
TYPE Review

PUBLISHED 09 December 2024

DOI 10.3389/fnins.2024.1488382

OPEN ACCESS

EDITED BY

Pinar Ayata,

CUNY Advanced Science Research Center,

United States

REVIEWED BY

Abhirami K. Iyer,

Washington University in St. Louis,

United States

Nina Fransen,

Netherlands Institute for Neuroscience

(KNAW), Netherlands

*CORRESPONDENCE

Randy R. Brutkiewicz

rbrutkie@iu.edu

RECEIVED 29 August 2024

ACCEPTED 20 November 2024

PUBLISHED 09 December 2024

CITATION

Afify R, Lipsius K, Wyatt-Johnson SJ and

Brutkiewicz RR (2024) Myeloid

antigen-presenting cells in neurodegenerative

diseases: a focus on classical and

non-classical MHC molecules.

Front. Neurosci. 18:1488382.

doi: 10.3389/fnins.2024.1488382

COPYRIGHT

© 2024 Afify, Lipsius, Wyatt-Johnson and

Brutkiewicz. This is an open-access article

distributed under the terms of the Creative

Commons Attribution License (CC BY). The

use, distribution or reproduction in other

forums is permitted, provided the original

author(s) and the copyright owner(s) are

credited and that the original publication in

this journal is cited, in accordance with

accepted academic practice. No use,

distribution or reproduction is permitted

which does not comply with these terms.

Myeloid antigen-presenting cells
in neurodegenerative diseases: a
focus on classical and
non-classical MHC molecules

Reham Afify, Katherine Lipsius, Season J. Wyatt-Johnson and

Randy R. Brutkiewicz*

Department of Microbiology and Immunology and Stark Neuroscience Research Institute, Indiana

University School of Medicine, Indianapolis, IN, United States

In recent years, increasing evidence has highlighted the critical role of myeloid

cells, specifically those that present antigen (APCs) in health and disease. These

shape the progression and development of neurodegenerative disorders, where

considerable interplay between the immune system and neurons influences

the course of disease pathogenesis. Antigen-presenting myeloid cells display

di�erent classes of major histocompatibility complex (MHC) and MHC-like

proteins on their surface for presenting various types of antigens to a wide variety

of T cells. While most studies focus on the role of myeloid MHC class I and II

molecules in health and disease, there is still much that remains unknown about

non-polymorphic MHC-like molecules such as CD1d and MR1. Thus, in this

review, wewill summarize the recent findings regarding the contributions of both

classical and non-classical MHC molecules, particularly on myeloid microglial

APCs, in neurodegenerative diseases. This will o�er a better understanding

of altered mechanisms that may pave the way for the development of novel

therapeutic strategies targeting immune cell-MHC interactions, to mitigate

neurodegeneration and its associated pathology.
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Introduction

Recognition ofmajor histocompatibility complex (MHC)molecules is themajormeans
by which mammals (and many other organisms) distinguish between self and non-self
(Dausset and Contu, 1980). Classical MHCmolecules come in two flavors (Figure 1): MHC
class I and MHC class II (Kaufman et al., 1984; Watts and Powis, 1999). These groups
present peptides that consist of either 7–9 amino acids (MHC class I) or ∼20 or more
amino acids (MHC class II), to either CD8+ or CD4+ T cells, respectively (Swain, 1983;
Yewdell and Bennink, 1992; Pishesha et al., 2022). In terms of neuroscience, most cells of
the central nervous system (CNS) express very low levels of MHC molecules. As such, an
upregulation of MHC class I or class II molecules is viewed that a cell has been activated;
thus, measurements of MHC molecules are used as activation markers (Lassmann et al.,
1991; Kreutzberg, 1995; Smith, 2001; Hanisch, 2013; Frohman et al., 1989; Fabry et al., 1994;
Healy et al., 2020). Whereas detecting an upregulation of MHC molecules can be seen as
an activated state in such cells (e.g., MHC class II in epithelial cells), this is usually due
to exposure to proinflammatory cytokines, such as IFN-γ, which does indeed induce the
expression of MHC molecules during an infection or other inflammatory state (Steinman,
1988; Früh and Yang, 1999; Giacomini et al., 1988).
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FIGURE 1

MHC and MHC-like molecules and the T cells that recognize them. MHC class I, MHC class II, CD1d and MR1 molecules present antigens to CD8+

(8–9 amino acid peptides), CD4+ (peptides that can exceed 20 amino acids in length), NKT (phospho- and glycolipids) and MAIT cells

(microbial-derived vitamin B metabolites), respectively.

Related to MHC molecules are those that are called “MHC-
like.” These generally have a comparable 3-dimensional structure
as classical MHC molecules and many present antigens, although
some, like the neonatal Fc receptor, do not (Simister and Ahouse,
1996; Wilson and Bjorkman, 1998). Two main MHC class I-like
antigen presenting molecules have been studied in neurobiology—
these are called CD1d and MR1 (Figure 1). CD1d presents
glycolipids or phospholipids to a population of innate-like T cells
named, “natural killer T” (NKT) cells (Brutkiewicz et al., 2018;
Bendelac et al., 2007; Brutkiewicz, 2006). NKT cells have the
capacity to produce both pro- and anti-inflammatory cytokines,
allowing them to help regulate a host’s response to a pathogen
or cancer (Bendelac et al., 2007; Terabe and Berzofsky, 2014).
Moreover, NKT cells rapidly travel into the brain following an
ischemic stroke, potentially contributing to the pathology that
occurs in such an event (Pan et al., 2021; Wang et al., 2016;
Gelderblom et al., 2009; Lehmann et al., 2014), although they
have yet to be found/explored in neurodegenerative diseases
(Shrinivasan et al., 2024). In contrast, MR1 presents neither
peptides nor lipids to T cells. Instead, MR1 presents microbial

Abbreviations: Aβ, amyloid beta; α-Galcer, α-galactosylceramide; AD,

Alzheimer’s disease; ADRD, Alzheimer’s disease and related dementias;

ALS, amyotrophic lateral sclerosis; APC, antigen-presenting cells; BBB,

blood-brain barrier; CD1d, cluster of di�erentiation 1 d; CIITA, class II

transactivator; CSF, cerebrospinal fluid; DAM, disease associated microglia;

DA, dark agouti; ER, endoplasmic reticulum; HD, Huntington’s disease; LBD,

Lewy body disease; MAIT, mucosal-associated invariant T; MHC, major

histocompatibility complex; MR1, major histocompatibility class I-related

molecule; MS, multiple sclerosis; MSN, medium spiny projection neuron; OX,

oxidative stress dysregulation; PD, Parkinson’s disease; TD, dysregulation of

transcription.

vitamin B-derived metabolites to another innate-like T cell
population called, “mucosal-associated invariant T” (MAIT) cells
(Kjer-Nielsen et al., 2012). MAIT cells, as their name suggests,
are mainly found in mucosal tissue such as in the lungs or
intestine (Birkinshaw et al., 2014; Godfrey et al., 2019; Keller et al.,
2017), but have recently been found in the meningeal barrier
and brain tissue (Wyatt-Johnson et al., 2023; Zhang et al., 2022).
Furthermore, MAIT cells are highly proinflammatory and upon

antigen recognition, cause damage to the tissue they reside in,

such as that which occurs in inflammatory bowel disease (Ju et al.,

2020; Serriari et al., 2014; Tominaga et al., 2017) or in a variety of
CNS disorders including neurodegenerative diseases, glioblastoma,
cerebral palsy, and ischemia (Salou et al., 2016; Shrinivasan et al.,
2024; Wyatt-Johnson et al., 2024).

Immunologists mainly see MHC and MHC-like molecules in

their basic function—presenting antigens to T cells. Regardless

of the tissue in which these antigen presenting molecules are

expressed, they do have the capacity to be recognized by the

requisite T cells when the right antigen is presented by the

right MHC or MHC-like molecule. Thus, rather than just being

activation markers, the classical antigen presenting function of

these molecules needs to be considered when studying them in the

context of diseases of the CNS. Notably, several myeloid cells in

the CNS cells can indeed present antigens to various populations
of T cells (Hart and Fabry, 1995; Priya and Brutkiewicz, 2020),
illustrating the importance of MHC and MHC-like molecules
in CNS disorders. Myeloid cells play a major role in immune
surveillance; responding to injury, and orchestrating immune
responses (Amann et al., 2023). Key types include microglia, which
are the resident immune cells of the brain, as well as macrophages
and dendritic cells. Microglial originate from yolk sac progenitors
during early development (Askew and Gomez-Nicola, 2018), while
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macrophages and dendritic cells can develop from bone marrow
(Abdi et al., 2020; Cortez-Retamozo et al., 2012) or from the
circulating monocytes (Sreejit et al., 2020; Marzaioli et al., 2020)
during inflammation. A deeper understanding of these diverse cells
and their origins is important for studying CNS health and disease.

Currently, the reviews on conventional (CD4+ and CD8+)
and invariant (NKT and MAIT) T cells in neurological diseases
(Wyatt-Johnson et al., 2024;Wyatt-Johnson and Brutkiewicz, 2020;
DeMaio et al., 2022; Evans et al., 2019) focus specifically on T cells
and tend to overlook the importance of the antigen-presenting
molecules themselves. Here, we review the scientific literature in
terms of studies where microglial MHC or MHC-like molecules
were investigated in a variety of CNS diseases (also summarized
in Table 1). As we discovered, such studies are not very numerous.
Thus, we see many opportunities to include the analysis of antigen
presenting molecules in several neurological disorders, which can
advance the possible identification of novel therapeutic targets for
these various diseases.

MHC class I

MHC class I (MHC I) molecules play a central role in the
immune system, as they present foreign peptides to T cells
(Wieczorek et al., 2017). MHC class I molecules are expressed on
all nucleated cells. They present endogenously-synthesized antigens
from viruses or other pathogens that have been degraded into
peptide-sized fragments by the proteasome in the cytosol and
transported to the cell surface (Hewitt, 2003; Pearce et al., 2004).
These eight or nine amino acid peptides are recognized by CD8+

T cells, which are cytotoxic in nature and eliminate infected APCs,
thereby protecting the host (Rock et al., 2016).

In the normal human brain, CD8+ T cells are present at
relatively low levels, primarily localizing in the white matter,
perivascular spaces, and brain parenchyma (Smolders et al.,
2013; Moreno-Valladares et al., 2020). However, in various
neurodegenerative disorders, evidence shows that these cells are
found at much higher levels, suggesting significant infiltration and
active involvement in disease pathology. This shift of CD8+ T cell
levels indicates a potential role in mediating immune responses
within the CNS, which can be both protective and detrimental,
depending on the context of the disease (Mensurado et al., 2023;
Unger et al., 2020; Kimura et al., 2024).

MHC class I molecules are heterodimeric proteins composed of
a peptide-binding heavy chain (α chain)—which forms the peptide-
binding site central for antigen presentation—and a light chain
known as β2-microglobulin—which stabilizes the antigen/T cell
interaction (Hewitt, 2003; Muntjewerff et al., 2020). In this part of
the review, we will explore the role of MHC class I molecules on
microglia/macrophages and their interactions with CD8+ T cells
across various neurodegenerative disorders.

Alzheimer’s disease and related dementias
(ADRD)

In Alzheimer’s disease (AD), the elevated expression of MHC
class I molecules calls for further investigation to understand

how these immune responses influence neurodegeneration. AD
is the most prevalent form of dementia, primarily defined
by the pathological accumulation of two aberrant proteins:
amyloid-beta (Aβ) and hyperphosphorylated tau, together with
neuroinflammation (O’Brien and Wong, 2011). Multiple lines
of evidence suggest that increased levels of microglial MHC I
molecules in AD may play a critical role in disease progression
(Kellogg et al., 2023; Kim et al., 2023; Tooyama et al., 1990). Indeed,
in the brains of AD patients, MHC I expression has been detected
in microglia, albeit at a relatively low level (Tooyama et al., 1990).
More recently, it has been demonstrated that microglial MHC I
is expressed at significantly higher levels compared to other CNS
cell types and that this expression increases with aging in both
human and mouse models (Kellogg et al., 2023). Moreover, in the
5XFAD mouse model of AD, Zhou et al. (2020) found a significant
upregulation of MHC I genes compared to wild-type (WT)
mice, emphasizing their relevance in AD pathology. Furthermore,
Goddery et al. (2021) determined that MHC I-expressing microglia
are primary drivers of CD8+ immune cell infiltration and responses
within the brain. Consistent with this, several studies have reported
increased numbers of parenchymal and peripheral CD8+ T cells
in AD patients, shedding light on a potential role for MHC class I
molecules in AD (Larbi et al., 2009; Lueg et al., 2015; Unger et al.,
2020). Additionally, there is evidence that neurons express MHC
class I molecules under certain pathological conditions, including
AD, and that amyloid beta plays a role in regulating the expression
of MHC-I molecules (Kim et al., 2023). Although less is known
about tau protein as an antigen in the context of CD8+ T cell
recognition, it might also undergo processing and presentation in
a similar manner, especially in stressed neurons. Evidence from
one study indicates that reducing MHC-I expressions alleviates
tau pathology in primary neurons expressing ApoE4 and in the
hippocampi of mice with tau pathology (Zalocusky et al., 2021).
Another study found that activated microglia in tauopathy show a
notable increase inMHC-I expression (Chen et al., 2023). Together,
these findings suggest that investigating MHC I-mediated immune
responses in microglia and neurons could provide valuable insights
into AD progression and potential therapeutic targets.

Amyotrophic lateral sclerosis

The expression of MHC class I molecules in ALS suggests
a multifaceted role that calls for additional investigation to
untangle its diverse effects on disease pathology. Amyotrophic
lateral sclerosis (ALS) is a fatal, progressive neurological disorder
that targets both upper and lower motor neurons. Microglia
have been found to have a pivotal role in modulating the
neuroinflammatory process in ALS (Vahsen et al., 2023; Barreto-
Núñez et al., 2024). Notably, work by Nardo et al. (2018), using
β2-microglobulin-deficient SOD1G93A mutant mice—obtained by
crossing female C57BL6.129P2-B2mtm1Unc/J (B2M KO) mice
with C57BL/6JSOD1G93Amale mice— demonstrated that the lack
of both spinal microglial MHC I and CD8+ T cell infiltration led
to enhanced survival, delayed disease progression, and a significant
reduction in the proinflammatory response. In contrast, in the
sciatic nerves of these mice, the outcomes were the opposite,
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TABLE 1 Classical and non-classical MHC molecules in neurodegenerative diseases and disorders.

Neurological
disease/disorder

MHC I MHC II MR1 CD1d

Alzheimer’s disease and
related dementia

In both AD and aging, there is an
observed increase in the expression
of microglial MHC class I
molecules in human and mouse
models (Kellogg et al., 2023; Zhou
et al., 2020)

Increased MHC II expression
around dense-core plaques in
post-mortem human tissue
(Hendrickx et al., 2017); MHC
II-deficient mice demonstrated
worsening AD pathology (Mittal
et al., 2019)

Microglia MR1 expression
increased on microglia closer
to amyloid plaques in both
mice and human models
(Wyatt-Johnson et al., 2023)

CD1d neutralization did not
impact the cognitive function
of in mouse models of AD,
but did reduce
neuroinflammation in LBD
mouse models (Iba et al.,
2024)

Amyotrophic lateral
sclerosis

Dual role for MHC I in ALS; can
either have a beneficial effect
(Nardo et al., 2018; Oliveira et al.,
2004; Tomiyama et al., 2023; Song
et al., 2016) or a pathogenic
contribution (Nardo et al., 2018)

Increased HLA genes in the Glia
subtype of ALS (Eshima et al.,
2023)

Not reviewed here Not reviewed here

Huntington’s disease Not reviewed here Post-mortem HD brain sections
showed MHC II present on
activated microglia (Sapp et al.,
2001)

Not reviewed here Not reviewed here

Multiple sclerosis Mediate a protective effect
(Bergamaschi et al., 2010; Friese
et al., 2008)

MHC II (HLA-DR) expression was
found on CD68+ microglia near
lesion areas (Hendrickx et al., 2017;
Luchetti et al., 2018; Bo et al., 1994)

Increased expression in
associated lesions of the brain
and disease progression
(Salou et al., 2016;
Wyatt-Johnson et al., 2024;
Dedoni et al., 2023)

Present in areas of active
demyelination and along the
borders of active lesions
(Muir et al., 2020)

Parkinson’s disease Research on MHC class I
expression in microglia remains
particularly limited, while evidence
indicates that neuronal MHC I
levels are elevated in PD (Wang
et al., 2021)

MHC II-deficient mice injected
with human α-synuclein had
reduced dopaminergic neuron loss
(Harms et al., 2013) and in rats
injected with human α-synuclein
there was co-localization of MHC
II with α-synuclein
(Jimenez-Ferrer et al., 2021)

Not reviewed here Not reviewed here

suggesting a complex role for these immune components in ALS
pathology (Nardo et al., 2018). Consistent with this, microglia near
motor neurons showed an increased expression level of MHC I
in C57SOD1G93A mice during disease progression (Nardo et al.,
2013; Chiarotto et al., 2017). On the other hand, it has also been
reported that neuronal MHC I expression has a beneficial effect
on axonal regeneration and neuron survival overall (Oliveira et al.,
2004; Tomiyama et al., 2023) and can protect against astrocyte-
mediated neurotoxicity (Song et al., 2016). Overall, these findings
suggest a dual role for MHC I in ALS, which may vary depending
upon its site-specific expression and stage of disease.

Multiple sclerosis

Studies on multiple sclerosis (MS) underscore the influence of
MHC molecules, with emerging evidence suggesting a protective
role for certain MHC class I alleles, though the mechanisms remain
unclear. MS is a progressive autoimmune neurodegenerative
disease that is typically associated with demyelination and the
infiltration of immune cells into the CNS. Given the inflammatory
profile ofMS, numerous studies have highlighted the importance of
MHC molecules in MS pathology (Ramagopalan and Ebers, 2009;
Maghbooli et al., 2020). However, the precise mechanism(s) by
which different classes of MHC molecules can significantly alter
MS pathology require further attention. Whereas more attention
has been focused on the role of MHC II molecules in MS, which

will be discussed in detail later in this review, a few studies have
highlighted the role of MHC I in MS disease pathology. Indeed,
work by Bergamaschi et al., found that, in an Italian cohort of
MS patients and controls, a specific (and common) HLA-class
I allele (HLA-A∗02) mediated a protective effect, thus reducing
MS risk in this population (Bergamaschi et al., 2010). Similarly,
another study also demonstrated a similar protective potential for
the same HLA class I allele in regulating the risk of MS in a
humanized mouse model of MS (Friese et al., 2008). Given the
current knowledge of the impact of HLA class I alleles on MS
susceptibility and pathology, further research is still needed to
examine howMHC Imolecules on cells like microglia may alterMS
pathology. This will help us better understand the genetic basis of
MS susceptibility and identify potential avenues for future studies
and clinical applications.

Parkinson’s disease

The involvement of MHC class I molecules in Parkinson’s
disease (PD) has gained attention, with increased expression seen
in neurons, but more research is needed to explore their impact
on microglial-mediated inflammation. PD is another prevalent
progressive neurodegenerative disease that predominantly targets
the dopaminergic neurons, thus impairing motor functions.
Although neuroinflammation is known to significantly contribute
to PD pathology, the underlying mechanisms regulating these
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inflammatory responses are not yet fully understood. Interestingly,
it was previously described that the expression levels of neuronal
MHC class I were increased in PD (Wang et al., 2021). However,
research into the role of MHC class I molecules on microglia in PD
is particularly limited. Thus, addressing this knowledge gap will be
critical for a more comprehensive understanding of the disease.

MHC class II

MHC class II (MHC II) molecules present antigens to CD4+ T
cells. MHC II is a cell surface glycoprotein with two heavy chains,
each with two domains that are encoded by three different human
leukocyte antigen (HLA) subclasses -DP, -DQ, and -DR (Buxade
et al., 2018; van Lith et al., 2010). In the endoplasmic reticulum,
the invariant chain (Ii) associates with MHC II molecules, with
part of Ii, called CLIP, binding to the antigen-binding groove. This
protects the MHC II molecules from binding peptides before they
can interact with the correct antigenic peptides. Upon intracellular
transport to late endosomal compartments, CLIP is exchanged
with an antigenic peptide by HLA-DM (human) or H2-M (mouse)
(Roche and Furuta, 2015). The >20 amino acid peptides that MHC
II molecules present are from exogenous sources (i.e., outside of
the cell) (Buxade et al., 2018). These peptides are then presented
to CD4+ T cells, which are found in the brain even under healthy
“non-disease” conditions (Pasciuto et al., 2020). The following
sections will discuss how MHC II molecules on microglia or
macrophages contribute to neurodegenerative diseases.

Alzheimer’s disease and related dementias

In AD, the genes encoding the HLA-DRB1 and HLA-DRB5
MHC II molecules are considered to be AD risk genes (Patel et al.,
2021; Mathys et al., 2019) and overall MHC II expression is found
to be elevated in ADRD pathology. In histological analyses of AD
patient vs. non-AD brains, MHC II molecule protein expression is
elevated on microglia that positively stain with the lectin Ricinus

communis agglutinin—particularly microglia clustered around
senile plaques and neurofibrillary tangles (Perlmutter et al., 1992).
Similarly, in another cohort of post-mortem AD brain tissue, there
was an increase in HLA-DR staining around dense-core plaques,
but this did not co-localize with IBA1 or CD68 reactive (Hendrickx
et al., 2017), however, this could be due to the expression pattern
of these molecules and the difficulty of staining human tissue.
Using RNA sequencing analyses, “disease-associated microglia”
(DAMs) have been found in AD and shown to have increased
expression of MHC II (Keren-Shaul et al., 2017; Mathys et al.,
2019). Interestingly, in CK-p25 mice which have many hallmark
features of AD, there are two types of DAMs which are defined
by increased expression of MHC II molecules and Type 1 IFNs,
which can be produced by macrophages (Mathys et al., 2019).
In the 5XFAD mouse model of AD, the injection of cultured
Aβ-specific CD4+ T helper type 1 cells directly into the brain,
resulted in an increase in the colocalization of IBA1+MHC II+

cells with Aβ (Mittal et al., 2019). These cells also had a much
more amoeboid morphology rather than ramified and the MHC
II+ cells had a higher co-localization to Aβ compared to MHC

II- cells (Mittal et al., 2019). Interestingly, 5XFAD mice crossed
with MHC II-deficient mice had an increase in the IL-6 and IFN-
γ proinflammatory cytokines at 6 months of age, along with an
increased plaque load (Mittal et al., 2019). These data indicate
that the antigen-presenting molecules are crucial in AD pathology
by potentially triggering the clearance of Aβ. Moreover, 5XFAD
mice treated with a flavonoid from Hibiscus sabdariffa, Gossypetin,
had a reduction in both Aβ and IBA1+MHC II+ cells (Jo et al.,
2022). In the tauopathymousemodel TE4, treatment with PLX3397
reduced IBA1+ cells and MHC II+ cells and reduced CD3+ T cells.
Treatment with anti-CD4 and anti-CD8 antibodies in TE4 mice
also reducedMHC II+ cells in the dentate gyrus (Chen et al., 2023).
In two transgenic rat lines expressing human truncated tau protein,
the spontaneously hypertensive rat only had a small percentage
of microglia expressing MHC II (1.6%), while the Wistar-Kyoto
background has almost a fourth of microglia expressing MHC II
(23.2%) (Stozicka et al., 2010). Interestingly, the spontaneously
hypertensive rat had more overall neurofibrillary load (Stozicka
et al., 2010). More recently, in APOE3 and APOE4 mouse models
transfected with humanized tau, only the APOE4 mice showed
an increased surface level of MHC II on CD11b+ CD45− microglia
(Lu et al., 2024). Furthermore, in these mice, there was a connection
between APOE4 enhancing cholesterol accumulation in microglia
that have elevated levels of MHC II, and in microglia where
capsaicin was used to increase calcium levels in the endoplasmic
reticulum, they had reduced MHC II expression (Lu et al., 2024).
Overall, these studies suggest that MHC II molecules may play a
role in altering the Aβ plaque load and tau in ADRD.

Amyotrophic lateral sclerosis

In ALS gene expression changes for MHC II have shown
to be increased in certain types of ALS. ALS is associated
with the RNA/DNA-binding proteins, FUS, EWSR1, TAF15, and
MATR3. These were found to influence MHC II-mediated antigen
presentation via regulation of the MHC class II transactivator
(CIITA) (Chi et al., 2023). In a subtype of ALS called Glia, there is a
significant increase inHLA-DOA gene expression in comparison to
controls, frontotemporal dementia, and the two other subtypes of
ALS OX (oxidative stress dysregulation) and TD (dysregulation of
transcription) (Eshima et al., 2023). This is particularly important
as HLA-DOA forms a heterodimer with HLA-DOB in lysosomes
which helps mediate peptide loading onto MHC II molecules.
Moreover, in ALS-Glia, there is a high contribution of glial cells,
where the “DAM” microglia found in AD are also observed here
(Eshima et al., 2023). Although there has been little work on the
role of MHC II molecules in ALS, existing data suggest a role for
MHC class II molecules in disease progression and as a potential
therapeutic target.

Huntington’s disease

Huntington’s disease (HD) is an inherited disorder that causes
the progressive loss of neurons with very little analysis of MHC II,
only showing histological increases of MHC II. Few studies have
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analyzed MHC II-encoding or related genes in HD. In higher grade
HD patient post-mortem brain sections, who were not diagnosed
with any other neurological disease, activated microglia are MHC
II+ (Sapp et al., 2001). This is in contrast to the number of
peripheral MHC II+ macrophages which remained unchanged in
HD patients (Pido-Lopez et al., 2018; Trager et al., 2014). These
studies therefore indicate possible functional effects of MHC II
molecule expression in microglia in HD.

Multiple sclerosis

In MS the MHC II HLA genes were overall found to be
increased. MS has some alleles in the HLA-DQB1, HLA-DQA1,
and HLA-DRB1 loci are associated with an increased risk of
developing MS. Interestingly, the HLA-DRB1 haplotype in MS
patients is different, depending upon the geographical region in
which they reside (Ramagopalan and Ebers, 2009). Additionally,
the HLA-DR15 allele has one of the strongest risk associations
for MS (Martin et al., 2021). Commonly, in post-mortem MS
tissue, HLA expression is used as a diagnostic for inflammatory
activation in lesion areas (Luchetti et al., 2018). In post-mortemMS
brain sections, HLA-DR-DQ-DP was found most predominately in
white matter areas, although it was still present in the gray matter
(Hendrickx et al., 2017). Of note, HLA-DR-DQ-DP staining was
found particularly more in active MS lesions compared to inactive
MS lesions across different cohorts (Luchetti et al., 2018; Hendrickx
et al., 2017; Bo et al., 1994). This HLA-DR-DQ-DP staining was co-
localized frequently with CD68, a lysosomal marker used to help
measure activation, but less with IBA1+ cells, which were amoeboid
in shape, but did co-localize with IBA1+ foamy macrophages
(Hendrickx et al., 2017; Bo et al., 1994). Although this staining did
not co-localize frequently with IBA1+ microglia/macrophages, it
did not co-localize at all with astrocytic or endothelial markers (Bo
et al., 1994). Interestingly, the microglia clusters (or nodules) in
MS express more HLA-DR-DP-DQ than in post-mortem human
stroke microglia clusters (van den Bosch et al., 2024). These
clusters in MS are also shown to contain partially demyelinated
axons (van den Bosch et al., 2024). These studies demonstrate the
importance of understanding microglia/macrophages near lesion
areas, as well as the importance of which markers are used to assess
the lesion areas. Overall, various MHC II alleles are associated
with a higher incidence of MS, the microglia/macrophages with
the highest expression of these alleles are located near lesion areas.
Understanding microglia/macrophages in lesion areas and their
expression of MHC II could potentially lead to better therapeutic
targets, more work and advancement of technology is needed to
understand how these cells may initiate or contribute toMS lesions.

Parkinson’s disease

In PD, MHC II levels are increased in animal models. These
increased levels of MHC II molecules have been observed in mouse
models of PD using unilateral injections of full length human α-
synuclein into the substantia nigra pars compacta (Harms et al.,
2013). Injection of human α-synuclein into MHC II-deficient

mice prevented this increase as well as the activation of CD11b+

microglia; dopaminergic neuron loss was also reduced (Harms
et al., 2013). In Dark agouti (DA) and DA.VRA4-congenic rats,
the latter of which display lower levels of the MHC II regulatory
gene Mhc2ta (the rat equivalent of CTIIA), were similarly injected
with human α-synuclein. As expected, compared to DA rats, there
was reduced expression of MHC II molecules in the DA.VRA4
rats. Interestingly, unlike the MHC II-deficient mice described
above, there was more propagation of α-synuclein in the brains
of DA.VRA4 rats (Jimenez-Ferrer et al., 2021). Notably, in the
areas of α-synuclein propagation, there were more IBA1+MHC II+

vs. IBA1+MHC II- cells. Additionally, the IBA1+MHC II+ cells
had a more amoeboid morphology (Jimenez-Ferrer et al., 2021).
DA.VRA4 rats also showed the greatest cell loss in the nigra and
developed a progressive forelimb akinesia (Jimenez-Ferrer et al.,
2021). Regardless of rat type, MHC II+ cells colocalized with α-
synuclein (Jimenez-Ferrer et al., 2021). When nude rats, which
lack T cells, were injected with human α-synuclein, there was
no increase in MHCII (Subbarayan et al., 2020). Of note, the
lower levels of Mhc2ta (i.e., CIITA) expression in DA.VRA4 rats
are correlated with higher levels of TNF (Fredlund et al., 2024).
This is a bit counter-intuitive, as one would expect CIITA (and
thereby, MHC II) and TNF to be regulated in parallel during
an inflammatory response. Overall, observations demonstrating
that α-synuclein propagation and its impact on glial activation,
as well as neuronal loss, may be influenced by MHC class
II molecules.

MR1

The MHC I like molecule MR1 is a non-polymorphic
β2-microglobulin-dependent class Ib molecule expressed both
intracellularly and on the surface of several types of cells.
MR1 is required for the development, expansion and activation
of T cells with an invariant T cell receptor α chain (Vα

7.2/Jα 33 in humans and Vα19-Jα33 in mice), called mucosal-
associated invariant T (MAIT) cells, which have been found in
the brain in human neurological diseases (Shrinivasan et al.,
2024; Wyatt-Johnson et al., 2024; Treiner et al., 2003). In terms
of antigen presentation, MR1 covalently binds intermediates
derived from the microbial metabolism of vitamin B intracellularly
and then presents them on the cell surface to MAIT cells
(Lamichhane and Ussher, 2017). It is important to note that
MR1 is highly conserved in mammals, though expression
levels, ligand loading and trafficking pathways have shown
some variation between cell lines and host species (Lamichhane
and Ussher, 2017). Whereas roles for MR1 in infections
and autoimmune responses have been established, considerably
less information is available about MR1 in the context of
neurodegenerative diseases in which neuroinflammation is often
a characteristic. For example, chronic MR1-mediated MAIT
cell activation and the subsequent secretion of proinflammatory
cytokines have been shown to worsen the outcome of some
neurodegenerative diseases (Landry and Embers, 2022). Below, we
discuss what is known about the contributions of MR1 to various
neurodegenerative disorders.
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Alzheimer’s disease and related dementias

Determining the role of MR1, if any, in homeostatic or
neuroinflammatory processes is ongoing. The low permeability of
the blood-brain barrier (BBB) is essential for maintaining brain
homeostasis (Huang et al., 2020). The breakdown of the BBB
into a “leakier” state is an early-stage event of the disease process
in Alzheimer’s disease (Wyatt-Johnson and Brutkiewicz, 2020).
Otherwise, toxins, cytokines and immune cells could infiltrate
into the brain and possibly trigger excessive microglial activation,
resulting in neuroinflammation (Zhang et al., 2022). It has been
shown that MR1 has a role in the stability of the BBB of C57BL/6
mice as they age. For example, one study demonstrated that
MR1-deficient mice (lacking both MR1 and MAIT cells) have
an increase in ROS accumulation and exhibit meningeal barrier
leakage compared to WT mice. These results imply that MR1 is a
protective factor for maintaining the meningeal barrier structure
in WT mice (Zhang et al., 2022). Further experiments showed that
IBA+ cells were increased in the hippocampus and cortex of mice
lacking MR1 (Zhang et al., 2022). Excessive microglial activation
may contribute to neuroinflammation through the release of an
array of proinflammatory cytokines like IL-6, IL-1β, IL-18, TNF-α,
and IFN-γ, all capable of causing injury to neurons (Landry and
Embers, 2022). In fact, reduced cognitive function was observed
in MR1 KO mice in both Y-Maze and Morris Water Maze
assessments. This reduction was ameliorated after the transfer of
MAIT cells to MR1 KO mice (Zhang et al., 2022); thus, these data
suggest that MR1-independent, MAIT cell-dependent responses
can have an impact in the CNS. In the 5XFAD mouse model of
AD, MR1-deficient 5XFAD mice showed a significantly delayed
accumulation of Aβ in the hippocampus until 8 months of age,
when compared to 5XFAD mice that are MR1+. In the cortex, this
significant difference in the Aβ burden between 5XFAD and MR1-
deficient 5XFADmice was still present at 8months (Wyatt-Johnson
et al., 2023). Moreover, higher levels of MR1 were found in IBA1+

microglia/macrophages that were closer to amyloid plaques than
those at greater distances or as compared to WT mouse IBA1+

cells. Notably, this result was also demonstrated in the brain tissue
of AD patients as compared to non-AD controls (Wyatt-Johnson
et al., 2023). Considering that the gut microbiome is altered in
AD patients (Bello-Corral et al., 2023) and the importance of
MAIT cells in maintaining gut immune homeostasis (Jabeen and
Hinks, 2023), examined together, these data suggest that MR1 has a
possible role in AD pathology.

Multiple sclerosis

Expression of MR1 is increased in the brain lesions of Multiple
Sclerosis patients. Like most of the neurodegenerative diseases
discussed so far, there is a limited amount of data discussing any
correlation between MR1 expression and the progression or overall
pathology of MS. Much of what has been published is in relation
to MAIT cell activation or the overall MAIT cell population, with
little analysis on MR1 itself (Lv et al., 2023). There is an increased
expression of MR1 localized in MS-associated brain lesions
regardless of the form of MS (i.e., Primary Progressive, Progressive

Relapsing, Relapsing-Remitting, and Secondary Progressive) in
which the patient presents. EnhancedMR1 expression was detected
in patient tissue associated with the three states of MS white matter
lesions: (1) active, (2) chronic active, and (3) normal but notable
for inflammatory mediators (Salou et al., 2016). It was found
that with the increase in MR1 expression, the number of MAIT
cells in the CSF increased in those with MS. It is understandable,
considering the proinflammatory nature of the MR1/MAIT cell
axis, that the increased expression ofMR1 has often been correlated
with a worsening prognosis (Salou et al., 2016). Thus, overall,
MR1 levels are positively correlated with lesion areas in the brains
of human MS patients, suggesting possible contributions of this
MHC class I-like molecule in MS pathology development and
disease progression.

CD1d

Like MR1, CD1d is a constitutively expressed MHC class I–like
molecule with some non-classical functions capable of presenting
antigens to innate T cells, such as invariant NKT (iNKT) cells.
iNKT cells are CD1d-restricted T cells with an invariant α chain
rearrangement (identified as Vα14-Jα18 in mice and Vα24-Jα18
in humans) with the ability to produce both pro- and anti-
inflammatory cytokines, and similar to MAIT cells have been
found in the brain in neurological diseases (Wyatt-Johnson et al.,
2024). Unlike MR1, CD1d presents glycolipids and phospholipids;
these include such lipids as α-galactosylceramide (α-GalCer), its
derivative OCH (α-GalCer with a truncated sphingosine chain)
(Miyamoto et al., 2001), or the myelin sheath component sulfatide
(Brutkiewicz et al., 2018; Treiner et al., 2003; Wyatt-Johnson et al.,
2024). Before CD1d can present activating lipid antigens it must
be synthesized in the ER and loaded with non-reactive antigens
before trafficking through the Golgi and ultimately reaching the
surface of APCs (Brutkiewicz et al., 2018; Iba et al., 2024). When
needed, CD1d recycles back into the cell where the non-reactive
lipid is exchanged with NKT cell-activating lipid antigens. As CD1d
is required for the selection of NKT cells, the use of CD1d KO
and Jα18 KO/Traj18 KO (only lacking NKT cells, but are CD1d+)
mouse models act as valuable tools for investigating possible roles
in disease (Cui and Wan, 2019; Chandra et al., 2015). CD1d and
the subsequent activation of iNKT cells have been studied in many
infections, autoimmune disorders and cancers (Brutkiewicz et al.,
2018). That said, there are limited investigations into their role
in neurodegenerative disorders, with only a handful of studies
focusing on CD1d changes in neurodegeneration (Iba et al., 2024;
Muir et al., 2020; Parekh et al., 2013); these include using an anti-
CD1d mAb to reduce the number of NKT cells in α-synuclein
transgenic mice and elevated astrocyte CD1d expression in MS.

Alzheimer’s disease and related dementias

The response to antibody-mediated blocking of CD1d varies
between different dementia mouse model systems. In Alzheimer’s
disease, there have been no studies focused on changes in CD1d
expression in the brains of patients or how their levels may
compare to healthy controls (Sieberts et al., 2020). There has
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been at least one study utilizing the 3xTg-AD mouse model
that indicated CD1d-neutralizing antibodies did not significantly
affect the cognitive function of mice (Iba et al., 2024). These
studies therefore imply that CD1d does not contribute to AD,
although a simple explanation could be that the anti-CD1d
antibodies used do not block NKT cell/CD1d interactions. In
contrast, an interesting study of another form of dementia, Lewy
Body Disease (LBD) in α-synuclein transgenic mice (a model for
LBD), showed that treatment with anti-CD1d antibodies decreased
the numbers of NKT cells and reduced neuroinflammation (Iba
et al., 2024). Thus, the disparate responses to CD1d blocking
in AD vs. LBD model systems emphasize the need for further
research into the effects of targeting CD1d in multiple forms
of dementia.

Multiple sclerosis

The role of CD1d in MS is not well understood. In a study
of MS patient tissue, immunoreactive CD1d was largely found in
areas of active CNS demyelination compared to controls (Muir
et al., 2020). Moreover, the percentage of CD1d-positive cells was
higher in active lesions. It was also noted that CD1d-positive cell
density was greatest at the edges of lesions as compared to the
center (Muir et al., 2020). Overall, in MS CD1d appears to be
associated with lesions but the how it may impact these areas
remains unknown.

Conclusion

The functional expression of MHC and MHC-like molecules
has biological consequences in terms of host defense and also,
tissue damage because of bystander killing by cytotoxic effector
cells or the induction of proinflammatory cytokine production,
which can be especially significant in the CNS. That being said, our
understanding of these connections within CNS disorders is still
limited. It seems that the more we know about the contributions
of these antigen presenting molecules in CNS diseases, such studies
may reveal strategies to mitigate the overexpression of MHC and
MHC-like molecules, potentially suppressing neuroinflammation
and its consequent effects on pathology. Such investigations have

the exciting potential to lead to novel MHC/MHC-like molecule-
based therapeutic approaches in various CNS disorders.
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