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Human olfactory mesenchymal stromal 
cell transplantation ameliorates experimental 
autoimmune encephalomyelitis revealing 
an inhibitory role for IL16 on myelination
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Abstract 

One of the therapeutic approaches for the treatment of the autoimmune demyelinating disease, multiple sclero-
sis (MS) is bone marrow mesenchymal stromal cell (hBM-MSCs) transplantation. However, given their capacity to 
enhance myelination in vitro, we hypothesised that human olfactory mucosa-derived MSCs (hOM-MSCs) may possess 
additional properties suitable for CNS repair. Herein, we have examined the efficacy of hOM-MSCs versus hBM-MSCs 
using the experimental autoimmune encephalomyelitis (EAE) model. Both MSC types ameliorated disease, if deliv-
ered during the initial onset of symptomatic disease. Yet, only hOM-MSCs improved disease outcome if administered 
during established disease when animals had severe neurological deficits. Histological analysis of spinal cord lesions 
revealed hOM-MSC transplantation reduced blood–brain barrier disruption and inflammatory cell recruitment and 
enhanced axonal survival. At early time points post-hOM-MSC treatment, animals had reduced levels of circulat-
ing IL-16, which was reflected in both the ability of immune cells to secrete IL-16 and the level of IL-16 in spinal cord 
inflammatory lesions. Further in vitro investigation revealed an inhibitory role for IL-16 on oligodendrocyte differentia-
tion and myelination. Moreover, the availability of bioactive IL-16 after demyelination was reduced in the presence of 
hOM-MSCs. Combined, our data suggests that human hOM-MSCs may have therapeutic benefit in the treatment of 
MS via an IL-16-mediated pathway, especially if administered during active demyelination and inflammation.
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Introduction
Multiple sclerosis (MS) is a chronic disease in which 
repeated episodes of inflammation in the central nervous 
system (CNS) result in widespread demyelination asso-
ciated with varying degrees of irreversible axonal injury 

and loss [1, 2]. Current treatments target the inflam-
matory element of MS, a strategy that is beneficial for 
patients with early relapsing–remitting MS but is largely 
ineffective in progressive forms of the disease [1, 3, 4]. 
Demyelination increases axonal susceptibility to dam-
age by inflammatory mediators and treatment strategies 
designed to suppress disease activity, which allow or pro-
mote endogenous remyelination are considered a rational 
approach to enhance axonal function and survival [2, 5].

Several studies discuss pharmacological approaches to 
enhance remyelination by stimulating oligodendrocyte 
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progenitor cell (OPC) proliferation, differentiation, and 
survival in the CNS however, mesenchymal stromal cell 
(MSC) transplantation provides an alternative strategy. 
There are several reports demonstrating the beneficial 
effects of syngeneic [4, 6] or human [7, 8] MSC trans-
plantation in experimental autoimmune encephalomyeli-
tis (EAE), an animal model of MS. These include reduced 
inflammation, demyelination, axonal loss, as well as cor-
responding increases in remyelination. These beneficial 
effects are generally attributed to immunomodulation 
in the periphery, although MSCs may also be recruited 
into the CNS to secrete soluble neuroprotective factors 
that support endogenous tissue repair and remyelina-
tion [1, 2, 4]. Indeed, MSCs modulate the local tissue 
microenvironment, via their release of neuroprotective 
and pro-oligodendrogenic factors and can inhibit infil-
trating pathogenic immune responses [9]. Furthermore, 
promising results have been seen in human trials of 
autologous transplantation of MSCs in secondary pro-
gressive patients, illustrating their safety [10, 11]. There 
has also been evidence of neuroprotection from struc-
tural and functional improvements, which strongly sup-
ports their future use as a treatment [10, 12, 13]. These 
pre-clinical studies provide a functional basis for the ben-
eficial effects of autologous MSC transplantation already 
reported in MS patients and support its future use as a 
routine intervention.

We have identified another population of MSCs from 
human biopsies of olfactory mucosa (OM), termed hOM-
MSCs [14–16]. The olfactory system is well known to 
have inherent reparative properties since it is capable of 
supporting neurogenesis throughout life, attributed to 
both endogenous stem cell populations and a specialised 
glial cell type [17]. Human OM cell/tissue transplanta-
tion has already been shown to be safe in phase 1 clini-
cal trials for the treatment of spinal cord injured patients 
[18, 19]. Human OM-MSCs have been shown to have 
similar antigenic and differentiation properties to those 
of classical human BM-MSCs (hBM-MSCs) [14, 15, 20, 
21]. However, unlike hBM-MSCs, they can be grown in 
large numbers easily and have been shown to enhance 
myelination of dissociated rat embryonic spinal cord 
cell cultures [14]. Notably, in an animal model of spinal 
cord injury (SCI) hOM-MSCs enhanced Schwann cell 
remyelination of spared tissue fibres, lending to a faster 
recovery of animal co-ordinated stepping [22]. Our prior 
data also showed that hOM-MSCs secrete specific anti-
inflammatory chemokines that skew microglia to an anti-
inflammatory phenotype [14, 15].

This in  vitro data has therefore demonstrated that 
human hOM-MSCs may be an alternative MSC can-
didate for transplant-mediated repair in clinical trials. 
Herein, we have compared the therapeutic benefit of 

hOM-MSCs to hBM-MSCs in the amelioration of EAE. 
Although both hOM- and hBM-MSCs improved animal 
outcome if administered during mild EAE, only hOM-
MSCs proved beneficial when delivered during severe 
disease. Moreover, animals treated with hOM-MSCs 
had reduced levels of inflammatory cellular infiltrates 
within spinal cord lesions accompanied with less dis-
ruption of the blood–brain barrier at early time points 
post-treatment. Animals which received hOM-MSCs had 
reduced levels of circulating IL-16, which corresponded 
to a reduced ability of immune cells to secrete IL-16 and 
the extent of IL-16 present in the spinal cord inflamma-
tory lesions. Notably, IL-16 prevented oligodendrocyte 
differentiation and myelination in  vitro, suggesting that 
this axis may be important in the hOM-MSC pro-repair 
mechanism-of-action. This work supports the use of 
hOM-MSCs as a novel candidate for clinical translation 
for the treatment of MS.

Material and methods
EAE induction
A total of eighty-five female C57Bl/6  J mice were pur-
chased from Harlan Laboratories (Loughborough, UK). 
All mice were housed under a 12-h light/dark cycle with 
ad libitum access to food and water in pathogen-free con-
ditions. All experimental procedures were performed in 
accordance with the UK Animals (Scientific Procedures) 
Act 1986. All applicable international, national, and/or 
institutional guidelines for the care and use of animals 
were followed. The research protocol was approved by 
the Ethical Committee for Animal Experimentation in 
the University of Glasgow, UK.

EAE was induced in female mice (7–8  weeks of age, 
weighing 18.5 ± 1.5  g) by subcutaneous injection at one 
site at the tail base with an emulsion (100 µl total) con-
taining 200  µg recombinant rat myelin oligodendro-
cyte glycoprotein protein spanning amino acids 1–125 
(MOG1–125) in complete Freund’s adjuvant (Sigma-
Aldrich) supplemented with 200  µg Mycobacterium 
tuberculosis (strain H37RA; Difco). Mice were injected 
intraperitoneally with 200  ng pertussis toxin (Enzo) in 
100 µl of phosphate buffer saline solution (PBS, pH 7.6) 
immediately, and 48 h after the immunisation. The mice 
were scored daily for clinical manifestations of EAE on 
a half point scale of 0–5 [23, 24]. hOM-MSCs or hBM-
MSCs (1 × 106 cells/100 μl) or PBS (100 μl) were injected 
at an early time point following disease onset, only when 
animals showed signs of clinical disease (score of 1; loss 
of tail tone) or alternatively, at a later time point in the 
EAE clinical course when animals had more severe neu-
rological deficits (average score of 2.5; hind limb paraly-
sis). This treatment strategy prevented the inclusion of 
asymptomatic animals.
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Human tissue biopsies
All procedures performed involving human participants 
were in accordance with the ethical standards of the Uni-
versity of Glasgow and the 1964 Helsinki Declaration and 
its later amendments or comparable ethical standards. 
Human olfactory tissue biopsies or bone marrow aspirate 
were obtained with South Glasgow and Clyde Research 
Ethics Committee and Central Office for Research Eth-
ics approval (07/S0710/24) and informed patient consent 
from both males and females. Olfactory tissue biopsies 
were taken from patients undergoing nasal septoplasty/
polypectomy surgery (average age 46.5  years). Biop-
sies were taken from superior regions known to contain 
olfactory mucosa [25]. Biopsies were collected, purified, 
and grown as previously described [14]. After purifica-
tion, (termed hOM‐MSCs) cells to be used in biodistri-
bution studies were lentivirally infected using a MOI of 
10 (Amsbio UK, LVP001) to produce GFP expressing 
cells. Lentiviral GFP infection was > 98% in all prepara-
tions [22]. Human BM aspirates were obtained from iliac 
crests of patients undergoing hip replacement (average 
age 56.3 years, which was not significantly different from 
donor patients of hOM-MSCs). BM was collected, puri-
fied, and  hBM-MSCs grown as previously described [15, 
20].

Immunohistochemistry
Mice under deep anaesthesia were transcardially per-
fused with 4% paraformaldehyde (PFA). Spinal cords 
were removed and post-fixed by immersion in the same 
fixative containing 30% sucrose at 4  °C for 24  h, then 
washed and left in PBS containing 30% sucrose at 4  °C 
until being frozen. Five mm spinal cord tissue blocks 
encompassing regions L2 to S1 were frozen on dry ice 
in OCT and consecutive 5  μm thick sections were cut 
and numbered in order of cutting. Inflammatory demy-
elination was assessed by staining for myelin basic pro-
tein (MBP) with anti-MBP antibody (1:200, BioRad) and 
axonal loss was assessed using anti-SMI-31 (1:1000, Bio-
Legend). Inflammatory infiltrates were analysed using 
anti–mouse CD45 (1:100, R&D systems), anti–mouse 
CD4 (R&D systems) and anti–mouse CD11b (1:500, 
Abcam) antibodies, which identify T cells and microglia/
macrophages or haematoxylin and eosin staining, follow-
ing standard methods. Anti-glial fibrillary acidic protein 
(GFAP, 1:500, Dako) was used for the detection of astro-
cytes. Anti-laminin (α1 subunit) (1:500, Sigma) was used 
for the detection of the blood–brain barrier and is known 
to be upregulated during EAE [26]. IL-16 was detected 
using anti-rat/mouse IL-16 (1:200, Caltag-Medsystems). 
All primary antibodies were detected with appropriate 
conjugated secondary antibody (1:500, Thermofisher) 

according to established standard protocols. Sections 
were mounted using VECTASHIELD antifade medium 
containing DAPI (Vector labs).

Quantification of spinal cord sections
Quantification of antibody labelling was performed using 
sequential sections across the same spinal cord regions 
in all experimental groups. Two images per section, with 
a minimum of three sections per animal were quanti-
fied. Images were captured at 20 × magnification with an 
Olympus BX51 microscope using Occular software and 
analysed using Fiji (Image J). The captured images were 
coded and quantified in a blinded manner. For threshold-
ing analysis, the white matter region of interest (ROI) in 
each image was manually outlined using ImageJ and out-
side regions cleared. Binary thresholding measurements 
were made of both the total ROI and of any positive 
staining and converted into the number of black pixels. 
Data was expressed as % of positive staining per field of 
view within the total number of positive elements exclu-
sively in the white matter ROI. For semi-quantification of 
EAE spinal cords, sections stained with MBP/SMI/DAPI 
were scored according to the level of disease disruption 
(score 0 = healthy tissue, few DAPI nuclei in white mat-
ter, normal SMI/MBP staining; score 1 = mild disruption: 
some DAPI nuclei in white matter regions although little 
disruption to SMI/MBP; score 2 = moderate disruption: 
increased amount of DAPI nuclei in obvious inflamma-
tory lesions, loss of SMI/MBP staining; score 3 = severe 
disruption: large number of DAPI nuclei in lesions 
extending into a large area of the white matter. Clear 
disruption of SMI/MBP). Scores were averaged for each 
animal. For quantification of SMI or MBP loss, using 
Image J, a grid containing 130 crosses was applied across 
each white matter ROI. Each cross falling on a region of 
abnormal pattern of staining was counted, and the num-
ber of regions divided by the total number of crosses 
covering the entire ROI and expressed as percentage of 
abnormal staining/tissue area per field of view. Quanti-
fication of H&E stained inflammatory infiltration was 
made by counting the number of nuclei present within 
the same spinal cord white matter ROI in at least 3 spinal 
cord sections/animal, imaged on a Nikon ECLIPSE E200 
microscope (Nikon Instrument) equipped with a DS-
2Mv camera at 40× magnification.

BBB disruption measured by FITC‑dextran labelling
Severe EAE mice were injected with a solution con-
taining 71-kDa FITC-labelled dextran (5  mg/100  μl, 
Sigma-Aldrich) into the tail vein. Fifteen minutes later, 
the mice under deep anaesthesia were perfused as pre-
viously described and the spinal cords were collected 
immediately. The cords were processed by post-fixation 
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as described above, and a 5  mm block encompass-
ing the T2 to L2 segmental level was used for analy-
sis. Sixty-µm-sagittal cryostat sections were cut and 
analysed categorically by light microscopy (Leica 
Microsystems) with 20 × lens. Sections were scored as 
follows: 0 = no traces of FITC-dextran disruption, dex-
tran located within blood vessels; 1 = traces of light 
disruption, however numerous blood vessels still show 
accumulation of labelling; 2 = marked dextran disrup-
tion throughout the white matter; 3 = extensive disrup-
tion with FITC labelling throughout the white matter of 
the cord and no presence of blood vessel labelling. Each 
animals’ average disruption severity score was calcu-
lated by summing the assigned numerical value of each 
section and dividing it by the total number of sections 
per animal.

In vitro de/myelinating assays
Myelinating rat embryonic CNS cultures were grown 
using methods previously described [14, 27]. Briefly, on 
day 12 cultures were treated with 100 ng/ml IL-16 (#200-
16A, Peprotech) every other day until day 28. Cultures 
were then fixed and stained and quantified for levels of 
myelination. Quantification was carried out using Cell-
Profiler Image Analysis software (Broad Institute) [28]. 
For neurite density, the threshold level pixel value for 
SMI31 immunoreactivity (IR) was divided by the total 
number of pixels. The percentage of myelinated axons 
(PLP) was measured using CellProfiler, which uses pat-
tern recognition software to distinguish between linear 
myelinated internodes and oligodendrocyte cell bod-
ies. In this manner, we track the co‐expression of myelin 
sheaths (PLP) and axons (SMI31) and calculate this per-
centage of myelinated fibers. All experiments were car-
ried out at least three times in duplicate. All CellProfiler 
pipelines are available at https://​github.​com/​muecs/​cp.

For demyelinating assays (DeMy), on day 24 cultures 
were treated with anti-MOG (Z2 hybridoma, IgG2a [29]) 
and 100 μg/ml rabbit serum complement (Millipore). The 
following day, the culture supernatant was removed and 
replaced with fresh DMEM (4,500  mg/ml glucose) con-
taining, 10  ng/ml biotin, 0.5% hormone mixture (1  mg/
mL apo-transferrin, 20  mM putrescine, 4  μM proges-
terone, 6 μM selenium (formulation based on N2 mix of 
[30] 50  nM hydrocortisone and 10  μg/ml insulin (DM; 
all reagents from either Sigma or Life technologies, Pais-
ley). After demyelination, cultures were treated twice 
either with DM or DM supplemented with conditioned 
media (CM) derived from hOM-MSCs or hBM-MSCs 
(harvested as previously described [14]), or non-demy-
elinated cultures were left as controls. Cultures were 

maintained for a further 5  days before being lysed for 
Western blot analysis.

Culture of rat microglia and oligodendrocyte precursor 
cells (OPCs)
Sprague Dawley cortices were digested and grown 
in DMEM containing 10% FBS with 4.5  g/l glucose, 
L-glutamine, pyruvate, and 1% penicillin/streptomy-
cin (DMEM-10%) using standard methods [31]. After 
7–10  days, microglia and OPCs were purified by differ-
ential attachment [32]. Microglia were plated in DMEM-
10% on poly-L-lysine (PLL, Sigma, 13 µg/ml) coated glass 
coverslips (VWR, 10  µg/ml) at 5 × 104 cells/coverslip. 
Microglia were stained using anti-mouse CD4 (1:100, 
ThermoFisher Scientific) and anti-rabbit Iba-1 (1:100, 
Wako) using standard immunohistochemistry meth-
ods described above. OPCs were plated onto 13  mm 
PLL coated glass coverslips at 4 × 104 cells/coverslip 
in DMEM-BS containing FGF2 (50  ng/mL) and PDGF 
(50  ng/mL) for 5  days, then treated in duplicate with 
IL-16 (100  ng/ml) or DMEM-BS for 4  days. On day 5, 
cells were immunolabelled with anti-rabbit NG2 (1:100, 
Abcam), anti O4 (1:100, IgM, hybridoma) or anti-rat PLP 
(1:100, AA3, hybridoma) and 10 images taken per cover-
slip with 2 coverslips per treatment, with an average of 
200–300 cells/coverslips analysed. OPCs were stained 
using CD4 described above and co-stained using anti-O4 
(1:100, IgM, hybridoma).

Western blot
Supernatants were collected from confluent flasks con-
taining similar number of MSCs following standard 
methods [14] or cells lysed using CelLytic M (Sigma) con-
taining protease inhibitor cocktail (Sigma) and protein 
concentration determined (NanoDrop; Thermo Scien-
tific). Samples were run on tris–acetate gels and trans-
ferred (iBlot©; Invitrogen). Membranes were blocked 
in 5% BSA and 0.2% Triton-X100 in TBS for 1 h before 
being incubated overnight at 4  °C with rabbit IL-16 
(1:500, Caltag Medsystems) or mouse Caspase-3 (1:1000, 
ThermoFisher Scientific). Total protein was assessed 
using mouse β-actin (1:1000, Sigma) in IL-16 experi-
ments or Ponceau S staining to quantify secreted protein 
level after transfer for Caspase-3. Band intensities were 
quantified using Image J and normalised to loading.

Isolation of lymphocytes for Meso scale discovery assay
Inguinal lymph node cells were harvested from severe 
EAE animals treated with hOM-MSCs or hBM-MSCs or 
PBS either 5  days or 24  days post-injection. Single-cell 
suspensions were prepared by enzymatic digestion using 

https://github.com/muecs/cp
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1 mg/ml collagenase D (Roche, UK) in Hanks’ balanced 
salt solution without calcium and magnesium. Cells were 
cultured in triplicate in 96-well round-bottomed plates 
at 3 × 105 cells per well in complete Dulbecco’s modified 
Eagle’s medium. Cells were restimulated with medium as 
a control or 30 μg/ml MOG protein (1–125) for 24 h and 
supernatants collected and assayed using a 35 U-PLEX 
mouse biomarker group 1 array (#K15083K-1, Meso 
Scale Discovery, UK) following manufacturers guidelines. 
The kit allowed us to assay an extensive combination of 
mouse cytokines and chemokines that are involved in 
inflammatory biological processes including the Th1, 
Th2, and Th17 pathways. The 35 cytokines analysed were: 
EPO, GM-CSF, IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-9, 
IL-10, IL-12/IL-23p40, IL-12p70, IL-13, IL-15, IL-16, 
IL-17A, IL-17A/F, IL-17C, IL-17E/IL-25, IL-17F, IL-21, 
IL-22, IL-23, IL-27p28/IL-30, IL-31, IL-33, IP-10, KC/
GRO, MCP-1, MIP-1α, MIP-1β, MIP-2, MIP-3α, TNF-α, 
VEGF-A.

IL‑16 ELISA
Serum samples were collected from severe EAE animals 
which had been treated with hOM-MSCs or hBM-MSCs 
or PBS either 5 days or 24 days post-injection. Levels of 
IL-16 were assayed using Mouse IL-16 ELISA (R&D sys-
tems, UK) following manufacturers guidelines.

Statistical analysis
Parametric data are presented as means ± SEM, non-par-
ametric as box and whisker plots. Differences between 
groups were statistically tested using the software pack-
age GraphPad Prism 6 (GraphPad Software Inc., San 
Diego, CA, USA). The applied statistical procedures are 
provided in the figure legends. In EAE experiments, data 
derived from each animal is represented by individual 
data points on the graph. In in  vitro experiments, pri-
mary cultures set up from individual animal batches were 
considered an n number and each experiment was car-
ried out between 3–5 times. Sample size calculations for 
EAE experiments were performed using a conventional 

protocol as previously detailed [33]. This calculation 
assumed that there were no differences in standard devi-
ations between groups and that detection of 20% change 
is derived with 80% power at a 5% level of significance, 
for two‐sided significance tests. EAE animal numbers 
were set up accordingly to ensure that for each treatment 
the group size from which data was obtained was appro-
priate. p values < 0.05 were considered statistically signifi-
cant. The following symbols are used to indicate the level 
of significance: *p < 0.05, **p < 0.01, ***p < 0.001.

Results
hOM‑MSCs ameliorate progression of severe EAE
We compared the ability of hOM-MSCs and hBM-MSCs 
to ameliorate disease progression in EAE, monitoring 
clinical signs of disease on a daily basis for 24 days after 
systemic (i.v.) injection of hOM-MSCs or hBM-MSCs 
(1 × 106 cells/100 μl) or PBS (100 μl). MSCs were injected 
early following disease onset, only when mice showed 
signs of clinical disease (score of 1; loss of tail tone). There 
were no significant differences between the day of onset 
between groups. MSCs were alternatively injected at a 
later time point when animals had developed at least par-
tial hind limb paralysis (average score of 2.5). hOM- and 
hBM-MSCs ameliorated EAE to a similar extent com-
pared to PBS injected controls when administered early 
(Fig.  1a), but only hOM-MSCs significantly improved 
recovery when cells were injected into animals with 
severe disease (Fig. 1b). Individual linear regression anal-
ysis of disease scores revealed hOM-MSC treated ani-
mals consistently have steeper slopes compared to PBS 
injected animals, corresponding to their faster recovery 
(Fig. 1c). In contrast, mice that received hBM-MSCs were 
not significantly different from PBS injected controls. 
Individual linear regression coefficients were calculated 
using the slopes of the regression lines for each animal 
(Fig.  1d). Comparison of the coefficients confirmed a 
significantly faster improvement in hOM-MSC injected 
animals compared with control, whereas hBM-MSC 
injected animals had no significant difference (Fig.  1d). 

Fig. 1  hOM-MSCs ameliorate EAE better than hBM-MSCs when administered during severe disease. a EAE clinical course after i.v. injection of 
1 × 106 hOM-MSCs (n = 5) or 1 × 106 hBM-MSCs (n = 6) or PBS (n = 6) during early disease. Both hOM- and hBM-MSCs ameliorated EAE to a similar 
extent. b EAE clinical course after i.v. injection of 1 × 106 hOM-MSCs (n = 14) or 1 × 106 hBM-MSCs (n = 10) or PBS (n = 12) during severe disease. 
hOM-MSCs significantly ameliorated disease whilst hBM-MSCs did not (*p < 0.05, 2-way ANOVA with Tukey’s multiple comparison). c Individual 
linear regression lines fitted through severe disease animal EAE curves showed hOM-MSC treated animals have significantly steeper slopes 
compared to PBS animals. d Comparison of the coefficients confirmed significantly faster improvements in hOM-MSC injected animals compared 
with control, hBM-MSC injected animals had no significant difference (*p < 0.05, Kruskal–Wallis, Dunn’s multiple comparison test). e hOM-MSC 
treated animals had a significant reduction in cumulative disease scores and f the area under the curve (AUC) compared to PBS controls (*p < 0.05, 
ANOVA Tukey’s multiple comparison). g hOM-MSC injected animals had a faster recovery of pre-disease weight compared to PBS controls (*p < 0.05, 
**p < 0.01 2-way ANOVA with Tukey’s multiple comparison). h There were no significant differences in the distribution of animal score between the 
treatment groups

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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Further analysis of animal EAE curve data showed a sig-
nificant reduction in the area under the curve (AUC) and 
reduced cumulative disease scores of hOM-MSC injected 
animals compared to PBS control injected (Fig.  1e, f ). 
In addition, animals which received hOM-MSCs had 
a faster improvement in weight compared to both PBS 
and hBM-MSC treated animals which correlated with 
improved animal health and scores (Fig. 1g). There were 
no significant differences between the disease scores 
of each experimental group at day of i.v. administration 
(Fig. 1h). These data show that only mice receiving hOM-
MSCs produced a positive therapeutic benefit if adminis-
tered when animals have active demyelination and severe 
neurological deficits.

Treatment with hOM‑MSCs reduce inflammation 
and axonal damage in the CNS during EAE
Analysis of experimental endpoint lumbar spinal cord 
tissue from animals treated during severe disease, 
revealed that PBS- or hBM-MSCs injected animals had 
more severe inflammation and axonal pathology com-
pared to the hOM-MSC-injected group (Fig.  2). hOM-
MSC-injected animals had fewer inflammatory foci 
(Fig. 2a) and infiltrating cells (Fig. 2d) compared to both 
PBS and hBM-MSC injected animals. Inflammatory 
infiltration was also significantly reduced in hOM-MSC 
injected animals compared to PBS injected controls when 
assessed using CD45, a pan lymphocyte marker (Fig. 2b, 
e). Quantification of DAPI nuclei within inflammatory 
lesions was similarly significantly reduced in hOM-MSC 
injected animals compared to PBS control animals cor-
responding with the reduced number of inflammatory 
cells as shown by H&E and CD45 quantification (Fig. 2c, 
f ). Measurements of abnormal axonal pathology were 
significantly less in animals injected with hOM-MSCs 
compared to PBS controls (Fig. 2c, g), however there was 
no significant difference in myelin pathology (Fig. 2c, h). 
Animals transplanted with hBM-MSCs showed simi-
lar levels of axonal pathology as PBS injected control 

animals. Semi-quantification of histological sections 
revealed hOM-MSC transplanted animals had overall 
lower levels of disease severity compared to PBS con-
trol animals (Fig. 2i). These data suggest that in animals 
treated with hOM-MSCs there was a reduction in the 
level of inflammatory cell infiltration into the lumbar spi-
nal cord and a prevention of axonal loss, correlating with 
a lower disease score at the endpoint of the experiment.

Localisation of GFP‑labelled hOM‑MSCs within lumbar 
spinal cord and brain cortex
To determine whether hOM-MSCs pass through the 
BBB and into CNS tissue to mediate repair, hOM-MSCs 
were lentivirally infected to stably express GFP then 
injected into EAE mice during severe disease. Tissue was 
harvested at three-time points; 24 h, 7 days and 14 days 
post-transplantation. After 24  h there were only a few 
hOM-MSCs located in what appeared to be blood vessels 
lined with GFAP expressing astrocytes within spinal cord 
tissue and brain cortex (Fig.  3a). At 7-days or 14-days 
post injection there were no detectable GFP profiles 
within spinal cord or brain tissues. hOM-MSCs there-
fore appear to only localise within blood vessels and do 
not enter the CNS tissue or inflammatory lesions and are 
quickly cleared after injection.

Analysis of blood–brain barrier (BBB) disruption 
with spinal cord tissue
BBB integrity was assessed using FITC-Dextran dye 
injection in severe EAE animals 5 days post hOM-MSC 
or PBS treatment before any significant changes in EAE 
clinical score (Fig.  3e). Sections from the entire cord of 
each animal were scored according to the level of dex-
tran disruption (0, none; 1, slight; 2, medium; 3 severe, 
Fig.  3b). Average animal BBB severity score showed a 
significantly lower score in hOM-MSC injected animals 
compared to PBS control animals (Fig.  3c), suggesting 
less disruption in hOM-MSC injected animals. The per-
centage of sections classified into each category showed 
that more hOM-MSC injected animals had sections with 

(See figure on next page.)
Fig. 2  Treatment with hOM-MSCs reduces inflammation and axonal pathology in the spinal cord during severe EAE. Staining of endpoint lumbar 
spinal cord revealed that PBS- and hBM-MSCs treated animals had severe inflammation compared to the hOM-MSC treated group as shown by a 
H&E staining of inflammatory infiltrate (PBS, n = 9; hOM-MSCs, n = 10; hBM-MSCs, n = 10). b CD45 staining of infiltrating lymphocytes (shown in 
green) and Laminin (shown in red) (PBS, n = 6; hOM-MSCs, n = 4; hBM-MSCs, n = 4) or c. DAPI staining (shown in blue) (PBS, n = 6; hOM-MSCs, n = 8; 
hBM-MSCs, n = 6). Quantitative analysis showed that hOM-MSC injected animals had significantly fewer inflammatory cell regions as assessed by 
H&E (d) or CD45 (e) or DAPI (f) compared to PBS control animals. c Lumbar spinal cord tissue was stained for myelin (MBP, shown in green), axons 
(SMI-31, shown in red) and cellular infiltrate (DAPI, shown in blue) (PBS, n = 6; hOM-MSCs, n = 8; hBM-MSCs, n = 6). g Measurements of abnormal 
axonal pathology were significantly less in animals injected with hOM-MSCs compared to PBS animals. Animals transplanted with hBM-MSCs 
showed similar levels of axonal pathology as PBS control animals. h There were no significant differences in myelin pathology across the groups. 
*p < 0.05, **p < 0.01, ***p < 0.001, ANOVA, Tukey’s multiple comparison. i Spinal cord sections stained with SMI/MBP/DAPI were assigned a score 
according to the level of cellular infiltration and disruption. Animals injected with hOM-MSCs had significantly lower disease disruption scores 
compared to PBS control animals. Kruskall-Wallis with Dunn’s multiple comparison. Scale bars represent 100 μm (a, b) and 50 μm (c)
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slight disruption compared to the PBS control animals, 
who had a greater percentage of medium to severe dis-
ruption scores (Fig.  3d). There were also no significant 
differences in clinical score at day of perfusion confirm-
ing that the greater level of disruption was not a result 
of lower animal clinical scores (Fig. 3e). The reduction in 
BBB disruption 5 days post cell injection was associated 
with decreased laminin (Fig.  3f, g) within hOM-MSC 
inflammatory lesions compared to PBS control animals. 
This data suggests that hOM-MSCs treated animals have 
less disruption of the BBB than PBS-injected animals.

hOM‑MSC administration downregulates MOG‑specific 
IL‑16 cytokine response
MOG specific cytokine responses in lymphocytes har-
vested from severe EAE animals (those treated during 
hindlimb paralysis) 5 days and 24 days post cell injection 
were investigated using the U-Plex platform (Fig. 4a). Out 
of the 35 cytokines analysed, only IL-16 was significantly 
altered in hOM-MSC treated animals compared to PBS 
control animals 5  days post-cell injection (Fig.  4b). Cir-
culating IL-16 serum levels quantified by ELISA were 
found to also be significantly reduced in hOM-MSC 
injected animals compared to PBS control animals 5 days 
post cell injection (Fig. 4c). Interestingly, animals which 
received hBM-MSCs showed a trend towards increased 
levels of MOG-specific IFN-γ and IL-17A 5 days post cell 
injection compared to both PBS control and hOM-MSC 
animals, although not significantly different (Fig.  4d, e). 
However, at 24 days post-injection there were no signifi-
cant differences between groups in any of the cytokines 
analysed (Fig. 4f–i). This data suggests that hOM-MSCs 
could mediate their action via suppression of IL-16 pro-
duction in peripheral immune cells.

IL‑16 expression in EAE spinal cord
We next assessed whether the differences in IL-16 expres-
sion in severe EAE mice correlated with changes in CNS 
tissue immunohistochemistry at both 5 days and 24 days 
post cell injection. IL-16 immunofluorescence was 

significantly reduced in inflammatory lesions compared 
to PBS control animals at both time points, although lev-
els were much lower at experimental endpoint (Fig.  5a, 
b, e). Since IL-16 is a recognised CD4 co-receptor 
ligand that controls the trafficking of CD4 T-cells, we 
also assessed CD4 expression in inflammatory lesions. 
There were reduced levels of CD4 at the early time point 
in hOM-MSC injected animals compared to PBS con-
trol (Fig.  5a, c), however this was not detected at day 
24 (Fig.  5f ). CD11b, a leukocyte and microglial marker, 
was also significantly decreased in hOM-MSC injected 
animals compared to PBS control animals at both time 
points analysed (Fig. 5a, d, g). This suggests that the lower 
levels of inflammatory cells found within hOM-MSC 
injected animals (shown in Fig. 2d-f ) reflects a reduction 
of mature myeloid cells which are known to be a promi-
nent component of EAE inflammatory infiltrates.

In vitro investigation of IL‑16 during demyelination
To examine the role of IL-16 in  vitro, CNS spinal cord 
cultures were demyelinated (DeMy) then treated with 
hOM- or hBM-MSC-CM and IL-16 protein levels exam-
ined via Western blot (Fig.  6a). We found that immedi-
ately after demyelination there was a significant increase 
in Pro IL-16 in control cultures (Fig.  6a, b). The lower 
molecular weight, bioactive secreted form of IL-16 was 
also significantly upregulated 5  days after demyelina-
tion compared to non-demyelinated control cultures 
(Fig. 6a, b). hOM-MSC treated cultures had lower levels 
of bioactive IL-16 similar to non-demyelinated controls, 
whilst those treated with hBM-MSC-CM retained sig-
nificant upregulation of bio-active IL-16 comparable to 
demyelinated control cultures. This suggests that there is 
less bioactive IL-16 available after demyelination during 
hOM-MSC treatment. Under resting conditions, IL-16 
was detected diffusely along axons but predominantly 
in microglia; astrocytes had very little IL-16 staining 
(Fig. 6d). Immediately after demyelination IL-16 staining 
was upregulated in ameboid shaped microglia, suggesting 
that microglia are the predominant producers of IL-16 

Fig. 3  hOM-MSC localise in blood vessels and reduce blood–brain barrier (BBB) disruption within severe EAE spinal cord. a Immunohistochemical 
images of spinal cord and brain cortex of EAE mice after GFP-expressing hOM-MSCs were injected during severe disease. Only a few hOM-MSCs 
located in what appeared to be blood vessels lined with astrocytes (GFAP, shown in red) within spinal cord tissue and brain cortex 24 h post 
injection. b Immunohistochemical images of spinal cord after i.v. injection of FITC-Dextran dye at different levels of dextran disruption (Score 
0, none; Score 1, slight; Score 3 severe) PBS, n = 4; hOM-MSCs, n = 4. c Average animal BBB severity score showed a significantly lower score in 
hOM-MSC injected animals compared to PBS controls. d A greater number of hOM-MSCs injected sections were scored as slight disruption 
compared to the PBS control animals which had a greater number of medium to severe disruption scores. e There were no significant differences 
between animal EAE clinical score at day of cell injection or at day of perfusion. f Laminin staining (shown in red) of severe EAE spinal cord 5 days 
post-cell or PBS injection. g Quantification of laminin expression shows hOM-MSC animals had significantly reduced levels compared to controls 
correlating with reduced disruption of the BBB. PBS, n = 4; hOM-MSCs, n = 4; *p < 0.05, **p < 0.01, Students unpaired t test. Scale bar represents 
25 μm (a), 100 μm (b), 200 μm (f)

(See figure on next page.)
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immediately after injury (Fig. 6d). Activation of pro-IL-16 
occurs by caspase-3 dependent cleavage, therefore lev-
els of caspase-3 secretion was investigated in hOM- and 
hBM-MSC-CM. It was found that hBM-MSC-CM had 
much higher expression of caspase-3 than hOM-MSC-
CM (Fig. 6c).

Effect of IL‑16 on OPC differentiation and myelination
Since IL-16 upregulation occurred during demyelina-
tion in vitro, we examined whether it could impact OPC 
differentiation and/or de novo myelination. The exog-
enous addition of IL-16 to purified OPCs caused a sig-
nificant reduction in the number of mature PLP stained 
OPCs compared to control cultures (Fig.  6e). Although 
there was a trend towards less OPCs after IL-16 treat-
ment, this was not significantly different. In addition, 
exogenous addition of IL-16 to CNS cultures during the 
period when developmental myelination occurs, revealed 
a reduction in the number of myelinated axons compared 
to control cultures (Fig. 6f ). Bioactive IL-16 binds to the 
CD4 receptor to cause subsequent signalling, therefore 
CD4 expression was also assessed. As expected, microglia 
upregulated CD4 after demyelination, however purified 
OPCs also were found to express CD4 in a peri-nuclear 
localisation (Fig.  6g). This data suggests a novel role for 
IL-16 in negatively controlling oligodendrocyte differen-
tiation and myelin sheath formation.

Discussion
Human trials of autologous transplantation of MSCs in 
secondary progressive MS patients has illustrated their 
safety, strongly supporting their future use as treatment 
[10, 12, 13]. Previously, we reported the therapeutic ben-
efit of MSCs from biopsies of human olfactory mucosa 
for CNS repair which have similar biological and anti-
genic characteristics as hBM-MSCs, but also promote 
myelination in  vitro [14, 15] and in  vivo [22]. In this 
investigation, we compared the ability of hBM-MSCs and 
hOM-MSCs to ameliorate EAE, an animal model of MS. 
We initially tested whether either cell type would influ-
ence disease outcome when administered during mild 
disease (loss of tail tone). hOM-MSCs and hBM-MSCs 
both ameliorated disease severity when injected shortly 
after disease onset, but only hOM-MSCs were effective 

once animals had developed severe disease (hind limb 
paralysis). hOM-MSC enhanced recovery was associated 
with significant reductions in inflammatory cell infiltra-
tion into spinal cord lesions, specifically reduced num-
bers of CD45 lymphocytes and CD11b macrophages/
microglia and dendritic cells which are known to be 
prominent components of the EAE inflammatory infil-
trate [34]. Furthermore, animals had less axonal pathol-
ogy compared to either PBS or hBM-MSC transplanted 
animals correlating with improved clinical scores.

Many different types of human adult-tissue-derived 
MSCs have been shown to have therapeutic potential in 
the EAE model, although there has been large variability 
in the efficacy between cell types [7, 35–39]. Tissue-spe-
cific stem cells support the tissue from which they origi-
nate, suggesting that certain MSC types might be more 
suitable for the treatment of EAE [40]. hOM-MSCs reside 
in a neurogenic niche vulnerable to physical and chemical 
injury that can undergo continuous cell replacement after 
injury. hOM-MSCs are widely distributed throughout the 
highly accessible olfactory mucosa [41] and can be grown 
in large numbers owing to their fast proliferation rate, 
almost 8 times faster than hBM-MSCs [14]. The entire 
hOM-MSC population highly express nestin, while hBM-
MSCs express substantially less (approximately 50%) 
[42]; typically expressed in those hBM-MSCs associated 
with adrenergic nerve fibres [43]. This may reflect func-
tional differences since nestin + MSCs are considered to 
have a neurosupportive role, making them more suitable 
for MS repair [21, 40]. hOM-MSCs have also been shown 
to secrete lower levels of the inflammatory cytokines 
IL-6, IL-8 and CCL2 constitutively when compared to 
hBM-MSCs and their CM can skew microglia to an anti-
inflammatory phenotype [15]. In addition, hOM-MSCs 
suppress the cytotoxic function of CD8 + lymphocytes 
and natural killer cells, illustrating immunomodulatory 
function [44, 45].

Although there are numerous reports of the beneficial 
effect of BM-MSCs in EAE animals, this has often been 
evident when injected before or at the onset of disease 
[7, 46] and/or via an intraperitoneal route [8, 47]. In fact, 
the importance of timing during BM-MSC i.v. adminis-
tration has been reported to be crucial. When injected 
at the peak of disease or at the time of EAE stabilisation, 

(See figure on next page.)
Fig. 4  hOM-MSC treatment downregulates MOG-specific IL-16 cytokine response during severe EAE. Antigen-specific peripheral inflammatory 
responses were measured from lymphocytes harvested from severe EAE mice at 5 days or 24 days post hOM-MSC, hBM-MSC or PBS injection 
(a timings shown by black arrows; T: treatment, Dy 5: Day 5, Dy24: Day 24). Isolated cells were stimulated with the MOG protein (1–125) and 
supernatants assayed using a 35 U-plex array. IL-16 levels within serum were assayed by ELISA. hOM-MSC animals had reduced MOG-specific IL-16 
production in lymphocytes (b) and circulating serum (c) compared to PBS animals at day 5 but this was not sustained until day 24 (f, g).There were 
no significant differences in the levels of IFNγ or IL-17 (two of the main cytokines involved in T-cell mediated disease) at day 5 (d, e, respectively) or 
day 24 (h, i, respectively). PBS, n = 6; hOM-MSCs, 5; hBM-MSCs, n = 4, *p < 0.05, ANOVA, Tukey’s multiple comparison
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BM-MSCs were inefficient in reducing the clinical score 
and induced “atypical” symptoms such as unbalanced gait 
or rotatory defects, but not if administered during early 
time points [48]. This was thought to be due to the pre-
dominance of Th17 lymphocytes [49], contrary to classic 
EAE, which is governed by Th1 lymphocytes [48]. Fur-
thermore, reports have shown that BM-MSCs can exac-
erbate EAE by increasing T-cell brain infiltration [50–54]. 
In this investigation, we have also shown that hBM-MSCs 
are only efficacious when given at early onset of disease 
and although we did not see exacerbation of EAE score 
compared to control animals, there was a trend towards 
increased levels of pro-inflammatory cytokines in hBM-
MSC transplanted animals during severe disease. This 
data suggests that the inflammatory status is an impor-
tant consideration for administering hBM-MSCs as a 
therapeutic strategy.

The EAE model is predominantly due to inflamma-
tion caused by actively induced autoreactive T-cells, that 
firstly collect in the spleen [55, 56]. They migrate into 
the CNS and recognise their cognate antigen on local 
antigen presenting cells (APCs) activating an inflamma-
tory cascade leading to tissue injury. CNS tissue debris 
can be found in APCs in the cervical and lumbar lymph 
nodes and the spleen [57]. Further T-cell responses are 
triggered in these tissues leading to new autoreactive 
T-cell specificities that exacerbate the ongoing autoim-
mune reaction [57, 58]. Since hOM-MSCs can ameliorate 
severe disease when there is already active tissue damage, 
it is possible that they modulate further T-cell responses 
trigged within either the lymph nodes or spleen, reduc-
ing the number of new T-cells generated. Indeed, bio-
distribution studies have shown that although MSCs 
accumulate firstly in the lungs within a few hours after 
i.v. infusion [59–61] they relocalise predominantly in 
the spleen [39, 62]. It is also considered that the number 
of recirculating MSCs remain low [63] and that infused 
cells can undergo apoptosis [64, 65]. This could trigger a 
response in macrophages who adapt their immunoregu-
latory function after the phagocytosis of dead MSCs [65, 
66]. We found little evidence of GFP tagged hOM-MSCs 
present after 24  h, suggesting they do not survive long 
term in recipient animals. Although secondary homing 
to inflammatory or injured sites has been shown to occur, 

likely due to BBB disruption [1, 2, 4, 39, 67], in this inves-
tigation we found no hOM-MSCs within brain or spi-
nal cord sections; only a few GFP profiles were detected 
within what appeared to be blood vessels. hBM-MSCs 
and human embryonic derived MSCs (hES-MSCs) have 
been shown to home to the CNS microvasculature, how-
ever only hES-MSCs had the capacity to extravasate and 
migrate into the parenchyma [54].

A potential mechanism owing to hOM-MSC therapeu-
tic action may be directly at the BBB, since animals had 
less laminin and FITC dextran disruption compared to 
control animals at early time points. During EAE, leuko-
cyte recruitment occurs exclusively around endothelial 
cell basement membranes which contain laminin, a major 
functional component of all basement membranes [68]. 
In this investigation, there was extensive upregulation of 
laminin in PBS animals, as shown previously in acute and 
particularly, chronic EAE lesions [26, 69]. Higher densi-
ties of inflammatory cells were associated with increased 
laminin deposition, as shown during the peak phase of 
EAE previously [26]. Still, hOM-MSC treated animals 
had significantly less laminin expression which corre-
lated with less dextran disruption and reduced inflamma-
tory infiltration, illustrating their therapeutic role either 
directly on the recruitment of leukocytes across the BBB 
and/or directly modulating BBB permeability. In models 
of brain inflammation or haemorrhage MSCs have also 
been shown to stabilise the BBB through their regulation 
of astrocyte reactivity, leading to reductions in neutrophil 
infiltration [70, 71]. It is therefore tempting to speculate 
that hOM-MSCs mediate their action directly by modu-
lation of BBB permeability, perhaps mediating astrocyte 
reactivity in a similar manner, but this requires further 
investigation. hOM-MSCs may therefore exhibit a cell 
autonomous effect within the periphery and not directly 
mediate their action due to engraftment within the CNS 
compartment.

Involvement of IL‑16 in hOM‑MSC mechanism‑of‑action
The investigation of antigen-specific peripheral inflam-
matory responses revealed IL-16 as the only cytokine 
differentially downregulated in hOM-MSC transplanted 
animals versus significantly increased in PBS and 
hBM-MSC transplanted animals. Further investigation 

Fig. 5  IL-16 expression in severe EAE spinal cord harvested 5- or 24-days post- cell or PBS injection. a Immunohistochemical images of spinal cord 
tissue harvested 5 days post hOM-MSC, or PBS injection stained for IL-16, CD4, CD11b and laminin. b–c. Quantification at 5 days post-hOM-MSC 
or PBS injection (PBS, n = 4; hOM-MSCs, n = 4). e–f. Quantification at 24 days post-hOM-MSC or PBS injection (PBS, n = 5; hOM-MSCs, n = 4). IL-16 
immunofluorescence (a, shown in red) was significantly reduced in inflammatory lesions compared to PBS controls 5 days (b) and 24 days post cell 
injection (e). CD4 expression (a shown in green) was also reduced 5 days post cell injection (c), but this was not retained until 24 days (f). CD11b 
expression (a, shown in green) in hOM-MSC treated animals was significantly reduced at both 5 days (d) and 24 days (g) compared to PBS control. 
*p < 0.05, **p < 0.01, Students unpaired t test. Scale bar represents 50 μm

(See figure on next page.)
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confirmed reduced IL-16 expression within serum and 
spinal cord tissue 5 days post hOM-MSC transplantation. 
IL-16 has already been implicated in both EAE and MS 
pathology. In EAE experiments in which the activity of 
IL-16 was blocked using a neutralisation antibody, there 
were reductions in CD4 + T cell infiltration, less demyeli-
nation and axonal loss [72]. Furthermore, animals treated 
with anti-IL16 showed efficient amelioration of relapsing 
disease demonstrating the significance of this cytokine in 
EAE [72]. Similar to our own investigation, EAE mice spi-
nal cords contained high levels of IL-16 which correlated 
with disease severity [72]. Interestingly, in MS patient 
brain and spinal cords, IL-16 expression correlated with 
CD4 + Th1 inflammation and phosphorylation of axonal 
cytoskeleton in inflammatory lesions [73] with immuno-
reactivity confined to infiltrating mononuclear cells [73]. 
Recently, single-nucleotide polymorphisms in the IL-16 
gene have also correlated with increased serum levels of 
IL-16 in MS patients however, further studies in different 
populations are needed to establish this as a marker for 
genetic susceptibility [74]. Collectively, this data suggests 
an important role for IL-16 signalling in EAE and MS.

IL-16 is a proinflammatory cytokine generated by 
caspase-3-dependent cleavage of pro-IL-16. It therefore 
exists in different molecular weight forms; a large molec-
ular weight precursor form (pro-IL16, 80 kDa) that after 
activation forms intermediate products and a bioactive 
form (secreted IL-16, 17 kDa). Bioactive IL-16 then binds 
to the CD4 receptor and causes subsequent signalling 
[75]. Interestingly, it is expressed in both the immune and 
nervous systems. Typically produced by T lymphocytes, 

monocytes/macrophages, dendritic cells, mast cells, 
fibroblasts and microglia [72, 76], a larger splice variant 
known as neuronal IL-16 (NIL-16) has been found within 
CD4 + granule neurons in the cerebellum and hippocam-
pus [77]. In EAE lesions, IL-16 is considered to be pro-
duced predominantly by the CD45 + infiltrating immune 
cells and the resident CD11b + microglia, the main cell 
populations to be modulated by hOM-MSC transplan-
tation [78]. Once secreted, bioactive IL-16 has diverse 
immune-regulatory functions including chemotaxis of 
CD4 + T cells, monocytes, and eosinophils, expansion of 
memory effector T cells, and activation of antigen-pre-
senting cell functions [79]. We found that in CNS myeli-
nating cultures, both before and after demyelination, the 
predominant cell type to produce IL-16 was microglia. 
After demyelination, there was significant upregulation 
of pro IL-16 within inflammatory microglia, however 
the levels of bioactive IL-16 only significantly increased 
5 days later. hOM-MSC-CM treatment of demyelinating 
cultures contained similar levels of pro IL-16, although 
produced less bioactive IL-16 suggesting a direct effect 
on IL-16 cleavage and availability. Since IL-16 is gener-
ated by caspase-3-dependent mechanisms it was inter-
esting to find that hOM-MSCs secreted significantly less 
caspase-3 than hBM-MSCs which could correlate to the 
reduced available levels in demyelinating cultures. How-
ever, the direct action on IL-16 bioavailability could be 
entirely independent of the effect elicited in vivo, where 
hOM-MSCs likely mediate their effect in the peripheral 
compartment.

(See figure on next page.)
Fig. 6  IL-16 expression is upregulated during in vitro demyelination and inhibits OPC differentiation and myelination. a Representative Western blot 
image of IL-16 expression in CNS control myelinating cultures (Control Dy 0) and 24 h after demyelination with anti-MOG and complement (DeMy 
0). After DeMy, cultures were treated for 5 days with hOM-MSC-CM (OM Dy5) or hBM-MSC-CM (BM Dy5) or treated with media alone (Control Dy5). 
b Western blot quantification revealed the predominant form of IL-16 expressed by the cultures was Pro IL-16, which was significantly upregulated 
after DeMy. hOM- or hBM-MSC-CM treatment for 5 days post DeMy had no effect on Pro IL-16 expression. The bioactive secreted form of IL-16 
(Sec IL-16) was expressed at very low levels in control cultures (Control Dy 0, C Dy 0) but was significantly upregulated after demyelination (DeMy 
Dy5, D Dy5). hOM-MSC-CM treated cultures (OM Dy5) expressed low levels however, those treated with hBM-MSC-CM (BM Dy5) maintained the 
higher expression of IL-16 found in DeMy cultures (D Dy5). n = 5, *p < 0.05, **p < 0.01, ANOVA, Tukey’s multiple comparison. c Western blot analysis 
of Caspase-3 (Cas3) expression in hOM- and hBM-MSC-CM. hOM-MSCs secreted lower amounts compared to hBM-MSCs. Secreted levels were 
standardised to Ponceau S (PonS) staining of the membrane prior to staining. hOM-MSC-CM, n = 6; hBM-MSC-CM, n = 6 **p < 0.01, Student’s 
unpaired t test. d IL-16 was expressed in axons and microglia, however astrocytes produced only negligible amounts. e Immunohistochemical 
images of purified OPCs grown in growth factors (GF) that retain their progenitor state (SATO + GF) or grown in media that allows differentiation 
(SATO) or after treatment with IL-16 (100 ng/ml in SATO). Proteolipid protein (PLP), a late OPC marker, is shown in green and cell nuclei are stained 
by DAPI in blue. b Quantification of the percentage of positive OPCs stained for NG2 (early marker), O4 (middle maker) or PLP (late marker). 
NG2 expression was significantly reduced and PLP was significantly increased in SATO compared to SATO + GF correlating with enhanced OPCs 
differentiation. IL-16 treatment had no effect on NG2 or O4 expression but caused a significant reduction in the number of mature PLP positive 
OPCs compared to SATO. There were no significant differences in OPC numbers between treatments (n = 4, all conditions). f Immunohistochemical 
images of control CNS myelinating cultures or after IL-16 (100 ng/ml) treatment from Day 12. Axons are stained with SMI-31 (shown in red) and 
myelin stained with PLP (shown in green). Quantification revealed that IL-16 treatment from day 12, significantly reduced the number of myelinated 
axons compared to control cultures (n = 3, all conditions). g Immunohistochemical images of CD4 expression (shown in green) in mircoglia and 
OPCs. CD4 was upregulated in microglia after demyelination (Iba-1 shown in red). Purified OPCs (O4 shown in red) expressed CD4 in a peri-nuclear 
localisation. Scale bars represents 50 μm in all images
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Further in vitro investigation of IL-16 revealed a direct 
negative impact on the number of mature PLP expressing 
oligodendrocytes and reduced levels of de novo myelina-
tion. To our knowledge, this is the first investigation to 
reveal an inhibitory role for IL-16 on myelinating glia, 
however it is well established that chemokine recep-
tors are present not only on inflammatory cells, but 
also on astrocytes, oligodendrocytes, and neurons [80]. 
The receptor for IL16 is CD4 and although typically its 
expression is found on immune cells it has been reported 
in neurons, glia, and microglia throughout the brain 
[81–84]. In this study, we found CD4 expression pre-
dominantly in microglia within CNS cultures, however 
there was diffuse peri nuclear CD4 expression on purified 
OPCs. This supports the hypothesis that the IL-16/CD4 
axis is important in the control of myelination, although 
whether directly via CD4 receptors on OPCs or indi-
rectly via other cell types such as microglia or astrocytes 
requires further investigation.

This investigation has shown that hOM-MSC and not 
hBM-MSC treatment, ameliorates EAE when admin-
istered during severe disease, likely through immu-
nomodulation of cells that produce IL-16. IL-16, which 
is upregulated in EAE lesions and after demyelination 
in  vitro, has a direct detrimental effect on oligodendro-
cyte differentiation and myelination. Therefore, hOM-
MSCs may be beneficial for the treatment of MS.

Acknowledgements
We gratefully acknowledge the funding from the Chief Scientist Office (Grant 
number: TCS1922/CSO), the Multiple Sclerosis Society (Grant number: 056/
MSS) and the Medical Research Council (Grant number: MR/V00381X/1/MRC).

Authors’ contributions
All authors contributed to the study conception and design. Material prepara-
tion, experiments, data collection and analysis were performed by [Susan L 
Lindsay] and [Aleksandra M Molęda]. Experiments were performed by [Lindsay 
M MacLellan]. The first draft of the manuscript was written by [Susan L 
Lindsay] and all authors commented on previous versions of the manuscript. 
Funding acquisition and supervision [Susan C Barnett]. EAE resources were 
provided by [Christopher Linington], [Daniel E McElroy] and [Carl S Goodyear]. 
Human olfactory tissue biopsies were provided by [Siew Min Keh]. All authors 
read and approved the final manuscript.

Availability of data
Raw data images and files analysed during the current study are available 
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate 
All procedures performed involving human participants were in accord-
ance with the ethical standards of the University of Glasgow and/or national 
research committee and with the 1964 Helsinki Declaration and its later 
amendments or comparable ethical standards. The study was approved by 
the South Glasgow and Clyde Research Ethics Committee and the Central 
Office for Research Ethics (May 2017; 07/S0710/24).

Consent to participate
Informed consent was obtained from all individual participants included in 
the study.

Competing interests
The authors have no conflicts of interest to declare that are relevant to the 
content of this article.

Author details
1 Institute of Infection, Inflammation and Immunity, University of Glasgow, Sir 
Graeme Davies Building, 120 University Place, Glasgow G12 8TA, UK. 2 Depart-
ment of Otolaryngology, Elizabeth University Hospital Glasgow, Glasgow G51 
4TF, Queen, UK. 

Received: 17 January 2022   Accepted: 18 January 2022

References
	1.	 Pluchino S, Martino G (2008) The therapeutic plasticity of neural stem/

precursor cells in multiple sclerosis. J Neurol Sci 265:105–110. https://​doi.​
org/​10.​1016/j.​jns.​2007.​07.​020

	2.	 Freedman MS, Bar-Or A, Atkins HL, Karussis D, Frassoni F, Lazarus H, Scold-
ing N, Slavin S, Le Blanc K, Uccelli A et al (2010) The therapeutic potential 
of mesenchymal stem cell transplantation as a treatment for multiple 
sclerosis: consensus report of the International MSCT Study Group. Mult 
Scler 16:503–510. https://​doi.​org/​10.​1177/​13524​58509​359727

	3.	 Berger T (2009) Current therapeutic recommendations in multiple 
sclerosis. J Neurol Sci 287(Suppl 1):S37-45. https://​doi.​org/​10.​1016/​S0022-​
510X(09)​71299-7

	4.	 Karussis D, Kassis I, Kurkalli BG, Slavin S (2008) Immunomodulation and 
neuroprotection with mesenchymal bone marrow stem cells (MSCs): a 
proposed treatment for multiple sclerosis and other neuroimmunologi-
cal/neurodegenerative diseases. J Neurol Sci 265:131–135. https://​doi.​
org/​10.​1016/j.​jns.​2007.​05.​005

	5.	 Scolding N, Marks D, Rice C (2008) Autologous mesenchymal bone mar-
row stem cells: practical considerations. J Neurol Sci 265:111–115. https://​
doi.​org/​10.​1016/j.​jns.​2007.​08.​009

	6.	 Gerdoni E, Gallo B, Casazza S, Musio S, Bonanni I, Pedemonte E, Man-
tegazza R, Frassoni F, Mancardi G, Pedotti R et al (2007) Mesenchymal 
stem cells effectively modulate pathogenic immune response in experi-
mental autoimmune encephalomyelitis. Ann Neurol 61:219–227. https://​
doi.​org/​10.​1002/​ana.​21076

	7.	 Bai L, Lennon DP, Eaton V, Maier K, Caplan AI, Miller SD, Miller RH (2009) 
Human bone marrow-derived mesenchymal stem cells induce Th2-
polarized immune response and promote endogenous repair in animal 
models of multiple sclerosis. Glia 57:1192–1203. https://​doi.​org/​10.​1002/​
glia.​20841

	8.	 Rafei M, Campeau PM, Aguilar-Mahecha A, Buchanan M, Williams P, Bir-
man E, Yuan S, Young YK, Boivin MN, Forner K et al (2009) Mesenchymal 
stromal cells ameliorate experimental autoimmune encephalomyelitis by 
inhibiting CD4 Th17 T cells in a CC chemokine ligand 2-dependent man-
ner. J Immunol 182:5994–6002. https://​doi.​org/​10.​4049/​jimmu​nol.​08039​
62

	9.	 Uccelli A, Laroni A, Freedman MS (2011) Mesenchymal stem cells for the 
treatment of multiple sclerosis and other neurological diseases. Lancet 
Neurol 10:649–656. https://​doi.​org/​10.​1016/​s1474-​4422(11)​70121-1

	10.	 Karussis D, Karageorgiou C, Vaknin-Dembinsky A, Gowda-Kurkalli B, 
Gomori JM, Kassis I, Bulte JW, Petrou P, Ben-Hur T, Abramsky O et al (2010) 
Safety and immunological effects of mesenchymal stem cell transplanta-
tion in patients with multiple sclerosis and amyotrophic lateral sclerosis. 
Arch Neurol 67:1187–1194. https://​doi.​org/​10.​1001/​archn​eurol.​2010.​248

	11.	 Petrou P, Kassis I, Yaghmour NE, Ginzberg A, Karussis D (2021) A phase II 
clinical trial with repeated intrathecal injections of autologous mesenchy-
mal stem cells in patients with amyotrophic lateral sclerosis. Front Biosci 
(Landmark Ed) 26:693–706. https://​doi.​org/​10.​52586/​4980

https://doi.org/10.1016/j.jns.2007.07.020
https://doi.org/10.1016/j.jns.2007.07.020
https://doi.org/10.1177/1352458509359727
https://doi.org/10.1016/S0022-510X(09)71299-7
https://doi.org/10.1016/S0022-510X(09)71299-7
https://doi.org/10.1016/j.jns.2007.05.005
https://doi.org/10.1016/j.jns.2007.05.005
https://doi.org/10.1016/j.jns.2007.08.009
https://doi.org/10.1016/j.jns.2007.08.009
https://doi.org/10.1002/ana.21076
https://doi.org/10.1002/ana.21076
https://doi.org/10.1002/glia.20841
https://doi.org/10.1002/glia.20841
https://doi.org/10.4049/jimmunol.0803962
https://doi.org/10.4049/jimmunol.0803962
https://doi.org/10.1016/s1474-4422(11)70121-1
https://doi.org/10.1001/archneurol.2010.248
https://doi.org/10.52586/4980


Page 18 of 20Lindsay et al. Acta Neuropathologica Communications           (2022) 10:12 

	12.	 Bonab MM, Sahraian MA, Aghsaie A, Karvigh SA, Hosseinian SM, Nikbin 
B, Lotfi J, Khorramnia S, Motamed MR, Togha M et al (2012) Autologous 
mesenchymal stem cell therapy in progressive multiple sclerosis: an open 
label study. Curr Stem Cell Res Ther 7:407–414

	13.	 Connick P, Kolappan M, Crawley C, Webber DJ, Patani R, Michell AW, Du 
MQ, Luan SL, Altmann DR, Thompson AJ et al (2012) Autologous mesen-
chymal stem cells for the treatment of secondary progressive multiple 
sclerosis: an open-label phase 2a proof-of-concept study. Lancet Neurol 
11:150–156. https://​doi.​org/​10.​1016/​s1474-​4422(11)​70305-2

	14.	 Lindsay SL, Johnstone SA, Mountford JC, Sheikh S, Allan DB, Clark L, 
Barnett SC (2013) Human mesenchymal stem cells isolated from olfactory 
biopsies but not bone enhance CNS myelination in vitro. Glia 61:368–382. 
https://​doi.​org/​10.​1002/​glia.​22440

	15.	 Lindsay SL, Johnstone SA, McGrath MA, Mallinson D, Barnett SC (2016) 
Comparative miRNA-based fingerprinting reveals biological differences 
in human olfactory mucosa- and bone-marrow-derived mesenchymal 
stromal cells. Stem Cell Reports 6:729–742. https://​doi.​org/​10.​1016/j.​
stemcr.​2016.​03.​009

	16.	 Lindsay SL, McCanney GA, Willison AG, Barnett SC (2020) Multi-
target approaches to CNS repair: olfactory mucosa-derived cells and 
heparan sulfates. Nat Rev Neurol 16:229–240. https://​doi.​org/​10.​1038/​
s41582-​020-​0311-0

	17.	 Graziadei GA, Graziadei PP (1979) Neurogenesis and neuron regeneration 
in the olfactory system of mammals. II. Degeneration and reconstitution 
of the olfactory sensory neurons after axotomy. J Neurocytol 8:197–213

	18.	 Lima C, Pratas-Vital J, Escada P, Hasse-Ferreira A, Capucho C, Peduzzi JD 
(2006) Olfactory mucosa autografts in human spinal cord injury: a pilot 
clinical study. J Spinal Cord Med 29: 191–203; discussion 204–196. https://​
doi.​org/​10.​1080/​10790​268.​2006.​11753​874

	19.	 Lima C, Escada P, Pratas-Vital J, Branco C, Arcangeli CA, Lazzeri G, Maia 
CA, Capucho C, Hasse-Ferreira A, Peduzzi JD (2010) Olfactory mucosal 
autografts and rehabilitation for chronic traumatic spinal cord injury. 
Neurorehabil Neural Repair 24:10–22. https://​doi.​org/​10.​1177/​15459​
68309​347685

	20.	 Johnstone SA, Liley M, Dalby MJ, Barnett SC (2015) Comparison of 
human olfactory and skeletal MSCs using osteogenic nanotopography 
to demonstrate bone-specific bioactivity of the surfaces. Acta Biomater 
13:266–276. https://​doi.​org/​10.​1016/j.​actbio.​2014.​11.​027

	21.	 Delorme B, Nivet E, Gaillard J, Haupl T, Ringe J, Deveze A, Magnan J, 
Sohier J, Khrestchatisky M, Roman FS et al (2010) The human nose 
harbors a niche of olfactory ectomesenchymal stem cells displaying neu-
rogenic and osteogenic properties. Stem Cells Dev 19:853–866. https://​
doi.​org/​10.​1089/​scd.​2009.​0267

	22.	 Lindsay SL, Toft A, Griffin J, Emraja A, Barnett SC, Riddell JS (2017) Human 
olfactory mesenchymal stromal cell transplants promote remyelination 
and earlier improvement in gait co-ordination after spinal cord injury. Glia 
65:639–656. https://​doi.​org/​10.​1002/​glia.​23117

	23.	 Eugster HP, Frei K, Kopf M, Lassmann H, Fontana A (1998) IL-6-deficient 
mice resist myelin oligodendrocyte glycoprotein-induced autoimmune 
encephalomyelitis. Eur J Immunol 28:2178–2187. https://​doi.​org/​10.​1002/​
(sici)​1521-​4141(199807)​28:​07%​3c217​8::​Aid-​immu2​178%​3e3.0.​Co;2-d

	24.	 Peiris M, Monteith GR, Roberts-Thomson SJ, Cabot PJ (2007) A model of 
experimental autoimmune encephalomyelitis (EAE) in C57BL/6 mice 
for the characterisation of intervention therapies. J Neurosci Methods 
163:245–254. https://​doi.​org/​10.​1016/j.​jneum​eth.​2007.​03.​013

	25.	 Morrison EE, Costanzo RM (1990) Morphology of the human olfactory 
epithelium. J Comp Neurol 297:1–13. https://​doi.​org/​10.​1002/​cne.​90297​
0102

	26.	 Pyka-Fościak G, Zemła J, Lis GJ, Litwin JA, Lekka M (2020) Changes in 
spinal cord stiffness in the course of experimental autoimmune encepha-
lomyelitis, a mouse model of multiple sclerosis. Arch Biochem Biophys 
680:108221. https://​doi.​org/​10.​1016/j.​abb.​2019.​108221

	27.	 McCanney GA, McGrath MA, Otto TD, Burchmore R, Yates EA, Bavington 
CD, Willison HJ, Turnbull JE, Barnett SC (2019) Low sulfated heparins tar-
get multiple proteins for central nervous system repair. Glia 67:668–687. 
https://​doi.​org/​10.​1002/​glia.​23562

	28.	 Lindner M, Thümmler K, Arthur A, Brunner S, Elliott C, McElroy D, Mohan 
H, Williams A, Edgar JM, Schuh C et al (2015) Fibroblast growth factor 

signalling in multiple sclerosis: inhibition of myelination and induction of 
pro-inflammatory environment by FGF9. Brain 138:1875–1893. https://​
doi.​org/​10.​1093/​brain/​awv102

	29.	 Piddlesden SJ, Lassmann H, Zimprich F, Morgan BP, Linington C (1993) 
The demyelinating potential of antibodies to myelin oligodendrocyte 
glycoprotein is related to their ability to fix complement. Am J Pathol 
143:555–564

	30.	 Bottenstein JE, Sato GH (1979) Growth of a rat neuroblastoma cell line in 
serum-free supplemented medium. Proc Natl Acad Sci U S A 76:514–517. 
https://​doi.​org/​10.​1073/​pnas.​76.1.​514

	31.	 Noble M, Murray K (1984) Purified astrocytes promote the in vitro division 
of a bipotential glial progenitor cell. Embo J 3:2243–2247

	32.	 Miron VE, Boyd A, Zhao JW, Yuen TJ, Ruckh JM, Shadrach JL, van Wijn-
gaarden P, Wagers AJ, Williams A, Franklin RJ et al (2013) M2 microglia and 
macrophages drive oligodendrocyte differentiation during CNS remyeli-
nation. Nat Neurosci 16:1211–1218. https://​doi.​org/​10.​1038/​nn.​3469

	33.	 Chow SC, Cheng B, Cosmatos D (2008) On power and sample size 
calculation for QT studies with recording replicates at given time point. J 
Biopharm Stat 18:483–493. https://​doi.​org/​10.​1080/​10543​40080​19954​52

	34.	 Caravagna C, Jaouën A, Desplat-Jégo S, Fenrich KK, Bergot E, Luche H, 
Grenot P, Rougon G, Malissen M, Debarbieux F (2018) Diversity of innate 
immune cell subsets across spatial and temporal scales in an EAE mouse 
model. Sci Rep 8:5146. https://​doi.​org/​10.​1038/​s41598-​018-​22872-y

	35.	 Gordon D, Pavlovska G, Uney JB, Wraith DC, Scolding NJ (2010) Human 
mesenchymal stem cells infiltrate the spinal cord, reduce demyelina-
tion, and localize to white matter lesions in experimental autoimmune 
encephalomyelitis. J Neuropathol Exp Neurol 69:1087–1095. https://​doi.​
org/​10.​1097/​NEN.​0b013​e3181​f97392

	36.	 Peron JP, Jazedje T, Brandão WN, Perin PM, Maluf M, Evangelista LP, 
Halpern S, Nisenbaum MG, Czeresnia CE, Zatz M et al (2012) Human 
endometrial-derived mesenchymal stem cells suppress inflammation in 
the central nervous system of EAE mice. Stem Cell Rev Rep 8:940–952. 
https://​doi.​org/​10.​1007/​s12015-​011-​9338-3

	37.	 Zhang J, Li Y, Chen J, Cui Y, Lu M, Elias SB, Mitchell JB, Hammill L, Vanguri 
P, Chopp M (2005) Human bone marrow stromal cell treatment improves 
neurological functional recovery in EAE mice. Exp Neurol 195:16–26. 
https://​doi.​org/​10.​1016/j.​expne​urol.​2005.​03.​018

	38.	 Uccelli A, Prockop DJ (2010) Why should mesenchymal stem cells (MSCs) 
cure autoimmune diseases? Curr Opin Immunol 22:768–774. https://​doi.​
org/​10.​1016/j.​coi.​2010.​10.​012

	39.	 Brown C, McKee C, Halassy S, Kojan S, Feinstein DL, Chaudhry GR 
(2021) Neural stem cells derived from primitive mesenchymal stem 
cells reversed disease symptoms and promoted neurogenesis in 
an experimental autoimmune encephalomyelitis mouse model of 
multiple sclerosis. Stem Cell Res Ther 12:499. https://​doi.​org/​10.​1186/​
s13287-​021-​02563-8

	40.	 Lindsay SL, Barnett SC (2021) Therapeutic potential of niche-specific 
mesenchymal stromal cells for spinal cord injury repair. Cells. https://​doi.​
org/​10.​3390/​cells​10040​901

	41.	 Goldstein BJ, Hare JM, Lieberman S, Casiano R (2013) Adult human nasal 
mesenchymal stem cells have an unexpected broad anatomic distribu-
tion. Int Forum Allergy Rhinol 3:550–555. https://​doi.​org/​10.​1002/​alr.​
21153

	42.	 Lindsay SL, Barnett SC (2017) Are nestin-positive mesenchymal stromal 
cells a better source of cells for CNS repair? Neurochem Int 106:101–107. 
https://​doi.​org/​10.​1016/j.​neuint.​2016.​08.​001

	43.	 Méndez-Ferrer S, Lucas D, Battista M, Frenette PS (2008) Haematopoietic 
stem cell release is regulated by circadian oscillations. Nature 452:442–
447. https://​doi.​org/​10.​1038/​natur​e06685

	44.	 Di Trapani M, Bassi G, Ricciardi M, Fontana E, Bifari F, Pacelli L, Giacomello 
L, Pozzobon M, Feron F, De Coppi P et al (2013) Comparative study of 
immune regulatory properties of stem cells derived from different tissues. 
Stem Cells Dev 22:2990–3002. https://​doi.​org/​10.​1089/​scd.​2013.​0204

	45.	 Antonevich NHA, Buschik O et al (2018) Human olfactory mucosa-
derived mesenchymal stem cells suppress cytotoxic functions of CD8+ 
T-lymphocytes and natural killer cells. J Allergy Clin Immunol suppl. 
https://​doi.​org/​10.​1016/j.​jaci.​2017.​12.​387

https://doi.org/10.1016/s1474-4422(11)70305-2
https://doi.org/10.1002/glia.22440
https://doi.org/10.1016/j.stemcr.2016.03.009
https://doi.org/10.1016/j.stemcr.2016.03.009
https://doi.org/10.1038/s41582-020-0311-0
https://doi.org/10.1038/s41582-020-0311-0
https://doi.org/10.1080/10790268.2006.11753874
https://doi.org/10.1080/10790268.2006.11753874
https://doi.org/10.1177/1545968309347685
https://doi.org/10.1177/1545968309347685
https://doi.org/10.1016/j.actbio.2014.11.027
https://doi.org/10.1089/scd.2009.0267
https://doi.org/10.1089/scd.2009.0267
https://doi.org/10.1002/glia.23117
https://doi.org/10.1002/(sici)1521-4141(199807)28:07%3c2178::Aid-immu2178%3e3.0.Co;2-d
https://doi.org/10.1002/(sici)1521-4141(199807)28:07%3c2178::Aid-immu2178%3e3.0.Co;2-d
https://doi.org/10.1016/j.jneumeth.2007.03.013
https://doi.org/10.1002/cne.902970102
https://doi.org/10.1002/cne.902970102
https://doi.org/10.1016/j.abb.2019.108221
https://doi.org/10.1002/glia.23562
https://doi.org/10.1093/brain/awv102
https://doi.org/10.1093/brain/awv102
https://doi.org/10.1073/pnas.76.1.514
https://doi.org/10.1038/nn.3469
https://doi.org/10.1080/10543400801995452
https://doi.org/10.1038/s41598-018-22872-y
https://doi.org/10.1097/NEN.0b013e3181f97392
https://doi.org/10.1097/NEN.0b013e3181f97392
https://doi.org/10.1007/s12015-011-9338-3
https://doi.org/10.1016/j.expneurol.2005.03.018
https://doi.org/10.1016/j.coi.2010.10.012
https://doi.org/10.1016/j.coi.2010.10.012
https://doi.org/10.1186/s13287-021-02563-8
https://doi.org/10.1186/s13287-021-02563-8
https://doi.org/10.3390/cells10040901
https://doi.org/10.3390/cells10040901
https://doi.org/10.1002/alr.21153
https://doi.org/10.1002/alr.21153
https://doi.org/10.1016/j.neuint.2016.08.001
https://doi.org/10.1038/nature06685
https://doi.org/10.1089/scd.2013.0204
https://doi.org/10.1016/j.jaci.2017.12.387


Page 19 of 20Lindsay et al. Acta Neuropathologica Communications           (2022) 10:12 	

	46.	 Zappia E, Casazza S, Pedemonte E, Benvenuto F, Bonanni I, Gerdoni E, 
Giunti D, Ceravolo A, Cazzanti F, Frassoni F et al (2005) Mesenchymal 
stem cells ameliorate experimental autoimmune encephalomyelitis 
inducing T-cell anergy. Blood 106:1755–1761. https://​doi.​org/​10.​1182/​
blood-​2005-​04-​1496

	47.	 Xin Y, Gao J, Hu R, Li H, Li Q, Han F, He Z, Lai L, Su M (2020) Changes of 
immune parameters of T lymphocytes and macrophages in EAE mice 
after BM-MSCs transplantation. Immunol Lett 225:66–73. https://​doi.​org/​
10.​1016/j.​imlet.​2020.​05.​005

	48.	 Kurte M, Bravo-Alegría J, Torres A, Carrasco V, Ibáñez C, Vega-Letter AM, 
Fernández-O’Ryan C, Irarrázabal CE, Figueroa FE, Fuentealba RA et al 
(2015) Intravenous administration of bone marrow-derived mesen-
chymal stem cells induces a switch from classical to atypical symp-
toms in experimental autoimmune encephalomyelitis. Stem Cells Int 
2015:140170. https://​doi.​org/​10.​1155/​2015/​140170

	49.	 Stromnes IM, Cerretti LM, Liggitt D, Harris RA, Goverman JM (2008) Dif-
ferential regulation of central nervous system autoimmunity by T(H)1 and 
T(H)17 cells. Nat Med 14:337–342. https://​doi.​org/​10.​1038/​nm1715

	50.	 Steinman L, Zamvil SS (2005) Virtues and pitfalls of EAE for the develop-
ment of therapies for multiple sclerosis. Trends Immunol 26:565–571. 
https://​doi.​org/​10.​1016/j.​it.​2005.​08.​014

	51.	 Glenn JD, Smith MD, Kirby LA, Baxi EG, Whartenby KA (2015) Dispa-
rate effects of mesenchymal stem cells in experimental autoimmune 
encephalomyelitis and cuprizone-induced demyelination. PLoS ONE 
10:e0139008. https://​doi.​org/​10.​1371/​journ​al.​pone.​01390​08

	52.	 Glenn JD, Smith MD, Calabresi PA, Whartenby KA (2014) Mesenchymal 
stem cells differentially modulate effector CD8+ T cell subsets and 
exacerbate experimental autoimmune encephalomyelitis. Stem Cells 
32:2744–2755. https://​doi.​org/​10.​1002/​stem.​1755

	53.	 Gordon D, Pavlovska G, Glover CP, Uney JB, Wraith D, Scolding NJ (2008) 
Human mesenchymal stem cells abrogate experimental allergic enceph-
alomyelitis after intraperitoneal injection, and with sparse CNS infiltration. 
Neurosci Lett 448:71–73. https://​doi.​org/​10.​1016/j.​neulet.​2008.​10.​040

	54.	 Wang X, Kimbrel EA, Ijichi K, Paul D, Lazorchak AS, Chu J, Kouris NA, 
Yavanian GJ, Lu SJ, Pachter JS et al (2014) Human ESC-derived MSCs 
outperform bone marrow MSCs in the treatment of an EAE model of 
multiple sclerosis. Stem Cell Reports 3:115–130. https://​doi.​org/​10.​1016/j.​
stemcr.​2014.​04.​020

	55.	 Flügel A, Berkowicz T, Ritter T, Labeur M, Jenne DE, Li Z, Ellwart JW, Wil-
lem M, Lassmann H, Wekerle H (2001) Migratory activity and functional 
changes of green fluorescent effector cells before and during experimen-
tal autoimmune encephalomyelitis. Immunity 14:547–560. https://​doi.​
org/​10.​1016/​s1074-​7613(01)​00143-1

	56.	 Constantinescu CS, Farooqi N, O’Brien K, Gran B (2011) Experimental 
autoimmune encephalomyelitis (EAE) as a model for multiple sclerosis 
(MS). Br J Pharmacol 164:1079–1106. https://​doi.​org/​10.​1111/j.​1476-​5381.​
2011.​01302.x

	57.	 t Hart BA, Hintzen RQ, Laman JD, (2009) Multiple sclerosis - a response-to-
damage model. Trends Mol Med 15:235–244. https://​doi.​org/​10.​1016/j.​
molmed.​2009.​04.​001

	58.	 t Hart BA, Hintzen RQ, Laman JD (2008) Preclinical assessment of thera-
peutic antibodies against human CD40 and human interleukin-12/23p40 
in a nonhuman primate model of multiple sclerosis. Neurodegener Dis 
5:38–52. https://​doi.​org/​10.​1159/​00010​9937

	59.	 Barbash IM, Chouraqui P, Baron J, Feinberg MS, Etzion S, Tessone A, Miller 
L, Guetta E, Zipori D, Kedes LH et al (2003) Systemic delivery of bone 
marrow-derived mesenchymal stem cells to the infarcted myocardium: 
feasibility, cell migration, and body distribution. Circulation 108:863–868. 
https://​doi.​org/​10.​1161/​01.​Cir.​00000​84828.​50310.​6a

	60.	 Assis AC, Carvalho JL, Jacoby BA, Ferreira RL, Castanheira P, Diniz SO, 
Cardoso VN, Goes AM, Ferreira AJ (2010) Time-dependent migration 
of systemically delivered bone marrow mesenchymal stem cells to the 
infarcted heart. Cell Transplant 19:219–230. https://​doi.​org/​10.​3727/​
09636​8909x​479677

	61.	 Eggenhofer E, Benseler V, Kroemer A, Popp FC, Geissler EK, Schlitt HJ, Baan 
CC, Dahlke MH, Hoogduijn MJ (2012) Mesenchymal stem cells are short-
lived and do not migrate beyond the lungs after intravenous infusion. 
Front Immunol 3:297. https://​doi.​org/​10.​3389/​fimmu.​2012.​00297

	62.	 Gholamrezanezhad A, Mirpour S, Bagheri M, Mohamadnejad M, Alimo-
ghaddam K, Abdolahzadeh L, Saghari M, Malekzadeh R (2011) In vivo 
tracking of 111In-oxine labeled mesenchymal stem cells following 
infusion in patients with advanced cirrhosis. Nucl Med Biol 38:961–967. 
https://​doi.​org/​10.​1016/j.​nucme​dbio.​2011.​03.​008

	63.	 Sensebé L, Fleury-Cappellesso S (2013) Biodistribution of mesenchy-
mal stem/stromal cells in a preclinical setting. Stem Cells International 
2013:678063. https://​doi.​org/​10.​1155/​2013/​678063

	64.	 Thum T, Bauersachs J, Poole-Wilson PA, Volk HD, Anker SD (2005) The 
dying stem cell hypothesis: immune modulation as a novel mecha-
nism for progenitor cell therapy in cardiac muscle. J Am Coll Cardiol 
46:1799–1802. https://​doi.​org/​10.​1016/j.​jacc.​2005.​07.​053

	65.	 Weiss ARR, Dahlke MH (2019) Immunomodulation by mesenchymal stem 
cells (MSCs): mechanisms of action of living, apoptotic, and dead MSCs. 
Front Immunol 10:1191. https://​doi.​org/​10.​3389/​fimmu.​2019.​01191

	66.	 Lu W, Fu C, Song L, Yao Y, Zhang X, Chen Z, Li Y, Ma G, Shen C (2013) 
Exposure to supernatants of macrophages that phagocytized dead 
mesenchymal stem cells improves hypoxic cardiomyocytes survival. Int J 
Cardiol 165:333–340. https://​doi.​org/​10.​1016/j.​ijcard.​2012.​03.​088

	67.	 Darlington PJ, Boivin MN, Bar-Or A (2011) Harnessing the therapeutic 
potential of mesenchymal stem cells in multiple sclerosis. Expert Rev 
Neurother 11:1295–1303. https://​doi.​org/​10.​1586/​ern.​11.​113

	68.	 Sixt M, Engelhardt B, Pausch F, Hallmann R, Wendler O, Sorokin LM (2001) 
Endothelial cell laminin isoforms, laminins 8 and 10, play decisive roles in 
T cell recruitment across the blood-brain barrier in experimental autoim-
mune encephalomyelitis. J Cell Biol 153:933–946. https://​doi.​org/​10.​
1083/​jcb.​153.5.​933

	69.	 Roscoe WA, Welsh ME, Carter DE, Karlik SJ (2009) VEGF and angiogenesis 
in acute and chronic MOG((35–55)) peptide induced EAE. J Neuroimmu-
nol 209:6–15. https://​doi.​org/​10.​1016/j.​jneur​oim.​2009.​01.​009

	70.	 Park HJ, Shin JY, Kim HN, Oh SH, Song SK, Lee PH (2015) Mesenchy-
mal stem cells stabilize the blood-brain barrier through regulation 
of astrocytes. Stem Cell Res Ther 6:187. https://​doi.​org/​10.​1186/​
s13287-​015-​0180-4

	71.	 Wan Y, Song M, Xie X, Chen Z, Gao Z, Wu X, Huang R, Chen M (2021) 
BMSCs regulate astrocytes through TSG-6 to protect the blood-brain bar-
rier after subarachnoid hemorrhage. Mediators Inflamm 2021:5522291. 
https://​doi.​org/​10.​1155/​2021/​55222​91

	72.	 Skundric DS, Dai R, Zakarian VL, Bessert D, Skoff RP, Cruikshank WW, Kur-
jakovic Z (2005) Anti-IL-16 therapy reduces CD4+ T-cell infiltration and 
improves paralysis and histopathology of relapsing EAE. J Neurosci Res 
79:680–693. https://​doi.​org/​10.​1002/​jnr.​20377

	73.	 Skundric DS, Cai J, Cruikshank WW, Gveric D (2006) Production of IL-16 
correlates with CD4+ Th1 inflammation and phosphorylation of axonal 
cytoskeleton in multiple sclerosis lesions. J Neuroinflammation 3:13. 
https://​doi.​org/​10.​1186/​1742-​2094-3-​13

	74.	 Farrokhi M, Masoudifar A, Derakhshan A, Saadatmand S, Rouhi-Boroujeni 
H, Etemadifar M, Rezaei-Zarji S, Javid A, Nobakht R, Deyhimi M et al (2017) 
The association of interleukin-16 gene polymorphisms with IL-16 serum 
levels and risk of multiple sclerosis. Immunol Invest. https://​doi.​org/​10.​
1080/​08820​139.​2016.​12681​54

	75.	 Cruikshank WW, Center DM, Nisar N, Wu M, Natke B, Theodore AC, 
Kornfeld H (1994) Molecular and functional analysis of a lymphocyte 
chemoattractant factor: association of biologic function with CD4 expres-
sion. Proc Natl Acad Sci USA 91:5109–5113. https://​doi.​org/​10.​1073/​pnas.​
91.​11.​5109

	76.	 Mathy NL, Scheuer W, Lanzendörfer M, Honold K, Ambrosius D, Norley 
S, Kurth R (2000) Interleukin-16 stimulates the expression and produc-
tion of pro-inflammatory cytokines by human monocytes. Immunology 
100:63–69. https://​doi.​org/​10.​1046/j.​1365-​2567.​2000.​00997.x

	77.	 Kurschner C, Yuzaki M (1999) Neuronal interleukin-16 (NIL-16): a dual 
function PDZ domain protein. J Neurosci 19:7770–7780. https://​doi.​org/​
10.​1523/​jneur​osci.​19-​18-​07770.​1999

	78.	 Hridi SU, Barbour M, Wilson C, Franssen AJ, Harte T, Bushell TJ, Jiang HR 
(2021) Increased levels of IL-16 in the central nervous system during neu-
roinflammation are associated with infiltrating immune cells and resident 
glial cells. Biology (Basel). https://​doi.​org/​10.​3390/​biolo​gy100​60472

https://doi.org/10.1182/blood-2005-04-1496
https://doi.org/10.1182/blood-2005-04-1496
https://doi.org/10.1016/j.imlet.2020.05.005
https://doi.org/10.1016/j.imlet.2020.05.005
https://doi.org/10.1155/2015/140170
https://doi.org/10.1038/nm1715
https://doi.org/10.1016/j.it.2005.08.014
https://doi.org/10.1371/journal.pone.0139008
https://doi.org/10.1002/stem.1755
https://doi.org/10.1016/j.neulet.2008.10.040
https://doi.org/10.1016/j.stemcr.2014.04.020
https://doi.org/10.1016/j.stemcr.2014.04.020
https://doi.org/10.1016/s1074-7613(01)00143-1
https://doi.org/10.1016/s1074-7613(01)00143-1
https://doi.org/10.1111/j.1476-5381.2011.01302.x
https://doi.org/10.1111/j.1476-5381.2011.01302.x
https://doi.org/10.1016/j.molmed.2009.04.001
https://doi.org/10.1016/j.molmed.2009.04.001
https://doi.org/10.1159/000109937
https://doi.org/10.1161/01.Cir.0000084828.50310.6a
https://doi.org/10.3727/096368909x479677
https://doi.org/10.3727/096368909x479677
https://doi.org/10.3389/fimmu.2012.00297
https://doi.org/10.1016/j.nucmedbio.2011.03.008
https://doi.org/10.1155/2013/678063
https://doi.org/10.1016/j.jacc.2005.07.053
https://doi.org/10.3389/fimmu.2019.01191
https://doi.org/10.1016/j.ijcard.2012.03.088
https://doi.org/10.1586/ern.11.113
https://doi.org/10.1083/jcb.153.5.933
https://doi.org/10.1083/jcb.153.5.933
https://doi.org/10.1016/j.jneuroim.2009.01.009
https://doi.org/10.1186/s13287-015-0180-4
https://doi.org/10.1186/s13287-015-0180-4
https://doi.org/10.1155/2021/5522291
https://doi.org/10.1002/jnr.20377
https://doi.org/10.1186/1742-2094-3-13
https://doi.org/10.1080/08820139.2016.1268154
https://doi.org/10.1080/08820139.2016.1268154
https://doi.org/10.1073/pnas.91.11.5109
https://doi.org/10.1073/pnas.91.11.5109
https://doi.org/10.1046/j.1365-2567.2000.00997.x
https://doi.org/10.1523/jneurosci.19-18-07770.1999
https://doi.org/10.1523/jneurosci.19-18-07770.1999
https://doi.org/10.3390/biology10060472


Page 20 of 20Lindsay et al. Acta Neuropathologica Communications           (2022) 10:12 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	79.	 Reich K, Hugo S, Middel P, Blaschke V, Heine A, Neumann C (2004) The 
maturation-dependent production of interleukin-16 is impaired in 
monocyte-derived dendritic cells from atopic dermatitis patients but is 
restored by inflammatory cytokines TNF-alpha and IL-1beta. Exp Derma-
tol 13:740–747. https://​doi.​org/​10.​1111/j.​0906-​6705.​2004.​00251.x

	80.	 Cartier L, Hartley O, Dubois-Dauphin M, Krause KH (2005) Chemokine 
receptors in the central nervous system: role in brain inflammation and 
neurodegenerative diseases. Brain Res Brain Res Rev 48:16–42. https://​
doi.​org/​10.​1016/j.​brain​resrev.​2004.​07.​021

	81.	 Funke I, Hahn A, Rieber EP, Weiss E, Riethmüller G (1987) The cellular 
receptor (CD4) of the human immunodeficiency virus is expressed on 
neurons and glial cells in human brain. J Exp Med 165:1230–1235. https://​
doi.​org/​10.​1084/​jem.​165.4.​1230

	82.	 Perry VH, Gordon S (1987) Modulation of CD4 antigen on macrophages 
and microglia in rat brain. J Exp Med 166:1138–1143. https://​doi.​org/​10.​
1084/​jem.​166.4.​1138

	83.	 Peudenier S, Héry C, Ng KH, Tardieu M (1991) HIV receptors within the 
brain: a study of CD4 and MHC-II on human neurons, astrocytes and 
microglial cells. Res Virol 142:145–149. https://​doi.​org/​10.​1016/​0923-​
2516(91)​90051-4

	84.	 Omri B, Crisanti P, Alliot F, Marty MC, Rutin J, Levallois C, Privat A, Pessac 
B (1994) CD4 expression in neurons of the central nervous system. Int 
Immunol 6:377–385. https://​doi.​org/​10.​1093/​intimm/​6.3.​377

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1111/j.0906-6705.2004.00251.x
https://doi.org/10.1016/j.brainresrev.2004.07.021
https://doi.org/10.1016/j.brainresrev.2004.07.021
https://doi.org/10.1084/jem.165.4.1230
https://doi.org/10.1084/jem.165.4.1230
https://doi.org/10.1084/jem.166.4.1138
https://doi.org/10.1084/jem.166.4.1138
https://doi.org/10.1016/0923-2516(91)90051-4
https://doi.org/10.1016/0923-2516(91)90051-4
https://doi.org/10.1093/intimm/6.3.377

	Human olfactory mesenchymal stromal cell transplantation ameliorates experimental autoimmune encephalomyelitis revealing an inhibitory role for IL16 on myelination
	Abstract 
	Introduction
	Material and methods
	EAE induction
	Human tissue biopsies
	Immunohistochemistry
	Quantification of spinal cord sections
	BBB disruption measured by FITC-dextran labelling
	In vitro demyelinating assays
	Culture of rat microglia and oligodendrocyte precursor cells (OPCs)
	Western blot
	Isolation of lymphocytes for Meso scale discovery assay
	IL-16 ELISA
	Statistical analysis

	Results
	hOM-MSCs ameliorate progression of severe EAE
	Treatment with hOM-MSCs reduce inflammation and axonal damage in the CNS during EAE
	Localisation of GFP-labelled hOM-MSCs within lumbar spinal cord and brain cortex
	Analysis of blood–brain barrier (BBB) disruption with spinal cord tissue
	hOM-MSC administration downregulates MOG-specific IL-16 cytokine response
	IL-16 expression in EAE spinal cord
	In vitro investigation of IL-16 during demyelination
	Effect of IL-16 on OPC differentiation and myelination

	Discussion
	Involvement of IL-16 in hOM-MSC mechanism-of-action

	Acknowledgements
	References




