodulatory effects in preclinical and phase 1 studies. Neurol 
Neuroimmunol Neuroinflamm. 2018;5(1):e417.

14. Cadavid D, Balcer L, Galetta S, et al. Safety and efficacy of opicinu-
mab in acute optic neuritis (RENEW): A randomised, placebo- 
controlled, phase 2 trial. Lancet Neurol. 2017;16(3):189-199.

15. Klistorner A, Chai Y, Leocani L, et al. Assessment of opicinumab in 
acute optic neuritis using multifocal visual evoked potential. CNS 
Drugs. 2018;32(12):1159-1171.

16. Cadavid D, Mellion M, Hupperts R, et al. Safety and efficacy of opi-
cinumab in patients with relapsing multiple sclerosis (SYNERGY): 
A randomised, placebo-controlled, phase 2 trial. Lancet Neurol. 
2019;18(9):845-856.

17. Efficacy and safety of BIIB033 (opicinumab) as an add-on therapy to 
disease-modifying therapies (DMTs) in relapsing multiple sclerosis 
(MS). https://www.clinicaltrials.gov/ct2/show/NCT03222973.

18. Hanf KJM, Arndt JW, Liu Y, et al. Functional activity of 
anti-LINGO-1 antibody opicinumab requires target engagement 
at a secondary binding site. MAbs. 2020;12(1):1713648.

19. Neumann H, Kotter MR, Franklin RJ. Debris clearance by micro-
glia: An essential link between degeneration and regeneration. 
Brain. 2009;132(Pt 2):288-295.

20. Rinner WA, Bauer J, Schmidts M, Lassmann H, Hickey WF. 
Resident microglia and hematogenous macrophages as phagocytes 
in adoptively transferred experimental autoimmune encephalomy-
elitis: An investigation using rat radiation bone marrow chimeras. 
Glia. 1995;14(4):257-266.

21. Filbin MT. Myelin-associated inhibitors of axonal regeneration in 
the adult mammalian CNS. Nat Rev Neurosci. 2003;4(9): 
703-713.

22. He XL, Bazan JF, McDermott G, et al. Structure of the Nogo recep-
tor ectodomain: A recognition module implicated in myelin inhib-
ition. Neuron. 2003;38(2):177-185.

23. Wang X, Duffy P, McGee AW, et al. Recovery from chronic spinal 
cord contusion after Nogo receptor intervention. Ann Neurol. 
2011;70(5):805-821.

24. Wang X, Lin J, Arzeno A, et al. Intravitreal delivery of human 
NgR-Fc decoy protein regenerates axons after optic nerve crush 
and protects ganglion cells in glaucoma models. Invest 
Ophthalmol Vis Sci. 2015;56(2):1357-1366.

25. Wang X, Yigitkanli K, Kim CY, et al. Human NgR-Fc decoy pro-
tein via lumbar intrathecal bolus administration enhances recov-
ery from rat spinal cord contusion. J Neurotrauma. 2014;31(24): 
1955-1966.

26. Wang X, Zhou T, Maynard GD, et al. Nogo receptor decoy pro-
motes recovery and corticospinal growth in non-human primate 
spinal cord injury. Brain. 2020;143(6):1697-1713.

27. du Sert N P, Hurst V, Ahluwalia A, et al. The ARRIVE guidelines 
2.0: Updated guidelines for reporting animal research. PLoS Biol. 
2020;18(7):e3000410.

28. Zhan J, Yakimov V, Rühling S, et al. High speed ventral plane vide-
ography as a convenient tool to quantify motor deficits during pre- 
clinical experimental autoimmune encephalomyelitis. Cells. 2019; 
8(11):1439.

29. Larochelle C, Alvarez JI, Prat A. How do immune cells overcome the 
blood–brain barrier in multiple sclerosis? FEBS Lett. 2011;585(23): 
3770-3780.

30. Chu F, Shi M, Zheng C, et al. The roles of macrophages and micro-
glia in multiple sclerosis and experimental autoimmune encephalo-
myelitis. J Neuroimmunol. 2018;318:1-7.

https://clinicaltrials.gov/ct2/show/NCT01435993
https://clinicaltrials.gov/ct2/show/NCT01435993
https://www.clinicaltrials.gov/ct2/show/NCT03222973


NgR-Fc promotes neurorepair in EAE                                                                          BRAIN COMMUNICATIONS 2023: Page 23 of 24 | 23

31. Mikita J, Dubourdieu-Cassagno N, Deloire MS, et al. Altered M1/ 
M2 activation patterns of monocytes in severe relapsing experimen-
tal rat model of multiple sclerosis. Amelioration of clinical status by 
M2 activated monocyte administration. Mult Scler. 2011;17(1): 
2-15.

32. Qin H, Yeh WI, De Sarno P, et al. Signal transducer and activator of 
transcription-3/suppressor of cytokine signaling-3 (STAT3/SOCS3) 
axis in myeloid cells regulates neuroinflammation. Proc Natl Acad 
Sci USA. 2012;109(13):5004-5009.

33. Chu F, Shi M, Lang Y, et al. Adoptive transfer of immunomodula-
tory M2 macrophages suppresses experimental autoimmune en-
cephalomyelitis in C57BL/6 mice via blockading NF-κB pathway. 
Clin Exp Immunol. 2021;204(2):199-211.

34. Goebeler M, Roth J, Henseleit U, Sunderkotter C, Sorg C. 
Expression and complex assembly of calcium-binding proteins 
MRP8 and MRP14 during differentiation of murine myelomonocy-
tic cells. J Leukoc Biol. 1993;53(1):11-18.

35. Merkler D, Böscke R, Schmelting B, et al. Differential macrophage/ 
microglia activation in neocortical EAE lesions in the marmoset 
monkey. Brain Pathol. 2006;16(2):117-123.

36. Sonar SA, Lal G. The iNOS activity during an immune response con-
trols the CNS pathology in experimental autoimmune encephalo-
myelitis original research. Front Immunol. 2019;10:710.

37. Liu C, Li Y, Yu J, et al. Targeting the shift from M1 to M2 macro-
phages in experimental autoimmune encephalomyelitis mice treated 
with fasudil. PLoS One. 2013;8(2):e54841.

38. Xu ZJ, Gu Y, Wang CZ, et al. The M2 macrophage marker CD206: 
A novel prognostic indicator for acute myeloid leukemia. 
Oncoimmunology. 2020;9(1):1683347.

39. Mammana S, Fagone P, Cavalli E, et al. The role of macrophages in 
neuroinflammatory and neurodegenerative pathways of Alzheimer’s 
disease, amyotrophic lateral sclerosis, and multiple sclerosis: 
Pathogenetic cellular effectors and potential therapeutic targets. Int J 
Mol Sci. 2018;19(3):831.

40. Nutma E, Stephenson JA, Gorter RP, et al. A quantitative neuro-
pathological assessment of translocator protein expression in mul-
tiple sclerosis. Brain. 2019;142(11):3440-3455.

41. Ohno N, Kidd GJ, Mahad D, et al. Myelination and axonal electric-
al activity modulate the distribution and motility of mitochondria at 
CNS nodes of Ranvier. J Neurosci. 2011;31(20):7249-7258.

42. Koo EH, Sisodia SS, Archer DR, et al. Precursor of amyloid protein 
in Alzheimer disease undergoes fast anterograde axonal transport. 
Proc Natl Acad Sci USA. 1990;87(4):1561-1565.

43. Liu BP, Fournier A, GrandPré T, Strittmatter SM. Myelin- 
associated glycoprotein as a functional ligand for the Nogo-66 
receptor. Science. 2002;297(5584):1190-1193.

44. Kottis V, Thibault P, Mikol D, et al. Oligodendrocyte-myelin glyco-
protein (OMgp) is an inhibitor of neurite outgrowth. J Neurochem. 
2002;82(6):1566-1569.

45. Karnezis T, Mandemakers W, McQualter JL, et al. The neurite out-
growth inhibitor Nogo A is involved in autoimmune-mediated de-
myelination. Nat Neurosci. 2004;7(7):736-744.

46. Meiri KF, Saffell JL, Walsh FS, Doherty P. Neurite outgrowth stimu-
lated by neural cell adhesion molecules requires growth-associated 
protein-43 (GAP-43) function and is associated with GAP-43 phos-
phorylation in growth cones. J Neurosci. 15 1998;18(24): 
10429-10437.

47. Fard MK, van der Meer F, Sánchez P, et al. BCAS1 Expression de-
fines a population of early myelinating oligodendrocytes in multiple 
sclerosis lesions. Sci Transl Med. 2017;9(419):eaam7816.

48. King A, Szekely B, Calapkulu E, et al. The increased densities, but 
different distributions, of both C3 and S100A10 immunopositive 
astrocyte-like cells in Alzheimer’s disease brains suggest possible 
roles for both A1 and A2 astrocytes in the disease pathogenesis. 
Brain Sci. 2020;10(8):503.

49. Liddelow SA, Guttenplan KA, Clarke LE, et al. Neurotoxic reactive 
astrocytes are induced by activated microglia. Nature. 2017; 
541(7638):481-487.

50. Krivit W, Sung JH, Shapiro EG, Lockman LA. Microglia: The effect-
or cell for reconstitution of the central nervous system following 
bone marrow transplantation for lysosomal and peroxisomal stor-
age diseases. Cell Transplant. 1995;4(4):385-392.

51. Bergner CG, van der Meer F, Winkler A, et al. Microglia damage 
precedes major myelin breakdown in X-linked adrenoleukodystro-
phy and metachromatic leukodystrophy. Glia. 2019;67(6): 
1196-1209.

52. Tan EY, Boelens JJ, Jones SA, Wynn RF. Hematopoietic stem cell 
transplantation in inborn errors of metabolism. Front Pediatr. 
2019;7:433.

53. Gentner B, Tucci F, Galimberti S, et al. Hematopoietic stem- and 
progenitor-cell gene therapy for hurler syndrome. N Engl J Med. 
2021;385(21):1929-1940.

54. Sun JM, Kurtzberg J. Cell therapy for diverse central nervous system 
disorders: Inherited metabolic diseases and autism. Pediatr Res. 
2018;83(1–2):364-371.

55. Kotter MR, Zhao C, van Rooijen N, Franklin RJ. 
Macrophage-depletion induced impairment of experimental CNS 
remyelination is associated with a reduced oligodendrocyte progeni-
tor cell response and altered growth factor expression. Neurobiol 
Dis. 2005;18(1):166-175.

56. Rawji KS, Kappen J, Tang W, et al. Deficient surveillance and 
phagocytic activity of myeloid cells within demyelinated lesions in 
aging mice visualized by ex vivo live multiphoton imaging. J 
Neurosci. 2018;38(8):1973-1988.

57. Grajchen E, Wouters E, van de Haterd B, et al. CD36-mediated up-
take of myelin debris by macrophages and microglia reduces neu-
roinflammation. J Neuroinflamm. 2020;17(1):224.

58. Cignarella F, Filipello F, Bollman B, et al. TREM2 activation on micro-
glia promotes myelin debris clearance and remyelination in a model of 
multiple sclerosis. Acta Neuropathol. 2020;140(4):513-534.

59. Kopper TJ, Zhang B, Bailey WM, Bethel KE, Gensel JC. The effects 
of myelin on macrophage activation are phenotypic specific via 
cPLA(2) in the context of spinal cord injury inflammation. Sci 
Rep. 2021;11(1):6341.

60. Wang X, Cao K, Sun X, et al. Macrophages in spinal cord injury: 
Phenotypic and functional change from exposure to myelin debris. 
Glia. 2015;63(4):635-651.

61. Sozmen EG, Rosenzweig S, Llorente IL, et al. Nogo receptor block-
ade overcomes remyelination failure after white matter stroke and 
stimulates functional recovery in aged mice. Proc Natl Acad Sci 
USA. 2016;113(52):E8453-E8462.

62. Baer AS, Syed YA, Kang SU, et al. Myelin-mediated inhibition of 
oligodendrocyte precursor differentiation can be overcome by 
pharmacological modulation of Fyn-RhoA and protein kinase C sig-
nalling. Brain. 2009;132(Pt 2):465-481.

63. Chong SY, Rosenberg SS, Fancy SP, et al. Neurite outgrowth inhibi-
tor Nogo-A establishes spatial segregation and extent of oligo-
dendrocyte myelination. Proc Natl Acad Sci USA. 2012;109(4): 
1299-1304.

64. Simonato M, Bennett J, Boulis NM, et al. Progress in gene therapy 
for neurological disorders. Nat Rev Neurol. 2013;9(5):277-291.

65. Hu P, Li Y, Nikolaishvili-Feinberg N, et al. Hematopoietic stem cell 
transplantation and lentiviral vector-based gene therapy for 
Krabbe’s disease: Present convictions and future prospects. J 
Neurosci Res. 2016;94(11):1152-1168.

66. Saute JA, Souza CF, Poswar FO, et al. Neurological outcomes after 
hematopoietic stem cell transplantation for cerebral X-linked adre-
noleukodystrophy, late onset metachromatic leukodystrophy and 
Hurler syndrome. Arq Neuropsiquiatr. 2016;74(12):953-966.

67. Boucher AA, Miller W, Shanley R, et al. Long-term outcomes after 
allogeneic hematopoietic stem cell transplantation for metachrom-
atic leukodystrophy: The largest single-institution cohort report. 
Orphanet J Rare Dis. 2015;10(1):94.

68. Cartier N, Aubourg P. Hematopoietic stem cell transplantation and 
hematopoietic stem cell gene therapy in X-linked adrenoleukody-
strophy. Brain Pathol. 2010;20(4):857-862



24 | BRAIN COMMUNICATIONS 2023: Page 24 of 24                                                                                                                 S. Ye et al.

69. Cartier N, Hacein-Bey-Abina S, Bartholomae CC, et al. 
Hematopoietic stem cell gene therapy with a lentiviral vector in 
X-linked adrenoleukodystrophy. Science. 2009;326(5954):818-823.

70. van Egmond ME, Pouwels PJ, Boelens JJ, et al. Improvement of white 
matter changes on neuroimaging modalities after stem cell transplant 
in metachromatic leukodystrophy. JAMA Neurol. 2013;70(6):779-782.

71. Strom T, Li X, Cunningham J, et al. Correction of the murine 
Wiskott–Aldrich syndrome phenotype by hematopoietic stem cell 
transplantation. Blood. 2002;99:4626-4628.

72. Goyal S, Tisdale J, Schmidt M, et al. Acute myeloid leukemia case 
after gene therapy for sickle cell disease. N Engl J Med. 2022; 
386(2):138-147.

73. Daniel-Moreno A, Lamsfus-Calle A, Raju J, Antony JS, 
Handgretinger R, Mezger M. CRISPR/Cas9-modified 

hematopoietic stem cells-present and future perspectives for 
stem cell transplantation. Bone Marrow Transplant. 2019;54-
(12):1940-1950.

74. Scharenberg SG, Poletto E, Lucot KL, et al. Engineering monocyte/ 
macrophage-specific glucocerebrosidase expression in human hem-
atopoietic stem cells using genome editing. Nat Commun. 2020; 
11(1):3327.

75. Ineichen BV, Kapitza S, Bleul C, et al. Nogo-A antibodies enhance 
axonal repair and remyelination in neuro-inflammatory and 
demyelinating pathology. Acta Neuropathol. 2017;134(3): 
423-440.

76. Walton C, King R, Rechtman L, et al. Rising prevalence of multiple 
sclerosis worldwide: Insights from the atlas of MS, third edition. 
Mult Scler. 2020;26(14):1816-1821.


	Nogo receptor-Fc delivered by haematopoietic cells enhances neurorepair in a multiple sclerosis model
	Introduction
	Material and methods
	Animals
	Lentiviral vector design and plasmid propagation
	Lentiviral transduction into haematopoietic stem cells
	Irradiation and transplantation via intravenous injection
	Immunization with myelin oligodendrocyte glycoprotein (MOG)35–55
	Clinical score assessment
	Immunoprecipitation (IP)
	Preparation of single cell suspension
	Immunopanning of CD11b+ macrophages
	IP
	Western blot
	Immunofluorescence
	Imaging analysis

	Histopathological staining
	Analysis of dystrophic axons by toluidine blue-stained semithin sections

	Immunogold-labelled electron microscopy (EM)
	Transmission electron microscopy (TEM)
	Ex vivo MRI
	Single molecule array (SIMOA)
	DigiGaitTM animal behaviour analysis
	Statistics
	Data availability

	Results
	NgR(310)ecto-Fc-transduced HSC recipient animals clinically recovered from the peak of disease
	Delivery of the NgR(310)ecto-Fc fusion protein to inflammatory demyelinating lesions within the CNS at the peak stage of EAE shows increased numbers of CD11b+ macrophages
	Transplanted HSCs transduced with the NgR(310)ecto-Fc vector may enhance axonal regeneration
	Remyelination of axons occurs in clinically recovered animals following transplantation with NgR(310)ecto-Fc vector-transduced HSCs

	Discussion
	Conclusion
	Supplementary material
	Acknowledgements
	Funding
	Competing interests
	References




