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A B S T R A C T

Chronic demyelination and the concomitant loss of trophic support and increased energy demands in axons are
thought to contribute to neurodegeneration in a number of neurological diseases such as multiple sclerosis (MS).
Adult oligodendrocyte precursor cells (OPCs) play an important role in these demyelinating diseases by gen-
erating new myelinating oligodendrocytes that may help limit axonal degeneration. Thus, promoting the dif-
ferentiation of OPCs and functional integration of newly generated oligodendrocytes is a crucial avenue for the
next generation of therapies. Evidence to date suggests that the immune system may both positively and ne-
gatively impact OPC differentiation and endogenous remyelination in disease. Inflammatory cytokines not only
suppress OPC differentiation but may also directly affect other functions of OPCs. Recent studies have demon-
strated that OPCs and oligodendrocytes in both human multiple sclerosis lesions and mouse models of demye-
lination can express an immunogenic transcriptional signature and upregulate antigen presenting genes. In in-
flammatory demyelinating mouse models OPCs are capable of presenting antigen and activating CD8+T cells.
Here we review the evidence for this new role of oligodendroglia as antigen presenting cells and how these
inflammatory OPCs (iOPCs) and inflammatory oligodendrocytes (iOLs) may influence myelin repair and other
disease processes.

1. Adult oligodendrocyte precursor cell dynamics and plasticity

Oligodendrocytes serve an important role in the central nervous
system (CNS), wrapping and insulating the axons of neurons with
myelin which allows for fast saltatory conduction of action potentials
and protects axons from inflammatory insults in a demyelinating en-
vironment. Mature myelin-forming oligodendrocytes arise from oligo-
dendrocyte precursor cells (OPCs). During development OPCs pro-
liferate, migrate and differentiate into mature oligodendrocytes that
myelinate axons in the brain and spinal cord. OPCs remain widely
distributed in the adult CNS and their density is maintained through
constant homeostatic replacement, ensuring that there are progenitors
capable of responding to oligodendrocyte loss and demyelination.

Recent application of advanced experimental techniques in mouse

models has resulted in new insights into adult OPC plasticity and
myelinating oligodendrocyte dynamics. In particular, in vivo two-
photon fluorescence imaging of transgenic mice in which OPCs and
oligodendrocytes can be visualized, revealed that in the mouse cerebral
cortex oligodendrocytes continue to be generated throughout adult-
hood, with over half of mature oligodendrocytes generated after four
months of age [1]. However, even in the absence of inflammation, the
integration of mature oligodendrocytes in adult circuits is highly in-
efficient, with the majority of newly formed oligodendrocytes dying
before they extend and compact myelin sheaths [1]. Two-photon ima-
ging in the adult somatosensory cortex has also demonstrated that new
myelin internodes are formed exclusively by newly generated oligo-
dendrocytes, rather than through the extension of new processes from
existing oligodendrocytes, and that once myelin sheaths are formed
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they are extremely stable [1]. In vivo genetic fate mapping using in-
ducible expression of membrane-bound form of green fluorescent pro-
tein (GFP) to label adult generated myelinating oligodendrocytes also
revealed that adult formed mature oligodendrocytes are remarkably
stable in the adult CNS [2]. 14C (carbon) dating of oligodendrocyte
lineage cells from post-mortem human tissue also demonstrated low
turnover rates of oligodendrocytes in healthy control white matter [3].
In contrast, the rate of oligodendrocyte generation was much more
heterogeneous in MS patients. Although there was no significant dif-
ference in oligodendrocyte turnover between normal appearing white
matter (NAWM) of MS patients and healthy controls [3], MS patients
with more aggressive MS (shorter disease course to death) had higher
rates of oligodendrocyte turnover in NAWM compared to MS patients
that experienced a longer disease course. However, this behavior was
not universally seen, as some MS patients with rapid disease progres-
sion did not exhibit high rates of oligodendrogenesis in NAWM.

14C birth dating has also been used in MS patients to assess the age
of oligodendrocytes within so-called “shadow plaques”, lesions with
reduced myelin density that are thought to represent areas where re-
myelination is at an early stage, although such regions could also reflect
myelin thinning by damaged oligodendrocytes. Unexpectedly, oligo-
dendrocytes within these lesions had incorporated as much 14C as
nearby NAWM, and overall less 14C than in healthy patients born during
the same period, suggesting that there was limited production of new
oligodendrocytes in these areas. These findings raise the further possi-
bility that remyelination may occur through regeneration of myelin
sheaths by surviving oligodendrocytes. Reduced oligodendrocyte turn-
over in shadow plaques may reflect influences of the inflammatory
environment in preventing OPC proliferation and survival. However,
interpretation based on post-mortem analysis of MS lesions is very
challenging, due to uncertainties about the classification of lesions and
NAWM, the timing of demyelination, the extent of oligodendrocyte
death within lesions and assumptions about the behavior of OPCs,
which in rodents, are able to directly differentiate into oligoden-
drocytes without cell division [4]. Nevertheless, the overall increase in
oligodendrocyte generation in patients with more aggressive MS sug-
gests an intrinsic capacity to increase oligodendrocyte generation in the
human brain.

OPC density also appears to be under strong homeostatic control.
Two-photon imaging of OPCs in the adult cortex of transgenic mice in
which membrane anchored enhanced GFP is expressed under the con-
trol of the neuron-glial antigen 2 (NG2) promoter/enhancer revealed
that loss of these cells through differentiation, transformation or death,
resulted in rapid migration and proliferation of neighboring OPCs to
restore their density [4]. This plasticity to maintain OPC density and
tiling may be an adaptive mechanism that allows for an efficient oli-
godendrocyte response in the setting of injury and demyelination. In
MS lesions, OPC density can be reduced [5–9] which may be a result of
a variety of factors related to the inflammatory microenvironment in-
cluding the presence of immune cells that could negatively impact OPC
survival, differentiation and remyelination. Evidence suggesting a role
for immune cells in influencing oligodendrocytes is further detailed
below.

2. Adult oligodendrocyte heterogeneity

Transcriptional profiling with single-cell RNA sequencing (scRNA-
seq) of oligodendrocyte lineage cells across developmental ages and
different CNS regions indicates that regardless of embryonic origin and
brain region, adult oligodendrocyte lineage cells exist on a common
spectrum of distinct transcriptional sub-populations from progenitor to
mature oligodendrocyte [10,11]. The transcriptional sub-population
that an OPC or intermediate oligodendrocyte lineage cell belongs to
may influence different functional capacities and their ability for in-
tegration and remyelination. One example of functional heterogeneity
is the differential ion-channel expression and electrophysiological

properties of adult OPCs across brain regions and with aging [12]. OPCs
express voltage-gated ion channels and receive direct synaptic input
from neurons [reviewed in [13]]. Neuronal signaling to OPCs has been
shown to influence OPC properties, such as proliferation and differ-
entiation [14–17] and mature oligodendrocyte myelin sheath dynamics
[16–20]. Whether these differences in OPC ion-channel expression and
electrophysiological properties correlate with distinct transcriptional
sub-populations remains to be determined.

Changes in OPC ion-channel expression and electrophysiological
properties across brain regions and with aging may influence an in-
dividual OPC’s capacity for survival, proliferation, differentiation and
remyelination in a demyelinated inflammatory environment. Indeed,
aged animals exhibit reduced remyelination capacity similar to human
MS patients, and studies in mouse models have demonstrated a variety
of factors influencing reduced remyelination capacity with aging, such
as epigenetic changes in OPCs influencing their differentiation [21,22],
changes in growth factor expression in lesion environment with age
[23], reduced ability of aged infiltrating monocyte-derived macro-
phages to clear myelin debris [24,25], and stiffening of the extracellular
matrix influencing OPC proliferation, differentiation and transcrip-
tional signature [26]. Further characterizing the ability of individual
OPCs to differentiate and remyelinate based on single cell molecular
signature and electrophysiological properties in the setting of a de-
myelination inflammatory environment is a critically important area of
further investigation.

3. Oligodendrocytes express antigen presenting molecules in
inflammatory states in mouse and human

Interferon gamma (IFN-γ) is secreted by activated T cells and
thought to play a deleterious role in immune-mediated demyelinating
disorders including MS [27,28]. IFN-γ in vitro inhibits cell cycle exit and
differentiation of OPCs [29]. Transgenic mice with IFN-γ expression
driven by the myelin basic protein (MBP) promoter display develop-
mental hypomyelination and reactive gliosis with macrophage and
microglial infiltrates [30,31] and elevated major histocompatibility
molecules (MHC) class I and class II mRNA transcript levels in white
and gray matter [30]. GFAP promoter driven IFN-γ also results in de-
velopmental hypomyelination [32]. In an adult remyelinating setting,
after cuprizone-mediated CNS demyelination, induction of IFN-γ ex-
pression (using doxycycline withdrawal in double transgenic mice
GFAP/tTA;TRE/IFN-γ) during remyelination resulted in decreased
mature oligodendrocyte numbers and impaired remyelination [33].
Together, these studies in transgenic mouse models of CNS IFN-γ ex-
pression suggest that OPCs can respond to IFN-γ and that it may impair
OPC differentiation and survival.

Several lines of experimental evidence indicate that a subset of
oligodendroglial cells express genes involved in antigen processing and
presentation in mouse [34,35] and human MS tissue [9]. This subset of
oligodendroglia that have an inflammatory signature we will refer to as
inflammatory OPCs (iOPCs) or inflammatory oligodendrocytes (iOLs).
scRNA-seq is performed by isolating single cells and encapsulating each
individual cell in a droplet containing primers with a unique identifying
barcode. Reverse transcription occurs inside each droplet generating a
barcoded cDNA library for each cell. Sequencing of cDNA libraries and
mapping of data to a reference genome allows for establishing defined
clusters of cells that express similar mRNA transcripts and distin-
guishing different cell types and maturation of a committed cell lineage,
such as an oligodendrocyte precursor cell to mature oligodendrocyte
([10], Fig. 1a). scRNA-seq of oligodendrocyte lineage cells from the
spinal cord of an experimental autoimmune encephalomyelitis (EAE)
mouse model compared to complete Freund’s adjuvant (CFA) control
revealed that some OPCs and mature oligodendrocytes upregulate
genes involved in antigen processing and antigen presentation ([34],
Fig. 1b,c). Moreover, scRNA-seq of white matter from human pro-
gressive MS patients also revealed enrichment of a cluster of
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oligodendrocytes that upregulate antigen presentation genes ([9],
Fig. 1d). Single-nucleus RNA sequencing (snRNA-seq) from frozen post-
mortem tissues of MS cortical, subcortical lesions and non-lesioned
areas also revealed upregulation of MHC class I molecules, as well as
cellular stress and iron overload transcripts in oligodendrocytes in
periplaque white matter around subcortical lesion rims [36].

Oligodendroglia have been shown to express a wide variety of im-
munomodulatory molecules such as cytokines (interleukin(IL)-1β, IL-
17A), chemokines, MHC class I and class II, co-stimulatory molecules,
complement and complement regulatory molecules [reviewed in [37]].
In human tissue, oligodendrocytes in MS lesions express beta-2 micro-
globulin (B2m), a component of MHC class I receptor complex [38].
B2m, proteasome subunit beta 9 (PSMB9) an immunoproteasome spe-
cific subunit, and MHC class II invariant chain molecule CD74 are also
upregulated in oligodendrocytes in a mouse EAE model ([34],
Fig. 1b,c). Moreover, oligodendrocytes exposed to IFN-γ in vitro upre-
gulate genes involved in antigen presentation and peptide processing
([35], Fig. 1e).

These recent findings in inflammatory mouse models and human MS
lesions suggest a role for oligodendrocyte lineage cells in antigen pre-
sentation and direct communication with T cells. Human MS scRNA-seq
data suggest that the subset of oligodendroglia expressing antigen
presentation and processing molecules most resemble intermediate
oligodendrocytes [9], while mouse EAE models suggest that both OPCs
[34,35] and mature oligodendrocytes upregulate antigen presentation

molecules [34]. The expression dynamics of antigen presentation and
processing molecules in the oligodendrocyte lineage in the setting of
demyelination and remyelination warrants further investigation. The
skewing of oligodendrocyte transcriptional profiles and increase in
iOPCs/iOLs may contribute to functional differences in oligodendrocyte
differentiation and their capacity for remyelination, and may increase
susceptibility to damage by cytotoxic CD8+T cells. The role of antigen
presentation by oligodendrocytes and potential for direct communica-
tion with CD4+ and CD8+Tcells is an important avenue for further
investigation.

4. Antigen presentation pathways

Recent research has revealed new complexities in MHC class I and
class II antigen processing and presentation pathways [reviewed in
[39,40]]. MHC class I and II molecules present peptides to CD8+T
cells and CD4+T cells, respectively. Peptides presented by MHC class
II molecules are exogenous to the antigen presenting cell, whereas
antigens presented by MHC class I molecules are classically en-
dogenous, which functions to identify and kill infected cells. Exogenous
proteins however can be processed and presented on MHC class I mo-
lecules to CD8+T cells in specialized antigen presenting cells (e.g.
dendritic cells), a process called cross-presentation [reviewed in [41],
Fig. 2].

In the classic MHC class I antigen presentation pathway,

Fig. 1. Oligodendrocytes upregulate antigen presentation transcripts in mouse EAE, human MS lesions, and after in vitro exposure to IFN-γ. (A) t-Distributed
stochastic neighbor embedding projection showing the trajectory from OPCs to mature oligodendrocytes. (B) Violin plots depicting the expression of MHC class I and
antigen processing genes in EAE and CFA control populations. (C) Violin plots depicting the expression of MHC class II genes in EAE and CFA control populations. (D)
Oligodendrocyte clusters in control and MS tissue with enrichment of the immune oligodendroglial cluster “ImOLG” in MS tissue. (E) Oligodendrocytes exposed to
IFN-γ and IFN-γ in the presence of differentiation conditions with T3 (triiodothyronine) in vitro upregulate genes involved in antigen presentation and antigen
processing. (Panel A reprinted by permission from AAAS: Science, Oligodendrocyte heterogeneity in the mouse juvenile and adult central nervous system, Marques
et al. 2016. Panels B and C reprinted by permission from Springer Nature: Nature Medicine, Disease specific oligodendrocyte lineage cells arise in multiple sclerosis,
Falcao et al, 2018. Panel D reprinted by permission from Springer Nature: Nature, Altered human oligodendrocyte heterogeneity in multiple sclerosis, Jäkel et al.
2019).
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intracellular antigens are degraded by the cytosolic immunoprotea-
some, which differs from standard proteasomes with three inducible
beta subunits (PSMB8, 9, and 10) replacing the constitutively active
beta subunits. In the setting of inflammatory conditions, the im-
munoproteasome is induced which has a higher catalytic capacity to
generate a larger antigen pool [reviewed [42]]. Studies in autoimmune
diseases suggest a role for inhibiting the immunoproteasome in treat-
ment of various autoimmune diseases [43], including in mouse models
of EAE [44]. Once peptides are processed by the immunoproteasome
they are transported into the endoplasmic reticulum by the transporter
associated with antigen presentation (TAP) where they can bind in the
peptide binding groove of assembled MHC class I molecules. If peptide
binding reaches a threshold for stable binding, the MHC class I peptide
complex is transported to the plasma membrane where it can engage T
cell receptors on CD8+T cells. In MHC class I cross-presentation,
exogenous internalized peptides are loaded onto MHC class I molecules
via either the vacuolar pathway or phagosome-to-cytosol pathway [41].

In MHC class II antigen presentation, exogenous proteins are pro-
cessed by proteases in the endosome and binding of peptides to MHC
class II molecules occurs in the late endosome. High affinity stable MHC
class II peptide complexes are transported from the late endosome to
the plasma membrane where they can engage receptors on CD4+T
cells. Both MHC class II and MHC class I antigen presentation can occur
through the acquisition and processing of exogenous proteins while
intracellular antigen presentation occurs only through MHC class I. The
ability of oligodendrocytes in vivo to process and present peptides by
MHC class I and class II molecules and the mechanism by which they
may present antigen to T cells remain to be fully determined.

5. Role of CD8+T cells in inflammatory demyelinating diseases

MS is thought to occur in genetically predisposed hosts exposed to
unknown environmental factors and triggers that result in activation of
myelin-specific T cells in the periphery that migrate to the CNS. These
myelin-specific T cells encounter CNS antigen presenting cells that

further activate CD4+T cells. This inflammatory cascade results in
recruitment of naïve T cells from the periphery and monocyte derived
macrophages that differentiate into antigen presenting cells. Despite the
focus on CD4+T cells in MS pathogenesis, cytotoxic CD8+T cells are
the predominant T-lymphocyte infiltrate in acute and chronic MS le-
sions [45–48]. CD8+T cells with cytotoxic granules are often found in
close proximity to oligodendrocytes and demyelinated axons, and ax-
onal injury within lesions correlates with the density of CD8+T cells
and macrophages [49].

CD8+T cell receptor recognition of MHC class I-peptide complexes
and co-stimulatory molecules on antigen presenting cells results in
maturation and activation of cytotoxic CD8+T cells. Interaction of an
antigen presenting cell and CD8+T cell alone in some contexts, such
as an inflammatory and infectious environment, may be sufficient to
generate a CD8+T cell response. However when the presence of in-
flammatory signals fail to generate an effective CD8+T cell response,
helper CD4+T cells are required to prime antigen presenting cells to
further activate CD8+T cells [reviewed in [50]]. CD8+T cells when
bound to antigen presenting cells if sufficiently activated, secrete
granzymes and perforin resulting in pore formation in the neighboring
cell and entry of granzymes which stimulate programmed cell death.
Cytotoxic mechanisms mediated by CD8+T cells thus play an im-
portant role in the pathogenesis of CNS inflammatory diseases [re-
viewed in [51]].

The contribution of CD8+T cells to MS pathogenesis is not well
understood. Myelin-specific CD8+ T cells have been shown to worsen
CD4+T cell-mediated EAE [52] and induce EAE [53–55]. Transgenic
mice with MBP-specific CD8+T cells have been used to investigate
which cell types present myelin antigens to CD8+T cells in EAE [56].
At the peak of EAE, CNS cells were sorted and cells expressing MHC
class I loaded with MBP peptide were isolated using an antibody that
recognizes MBP peptide bound to MHC class I. The ability of different
cells types to activate CD8+T cells was determined ex vivo by co-
culture with transgenic myelin-reactive CD8+T cells followed by as-
sessment of T cell activation [56].

Fig. 2. Pathways of antigen presentation by inflammatory oligo-
dendroglia to T cells. In MHC class II antigen presentation, exo-
genous proteins are processed by proteases in the endosome and
assembled onto MHC class II molecules. MHC class II-peptide
complexes are transported from the late endosome to the cell
surface where they can engage T cell receptors on CD4+T cells.
In classical MHC class I antigen presentation, intracellular proteins
are processed by the immunoproteasome and peptides are trans-
ported into the endoplasmic reticulum (ER) by TAP. Peptides are
then loaded onto MHC class I molecules and the MHC class I-
peptide complexes are transported to the plasma membrane where
it can engage T cell receptors on CD8+T cells. Cross-presentation
pathways involve processing of exogenous proteins for presenta-
tion on MHC class I molecules to CD8+T cells. In the phagosome-
to-cytosol cross-presentation pathway exogenous proteins are
taken up by phagosomes and transported to the cytosol where they
undergo processing by the immunoproteasome and resulting
peptides are transported back into the phagosome by TAP and
loaded onto MHC class I molecules. In the vacuolar cross-pre-
sentation pathway exogenous proteins are taken up in vacuoles
and transported to endosomes where they are processed by pro-
teases and loaded onto MHC class I molecules. Not depicted in this
figure are two other mechanisms for acquiring exogenous peptides
for presentation on class I- transport of peptides through gap
junctions from neighboring cells and transfer of plasma membrane
MHC class I peptide loaded complexes by direct cell contact with a
donor cell a mechanism termed cross-dressing that has been
shown to occur in dendritic cells. Figure created with
BioRender.com.
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Of classical antigen presenting cells, both dendritic cells and mac-
rophages expressed MBP peptide bound to MHC class I but only den-
dritic cells had the ability to activate CD8+T cells ([56], Fig. 3a).
Microglia did not express MBP peptide bound to MHC class I or activate
CD8+T cells. Dendritic cells presenting myelin peptide on MHC class I
had the phenotype of peripherally derived inflammatory monocytes
that infiltrate the CNS. The mechanism by which dendritic cells acquire
myelin antigens is unclear. Analysis of MBP transcripts present in
dendritic cells expressing myelin peptide on MHC class I indicated that
they acquire MBP from the extracellular environment and present
myelin antigen via cross-presentation. Dendritic cells could acquire
endogenous myelin through phagocytosis, exosomes produced by oli-
godendrocytes [57], transport through neighboring cells via gap junc-
tions, or transfer of loaded MHC class I molecules via direct cell contact,
a process termed cross-dressing.

6. Evidence that oligodendrocytes function as antigen presenting
cells and activate T cells

Non-classical antigen presenting cells such as oligodendrocytes,
astrocytes and endothelial cells, have been assessed for their ability to
present myelin antigens and activate CD8+T cells [56]. Of these CNS
cell populations only oligodendrocytes expressed myelin peptide on
MHC class I and activate CD8+T cells ([56], Fig. 3b). It is also unclear
if oligodendrocytes present endogenous or exogenous myelin peptides.

A combined mouse model of demyelination and T cell-mediated
EAE has been used to further investigate the role of T cells in the
context of oligodendrocyte remyelination [58]. After inducing CNS
demyelination with the copper chelator cuprizone, transgenic myelin
oligodendrocyte protein (MOG)-specific CD4+T cells were polarized
to Th17 phenotype and adoptively transferred into cuprizone-fed mice.
Th17 polarized CD4+T cells migrated efficiently to the corpus cal-
losum and impaired remyelination after withdrawal of cuprizone diet
([58], Fig. 3c). Fate mapping experiments of newly born OPCs post-
demyelination indicate that with T cell adoptive transfer there are re-
duced numbers of newly born surviving OPCs and mature oligoden-
drocytes, and higher number of OPCs express caspase 3/7 ([35],
Fig. 3d,e), suggesting that OPC survival is impaired in the presence of T
cell infiltrates. Inducing CNS IFN-γ expression in transgenic mice after
cuprizone-mediated demyelination resulted in a reduced number of
OPCs and mature oligodendrocytes, suggesting that exposure to IFN-γ is
sufficient to reduce OPC survival [35].

The strategy of using T cells that recognize foreign peptides not
normally expressed in the organism in combination with transgenic
lines with cell-type specific expression of the foreign peptide has been
used to investigate the ability of a specific cell type to present antigen
and mediate autoimmunity. Several experiments using this approach
have investigated the role of oligodendrocytes as antigen presenting
cells. Transgenic mice with MBP promoter driven expression of oval-
bumin protein (MBP-OVA) develop EAE and inflammatory infiltrates in
the brain after immunization with ovalbumin, suggesting that oligo-
dendrocytes are able to present antigen and activate T cells [59].
Crossing MBP-OVA transgenic mice with a T cell transgenic line with
OVA-specific CD8+T cells results in spontaneous EAE, CNS infiltrates
and wide-spread demyelination [60]. In contrast, crossing MBP-OVA
transgenic mice with a CD4+T cell OVA-specific mice did not result in
disease and CD4+T cells remained naïve to CNS ovalbumin. Using
adoptive transfer into MBP-OVA recipients, the authors found that
CD4+T cells were only activated with co-transfer of CD8+T cells
suggesting that CD8+T cell engagement with antigen presenting oli-
godendrocytes and release sequestered ovalbumin from oligoden-
drocytes is required to activate CD4+T cells. Experiments in-
vestigating different CNS cell types that express myelin peptide bound
to MHC class I and activate CD8+T cells as described in the previous
section [56], revealed that in pre-clinical EAE CD45+ dendritic cells
expressed myelin peptide bound to MHC class I prior to oligoden-
drocytes. These findings suggest that oligodendrocyte antigen pre-
sentation and subsequent lysis and release of myelin proteins was not
necessary for presentation of myelin proteins by dendritic cells. One
explanation for this unusual sequence of events may be that en-
dogenous oligodendrocyte peptides are shed by oligodendrocytes by
exosomes or breakdown of myelin and surface proteins independent of
MHC class I CD8+T-cell mediated cell lysis.

Similar experiments investigating the ability of oligodendrocytes to
present antigen to CD8+T cells have been performed with oligoden-
drocyte expression of influenza hemagglutinin (HA). Crossing a MOG-
Cre transgenic to a Rosa26 line with floxed stop cassette flanked by HA
(MOG-HA) results in HA expression in oligodendrocytes. MOG-HA mice
crossed to HA-specific CD8+T cell transgenic mice did not result in
spontaneous EAE and CD8+T cells remained naïve and did not ex-
perience T cell receptor down-regulation or deletion [61]. This result is
in contrast to MBP-OVA mice crossed to OVA-specific CD8+T cell
mice that developed spontaneous EAE [60]. One potential explanation
for this difference is that in MBP-OVA mice ovalbumin is released into

Fig. 3. Oligodendrocytes present antigen and activate CD8+T cells in an EAE model and adoptive transfer of myelin-reactive T cells results in reduced numbers of
oligodendrocytes, reduced remyelination and increased numbers of caspase 3/7 positive oligodendrocytes. (A) Dendritic cells, not macrophages or microglia, present
myelin peptide on MHC class I and activate CD8+ T cells in an EAE model. (B) Oligodendrocytes present myelin peptide on MHC class I and activate CD8+T cells
in an EAE model. (C) Adoptive transfer of Th17 CD4+T cells after cuprizone-mediated demyelination impairs remyelination. (D) Reduced numbers of newly born
yellow fluorescent protein (YFP)-positive OPCs and mature oligodendrocytes in an adoptive transfer cuprizone model. (E) Higher percentage of caspase 3/7-positive
OPCs in an adoptive transfer cuprizone model compared to cuprizone alone. (Panel A and B reprinted by permission from Springer Nature: Nature Immunology, MHC
class I-restricted myelin epitopes are cross-presented by Tip-DCs that promote determinant spreading to CD8 T cells, Ji et al. 2013).
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the periphery allowing priming and activation of CD8+T cells. In
support of this conclusion, adoptive transfer of OVA-specific CD8+T
cells was only able to generate disease in pups 7–10 days-old and not
greater than 12 days-old suggesting blood brain permeability and
leakage of ovalbumin into the periphery was required for initiation of
disease [60]. While crossing of MOG-HA mice to HA-specific T cell
transgenic mice did not result in EAE, adoptive transfer of HA-specific
CD8+ effector T cells into MOG-HA mice resulted in EAE with CNS T
cell infiltrates and demyelination [61]. Adoptive transfer of naïve HA-
specific CD8+T cells did not result in disease. Moreover, adoptive
transfer of GFP labeled HA-specific CD8+ effector T cells revealed GFP
CD8+T cells in close proximity to oligodendrocytes and granzyme B
granules localized to the cell membrane in close opposition to oligo-
dendrocytes.

Together, these in vivo genetic manipulations suggest that antigen
presentation by oligodendrocytes is not sufficient in itself to activate
and prime adoptively transferred CD4+ and CD8+T cells, and that
professional antigen presenting cells such as dendritic cells are required
to license and prime T cells; however, once T cells are sufficiently ac-
tivated, they are able to engage antigen presenting oligodendrocytes,
which can further activate CD8+T cells and potentially contribute to
CD8+T cell-mediated killing of oligodendrocytes. CD8+T cell-
mediated killing of oligodendrocytes could explain the reduction of
OPCs in MS lesions. There may also be a role for cytotoxic CD4+T
cells in direct killing of oligodendrocytes in MS. Activated human
myelin-reactive CD4+T cells can upregulate natural killer (NK) re-
ceptors and kill oligodendrocytes in vitro [62]. Peripheral CD4+T cells
with NK receptors are found in greater proportions in MS patients
compared to controls and display a cytotoxic profile.

The skewing of the oligodendroglia iOPC/iOL immune phenotype
capable of presenting antigen may have an important role in oligo-
dendrocyte survival and remyelination in CNS autoinflammatory dis-
ease. Further in vivo experiments using oligodendrocyte conditional
lines with components of antigen presentation pathway will help to
further elucidate the details of oligodendrocyte antigen presentation
and their direct interaction with T cells to define how this commu-
nication influences OPC survival, differentiation and remyelination.

7. The role of microglia and monocyte-derived macrophages in
remyelination

Microglia are resident macrophages in the brain that are derived
from yolk sac myeloid precursors. These cells migrate into the brain
during embryonic development and have diverse functions during de-
velopment and in the adult CNS [reviewed in [63]]. Adult resting mi-
croglia express common surface markers such as CD11b, Iba1, Fc-
gamma receptor 1 (CD64) and CD115 (Csf-1) that are also present on
CNS infiltrating myeloid populations of dendritic cells and macro-
phages; however, resident microglia are distinguished by low expres-
sion of CD45 and high expression of Cx3cr1 [reviewed in [64]]. In the
setting of inflammation, microglia become activated and change their
morphology with shorter and thicker processes, proliferate and migrate
to areas of injury and upregulate CD45, Iba1 and MHC class II pre-
sentation molecules and co-stimulatory molecules. In the setting of
inflammation and blood brain barrier disruption [65,66], peripheral
bone-marrow derived myeloid cells can infiltrate the CNS and differ-
entiate into microglia-like cells. In the absence of inflammation, CNS
nestin-positive precursors and not peripheral myeloid cells may be re-
sponsible for generating new microglia [67,68].

In the setting of CNS inflammation, peripheral bone-marrow de-
rived monocytes cross the blood brain barrier and differentiate into
macrophages and dendritic cells that express MHC class II, CD11c, and
Ly6C. Activated macrophages in the presence of different cytokine
environments can assume phenotypes ranging from a more reactive
“M1” macrophage or suppressive “M2” macrophage, and this pheno-
type is likely a dynamic continuum rather than a static transformation.

In the presence of lipopolysaccharide (LPS) or IFN-γ, macrophages
develop a M1 phenotype and secrete tumor necrosis factor alpha (TNF-
α), inducible nitric oxide synthase (iNOS), IL-1, IL-6 and IL-12. The
presence of IL-4 and IL-10 can skew the macrophage phenotype to a
more protective M2 phenotype characterized by production of
Arginase-1 and suppression of T cell activity [reviewed in [69]].

Macrophages and microglia may have both detrimental and bene-
ficial roles in demyelination and remyelination. Using a dual-reporter
system consisting of Cx3cr1gfp/+ labeled microglia and Ccr2rfp/+ la-
beled monocyte derived macrophages in an EAE model, studies have
demonstrated that microglia and macrophages have distinct roles and
profiles in EAE [70]. Macrophages initiate demyelination and were
found surrounding and invading internodes, while in the absence of
macrophages (in Cx3cr1gfp/+; Ccr2rfp/rfp mice) demyelination was
markedly reduced. Transcriptional profiling at EAE onset revealed mi-
croglia upregulated genes primarily involved in cell migration and
chemoattraction and had repressed activation of genes involved in
phagocytosis, reactive oxygen species and cytoskeletal reorganization
compared to naïve microglia. Macrophages in contrast had upregula-
tion of genes involved in phagocytosis and cell clearance. In focal de-
myelinating models, monocyte-derived macrophages have beneficial
roles in promoting remyelination by clearing myelin debris, promoting
oligodendrocyte differentiation and facilitating remyelination
[25,71–73]. Microglia also have a role in myelin clearance suggested by
experiments in Trem2 knockout mice [74]. Trem2 is a microglial sur-
face receptor that binds polyanions such as LPS and dextrans. In the
context of cuprizone-mediated demyelination, Trem2 knockout mice
exhibited impaired myelin clearance, persistent demyelination and
microglia that failed to upregulate transcripts involved in phagocytosis,
activation and lipid metabolism [74]. Microglia and macrophages have
also been shown to release factors that support oligodendrocyte pro-
liferation and differentiation [reviewed in [75]]. Similar to oligoden-
droglia, with aging and in the context of demyelinating injury, subsets
of microglia upregulate inflammatory transcripts and assume a more
immunogenic profile [76].

Interpreting the distinct roles of microglia and macrophages in
different models of demyelination and remyelination is challenging, as
they have markedly different inflammatory contexts. EAE models may
underestimate the reparative phenotype of microglia and macrophages,
given the strong inflammatory environment, whereas lysolecithin and
cuprizone models may underestimate the role of macrophages and
microglia in antigen presentation, as they have more robust re-
myelination. Microglia and macrophages may also have different roles
in early and late stages of disease, assuming a more immunogenic,
detrimental role early in disease through antigen presentation and by
initiating demyelination, and a more reparative role later in disease
through clearance of myelin debris and promotion of oligodendrocyte
remyelination.

8. Astrocytes

Similar to microglia and macrophages, astrocytes can display dif-
ferent levels of reactivity and can inhibit or promote remyelination,
depending on the inflammatory context of growth factors and cytokines
[reviewed in [77]]. Activated microglia stimulated by LPS exposure
induce a reactive “A1” astrocyte phenotype, which was shown to be
mediated through secretion of IL-1α, TNF-α and complement compo-
nent 1q (C1q) [78]. A1 astrocytes lose the ability to promote neuronal
survival and synaptogenesis, have reduced phagocytosis, and culture
media from A1 reactive astrocytes induces neuronal and oligoden-
drocyte cell death. Blocking microglial-mediated activation of the A1
neurotoxic phenotype has been shown to be neuroprotective in a mouse
model of Parkinson’s disease [79]. Similar to the macrophage M1/M2
continuum, there is likely a dynamic phenotype that astrocytes can
assume, ranging from A2 protective to A1 neurotoxic phenotypes [re-
viewed in [80]].
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Astrocytes also play a role in the recruitment of T cells [reviewed in
[81,82]] and naïve dendritic cells [83] through production of cytokines
and chemokines. Astrocytes may also present antigen and influence T
cell responses, with some studies demonstrating that IFN-γ stimulated
astrocytes are capable of activating naïve myelin-specific T cells
[84–89]. Astrocytes can also influence microglia antigen presentation
through secretion of cytokines, such as granulocyte macrophage colony
stimulating factor (GM-CSF), macrophage colony stimulating factor (M-
CSF) and transforming growth factor beta (TGF-β) [90–92]. Reactive
astrocytes can also undergo morphological changes and form a glial
scar that in EAE models has been shown to serve a protective role by
limiting widespread T cell infiltration in the brain parenchyma and
targeting T cell localization to the perivascular niche [93]. Reactive
astrocytes can also modify the extracellular matrix environment, which
may also limit oligodendrocyte precursor migration and repair within
demyelinated lesions [reviewed in [94–96]].

9. Promoting remyelination in multiple sclerosis

MS is a CNS demyelinating disease likely caused by a complex
combination of factors and environmental triggers that induce an in-
flammatory response in the CNS leading to an autoimmune attack on
myelin. Myelin degeneration results in demyelinated plaques in the
brain and spinal cord with areas of exposed axons. The inflammatory
environment of MS is a challenging environment for myelin repair,
which may require OPCs to migrate into demyelinating plaques (if the
precursor pool is depleted), differentiate into mature oligodendrocytes
and wrap denuded axons in the setting of a milieu of myelin debris,
extracellular matrix changes, cytokines, neurotoxic reactive astrocytes,
microglia, macrophages, T and B cells. Remyelination failure and re-
sulting axonal degeneration is thought to underlie the progressive
features of MS. Therapies targeted at overcoming these barriers to
promote oligodendrogenesis and remyelination are thus a current area
of focus in MS research. Understanding how oligodendrocytes and oli-
godendrocyte precursor cells interact with cells of the immune system
and determine how these specific cellular interactions influence re-
myelination will be an important addition to our current knowledge
about the influence of the inflammatory milieu on oligodendrocyte
function and myelin repair.

10. Conclusions

In a neuroinflammatory environment, oligodendrocyte lineage cells
in both mouse models and human MS lesions can develop an in-
flammatory signature characterized by upregulation of genes involved
in antigen presentation. Adoptive transfer of Th17 polarized CD4+T
cells after cuprizone-mediated demyelination results in reduced num-
bers of oligodendrocytes and increased caspase-expressing dying OPCs,
suggesting that both OPCs and mature oligodendrocytes may be tar-
geted for killing by cytotoxic CD8+T cells. Why these cells present
antigens to T cells and potentially target themselves for CD8+T cell-
mediated killing is unclear, but may be a programmed response to
chronic inflammation similar to that which occurs in viral infections of
the CNS. Oligodendrocyte antigen presentation to T cells could have
beneficial roles in the setting of CNS infection by assisting with T cell
activation and recruitment; however, this pathway may be dysregulated
in the setting of MS when healthy OPCs capable of forming re-
myelinating oligodendrocytes are necessary for repair. Further experi-
ments are needed to define the role of antigen presentation by oligo-
dendrocyte lineage cells in vivo and to assess whether inhibiting antigen
presentation by these cells alters the timing and extent of myelin repair
in MS.
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