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ALCAM on human oligodendrocytes
mediates CD4 T cell adhesion
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Multiple sclerosis is a chronic neuroinflammatory disorder characterized by demyelination, oligodendrocyte dam-
age/loss and neuroaxonal injury in the context of immune cell infiltration in the CNS. No neuroprotective therapy
is available to promote the survival of oligodendrocytes and protect their myelin processes in immune-mediated de-
myelinating diseases. Pro-inflammatory CD4 Th17 cells can interact with oligodendrocytes in multiple sclerosis and
its animal model, causing injury to myelinating processes and cell death through direct contact. However, the mo-
lecular mechanisms underlying the close contact and subsequent detrimental interaction of Th17 cells with oligo-
dendrocytes remain unclear.

In this study we used single cell RNA sequencing, flow cytometry and immunofluorescence studies on CNS tissue
from multiple sclerosis subjects, its animal model and controls to characterize the expression of cell adhesion mole-
cules by mature oligodendrocytes. We found that a significant proportion of human and murine mature oligodendro-
cytes express melanoma cell adhesion molecule (MCAM) and activated leukocyte cell adhesion molecule (ALCAM) in
multiple sclerosis, in experimental autoimmune encephalomyelitis and in controls, although their regulation differs
between human and mouse. We observed that exposure to pro-inflammatory cytokines or to human activated T cells
are associated with a marked downregulation of the expression of MCAM but not of ALCAM at the surface of human
primary oligodendrocytes. Furthermore, we used in vitro live imaging, immunofluorescence and flow cytometry to de-
termine the contribution of these molecules to Th17-polarized cell adhesion and cytotoxicity towards human oligo-
dendrocytes. Silencing and blocking ALCAM but not MCAM limited prolonged interactions between human primary
oligodendrocytes and Th17-polarized cells, resulting in decreased adhesion of Th17-polarized cells to oligodendro-
cytes and conferring significant protection of oligodendrocytic processes.

In conclusion, we showed that human oligodendrocytes express MCAM and ALCAM, which are differently modulated
by inflammation and T cell contact. We found that ALCAM is a ligand for Th17-polarized cells, contributing to their
capacity to adhere and induce damage to human oligodendrocytes, and therefore could represent a relevant target for
neuroprotection in multiple sclerosis.
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Introduction

Multiple sclerosis (MS) is the prototypical neuroinflammatory
demyelinating disease, affecting more than two million indivi-
duals worldwide.’ Although the exact pathobiology of MS has
yet to be elucidated, the invasion of peripheral immune cells
in the CNS is considered to play a major role in the formation
and expansion of lesions, which are characterized by myelin
and oligodendrocytes damage/loss as well as neuroaxonal in-
jury.? Preservation of oligodendrocytes and their myelin pro-
cesses remains an unmet need to prevent axonal
degeneration and abrogate accumulation of neurological dis-
ability over time in MS and other inflammatory demyelinating
diseases.’™ The mechanisms underlying immune-mediated oli-
godendrocytes injury are only partially understood, a major gap
in the effort to develop neuroprotective strategies. Zaguia et al.®
reported that activated CD4 T cells can show toxicity towards
human oligodendrocytes. Recently, we showed that oligoden-
drocytes damage and death can be induced by close contact
with polarized T helper 17 (Th17) cells,” a pro-inflammatory
subset of CD4 T cells considered pathogenic in MS®*! and its
animal model experimental autoimmune encephalomyelitis
(EAE).'*? Following direct contact with oligodendrocytes, hu-
man pro-inflammatory Th17 cells can indeed secrete glutamate
and granzyme B, which will induce damage to oligodendrocytes
processes and lead to oligodendrocytes cell death, respective-
ly.”*® Identification of molecules implicated in prolonged
Th17 cell-oligodendrocyte interaction could therefore open no-
vel therapeutic avenues in MS, to prevent chronic demyelin-
ation and subsequent neuroaxonal degeneration.’*"”

Previous studies suggested that oligodendrocytes can ex-
press major histocompatibility complex (MHC) II and potentially
interact with CD4 T cell receptor in human and murine tissue.*®
22 These observations are mainly based on single nuclei RNA se-
quencing; the expression at the protein level is found in a very
small proportion (~1%) of murine oligodendrocytes in EAE,*
and remains to be demonstrated on mature human oligoden-
drocytes.'® In line with this, we previously reported that the
prolonged contact between Th17 cells and oligodendrocytes
was not limited to antigen-specific cells.” Cell adhesion mole-
cules (CAMs) are implicated in non-antigen-restricted cell-cell
interactions, contributing to multiple immunological processes
in neuroinflammatory diseases such as the formation of the im-
mune synapse and the transmigration of leucocytes across the
blood-brain barrier.'"?*"?” Herein we aimed to identify potential
candidates mediating human Th17 cell-oligodendrocyte direct
interactions in neuroinflammatory conditions, and to investi-
gate the contribution of identified CAMs to contact and to sub-
sequent Thl7-mediated oligodendrocyte injury.

Materials and methods

Human brain tissue was obtained from the resection path during
neurosurgery for non-tumoral epilepsy, or within 4 h post-mortem
from subjects with MS according to McDonald’s criteria,?® or with
amyotrophic lateral sclerosis diagnosis or hereditary spastic para-
plegia (non-MS control subjects). All donors provided prior written
informed consent and all experiments received full ethical approv-
al (BH07.001, Nagano 20.332). MS lesions were classified using Luxol
fast blue/haematoxylin and eosin staining and Oil Red O staining,
as previously published.? Human tissue was processed for ex vivo
flow cytometry analysis, as previously described.?***° Briefly, tissue
was washed, minced with scalpels and passed through a 70 pm fil-
ter (Falcon) before digestion with DNAse I (14 pg/ml, Roche
Diagnostic) and collagenase D (2 mg/ml, Roche). Percoll gradient
centrifugation was used to isolate immune and CNS cells before re-
moval of red blood cells using a commercial kit (Stemcell).
Characteristics of human tissue used in this study are described
in Supplementary Table 1.

Oligodendrocytes were isolated from fresh non-pathological brain
tissue from neurosurgery for non-tumoral epilepsy, as previously
published®' and approved by the Biomedical Ethics Unit of McGill
University (Protocol ANTJ 1988/3). Briefly, blood vessels were re-
moved from the tissue. Digestion with a deoxyribonuclease
(Roche)/tryspin (Gibco) cocktail and manual pressing through a
strainer resulted in a cell suspension. After a 33% Percoll ultracen-
trifugation, cells were plated in flasks. The day after, floating cells
(oligodendrocytes) were harvested and plated on poly-L-lysine
(10 pg/ml) and extracellular matrix (1:200, Sigma) coated wells.
Cells were plated at 200 000 cells/well for flow cytometry and 100
000 cells/well for immunofluorescence and live imaging experi-
ments. Oligodendrocytes were used for experiments at 8-10 days
invitro (8-10 DIV). For in vitro stimulation experiments, recombinant
human cytokines were used: TNFa 200 U/ml (Gibco), IFNy 1000 U/ml
(Thermofisher Scientific), IL-4 200 ng/ml (R&D Systems), IL1p
100 ng/ml (R&D Systems), IL-17 100 ng/ml (R&D Systems), IL-12
20ng/ml (R&D Systems), IL-10 100 ng/ml (R&D Systems), IL-6
20 ng/ml (R&D Systems), GM-CSF 20 ng/ml (BD Biosciences) and
TGFB 5 ng/ml (R&D Systems).

Human oligodendrocytic cell line M03.13 cells were cryopre-
served in Dulbecco’s modified Eagle medium (DMEM) 40% fetal bo-
vine serum (FBS)/20% dimethyl sulphoxide. After gentle thawing,
MO03.13 cells were plated with DMEM supplemented with 10%
FBS, 1% glutamine and penicillin/streptomycin. When confluent
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MO3.13 cells were harvested using warm trypsin in PBS and plated
according to the experiment. Cells were used between passage
three and six for experiments.

Written informed consent was obtained from every donor and sam-
ples used with full ethical approval (SL05.022, SL05.023 and
BHO07.001; Nagano 19.088). Clinical information on MS patients is
presented in Supplementary Table 2. Peripheral blood mono-
nuclear cells (PBMCs) were isolated by gradient centrifugation
(Ficoll), as previously published.'*

Memory CD4 T cells from healthy donors were magnetically sorted
(negative selection) according to the manufacturer’s instructions
(Miltenyi) and activated with plate-bound «CD3 (2.5 pug/ml,
eBioscience) and aCD28 (2 pg/ml, BD Bioscience) in the presence
of oIFNy antibody (5 pg/ml, Bio X Cell) in X-VIVO medium (Lonza).
For Th2 polarization, human recombinant IL-4 (200 ng/ml) and
oIL-12 antibody (5 pg/ml, Bio X Cell) were added on Day 0 and IL-2
(20 U/ml, R&D Systems) on Day 2. For Thl7-polarization, cells
were cultured with human recombinant IL-23 (25ng/ml, R&D
Systems) added on Days 0, 2 and 3, and aIL-4 antibody (5 pg/ml,
Bio X Cell), as previously published.”* Polarized T cells were used
at 6 days in culture (D6) for experiments.

Frozen PBMCs from MS patients and healthy controls were thawed
in nuclease S7 (20 ul/ml, Sigma Aldrich) diluted in FBS and washed
in Roswell Park Memorial Institute medium (Wisent) complemen-
ted with 10% FBS. CD4 T cells were extracted using a positive selec-
tion kit (Miltenyi) and activated with plate-bound aCD3 and soluble
aCD28 (0.5 ug/ml each), as previously published.”

Polarized or activated CD4 T cells were harvested and washed be-
fore resuspension in X-VIVO medium and addition to oligodendro-
cytes at the indicated oligodendrocyte:T cell ratio of 1:10 (MO3.13
cells:T cells) or 1:2.5 (primary oligodendrocytes:T cells) for im-
munofluorescence and flow cytometry experiments, and 1:1 for
live imaging experiments.

Two preparations of human primary oligodendrocytes were cul-
tured with medium only (control condition) or co-cultured with hu-
man Th17-polarized cells (1:2 oligodendrocyte:T cell ratio) directly
(‘contact’ condition) or separated by an insert (‘no contact’ condi-
tion) for 12 h (Fig. 1A). Cells were then processed for single cell
RNA sequencing as previously published.'® Data were normalized
using the SCTransform workflow. The data from these preps were
integrated by condition with a previously published dataset from
our laboratory (GEO: GSE196953) using the Seurat integration pipe-
line for SCT normalized data (total of n=3 oligodendrocyte do-
nors).>? Each population was identified by conducting a pathway
analysis on the markers expressed by each population (identified
with the FindAllMarkers function from Seurat). Differentially ex-
pressed genes (DEGs) between two studied conditions (‘contact’
versus ‘no contact’, ‘contact’ versus ‘control’, ‘no contact’ versus
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‘control’) were found with the FindMarkers function from Seurat
across oligodendrocytes. For further functional annotation of tran-
scriptional differences, only DEGs with an adjusted P-value < 0.01
were used. The network of significant GO Biological processes
(P-value <0.01) was obtained with Cytoscape (https:/cytoscape.
org/) and the ClueGO tool (https:/apps.cytoscape.org/apps/cluego).

Total RNA was extracted from human primary oligodendrocyte cul-
ture using the RNeasy Mini Kit and transcribed into cDNA using
QuantiTect Reverse Transcription kit (Qiagen) according to instruc-
tions. Activated leukocyte cell adhesion molecule (ALCAM), melan-
oma cell adhesion molecule (MCAM) and 18S-specific primers were
used for the PCR.™*

Flow cytometry staining was performed as previously de-
scribed.”**?* Briefly, live cells were identified using LIVE/DEAD fix-
able Aqua Dead Cell stain (Invitrogen) before non-specific sites
were blocked with mouse IgG (60 pg/ml, ThermoFisher) and incuba-
tion with appropriate fluorochrome-conjugated antibodies
(Supplementary Table 3).

Fluorescence activated single cell sorting (FACS) was performed on
Thl7-polarized T cells stained with the LIVE/DEAD fixable Aqua
Dead Cell stain and either ALCAM-BV786 or MCAM-APC.
ALCAM™™" or MCAM!®V Th17-polarized cells were FACS-sorted at
low pressure before co-culture with human primary oligodendro-
cytes, as indicated.

Frozen sections of brain autopsy specimen from MS patients or con-
trols (Supplementary Table 1) were stained following established
protocols.’ 3>’ Sections were incubated overnight at 4°C with pri-
mary antibodies: mouse anti-human ALCAM (1/200, R&D Systems)
or mouse anti-human MCAM (1/100, Miltenyi) and rabbit anti-
human NogoA (1/100, EMD Millipore). Following secondary anti-
bodies (goat anti-mouse AF635 1:250, Invitrogen; donkey anti-rabbit
Rhodamine Red™.-X 1/400, Jackson ImmunoResearch; donkey anti-
mouse AF488 1/400, Invitrogen), nuclei were stained with DAPI.

After fixation with 4% paraformaldehyde, permeabilization with
Triton 1% and blocking with donkey serum, as previously de-
scribed,” cells were incubated overnight at 4°C with rabbit anti-
human NogoA (1/100) and mouse anti-human ALCAM (1/200) or
mouse anti-human MCAM (1/100). After washing, cells were incu-
bated with appropriate secondary antibodies. Finally, nuclei were
stained with DAPI. As T cells were loaded with CellTracker Green
and MO03.13 with CellTracker Orange CMRA (Supplementary
material, ‘Methods’ section), no additional staining was required
for visualization. Images were acquired on a Leica SP5 MP confocal
machine or a Zeiss AxioObserver Z1 Yokogawa CSU-X1 confocal
microscope.
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Figure 1 Contact with T cells leads to significant alterations in the transcriptional profile of oligodendrocytes. (A) Schematic of single cell sequencing
experiments. Created with BioRender.com. (B and C) Uniform manifold approximation and projection (UMAP) of all preps (n = 3) grouped by (B) experi-
mental condition or (C) cell type. Doublets, cells with high mitochondrial content and residual myeloid cells were removed. (D) Violin plots of canonical
oligodendrocyte (OL) and T cell marker expression in each cell type cluster. (E) Top 30 identified gene ontology (GO) biological processes of differentially
expressed genes (DEGs) between oligodendrocytes directly exposed to Th17 cells (contact condition) and oligodendrocytes separated from Th17 cells by

an insert (no contact condition).

RNAscope in situ hybridization

In situ hybridization was performed using commercially available
kits from ACD Bio company (RNAscope Multiplex Fluorescent V2
Assay) following the manufacturer’s protocol (https:/acdbio.com/
technical-support/user-manuals, document 323100-USM). See
Supplementary material, ‘Methods’ section for details and probes.

Analysis

A first step for brightness/contrast adjustment and Z-stack projec-
tion was performed with a macro in Image] (FIJI, RRID: SCR_002285,
http:/fiji.sc).*® To quantify staining overlaps, mean fluorescence
intensity and RNAscope dot quantification (number of dots), ana-
lysis pipelines were generated using the software CellProfiler
(CellProfiler Image Analysis Software, RRID: SCR_007358, http://
cellprofiler.org).>® RNAscope confocal images were analysed fol-
lowing the manufacturer’s instructions (available online: https:/
acdbio.com/technical-support/user-manuals, = document SOP
45-006).

MO3.13 cell line transfection

MO03.13 cells were incubated for 5h at 37°C in Opti-MEM media
(Invitrogen) with Lipofectamine 2000 (2 pl/ml, Invitrogen) and
125 pmol siRNA: ALCAM siRNA (Invitrogen, siRNA ID HSS176657),
MCAM siRNA (Invitrogen, siRNA ID HSS106379) or siRNA control
(Stealth RNAi™ siRNA negative control low GC, Invitrogen).
Medium was then replaced and cells were used 3 days later for
experiments.

Functional assays with neutralizing antibodies

To pharmacologically block ALCAM or MCAM on the surface of hu-
man primary oligodendrocytes, neutralizing antibodies were used,
as previously published.****%*! Oligodendrocytes were incubated
with anti-MCAM'* (40 pg/ml, Chemicon, P1H12), anti-ALCAM
(30 pg/ml, R&D, MAB656) or appropriate isotypes (mouse IgGl,
40 pg/ml for MCAM and 30 pg/ml for ALCAM) in oligodendrocyte
medium for 30 min at 37°C before addition of Th17-polarized cells.
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Staining of oligodendrocytic cells MO3.13 with CellTracker Orange
CMRA (Thermo Fisher), of mature oligodendrocytes with Via
Fluora 647 live cell microtubule stain (Biotum) and of human T cells
with CellTracker Green CMFDA (ThermoFisher) was performed as
previously published.® Image acquisition and movie analysis
were conducted, as previously published™® and described in the
Supplementary material, ‘Methods’ section.

All experiments were approved by the CHUM animal protection
committee (N21015CLs). Active EAE was induced in 6-8 week-old
(16-20 g) female C57BL/6] mice (Jackson) with 200 ug of mouse
MOGss.s5 in a 100 ul emulsion of Complete Freund's Adjuvant
(CFA), as previously published.'**>%’ Pertussis toxin was adminis-
tered (500 ng, Sigma-Aldrich) 48 h later. CFA immunization (sham
EAE) followed the same protocol, omitting MOG.**">°

Statistics were generated using R software*? with ggplot2,** dplyr**
and stats packages.*? All data were tested by Shapiro normality test
to assess their distribution. One-way ANOVA with Tukey’s post hoc
test, Kruskal-Wallis, Wilcoxon or paired/unpaired t-test were used
asindicated. All statistical tests were two-tailed and the alpha-level
set at P<0.05 to determine significance. Graphs were generated
using R software*? with ggplot2*® and dplyr** packages.

Results

To identify molecules expressed by human oligodendrocytes that
could mediate contact with Th17 cells and regulate Th17 cell-
mediated damage, we performed single cell RNA sequencing of
primary human oligodendrocytes in the following conditions: (i) oli-
godendrocytes alone (control); (ii) oligodendrocytes in co-culture
with Th17-polarized cells but separated by a permeable insert (No
contact); or (iii) oligodendrocytes in direct contact with Th17-polar-
ized cells (Contact) (Fig. 1A). The sequencing of two new prepara-
tions and inclusion of the control condition added an additional
18000 cells to our previous dataset’® after removal of residual mye-
loid cells and dying cells. The datasets (n=3 oligodendrocyte do-
nors) were integrated to minimize batch effect and clustered to
identify cell subtypes. Two oligodendrocyte subpopulations (OL1
=1990 cells, OL2 = 2505 cells) expressing high levels of the canonical
markers PLP1 and CNP and three T cell subpopulations (T Cells 1 =10
691 cells, T Cells 2 = 2267 cells, T Cells 3 = 3855 cells) expressing high
levels of CD3D and CD3E were identified (Fig. 1B-D and
Supplementary Fig. 1). While the OL1 cluster was predominantly
present in the control condition, the OL2 cluster was primarily pre-
sent in the ‘contact’ and ‘no contact’ conditions, suggesting a large
transcriptional shift in the oligodendrocytes when exposed to
Th17 cells (Fig. 1B and Supplementary Fig. 1). Indeed, the OL2 cluster
across all the datasets was differentiated from OL1 by the enriched
expression of stress-associated genes like GBP1, IFIT2 and IFIT3,
while the OL1 cluster had enriched expression of homeostatic genes
such as PLP1 and NKX6-2 (Supplementary Fig. 1A). DEG analysis of
the oligodendrocytes in contact versus not in contact with Th17
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cells identified 141 significant DEGs (Supplementary Table 4). Gene
ontology analysis of the biological processes associated with these
141 genes identified inflammation and cell death/apoptosis asso-
ciated pathways as differentially regulated by direct contact with
Th17 cells (Fig. 1E), in line with previously published studies.’®
In particular, changes in expression of genes associated with
cell death, inflammation, oxidative stress and inhibition of
translation/protein synthesis were exacerbated upon contact with
Th17 cells (Supplementary Fig. 1B and Supplementary Table 4),
in line with previous observations that direct contact with
oligodendrocytes increases Th17-mediated oligodendrocyte dam-
age.” Overall, these data demonstrate that oligodendrocytes under-
go significant transcriptional changes upon interaction with Th17
cells.

To infer major signalling pathways implicated in human
oligodendrocyte-Th17 cell interactions in neuroinflammatory
conditions, we used CellChat on scRNAseq data from human
Th17 cells and oligodendrocytes in direct contact (Fig. 2). While
we reported that Thil7-oligodendrocyte prolonged interactions
are not limited to antigen-specific T cells in vivo,” MHC-II was
one of the membrane-bound molecules identified in our unbiased
analysis of cell-cell contact outgoing communication patterns
(Fig. 2A). CellChat chord diagram analysis of the MHC-II signalling
pathway in our human scRNAseq dataset, however, showed a sig-
nificant interaction only between T cells, not with oligodendro-
cytes, implicating MHC-II in T cell-T cell interaction but not T
cell-oligodendrocyte interactions (Fig. 2B). We nevertheless set
to assess whether MHC-II on oligodendrocytes could contribute
to oligodendrocyte-Th17 cell interactions. In line with previous
RNA sequencing studies reporting expression of MHC-II-related
gene transcripts by oligodendrocytes in EAE and MS,*®%
RNAscope in situ hybridization on spinal cords from EAE mice
showed that some oligodendroglial cells, recognized by their ex-
pression of Oligl transcript, co-expressed the MHC-II-related
H2-Ab1 transcript (15.5%). The majority showed a low level of ex-
pression (66.8% of OLIGI1+ H2-Abl+mRNA +cells with 1-3 dots)
(Supplementary Fig. 2A and B). We then investigated MHC-II ex-
pression at the protein level on mature oligodendrocytes (NogoA
+cells) in EAE tissue (cerebellum and spinal cords)
(Supplementary Fig. 2C and D). We did not find any significant ex-
pression of MHC-II on mature oligodendrocytes at presympto-
matic, onset or peak time point (<1% signal overlap).
Quantification specifically in EAE infiltrates yielded a small (2%)
NogoA-MHC-II signal overlap that was largely secondary to areas
of oligodendrocytes in contact with cells expressing MHC-II, such
as CD4" cells (Supplementary Fig. 2C). In addition, on the contrary
to infiltrating CD4 T cells, we could not detect significant levels of
MHC-II on the surface of oligodendrocytes (04" cells) by flow cyto-
metry in the CNS of EAE mice (Supplementary Fig. 2F). As shown
in Supplementary Fig. 2 and as previously published,” while
HLA-DRA was upregulated by oligodendrocytes in contact condi-
tion (Supplementary Table 4), we similarly did not observe expres-
sion of MHC-II-related molecule HLA-DR by flow cytometry on
resting or inflamed O4* primary human oligodendrocytes in vitro.
Based on these data, we concluded that MHC-II was not likely
playing a major role in contact between oligodendrocytes and
Th17 cells in neuroinflammatory conditions.
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Figure 2 Cell adhesion molecules are implicated in oligodendrocyte-T cell contact. (A) Alluvial plot of all preps (n = 3) identifying significant outgoing
communications between T cells and oligodendrocytes (OLs) in direct contact. The flow thickness shows the contribution of the cell group or signalling
pathway to the inferred pattern, and the height of the patterns indicates the number of associated cell groups or signalling pathways. (B) Chord diagram
of MHC-II signalling pathway network in the contact condition. (C) Dot plot of cell adhesion molecule (CAMs) expression in each cell population across
conditions. (D and E) Chord diagram of (D) ALCAM and (E) CD6 signalling pathway networks in the contact condition. The inner bar colours of the chord
diagram represent the targets that receive signal from the corresponding outer bar. The inner bar size is proportional to the signal strength received by
the targets. (F) Violin plots of expression of CD6 and LGALS1, the corresponding ligands of ALCAM and MCAM, in the different cell subpopulations.

ALCAM and MCAM are expressed on
oligodendrocytes in multiple sclerosis

Based on our intercellular communication analysis (Fig. 2A), we
next investigated expression of CAMs by oligodendrocytes as po-
tential contributors to T cell-mediated damage. ALCAM and its cog-
nate ligand CD6 were indeed both identified as top candidates for
membrane-bound molecules mediating cell-cell communication
in the contact condition (Fig. 2A). Importantly, different CAMs
strongly detected in the human primary oligodendrocytes from
our dataset (Fig. 2C) and in particular ALCAM, were also found in
oligodendrocytes from published single nuclei RNA sequencing®®°
of control human white matter

post-mortem  tissue

(Supplementary Fig. 3A and B). CellChat chord diagram analysis
of the ALCAM signalling pathway suggested a significant outward
interaction with T cells through ALCAM expressed on oligodendro-
cytes in our human scRNAseq dataset, while the reverse was ob-
served for its ligand CD6 expressed on T cells (Fig. 2D and E).
ALCAM and MCAM both mediate T-cell adhesion on endothelial
cells in neuroinflammation®"?*% and CNS-infiltrating CD4 T cells
expressing their cognate ligand are found in MS tissues.?® We fo-
cused on these two CAMs based on higher gene expression in oligo-
dendrocytes relative to T cells (Fig. 2C) and expression of cognate
ligands on T cells in our human scRNAseq dataset (Fig. 2F).

Analysis of snRNAseq data from Jakel et al.® showed strong
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Figure 3 ALCAM and MCAM are expressed by oligodendrocytes in MS. (A and B) Representative confocal images of (A) ALCAM or (B) MCAM staining on
CNS post-mortem tissue from controls with epilepsy (temporal lobe, white matter) and multiple sclerosis (MS) patient normal-appearing white matter
(NAWM), pre-active, active and chronic inactive lesions (frontal lobe, white matter). Oligodendrocytes (OLs) are stained in magenta (NogoA) and nuclei in
blue (DAPI). Scale bar = 25 pm, representative of n=3 MS and two control donors. Arrows point to examples of oligodendrocytes positive for ALCAM or
MCAM. (C) Proportion of O4* OL expressing ALCAM and MCAM on their surface by flow cytometry analysis of ex vivo tissue of MS patients in normal-
appearing cortex (NAC), cortical lesion (CL), NAWM or white matter lesion (WML) tissue. Control (CTL) tissue corresponds to non-inflammatory neurological
disease: epilepsy, hereditary spastic paraplegia and amyotrophiclateral sclerosis (ALS). Each dot represents one area of tissue, bar plots representing mean +
standard error of the mean (SEM). Kruskal-Wallis test, n =5 MS donors, n =4 ALS donors, n = 3 epilepsy donors, n = 1 other neurological disease (OND) donor.
One-way ANOVA, Tukey’s multiple comparison’s test, *P < 0.05.
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Figure 4 ALCAM and MCAM are expressed by human primary oligodendrocytes in resting and inflamed conditions. (A and B) Proportion and delta
median fluorescence (AMFI) for surface expression by oligodendrocytes (OLs) of (A) MCAM or (B) ALCAM after exposure to indicated cytokines for
16 h (flow cytometry analysis). Each dot represents one prep (one human donor), bar plots representing mean + SEM, Kruskal-Wallis test. (C)
Representative confocal images of ALCAM or MCAM (green) expression by human primary OL (Oligl, magenta) in resting condition or after activation
with TNFo/IFNy for 16 h. Staining performed after permeabilization. Nuclei (DAPI) =blue. Scale bar =50 pm. (D) Quantification of ALCAM or MCAM
staining overlap with oligodendrocyte staining (Oligl, CNPase or NogoA) (E) and mean fluorescence intensity (MFI) of ALCAM or MCAM on oligodendro-
cyte. Box plots representing data spreading (box for the interquartile interval, horizontal bar for median, diamond for mean), each dot represents one
field of view, Wilcoxon test, n =3 preps. (F) Relative expression of ALCAM or MCAM mRNA by human primary oligodendrocyte in resting condition or
after activation with TNFa. Relative mRNA level was quantified based on 18S RNA expression using RT-qPCR. Each dot represents one experiment, bar
plots representing mean + SEM, paired t-test, n = 3 preps. (G and H) Percentage and delta MFI quantification of (G) MCAM and (H) ALCAM expression by
human oligodendrocytes in primary culture as assessed by flow cytometry after coculture with human Th2- or Th17-polarized CD4 T cells for 36 h. Each
dot represents one donor, bar plots representing mean + SEM. One-way ANOVA with Tukey’s post hoc test (MCAM analyses and ALCAM percentage) or
Kruskal-Wallis test (ALCAM MFI), n=3 preps. *P < 0.05, **P < 0.01, ***P < 0.001.
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expression of ALCAM and some detectable expression of MCAM
through the oligodendrocyte lineage in control white matter and
across all MS lesion types (Supplementary Fig. 3C). To determine
whether ALCAM and/or MCAM could contribute to
oligodendrocyte-Th17 cell contact, we first assessed the expression
of MCAM and ALCAM on the surface of oligodendrocytes in MS and
EAE. At the protein level, we found that some NogoA+ cells (mature
oligodendrocytes) express MCAM and numerous express ALCAM in
controls and in the normal-appearing white matter (NAWM), pre-
active, active and chronic inactive lesion post-mortem tissue
from MS subjects (Fig. 3A and B). To confirm and measure the ex-
pression at the surface of oligodendrocytes, we used flow cytome-
try and gated on live O4* cells isolated from human non-MS
control brain tissue and from MS brain tissue samples obtained
within 4 h post-mortem. We observed that in some samples, 0-
20% of oligodendrocytes express MCAM and 7-40% of oligodendro-
cytes express ALCAM, while in others >50% of oligodendrocytes ex-
press these CAMs (Fig. 3C and Supplementary Fig. 3D). We observed
no significant difference between control and MS brains except for
a higher proportion of ALCAM+ oligodendrocytes in infiltrated cor-
tical grey matter from MS subjects.

To determine if ALCAM and MCAM are similarly found in murine
inflamed CNS tissue, we used the MOG-induced active EAE, a com-
mon animal model for MS. In line with the analysis of CAMs in pub-
lished scRNAseq dataset (Supplementary Fig. 4A),°® in the active
EAE mouse model, we found that MCAM transcripts were expressed
by oligodendroglial cells, identified as OLIG1+ cells, in 69.4% of cells,
but ALCAM transcripts were found in only 18.5% of OLIGI1+ cells
(Supplementary Fig. 4C and D). Assessing expression of MCAM
and ALCAM at the surface of mature oligodendrocytes in EAE (brain
and spinal cord) by flow cytometry, we found that 15-30% of O4*
oligodendrocytes express MCAM and 10-25% express ALCAM in
control and EAE conditions. Whereas the frequency of oligodendro-
cytes expressing MCAM was relatively similar between controls and
EAE mice, the mean fluorescence intensity (MFI) for ALCAM and the
percentage of overlap with NogoA was lower for ALCAM after im-
munization, especially at peak of disease in infiltrated CNS areas
(Supplementary Fig. 4E-G), with a majority of ALCAM+ cells not
identified as NogoA+. In line with this, no significant interactions
between T cells and oligodendrocytes was found for the ALCAM
pathway in published EAE scRNAseq (Supplementary Fig. 4A and
B). Our data therefore show that both human and murine mature
oligodendrocytes can express MCAM and ALCAM on their surface,
but that their relative expression and regulation in neuroinflamma-
tion compared to controls is different in humans with MS, where
ALCAM is upregulated or similar in MS tissue, versus in EAE where
ALCAM is downregulated.

To gain insight on the regulation of the protein expression of MCAM
and ALCAM on the surface of human oligodendrocytes, we exposed
oligodendrocytes in primary culture to various cytokines for which
oligodendrocytes express the receptors.*”’*° Expression of MCAM
specifically on the surface of mature oligodendrocytes (no perme-
abilization) was lower upon exposure to pro-inflammatory cyto-
kines TNFa, IFNy, TNFa+IFNy and GM-CSF (Fig. 4A). However, this
reduction was not found when MCAM was measured on inflamed
oligodendrocytes by immunofluorescence after a permeabilization
step (Fig. 4C and D), suggesting the presence of MCAM intracellular
pools, as previously described in human tissue and cells.*>*' MCAM
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mRNA levels, as measured by RT-qPCR, were not significantly chan-
ged in inflamed oligodendrocytes (Fig. 4F), suggesting post-
translational regulation of surface expression. On the contrary, sur-
face expression of ALCAM on human primary oligodendrocytes was
mildly reduced only upon exposure to IL-4 (Fig. 4A and B) but inflam-
mation of human primary oligodendrocytes led to a reduction of
ALCAM expression as measured by immunofluorescence after
permeabilization (Fig. 4C-E) and by RT-qPCR (Fig. 4F).

CNS-infiltrating CD4 T cells can secrete high levels of multiple
cytokines and we have previously shown that contact of Th17 cells
with oligodendrocytes is associated with an upregulation of Th17/1
pro-inflammatory cytokines.'® To understand how contact with ac-
tivated CD4 T cells could affect the expression of MCAM and ALCAM
by oligodendrocytes in MS, we characterized their expression on
mature primary human oligodendrocytes after 36 h of co-culture
with Th2- and Th17-polarized cells. We found that, similar to the ef-
fects of pro-inflammatory Th17/1 cytokines TNFa, IFNy and GM-CSF,
activated T cells and to a lower extent their supernatants signifi-
cantly reduced the expression of MCAM but not ALCAM at the sur-
face of oligodendrocytes (Fig. 4G and H). Of note, while
Th2-polarized cells expressed lower levels of pro-inflammatory cy-
tokines and showed lower toxicity towards oligodendrocytes
(Supplementary Fig. 5),” the activation of human memory CD4 T
cells in the presence of IL-4 rather than IL-23 led to the expression
and secretion of a combination of cytokines such as TNFo and
IFNy."* When expression of CAMs was measured by immunofluor-
escence after permeabilization of human primary oligodendro-
cytes, as was the case for exposure to cytokines TNFa and IFNy, no
reduction was observed in the expression of MCAM, while a small
decrease was observed in the ALCAM levels following co-culture
with Th2- or Th17-polarized cells. MCAM and ALCAM levels were
slightly increased by exposure to Thl7 supernatants
(Supplementary Fig. 5D-F), suggesting that a combination of soluble
factors secreted by Th17 cells increased the MCAM and ALCAM
intracellular pool, as seen in the tumoral environment.>? Finally, al-
though as we previously reported’ T cells from MS subjects induced
greater oligodendrocyte damage, we observed similar trends when
comparing the impact of activated CD4 T cells from MS and age- and
sex-matched controls on the surface expression of MCAM and
ALCAM by remaining oligodendrocytes (Supplementary Fig. 6A-C).
Taken together, these data suggest that MCAM and ALCAM expres-
sion by oligodendrocytes is regulated at different post-translational
levels, and that oligodendrocytes can significantly downregulate
their surface expression of MCAM but not ALCAM in inflammatory
conditions.

As MCAM and ALCAM are expressed at the surface of oligodendro-
cytes in control and MS brains and are modulated in inflammatory
conditions and upon exposure to activated CD4 T cells, we next ex-
plored their potential role in the deleterious crosstalk between
Th17 cells and oligodendrocytes.” As a proof-of-concept, we first
used siRNA to silence MCAM or ALCAM expression in the human
oligodendrocytic cell line M03.13. We confirmed that MCAM
siRNA and ALCAM siRNA specifically and sustainably reduce the
surface expression of the targeted CAM on M03.13 cells compared
to the control siRNA for the whole duration of the co-culture with
human Th17-polarized cells (up to 16 h) (Fig. SA and B). We then
performed live imaging as previously done'® during the first 2 h of
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Figure 5 ALCAM silencing in oligodendrocytic cell line M0O3.13 reduces damage induced by Th17-polarized cells. (A) ALCAM and MCAM percentage
and (B) A median fluorescent intensity (MFI) on O4* cells from transfected M03.13 cells with control (siCTL), ALCAM (siALCAM) or MCAM (siMCAM) si-
lencing RNA in co-culture with polarized Th17 cells. Quantification from fluorescence activated single cell sorting (FACS) acquisition, each dot repre-
sents one experiment, bar plots representing mean + SEM, Wilcoxon test for ALCAM and paired t-test for MCAM quantifications. (C) Representative
tracking of Th17-polarized cells in co-culture with transfected MO3.13 cells over 2 h. Track length is colour-coded. Scale bar =40 pm. (D) Live imaging
quantification of contact behaviour (proportion of each type of contact), contact duration and number of contact per cell. Box plots representing data
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co-culture to evaluate the contribution of oligodendrocytic MCAM
and ALCAM expression to the interaction of Th17-polarized cells
with M0O3.13 cells. (Fig. 5C). Silencing of MCAM or ALCAM on oligo-
dendrocytic cells did not significantly alter the type of contact made
with oligodendrocytes by Th17-polarized cells (contact behaviour).
In addition, silencing MCAM did not have a significant impact on
contact duration. On the contrary, ALCAM silencing in MO3.13 cells
reduced interactions between polarized Th17 cells and the oligo-
dendrocytic cells, as reflected by a significantly shorter duration
of contacts compared to control. This was paralleled by a higher
number of different (shorter) contacts per cell (Fig. 5D). To assess
the impact on firm adhesion of Th17-polarized cells to MO3.13 cells,
we performed immunofluorescence after 8 and 16 h of co-culture
(Fig. SE). As expected, the number of adhering cells was higher after
16 h of co-culture compared to 8 h for the control siRNA condition.
In line with the shorter duration of interactions, silencing ALCAM
on MO03.13 was associated with a significant reduction in the num-
ber of Th17-polarized cells adhering to M03.13 cells compared to
controls, whereas a non-significant trend was observed for MCAM
siRNA (P=0.111) (Fig. 5F). To determine if limiting interactions of
Th17-polarized cells with M03.13 cells through downregulation of
CAM surface expression can promote the survival and myelinating
function of oligodendrocytes, we quantified MO3.13 branch level
and length of processes, as previously reported.” We observed
that silencing ALCAM, but not MCAM, prevents the degradation of
MO03.13 processes by human Th17-polarized cells (Fig. 5G and H).
Moreover, reduced expression of ALCAM but not MCAM on the sur-
face of MO3.13 cells increased their survival after 16 h of co-culture
with Th17-polarized cells (Fig. 5I).

Finally, to show that targeting CAM expression on human oligo-
dendrocytes can represent a potential therapeutic avenue in hu-
man neuroinflammatory demyelinating diseases, we used well
characterized blocking antibodies for MCAM and ALCAM to investi-
gate their impact on the deleterious interaction of Th17-polarized
cells with human primary oligodendrocytes.” Live imaging during
the first 2 h of co-culture revealed that neutralizing MCAM did
not significantly affect the contact behaviour, number of contacts
per polarized Th17 cell or duration of contact (Fig. 6A and B). In con-
trast, neutralizing ALCAM reduced static contact proportion and re-
sulted in significantly shorter duration of contact between
Th17-polarized cells and oligodendrocytes, in line with our siRNA
data (Fig. 6A and B). In addition, we found that blockade of
ALCAM, but not MCAM, reduces the adherence of human
Th17-polarized cells to human primary oligodendrocytes after 8 h
(Fig. 6C and D). Of note, the smaller differences observed between
anti-ALCAM and isotype antibodies in adhering Th17 cells at 16 h
could be explained by the reduction of the available oligodendro-
cyte area, most pronounced in isotype condition, due to
Th17-mediated oligodendrocyte damage. Importantly, blocking
ALCAM, but not MCAM, is indeed associated with a significant

Figure 5 Continued
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reduction of oligodendrocyte damage compared to its isotype, as
outlined by a preservation of oligodendrocyte processes complexity
and length (Fig. 6E and F). Though we observe much lower expres-
sion of ALCAM on Th17-polarized cells compared to oligodendro-
cytes (Supplementary Fig. 7A and B), to confirm that the effects of
the neutralizing antibodies on process length are due to blocking
ALCAM expressed on oligodendrocytes, we co-cultured human pri-
mary oligodendrocytes with FACS-sorted ALCAM'Y or MCAM!®Y
Th17-polarized cells in the presence of the ALCAM or MCAM neu-
tralizing antibody, respectively. Indeed, neutralizing ALCAM re-
sulted in preserved oligodendrocyte process length at 16 h of
co-culture, while neutralizing MCAM showed no effect
(Supplementary Fig. 7C and D). These results suggest that limiting
interactions between oligodendrocytes and Th17 cells through
CAM blockade on oligodendrocytes could represent a therapeutic
avenue for protection of oligodendrocytes from neuroinflamma-
tory processes such as seen in MS and EAE.

Discussion

Immune-mediated myelin and oligodendrocytes injury are patho-
logical hallmarks in MS and EAE." The loss of myelination and
metabolic support from mature oligodendrocytes disrupts axonal
transmission and leads to pathological neuronal alterations, trans-
lating into neurological disability.>® Interactions between CAMs
expressed by cells of the oligodendrocytic lineage and complemen-
tary ligands expressed by neurons regulate myelin forma-
tion.>**>7>9 Although the physiological role of ALCAM in
oligodendrocytes is not known, ALCAM expression by neurons sug-
gests that homophilic interactions between ALCAM* neurons and
ALCAM" oligodendrocytes could be implicated in myelin-axon in-
teractions during development.®®®* RNA sequencing studies have
reported expression of transcripts for different CAMs in human oli-
godendrocytes cells, especially on fetal material and in oligo-
dendrocyte progenitor cells (OPCs).®?> OPCs can differentiate into
myelinating oligodendrocytes in physiological conditions and can
generate new remyelinating oligodendrocytes in pathological de-
myelinating conditions.*®**-*> However, the capacity of OPCs to ef-
ficiently remyelinate axons in MS is often limited, especially in
chronic disease.®®®® Mature oligodendrocytes are more resistant
than OPCs to metabolic and inflammatory stressors®*¥%%7° and
can retract their processes to promote their survival over luxury
myelination function in adverse conditions.®>”-”° Importantly, ma-
ture oligodendrocytes are not only crucial to maintain neuronal
homeostasis but can partake into axonal remyelination following
injury if favourable conditions are restored.>’*’? Here we inte-
grated single cell sequencing of an additional 18000 cells from
two individual preparations to our previously published sequen-
cing dataset to show that mature human primary oligodendrocytes

spreading (box for the interquartile interval, horizontal bar for median, diamond for mean), each dot represents one contact, Kruskal-Wallis test,n=3
donors, n=4 movies per donor, 218 tracks for siCTL, 206 tracks for sSiMCAM and 335 tracks for siALCAM. (E) Representative confocal images from po-
larized Th17 cells (CellTracker green, green)—transfected MO3.13 cells (CellTracker Orange CMRA, magenta) 16 h co-cultures. Nuclei are stained by
DAPI (blue). Scale bar = 50 pm. (F) Adherent polarized Th17 cells quantification after 16 h co-culture with transfected M03.13 cells. Box plots represent-
ing data spreading (box for the interquartile interval, horizontal bar for median, diamond for mean), each dot represents one field of view (FOV), n=3
donors for 8 h co-culture and n =4 donors for 16 h co-culture, Kruskal-Wallis test. (G) M03.13 cells branch level proportion and (H) process length after
16 h co-culture with polarized Th17 cells. Violin plot incremented with box plots representing data spreading (box for interquartile interval, horizontal
bar for median, dot for mean), n =4 donors, Kruskal-Wallis test. (I) Transfected MO3.13 cells death per cent after 16 h co-culture with polarized Th17
cells quantified by FACS (04" Amcyan* cells %). Each dot represents one donor, bar plots representing mean + SEM, paired t-test. *P < 0.05, **P < 0.01, ***P

<0.001, ***P <0.0001.
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Figure 6 ALCAM blockade protects oligodendrocytes from Th17-mediated injury. (A) Representative tracks of Th17-polarized cell-human primary
oligodendrocyte (OLs) co-culture (n =4 independent experiments). Scale bar = 20 ym. (B) Contact behaviour (proportion of each type of contact), num-
ber of contact per cell and contact duration quantification from live imaging experiment on polarized Th17 cell-OL co-culture 2-h videos with ALCAM
(30 pg/ml) or MCAM (40 pg/ml) neutralizing antibodies or isotype (IgG1, 30 pg/ml or 40 ng/ml). Box plots representing data spreading (box for the inter-

quartile interval, horizontal bar for median, diamond for mean),

each dot represents one contact. Number of tracks: anti-ALCAM =115;

(Continued)
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undergo a transcriptional shift upon direct contact with
Thl7-polarized cells. The gene ontology analysis identified cell
death associated pathways to be differentially regulated in a
contact-dependent manner, including upregulation of EIF2AK2,
an inhibitor of protein synthesis implicated in myelination pro-
cesses.”*’* Importantly, this new dataset allowed identification of
potential molecules implicated in intercellular communication be-
tween human oligodendrocytes and Th17-polarized cells.

Though MHC-Ilis implicated in intercellular crosstalk with CD4*
T cell and we found that HLA-DRA RNA was upregulated by oligo-
dendrocytes in the contact condition, in line with previous studies
reporting MHC-II expression by a very low proportion of oligoden-
drocytes in mice’® and no expression in MS lesions,”® we show
that most murine and human oligodendrocytes do not express sig-
nificant amounts of MHC-II at the protein level, suggesting that
other molecules are mediating this OL-Th17 cell interaction.
Based on multiple sequencing datasets, we found that different
CAMs were expressed by murine and human oligodendrocytes.
While the role of the other CAMs expressed by oligodendrocytes re-
mains to be explored, we report that a notable proportion of oligo-
dendrocytes express MCAM and ALCAM on their surface in MS, EAE
and control tissue. We found that while both murine and human
oligodendrocytes express ALCAM on their surface, regulation in
neuroinflammatory disease is different in humans and mice.
Indeed, we observed that a higher proportion of human oligoden-
drocytes express ALCAM compared to MCAM at their surface in
some of the samples from MS lesion tissue. Interestingly, we found
that ALCAM expression is higher in grey matter cortical tissue with
infiltration, while the highest number of reads for ALCAM was
found in oligodendrocytes, and especially in oligodendrocytes
from grey matter tissue, in a large dataset by Macnair et al.?> On
the other hand, expression of MCAM was more frequent than
ALCAM on murine oligodendrocytes, and EAE was associated
with lower expression of ALCAM on murine oligodendrocytes at
both the transcriptional and surface protein level. Well described
biological differences exist between EAE and MS, and between ro-
dent and human oligodendrocytes,*>’” and therefore we focused
our work on human mature oligodendrocytes to identify molecular
mechanisms that could mediate oligodendrocyte interactions with
T cells and subsequent injury in MS. We report a downregulation of
the surface expression of MCAM on mature human oligodendro-
cytes by inflammatory cytokines and after exposure to T cell super-
natants, which contain a combination of inflammatory cytokines,
as well as upon contact with activated CD4 T cells. The absence of
alteration in the total (intracellular and extracellular) pool of
MCAM and in mRNA levels suggest that endocytosis contributes
to downregulation of surface expression, as was described in mel-
anoma cells upon stimulation.”® Activated CD4 T cells can express
MCAM homotypic ligand'’?# and heterophilic ligands such as
galectin-3.8* MCAM downregulation at the surface of oligodendro-
cytes could therefore represent an adaptive process to protect oli-
godendrocytes from immune-mediated injury, as previously

Figure 6 Continued
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described for LICAM expression on neurons.®? We speculate that
this downregulation in inflammatory conditions could underlie
the little impact of MCAM neutralization or silencing on Th17
cell-oligodendrocyte interactions.

In contrast to MCAM, we report that ALCAM remains expressed
at the surface of a large proportion of human mature oligodendro-
cytes in inflammatory conditions. Expression of ALCAM on mature
oligodendrocytes could enable interactions with immune cells
bearing complementary homophilic ligand ALCAM or heterophilic
ligand CD6. CD6 is highly expressed at the surface of T cells*® espe-
cially on Th17 cells® and on CD4 T cells from MS subjects with ac-
tive lesions on MRI,®* and is associated with the development of MS
and EAE.®*#° Interestingly, in light of our observations that ALCAM
is expressed on oligodendrocytes in MS lesions, CD6 polymorph-
isms have been linked to worse recovery after a relapse in MS.%
Using live imaging, we observed that ALCAM silencing and block-
ade reduced adherence of Th17-polarized cells to MO3.13 and oligo-
dendrocytes, as indicated by shorter duration of contacts and
confirmed by lower numbers of Th17 cells firmly adhering to oligo-
dendrocytes. Limiting ALCAM-mediated interactions with
Th17-polarized cells was biologically significant, preserving human
oligodendrocyte processes from Th17 cell attack. We have previ-
ously shown that close contact of Th17-polarized cells with oligo-
dendrocytes causes release of glutamate and granzyme B, which
are associated with oligodendrocyte injury and cell death.”**
Moreover, like MCAM, ALCAM is linked to the actin cytoskel-
eton,?”° can induce intracellular signalling®® and its binding with
CD6 induces optimal T-cell activation.®®> Therefore, ALCAM
blockade could promote integrity of oligodendrocytes by different
mechanisms in oligodendrocytes and on the T cell side, and such
mechanisms could be dissected in future studies. A small propor-
tion of CD4 T cells can also express ALCAM,* the other main
(homophilic) ALCAM ligand, however, we show a similar preserva-
tion of process length upon co-culture of oligodendrocytes with
FACS sorted ALCAM'®Y Th17 cells in the presence of the ALCAM
neutralizing antibody, supporting that blocking ALCAM on oligo-
dendrocytes is protective. Using siRNA, we have also shown that
expression of ALCAM on oligodendrocytic cells mediates adhesion
of Th17 cells and is required for Th17 cells to exert their full toxicity
towards MO3.13 cells. Of note, ALCAM modulation did not entirely
abrogate contact with Th17 cells and its deleterious consequences
on oligodendrocytes, suggesting that other molecules are impli-
cated in Th17 cell-oligodendrocyte nefarious crosstalk. Finally,
from a therapeutic perspective, since other CNS-infiltrating im-
mune cells in MS and EAE can express ligands for MCAM and
ALCAM, e.g. pathogenic B cells express ALCAM in MS,?* future stud-
ies should assess whether these subsets also directly contact oligo-
dendrocytes through CAMs-ligands interactions in
neuroinflammatory diseases, and whether ALCAM plays a role in
such interactions.

In conclusion, we have identified expression of MCAM and
ALCAM at the surface of mature oligodendrocytes in the CNS of

isotype ALCAM = 113; anti-MCAM = 105; isotype MCAM = 79. (C) Representative confocal images of human primary OL (NogoA, magenta) in co-culture
with human polarized Th17 cells (CellTracker green) for 8 h or 16 h in the presence of ALCAM neutralizing antibody, MCAM neutralizing antibody or
isotype. Nuclei are stained in blue. Scale bar = 50 pm. (D) Quantification of adherent polarized Th17 cells remaining on human primary oligodendro-
cyte. Box plots representing data spreading (box for the interquartile interval, horizontal bar for median, diamond for mean), each dot represents one
field of view (FOV), n=4 preps and donors for 8 h co-culture and n =3 preps and donors for 16 h co-culture, Wilcoxon test. (E) Quantitative analysis of
branch level complexity per oligodendrocyte and (F) length of n=190 (8 h, ALCAM isotype), n=165 (8 h, anti-ALCAM), n=139 (16 h, ALCAM isotype),
n=151 (16 h, anti-ALCAM), n = 180 (8 h, MCAM isotype), n =175 (8 h, anti-MCAM), n = 140 (16 h, isotype), n = 154 (16, anti-MCAM) oligodendrocyte after
co-culture with Th17 cells in the presence of ALCAM or MCAM neutralizing antibody or isotype. Violin plot incremented with box plots representing
data spreading (box for interquartile interval, horizontal bar for median, dot for mean), Wilcoxon test, n =4 preps and donors for 8 h co-cultureand n=3

preps and donors for 16 h co-culture. *P < 0.05, **P < 0.01, ****P < 0.0001.
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control and MS subjects. Importantly, we have uncovered that
ALCAM, which is not downregulated in inflammatory conditions,
mediates adhesion of human Th17 cells to human oligodendro-
cytes and contributes to immune-mediated oligodendrocytes dam-
age. Our results support targeting CAM-mediated interactions of
mature oligodendrocytes with immune cells as a potential neuro-
protective strategy in MS.

Data availability

All data are available upon request. Single nuclei sequencing data-
sets from Jikel et al.'® and Absinta et al.,*® and single cell sequencing
datasets from Fournier et al.>® were extracted from the NCBI Gene
Expression Omnibus (GEO) database (accession GSE118257,
GSE180759 and GSE199460 respectively). The single cell
RNAsequencing datasets we generated and used for this study
have been deposited in GEO (GSE230828; GSE196953; GSE180670).*

Acknowledgements

We thank Lyne Bourbonniere, Sandra Larouche, Dr Aurélie
Cléret-Buhot, Dr Gaél Dulude, Dominique Gauchat and Philippe
St-Onge, the imaging platform, and the flow cytometry platform
of the CRCHUM for their assistance.

Funding

H.J. received a scholarship from the Multiple Sclerosis Society of
Canada (MSSOC), V.HM from the Fonds de recherche du
Québec-Santé (FRQS) and the MSSOC, H.S. from the FRQS. C.L. holds
aJunior 2 clinician-researcher award from the FRQS. This work was
supported by the MSSOC (EGID 3322) and Canadian Institutes of
Health Research (CIHR 162430).

Competing interests

The authors report no competing interests.

Supplementary material

Supplementary material is available at Brain online.

References

1. Reich DS, Lucchinetti CF, Calabresi PA. Multiple sclerosis. N Engl
J Med. 2018;378:169-180.

2. Kuhlmann T, Ludwin S, Prat A, Antel J, Bruck W, Lassmann H.
An updated histological classification system for multiple scler-
osis lesions. Acta Neuropathol. 2017;133:13-24.

3. CuiQL,Khan D, Rone M, et al. Sublethal oligodendrocyte injury:
A reversible condition in multiple sclerosis? Ann Neurol. 2017;81:
811-824.

4. Allanach JR, Farrell JW, 3rd, Mésidor M, Karimi-Abdolrezaee S.
Current status of neuroprotective and neuroregenerative strat-
egies in multiple sclerosis: A systematic review. Mult Scler. 2021;
28:29-48.

5. Gacem N, Nait-Oumesmar B. Oligodendrocyte development
and regenerative therapeutics in multiple sclerosis. Life (Basel).
2021;11(4):327.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

H. Jamann et al.

Zaguia F, Saikali P, Ludwin S, et al. Cytotoxic NKG2C+ CD4 T cells
target oligodendrocytes in multiple sclerosis. ] Immunol. 2013;
190:2510-2518.

Larochelle C, Wasser B, Jamann H, et al. Pro-inflammatory T
helper 17 directly harms oligodendrocytes in neuroinflamma-
tion. Proc Natl Acad Sci USA. 2021;118:2025813118.

Kebir H, KreymborgK, Ifergan I, et al. Human TH17 lymphocytes
promote blood-brain barrier disruption and central nervous
system inflammation. Nat Med. 2007;13:1173-1175.

Kebir H, Ifergan I, Alvarez JI, et al. Preferential recruitment of
interferon-gamma-expressing TH17 cells in multiple sclerosis.
Ann Neurol. 2009;66:390-402.

Luchtman DW, Ellwardt E, Larochelle C, Zipp F. IL-17 and related
cytokines involved in the pathology and immunotherapy of
multiple sclerosis: current and future developments. Cytokine
Growth Factor Rev. 2014;25:403-413.

Larochelle C, Cayrol R, Kebir H, et al. Melanoma cell adhesion
molecule identifies encephalitogenic T lymphocytes and pro-
motes their recruitment to the central nervous system. Brain.
2012;135(Pt ):2906-2924.

Codarri L, Gyulveszi G, Tosevski V, et al. RORgammat drives pro-
duction of the cytokine GM-CSF in helper T cells, which is es-
sential for the effector phase of autoimmune
neuroinflammation. Nat Immunol. 2011;12:560-567.

Jamann H, Cui QL, Desu HL, et al. Contact-Dependent granzyme
B-mediated cytotoxicity of Th17-polarized cells toward human
oligodendrocytes. Front Immunol. 2022;13:850616.

Schumacher AM, Misgeld T, Kerschensteiner M, Snaidero N.
Imaging the execution phase of neuroinflammatory disease
models. Exp Neurol. 2019;320:112968.

Niki¢ I, Merkler D, Sorbara C, et al. A reversible form of axon
damage in experimental autoimmune encephalomyelitis and
multiple sclerosis. Nat Med. 2011;17:495-499.

Romanelli E, Merkler D, Mezydlo A, et al. Myelinosome formation
represents an early stage of oligodendrocyte damage in multiple
sclerosis and its animal model. Nat Commun. 2016;7:13275.
Clarke MA, Lakhani DA, Wen S, et al. Perilesional neurodegen-
erative injury in multiple sclerosis: Relation to focal lesions
and impact on disability. Mult Scler Relat Disord. 2021;49:102738.
Falcao AM, van Bruggen D, Marques S, et al. Disease-specific
oligodendrocyte lineage cells arise in multiple sclerosis. Nat
Med. 2018;24:1837-1844.

Jakel S, Agirre E, Mendanha Falcdo A, et al. Altered human oligo-
dendrocyte heterogeneity in multiple sclerosis. Nature. 2019;
566:543-547.

Schirmer L, Velmeshev D, Holmgvist S, et al. Neuronal vulner-
ability and multilineage diversity in multiple sclerosis. Nature.
2019;573:75-82.

Marques S, Zeisel A, Codeluppi S, et al. Oligodendrocyte hetero-
geneity in the mouse juvenile and adult central nervous system.
Science. 2016;352:1326-1329.

Marques S, van Bruggen D, Castelo-Branco G. Single-Cell RNA
sequencing of oligodendrocyte lineage cells from the mouse
central nervous system. Methods Mol Biol. 2019;1936:1-21.
Macnair W, Calini D, Agirre E, et al. Single nuclei RNAseq stratifies
multiple sclerosis patients into three distinct white matter glia
responses. bioRxiv. [Preprint] doi:10.1101/2022.04.06.487263%]
Carman CV, Martinelli R. T lymphocyte-endothelial interac-
tions: Emerging understanding of trafficking and antigen-
specific immunity. Front Immunol. 2015;6:603.

Michel L, Grasmuck C, Charabati M, et al. Activated leukocyte
cell adhesion molecule regulates B lymphocyte migration
across central nervous system barriers. Sci Transl Med. 2019;11:
eaaw0475.


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad286#supplementary-data
https://doi.org/10.1101/2022.04.06.487263%J

ALCAM in Th17 cell-oligodendrocyte interactions

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Lecuyer MA, Saint-Laurent O, Bourbonniere L, et al. Dual role of
ALCAM in neuroinflammation and blood-brain barrier homeo-
stasis. Proc Natl Acad Sci USA. 2017;114:E524-E533.

Lecuyer MA, Kebir H, Prat A. Glial influences on BBB functions
and molecular players in immune cell trafficking. Biochim
Biophys Acta. 2016;1862:472-482.

Thompson AJ, Banwell BL, Barkhof F, et al. Diagnosis of multiple
sclerosis: 2017 revisions of the McDonald criteria. Lancet Neurol.
2018;17:162-173.

Larochelle C, Metz I, Lecuyer MA, et al. Immunological and
pathological characterization of fatal rebound MS activity fol-
lowing natalizumab withdrawal. Mult Scler. 2017;23:72-81.
Dhaeze T, Tremblay L, Lachance C, et al. CD70 Defines a subset
of proinflammatory and CNS-pathogenic T(H)1/T(H)17 lympho-
cytes and is overexpressed in multiple sclerosis. Cell Mol
Immunol. 2019;16:652-665.

Rone MB, Cui QL, Fang], et al. Oligodendrogliopathy in multiple
sclerosis: Low glycolytic metabolic rate promotes oligodendro-
cyte survival. J Neurosci. 2016;36:4698-4707.

Hafemeister C, Satija R. Normalization and variance stabiliza-
tion of single-cell RNA-Seq data using regularized negative bi-
nomial regression. Genome Biol. 2019;20:296.

Ouedraogo O, Rebillard RM, Jamann H, et al. Increased frequency
of proinflammatory CD4 T cells and pathological levels of serum
neurofilament light chain in adult drug-resistant epilepsy.
Epilepsia. 2021;62:176-189.

Roy DG, Chen J, Mamane V, et al. Methionine metabolism shapes
T helper cell responses through regulation of epigenetic repro-
gramming. Cell Metab. 2020;31:250-266.e9.

Larochelle C, Lecuyer MA, Alvarez JI, et al. Melanoma cell
adhesion molecule-positive CD8 T lymphocytes mediate
central nervous system inflammation. Ann Neurol. 2015;78:
39-53.

Alvarez JI, Saint-Laurent O, Godschalk A, et al. Focal distur-
bances in the blood-brain barrier are associated with forma-
tion of neuroinflammatory lesions. Neurobiol Dis. 2015;74:
14-24.

Larochelle C, Uphaus T, Broux B, et al. EGFL7 Reduces CNS in-
flammation in mouse. Nat Commun. 2018;9:819.

Schindelin J, Arganda-Carreras I, Frise E, et al. Fiji: An open-
source platform for biological-image analysis. Nat Methods.
2012;9:676-682.

McQuin C, Goodman A, Chernyshev V, et al. Cellprofiler 3.0:
Next-generation image processing for biology. PLoS Biol. 2018;
16:€2005970.

Cayrol R, Wosik K, Berard JL, et al. Activated leukocyte cell adhe-
sion molecule promotes leukocyte trafficking into the central
nervous system. Nat Immunol. 2008;9:137-145.

Ifergan I, Kebir H, Alvarez ]I, et al. Central nervous system re-
cruitment of effector memory CD8+ T lymphocytes during neu-
roinflammation is dependent on alpha4 integrin. Brain. 2011;
134(Pt 12):3560-3577.

Team RC. R: A language and environment for statistical com-
puting. 2013.

Ginestet C. ggplot2: Elegant graphics for data analysis. J R Stat
Soc. 2011;174:245-246.

Wickham H, Francois R, Henry L, Miiller K. Dplyr: A grammar of
data manipulation. R package version 04. 2015;3:156.

Edgar R, Domrachev M, Lash AE. Gene expression omnibus:
NCBI gene expression and hybridization array data repository.
Nucleic Acids Res. 2002;30:207-210.

Absinta M, Maric D, Gharagozloo M, et al. A lymphocyte-
microglia-astrocyte axis in chronic active multiple sclerosis.
Nature. 2021;597:709-714.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

BRAIN 2024: 147; 147-162 | 161

Sawada M, Itoh Y, Suzumura A, Marunouchi T. Expression of
cytokine receptors in cultured neuronal and glial cells.
Neurosci Lett. 1993;160:131-134.

Esmonde-White C, Yaqubi M, Bilodeau PA, et al. Distinct
function-related molecular profile of adult human A2B5-positive
Pre-oligodendrocytes versus mature oligodendrocytes. ]
Neuropathol Exp Neurol. 2019;78:468-479.

Cannella B, Raine CS. Multiple sclerosis: Cytokine receptors on
oligodendrocytes predict innate regulation. Ann Neurol. 2004;
55:46-57.

Kebir A, Harhouri K, Guillet B, et al. CD146 Short isoform in-
creases the proangiogenic potential of endothelial progenitor
cells in vitro and in vivo. Circ Res. 2010;107:66-75.

Seftalioglu A, Karakog L. Expression of CD146 adhesion mole-
cules (MUC18 or MCAM) in the thymic microenvironment.
Acta Histochem. 2000;102:69-83.

Weidle UH, Eggle D, Klostermann S, Swart GW. ALCAM/CD166:
Cancer-related issues. Cancer Genomics Proteomics. 2010;7:231-243.
Larochelle C, Uphaus T, Prat A, Zipp F. Secondary progression in
multiple sclerosis: Neuronal exhaustion or distinct pathology?
Trends Neurosci. 2016;39:325-339.

Elazar N, Vainshtein A, Golan N, et al. Axoglial adhesion by
cadm4 regulates CNS myelination. Neuron. 2018;101:224-231.
Miyamoto Y, Torii T, Tanoue A, YamauchiJ. VCAM1 Acts in par-
allel with CD69 and is required for the initiation of oligodendro-
cyte myelination. Nat Commun. 2016;7:13478.

Fournier AP, Tastet O, Charabati M, et al. Single-cell transcrip-
tomics identifies brain endothelium inflammatory networks
in experimental autoimmune encephalomyelitis. Neurol
Neuroimmunol Neuroinflamm. 2022;10:e200046.

Charles P, Reynolds R, Seilhean D, et al. Re-expression of
PSA-NCAM by demyelinated axons: An inhibitor of remyelina-
tion in multiple sclerosis? Brain. 2002;125(Pt 9):1972-1979.
Laursen LS, Ffrench-Constant C. Adhesion molecules in the
regulation of CNS myelination. Neuron Glia Biol. 2007;3:367-375.
Laursen LS, Chan CW, Ffrench-Constant C. Translation of
myelin basic protein mRNA in oligodendrocytes is regulated
by integrin activation and hnRNP-K. J Cell Biol. 2011;192:797-811.
Swart GW. Activated leukocyte cell adhesion molecule (CD166/
ALCAM): developmental and mechanistic aspects of cell clus-
tering and cell migration. Eur J Cell Biol. 2002;81:313-321.
Moreland T, Poulain FE. To stick or not to stick: The multiple
roles of cell adhesion molecules in neural circuit assembly.
Front Neurosci. 2022;16:889155.

Perlman K, Couturier CP, Yaqubi M, et al. Developmental trajec-
tory of oligodendrocyte progenitor cells in the human brain re-
vealed by single cell RNA sequencing. Glia. 2020;68:1291-1303.
Franklin RJ, Gallo V. The translational biology of remyelination:
past, present, and future. Glia. 2014;62:1905-1915.

Gensert JM, Goldman JE. Endogenous progenitors
remyelinate demyelinated axons in the adult CNS. Neuron.
1997;19:197-203.

de Faria O J, Dhaunchak AS, Kamen Y, et al. TMEM10 Promotes
oligodendrocyte differentiation and is expressed by oligoden-
drocytes in human remyelinating multiple sclerosis plaques.
Sci Rep. 2019;9:3606.

Boyd A, Zhang H, Williams A. Insufficient OPC migration into
demyelinated lesions is a cause of poor remyelination in MS
and mouse models. Acta Neuropathol. 2013;125:841-859.
Goldschmidt T, Antel J, Konig FB, Briick W, Kuhlmann T.
Remyelination capacity of the MS brain decreases with disease
chronicity. Neurology. 2009;72:1914-1921.

Gruchot J, Weyers V, Gottle P, et al. The molecular basis for re-
myelination failure in multiple sclerosis. Cells. 2019;8:825.



162 |

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

BRAIN 2024: 147, 147-162

D'Souza S, Alinauskas K, McCrea E, Goodyer C, Antel JP.
Differential susceptibility of human CNS-derived cell popula-
tions to TNF-dependent and independent immune-mediated
injury. J Neurosci. 1995;15:7293-7300.

Fernandes MGF, Luo JXX, Cui QL, et al. Age-related injury
responses of human oligodendrocytes to metabolic
insults: link to BCL-2 and autophagy pathways. Commun Biol.
2021;4:20.

Duncan ID, Radcliff AB, Heidari M, Kidd G, August BK, Wierenga
LA. The adult oligodendrocyte can participate in remyelination.
Proc Natl Acad Sci U S A. 2018;115:E11807-E11816.

Yeung MSY, Djelloul M, Steiner E, et al. Dynamics of oligo-
dendrocyte generation in multiple sclerosis. Nature. 2019;566:
538-542.

Mao D, Reuter CM, Ruzhnikov MRZ, et al. De novo EIF2AK1 and
EIF2AK?2 variants are associated with developmental delay, leu-
koencephalopathy, and neurologic decompensation. Am J Hum
Genet. 2020;106:570-583.

Calame DG, Fatih JM, Herman I, et al. Deep clinicopathologi-
cal phenotyping identifies a previously unrecognized patho-
genic EMD splice variant. Ann Clin Transl Neurol. 2021;8:
2052-2058.

Harrington EP, Catenacci RB, Smith MD, et al. MHC Class I and
MHC class II reporter mice enable analysis of immune oligo-
dendroglia in mouse models of multiple sclerosis. Elife. 2023;
12:e82938.

Lee SC, Raine CS. Multiple sclerosis: Oligodendrocytes in active
lesions do not express class Il major histocompatibility complex
molecules. ] Neuroimmunol. 1989;25(2-3):261-266.

Wosik K, Ruffini F, Almazan G, Olivier A, Nalbantoglu J, Antel JP.
Resistance of human adult oligodendrocytes to AMPA/kainate
receptor-mediated glutamate injury. Brain. 2004;127(Pt 12):
2636-2648.

Witze ES, Connacher MK, Houel S, et al. Wnt5a directs polarized
calcium gradients by recruiting cortical endoplasmic reticulum
to the cell trailing edge. Dev Cell. 2013;26:645-657.

Guezguez B, Vigneron P, Lamerant N, Kieda C, Jaffredo T, Dunon
D. Dual role of melanoma cell adhesion molecule (MCAM)/CD146
in lymphocyte endothelium interaction: MCAM/CD146 promotes
rolling via microvilli induction in lymphocyte and is an endothe-
lial adhesion receptor. ] Immunol. 2007;179:6673-6685.
Brucklacher-Waldert V, Stuerner K, Kolster M, Wolthausen J,
Tolosa E. Phenotypical and functional characterization of T
helper 17 cells in multiple sclerosis. Brain. 2009;132(Pt 12):
3329-3341.

Hsu DK, Chen HY, Liu FT. Galectin-3 regulates T-cell functions.
Immunol Rev. 2009;230:114-127.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

H. Jamann et al.

Menzel L, Paterka M, Bittner S, et al. Down-regulation of neuron-
al L1 cell adhesion molecule expression alleviates inflamma-
tory neuronal injury. Acta Neuropathol. 2016;132:703-720.
Jurewicz A, Zaleski K, Domowicz M, Selmaj K. High CD6 and low
chemokine receptor expression on peripheral blood lympho-
cytes correlates with MRI gadolinium enhancement in MS. J
Neuroimmunol. 2014;276(1-2):187-194.

LiY, Singer NG, Whitbred ], Bowen MA, Fox DA, Lin F. CD6 As a
potential target for treating multiple sclerosis. Proc Natl Acad Sci
USA. 2017;114:2687-2692.

De Jager PL, Jia X, Wang J, et al. Meta-analysis of genome scans
and replication identify CD6, IRF8 and TNFRSF1A as new mul-
tiple sclerosis susceptibility loci. Nat Genet. 2009;41:776-782.
Mowry EM, Carey RF, Blasco MR, et al. Association of multiple
sclerosis susceptibility variants and early attack location in
the CNS. PLoS One. 2013;8:e75565.

Tudor C, te Riet ], Eich C, et al. Syntenin-1 and ezrin proteins link
activated leukocyte cell adhesion molecule to the actin cyto-
skeleton. ] Biol Chem. 2014;289:13445-13460.

Nelissen JM, Peters IM, de Grooth BG, van Kooyk Y, Figdor CG.
Dynamic regulation of activated leukocyte cell adhesion
molecule-mediated homotypic cell adhesion through the actin
cytoskeleton. Mol Biol Cell. 2000;11:2057-2068.

Riet] T, Helenius J, Strohmeyer N, Cambi A, Figdor CG, Miiller DJ.
Dynamic coupling of ALCAM to the actin cortex strengthens cell
adhesion to CD6. ] Cell Sci. 2014;127(Pt 7):1595-1606.
Zimmerman AW, Nelissen JM, van Emst-de Vries SE, et al.
Cytoskeletal restraints regulate homotypic ALCAM-mediated
adhesion through PKCalpha independently of rho-like
GTPases. ] Cell Sci. 2004;117(Pt 13):2841-2852.

Ruma IM, Putranto EW, Kondo E, et al. MCAM, as a novel receptor
for S100A8/A9, mediates progression of malignant melanoma
through prominent activation of NF-kB and ROS formation upon
ligand binding. Clin Exp Metastasis. 2016;33:609-627.

Hassan NJ, Barclay AN, Brown MH. Frontline: Optimal T cell ac-
tivation requires the engagement of CD6 and CD166. Eur J
Immunol. 2004;34:930-940.

Oliveira MI, Gongalves CM, Pinto M, et al. CD6 Attenuates early
and late signaling events, setting thresholds for T-cell activa-
tion. Eur ] Immunol. 2012;42:195-205.

Ibafiez A, Sarrias MR, Farnés M, et al. Mitogen-activated protein
kinase pathway activation by the CD6 lymphocyte surface re-
ceptor. ] Immunol. 2006;177:1152-1159.

Nair P, Melarkode R, Rajkumar D, Montero E. CD6 Synergistic
co-stimulation promoting proinflammatory response is modu-
lated without interfering with the activated leukocyte cell adhe-
sion molecule interaction. Clin Exp Immunol. 2010;162:116-130.



	ALCAM on human oligodendrocytesmediates CD4 T cell adhesion
	Introduction
	Materials and methods
	Ex vivo human CNS material
	Human primary oligodendrocytes and MO3.13 cell line culture
	Human CD4 T cells primary culture
	Blood collection
	Polarization of memory CD4 T cells
	Activation of CD4 T cells
	Co-culture experiments
	Single cell RNA sequencing experiments

	RT-qPCR
	Flow cytometry
	Fluorescence activated single cell sorting
	Immunofluorescence
	Human CNS tissue
	Human primary oligodendrocytes

	RNAscope in situ hybridization
	Analysis

	MO3.13 cell line transfection
	Functional assays with neutralizing antibodies
	Live imaging
	Experimental autoimmune encephalitis model
	Statistical analysis and tests

	Results
	Contact with T cells leads to significant alterations in the transcriptional profile of oligodendrocytes
	Mature oligodendrocytes do not express significant levels of MHC-II on their surface
	ALCAM and MCAM are expressed on oligodendrocytes in multiple sclerosis
	Expression of ALCAM and MCAM on human primary oligodendrocytes is modulated by inflammation
	Silencing or blocking ALCAM limits interactions between oligodendrocytes and Th17 cells and subsequent oligodendrocyte injury

	Discussion
	Data availability
	Acknowledgements
	Funding
	Competing interests
	Supplementary material
	References




