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Abstract. Patients with Parkinson’s disease (PD) and other synucleinopathies often exhibit autoimmune features, including
CD4+ and some CD8+ T lymphocytes that recognize epitopes derived from alpha-synuclein. While neurons have long
been considered to not present antigens, recent data indicate that they can be induced to do so, particularly in response to
interferons and other forms of stress. Here, we review literature on neuronal antigen presentation and its potential role in PD.
Although direct evidence for CD8+ T cell-mediated neuronal death is lacking in PD, neuronal antigen presentation appears
central to the pathology of Rasmussen’s encephalitis, a pediatric neurological disorder driven by cytotoxic T cell infiltration
and neuroinflammation. Emerging data suggest that T cells enter the brain in PD and other synucleinopathies, where the
majority of neuromelanin-containing substantia nigra and locus coeruleus neurons express MHC Class I molecules. In cell
culture, CD8+ T cell recognition of antigen:MHC Class I complexes on neuronal membranes leads to cytotoxic responses
and neuronal cell death. Recent animal models suggest the possibility of T cell autoreactivity to mitochondrial antigens in
PD. It remains unclear if neuronal antigen presentation plays a role in PD or other neurodegenerative disorders, and efforts
are underway to better elucidate the potential impact of autoimmune responses on neurodegeneration.
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OVERVIEW OF ANTIGEN
PRESENTATION

Antigen presentation is central to adaptive immune
system function, allowing host cells to display foreign
and self-peptides on cell surface major histocom-
patibility complex (MHC) molecules for epitope
recognition by T lymphocytes.

∗Correspondence to: David Sultzer, Department of Neurology,
Columbia University Irving Medical Center, New York, NY 10032,
USA. E-mail: ds43@cumc.columbia.edu.

In one of two major arms of antigen presentation,
degradation of viral and self-proteins by cytoplas-
mic proteasomes produces peptides of 8–10 amino
acids in length; these peptides are then transported
into the endoplasmic reticulum for loading onto MHC
Class I (MHC-I). After peptide binding, the MHC-I
alpha chain and light chain subunit �2-microglobulin
(�2 m) are trafficked to the cell surface for antigen
presentation to CD8+ T cells [1]. T-cell receptor
(TCR) engagement by specific antigens presented
on MHC-I causes cytotoxic responses by CD8+ T
cells, also known as cytotoxic T lymphocytes (CTLs),
leading to destruction of the antigen presenting cell.
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CTL-mediated destruction of target cells is beneficial
in the context of viral infection or cancer, but recog-
nition of native self-antigens can lead to autoimmu-
nity [2].

Alternatively, extracellular foreign and self-pro-
teins are imported via endocytosis and processed
into peptides within the endolysosomal system. After
degradation of the MHC Class II (MHC-II) invari-
ant chain, MHC-II binds to peptides of 13–25 amino
acids in length and is trafficked to the cell surface
for presentation to CD4+ T cells [1]. Activation of
CD4+ T cells leads to cell-cell interactions and secre-
tion of cytokines that enhance the effector functions
of other immune cells such as B cells, macrophages,
and CTLs.

In contrast to MHC-I, which is expressed in most
nucleated cells, MHC-II expression is limited to pro-
fessional antigen presenting cells [1, 3]. Within the
central nervous system (CNS), MHC-II expression
may be limited to microglia [4]. Current evidence
suggests that neurons can express MHC-I but not
MHC-II. Thus, the primary focus of this review will
be on neuronal antigen presentation via MHC-I.

NATIVE NEURONAL EXPRESSION OF
MHC-I

Although MHC-I is constitutively expressed on
most nucleated cells, neurons provide an important
exception to this rule. Neuronal MHC-I regulates
activity-dependent synapse refinement during cor-
tical development [5, 6], although this activity is
likely mediated by the MHC-I receptor PirB [7] and
may be unrelated to antigen presentation. Consistent
with the role of neuronal MHC-I in developmental
synaptic plasticity [8, 9], neuronal MHC-I expression
in humans declines rapidly after birth and is typi-
cally undetectable in the normal adult brain [10–12].
In contrast to the transient expression during early
development, under basal conditions in adult ani-
mals, MHC-I expression is virtually undetectable in
neurons [13, 14]. Postmortem investigations of ‘his-
tologically normal’ human brain revealed a complete
lack of parenchymal MHC-I immunoreactivity [15],
leading to the general conclusion thought that adult
CNS neurons do not express MHC-I [16].

Early studies indicated that even when infected
by virus, neurons lack MHC-I expression [17, 18].
However, it has more recently become clear that
many neurons can express MHC-I following viral
infection or exposure to inflammatory cytokines (see

below). Of particular relevance, we found MHC-
I immunoreactivity in adult human dopaminergic
and noradrenergic neurons within the ventral mid-
brain and locus coeruleus, respectively [19]. Using
mass spectrometry, we also found MHC-I associ-
ated with neuromelanin [19], a product of oxidized
catecholamines that accumulates in autophagocytic
lysosomes within catecholamine neurons [20]. Other
studies have reported that midbrain dopamine neu-
rons in adult mice and rats express MHC-I under basal
conditions [21, 22]. Indeed, evidence below suggests
that oxyradical-stress from high cytosolic dopamine
may produce neuronal MHC-I even in the absence of
interferon-gamma (IFN-�) or other cytokines.

In summary, neurons during early development
are found to express MHC-I but may not present
antigen, and this early expression is strongly impli-
cated in developmental synaptic plasticity [8]. In the
healthy adult, little neuronal MHC-I is found with
the apparent exception of pigmented catecholamine
neurons in the substantia nigra and locus coeruleus,
which may result from constitutively high cytosolic
dopamine levels. Thus, most evidence supports the
idea that mature neurons normally suppress MHC-
I expression, and specific stimuli or conditions are
required to induce MHC-I [16, 23]. The lack of basal
MHC-I expression may be related to neuron-specific
differences in transcription factors or repressors
[23, 24].

NEURONAL MHC-I IN HUMAN
NEUROPATHOLOGY

Despite the general lack of detectable neuronal
MHC-I in normal adult human brain tissue [15],
absence of immunoreactivity does not definitively
exclude the presence of low levels of neuronal MHC-
I, especially given that neuronal membranes are
highly damaged in autopsy material. However, MHC-
I was observed in neurons in the setting of measles
infection in patients with subacute sclerosing panen-
cephalitis [25]. In postmortem histology studies of
paraneoplastic disease directed towards intracellular
antigens, MHC-I+ neurons are found closely opposed
to granzyme B+ CTLs [26].

The most consistent pathological observation
of neuronal MHC-I expression is in Rasmussen’s
encephalitis, a rare pediatric neurological disease
characterized by MHC-I restricted destruction of neu-
rons and astrocytes by clonally-expanded CD8+ T
cells [27–29]. Although the engagement of MHC-
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I+ cells by clonally expanded CTLs suggests an
antigen-specific response [30], the presumptive viral
or self-protein antigens are unknown [29]. On a
related note, there has long been speculation that post-
encephalitic parkinsonism associated with the 1918
Spanish flu and Von Economo’s encephalitis could
be mediated by an autoantigen response directed
towards dopamine neurons: there is presently no evi-
dence for a similar role of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection in
the initiation of parkinsonism, although there are
reports of exacerbation of symptoms [31]. However,
at this time it is still not clear if any viral, bacte-
rial, or self-proteins are presented as antigens by CNS
dopamine neurons [32] with the exception of neurons
in culture (see below).

Neuropathological studies of PD, multiple sys-
tem atrophy, and Lewy body disease demonstrate
enhanced numbers of both CD4+ and CD8+ T cells
in the brain parenchyma [33–37]. A recent longitu-
dinal, prospective case study of a PD patient found
that alpha-synuclein-reactive T cells were most abun-
dant in peripheral blood prior to the appearance of
motor symptoms [38]. In a larger survey of periph-
eral blood from healthy controls and PD patients,
alpha-synuclein-reactive T cells were more abundant
in earlier stage patients and mostly absent by ten years
after diagnosis [38]. Further support for the involve-
ment of CD8+ T cells in early PD pathogenesis comes
from a recent study demonstrating CTL infiltration
into the substantia nigra (SN) of PD patients prior to
the presence of alpha-synuclein aggregates [34].

The subcellular localization of CD8:MHC-I inter-
actions and the downstream mechanisms underlying
neuronal damage seem to vary based on context
(reviewed in [39]). Most human pathology studies
identify CD8+ T cells interacting with the neuronal
cell body (perikarya), while CTL interactions with
MHC-I+ neurites have been observed mostly in cell
culture (see below). In Rasmussen’s encephalitis,
granzyme B+ CD8+ T cells are frequently observed
near neuronal perikarya [27]. CD8+ T cells are often
identified near dopaminergic perikarya in the SN [19,
33, 34], and also near pigmented, MHC-I+ neuronal
perikarya in the locus coeruleus [19]. It is difficult
to establish direct CTL killing of neurons in post-
mortem studies, but microglial engulfment of dying
neurons (‘neuronophagia’) has been observed near
CD8+ T cells in paraneoplastic encephalitis [40].

It should be noted that T cell interactions with
neurites would be challenging to detect within the
dense neuropil of brain tissue. The bias towards neu-

ronal perikarya may also reflect the tissue chosen for
study: for example, most studies of PD focus on the
SN rather than the striatum, which contains the mas-
sive axonal arbors that comprise the majority of the
dopamine neuronal volume, surface area, and protein
[41, 42]. Thus, future post-mortem histology studies
of neuronal antigen presentation and CD8+ T cells
in PD should carefully consider the brain regions and
disease stages studied.

NEURONAL ANTIGEN PRESENTATION
BY MHC-I IN RODENT MODELS

Most studies of neuronal antigen presentation in
rodent models have focused on infectious disease.
In a rat model of Borna disease encephalitis, Borna
disease virus-reactive CTLs isolated from the brain
exhibited robust lysis of infected cells [43]. It was
later shown that neurons infected with Borna disease
virus expressed MHC-I and were directly recognized
by CD8+ T cells, leading to morphological changes,
but not immediate neuronal destruction [44]. More
recently, neuronal antigen presentation via MHC-I
was shown to be the key determinant of the murine
immune response to intracerebral parasitic infection
by Toxoplasmosis Gondii [45]. Conditional dele-
tion of the H2-Ld allele using the neuron-specific
CamKII-promoter resulted in poor parasite control,
demonstrating that MHC-I presentation by neurons
was critical for pathogen clearance in this model [45].

Peripheral sensory neurons are known to upreg-
ulate MHC-I after peripheral nerve injury [46] or
acute infection with Herpes Simplex Virus [47].
Similarly, a majority of CNS neurons upregulated
MHC-I, �2 m, and TAP1 mRNA following infec-
tion with neurovirulent Sindbis virus [48]. However,
immunoreactivity for MHC-I was not observed, con-
sistent with a lack of mRNA translation or rapid
protein degradation. Nonetheless, CD8+ T cells can
interact with neurons infected with Theiler’s murine
encephalomyelitis virus (TMEV) and polarize CD8,
T cell receptors, and granzyme B near the neuronal
surface despite negligible immunoreactivity for neu-
ronal MHC-I [49]. Similarly, CTL killing of dorsal
root ganglion neurons occurred in the absence of
overt MHC-I immunoreactivity [50]. In these exam-
ples, it is possible that physiologically relevant levels
of neuronal MHC-I are too low for detection by avail-
able antibodies [49, 50].

There is also anecdotal evidence of neuronal
antigen presentation in mouse models of multiple
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Table 1
Key studies of neuronal MHC-I expression and/or antigen presentation in the adult brain

Species Region Neuron Context Antigen Ref.

Human Locus coeruleus Pigmented (Noradrenergic) Normal aging & PD Unknown [19]
Human Substantia nigra Pigmented, (Dopaminergic) Normal aging & PD Unknown [19]
Human Grey matter Unspecified Measles infection (SSPE) Unknown [25]
Human Brainstem, hippocampus,

cerebellum, basal ganglia,
medulla

Unspecified Paraneoplastic encephalitis Hu, Ma2 [26]

Human Temporal lobe Unspecified Rasmussen’s encephalitis Unknown [27]
Mouse Substantia nigra Dopaminergic MPTP (PD model) Unknown [80]
Mouse Ventral tegmental area Dopaminergic Normal aging & cocaine

relapse model
Unknown [21]

Mouse Substantia nigra Dopaminergic Knockdown of
alpha-synuclein

Unknown [83]

Mouse Hypothalamus Orexinergic Ectopic HA expr.
(Narcolepsy model)

HA [62]

Mouse Cerebellum Purkinje Ectopic HA expr.
(Paraneoplastic
encephalitis model)

HA [61]

Mouse Cortex Camk2a+ (Excitatory,
Pyramidal)

T. Gondii infection GRA6-OVA [45]

Mouse Cortex, hippocampus, basal
ganglia, thalamus,
hypothalamus, cerebellum,
brain stem

Unspecified Persistent LCMV infection Db: NP396 [54]

Mouse Spinal cord Medium to small (not �
motor neurons)

Murine hepatitis virus
infection

Unknown [4]

Mouse Thoracic ganglia Sensory neurons HSV infection Unknown
Mouse Hippocampus, cortex,

striatum, hypothalamus
Unspecified TMEV infection Db: VP2121 - 130 [49]

SSPE, subacute sclerosing panencephalitis; LCMV, lymphocytic choriomeningitis virus; Db, H2-Db allele of murine MHC Class I; TMEV, Theiler’s murine encephalomyelitis virus; HSV, Herpes
simplex virus.
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sclerosis based on viral infection. CNS infection
with murine hepatitis virus, which causes a chronic
inflammatory demyelinating disease in mice, drives
expression of MHC-I in endothelial cells, microglia,
oligodendrocytes, and neurons [4]. Although both
oligodendrocytes and axons are damaged in this
model, neuronal MHC-I was confined to the cell
body and did not extend into axons or dendrites
[4]. However, �2 m–/– mice lacking functional sur-
face MHC-I were spared from axonal damage in a
model of TMEV-induced demyelination, suggesting
that CD8+ T cells may directly damage axons in this
model of multiple sclerosis [51].

A well-studied mouse model of neuronal antigen
presentation involves the infection of neonatal mice
with neurotropic lymphocytic choriomeningitis virus
(LCMV) [52]. Neonatal infection results in viral per-
sistence within multiple organs including the CNS,
where LCMV infection persists in neurons [53–55].
Adoptive transfer of LCMV-specific CTLs into per-
sistently infected mice resulted in viral clearance,
although this clearance from neurons did not appear
to be driven by neuronal lysis [56, 57]. However,
the same adoptive transfer of LCMV-specific CD8+
T cells resulted in in severe encephalitis following
neuron-specific expression of a murine MHC Class I
molecule (H2-Db), consistent with neuronal presen-
tation of LCMV antigens in this model [58].

A related model based on neonatal LCMV infec-
tion, known as the “viral déjá vu model”, uses
an attenuated LCMV that persists in neurons and
does not initially generate robust CD8+ T cell
responses [54]. Following infection of adult LCMV
carrier mice with WT LCMV, a robust CD8+ T
cell response against LCMV antigens leads to CTL
invasion of the brain parenchyma and damage to per-
sistently infected neurons presenting LCMV epitopes
on MHC-I [54, 59]. In this in vivo mouse model,
CD8+ T cell interactions with antigen presenting
neurons lead to secretion of IFN-�, upregulation
of neuronal nuclear pSTAT1, and loss of synaptic
inputs [59]. More recent work demonstrated that
viral infection and nuclear pSTAT1 lead to neuronal
expression of CCL2, recruitment of CD8+ T cells,
and phagocyte-mediated synapse engulfment [60].
The fulminant encephalitis and pathological features
observed in this mouse model are strikingly similar
to Rasmussen’s encephalitis [27, 28].

Beyond infectious disease, studies of neuronal ant-
igen presentation in mouse models are more limited
(Table 1). However, two recent studies demonstrated
CD8+ T cell-mediated neuronal damage based on

ectopic expression of influenza virus hemagglutinin
(HA) as a neuronal ‘neo self-antigen’ [61, 62]. The
first study introduced a model of paraneoplastic neu-
rological disease based on expression of HA in both
tumor cells and cerebellar Purkinje neurons [61].
Following CTLA4 blockade to induce anti-tumor T
cell responses, HA-specific CD8+ T cells infiltrated
the cerebellum and targeted HA:MHC-I+ Purkinje
neurons, leading to neuroinflammation and cerebel-
lar degeneration [61]. The second study developed a
mouse model of narcolepsy based on the expression
of HA in orexin+ neurons in the lateral hypothala-
mus [62]. Adoptive transfer of HA-specific CD8+ T
cells led to loss of orexinergic neurons and symptoms
of narcolepsy [62]. Several features of this model
are consistent with the detection of antigen-specific
CD8+ T cells in the peripheral blood of Narcolepsy
Type 1 patients [63].

Recent studies have demonstrated a link between
presentation of native mitochondria-derived antigens
and the PD associated genes, PINK1 and parkin [64,
65]. In the absence of PINK1 and parkin, there is
enhanced mitochondrial-derived vesicle cargo deliv-
ery to lysosomes and increased mitochondrial antigen
presentation on MHC-I [64]. When Pink1–/– mice
are infected with the intestinal pathogen Citrobacter
rodentium, there is a clonal expansion of CD8+ T
cells autoreactive to mitochondrial antigens derived
from 2-oxoglutarate dehydrogenase (OGDH) [65].
Within 2–4 weeks of infection, OGDH-specific
CD8+ T cells infiltrated the CNS, followed by a tran-
sient loss of dopaminergic axon terminals and motor
symptoms at 6 months post-infection [65]. Future
studies are required to determine whether neuronal
presentation of OGDH antigens occurs in PD.

IN VITRO MODELS OF NEURONAL
ANTIGEN PRESENTATION BY MHC-I

Early in vitro evidence that inflammatory condi-
tions promote MHC-I expression in neurons came
from treatment with IFN-� and the sodium channel
blocker tetrodotoxin [66, 67]. There appears to be
a connection between MHC-I and electrical activ-
ity in some neurons, with multiple studies showed
that electrical silencing by tetrodotoxin is required for
MHC-I induction in neurons [66–68]. Dopamine neu-
rons exhibit autonomous pacemaking activity [69]
and would not typically be electrically silent in vivo,
but disruption of pacemaking is often an early sign
of dysfunction in models of PD [70, 71]. On the
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Fig. 1. Possible roles of neuronal antigen presentation in Parkinson’s disease. Schematic depicting potential stimuli leading to MHC-I
upregulation and antigen presentation in dopamine neurons and possible downstream consequences. TCR, T cell receptor; DA, dopamine;
Ags, antigens.

other hand, alterations in neuronal electrical activity
may be a consequence of neuronal interactions with
CTLs, rather than a step preceding MHC-I expres-
sion (reviewed in [39]). In hippocampal slices and
neuronal cultures exposed to CD8+ T cells, release of
perforin onto MHC-I+ neuronal membranes leads to
shunting of membrane capacitance, electrical silenc-
ing, and elevated cytosolic Ca2+ [72].

Thus far, evidence for the direct interaction of
CD8+ T cells with MHC-I+ axons and distal den-
drites is largely limited to in vitro studies [68, 73].
In compartmentalized culture models, CTL interac-
tion with MHC-I+ axons lead to axonal damage via
a granzyme B-dependent mechanism [37] but did not
cause degeneration of cell bodies [73, 74]. Interest-
ingly, compartmentalized axonal exposure to IFN-�
led to retrograde signaling and upregulation of MHC-
I [75]. Such retrograde signaling may be important for
dopamine neurons, given that the majority of their
surface area and volume lies in striatal axons [42]. In
addition to cell bodies and dendrites, we found that
MHC-I was localized to the axons of cultured mouse
dopamine neurons [19]. Future studies are needed to

investigate whether CTLs might interact with MHC-I
on dopamine axons in vivo.

Dopamine neurons can be induced to express
MHC-I by exposure to IFN-� [19, 65]. After expo-
sure to IFN-� and either ovalbumin protein or the
ovalbumin-derived peptide antigen, SIINFEKL, cul-
tured postnatal mouse dopamine neurons are engaged
and destroyed by SIINFEKL-specific CTLs from the
OT-1 mouse [19, 76]. The presentation of MHC-
I:SIINFEKL and neuronal cell death did not occur
in neurons from �2 m–/– mice, which lack sur-
face MHC-I expression [77]. Similar results were
obtained when mouse dopamine neurons were loaded
with OGDH peptide, stimulated with IFN-�, and
cultured with OGDH-specific CD8+ T cells [65].
CTL-mediated killing of dopamine neurons was
blocked by inhibition of either the Fas/FasL or
perforin/granzyme pathways [19]. Meanwhile, CTL-
mediated damage occurred through the perforin
pathway for cerebellar granule neurons [78], via
a granzyme B-dependent mechanism for TMEV-
infected neurons [49], and via Fas/FasL interactions
for hippocampal neurons stimulated with IFN-�/TTX
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[67]. Thus, multiple mechanisms of cytotoxic killing
can be employed by CD8+ T cells that target neu-
rons. Future studies are required to investigate the
context-dependency for activation of these cytotoxic
pathways.

All major proteins required for antigen processing
and presentation harbor IFN-�-responsive promoter
elements, including MHC-I, �2 m, ER peptide trans-
porters, and immunoproteasome subunits [79]. As
noted above, neuronal MHC-I expression is most
often observed following viral infection or by direct
stimulation with IFN-�. However, we found that cul-
tured dopamine neurons challenged with high dose
L-DOPA upregulate MHC-I, an effect likely due to
elevated cytosolic dopamine and increased oxyradi-
cal stress [19] as well as neuromelanin synthesis (see
above). Oxidative stress induced by MPP+/MPTP
also induces dopamine neuronal MHC-I expression
and parenchymal infiltration by CD8+ T cells [80].
Increased expression of the immunoproteasome sub-
unit Lmp7 (Psmb8) has been observed in the SN
of PD patients [81], and Lmp7 is upregulated in
dopamine neurons in mouse models of dopamin-
ergic toxicity (6-OHDA) [82] and alpha-synuclein
aggregation [81]. Knockdown of endogenous alpha-
synuclein in the midbrain of adult mice led to
upregulation of MHC-I in dopamine neurons, recruit-
ment of T cells, microglial activation, and loss of
dopaminergic neurons [83]. Thus, upregulation of
MHC-I antigen presentation machinery in dopamine
neurons may be induced by a variety of cellular stress
conditions in the absence of IFN-�.

FUTURE DIRECTIONS: IS NEURONAL
ANTIGEN PRESENTATION INVOLVED IN
PARKINSON’S DISEASE?

With the exception of Rasmussen’s encephalitis,
there is only indirect evidence for a role of neuronal
antigen presentation in human disease, and there is
much more to be done. An involvement of CD8+ T
cells in diseases associated with older age is attrac-
tive, with recent studies showing an accumulation
of clonally expanded CD8+ T cells in the aging
mouse brain [84] and in the brain of patients with
Alzheimer’s disease [85].

Nevertheless, multiple models of synucleinopa-
thies show that CD4+ T cells that interact with MHC-
II may be more responsible for neuronal death than
CD8+ T cells, both in the central nervous system
[33, 86–89], and enteric nervous system (Garretti et

al., unpublished data). While some PD patients pos-
sess CD8+ T cells that recognize alpha-synuclein
epitopes presented by MHC-I, most alpha-synuclein-
reactive T cells are CD4+ and recognize epitopes
presented by MHC-II [90–92]. Overexpression of
beta-synuclein in neurons can lead to T cell-mediated
gray matter damage in a rodent model of multiple
sclerosis, but this damage appears to be mostly driven
by CD4+ T cells, and only CD4+ T cells that recog-
nize beta-synuclein were reported in MS patients and
controls [92]. Consistent with these findings, genome
wide association studies have identified PD risk vari-
ants linked to haplotypes of MHC-II genes [93, 94],
including the DRB1∗15:01 and DRB5∗01:01 alleles
that present specific alpha-synuclein epitopes [90].

Current evidence suggests that CD4+ T cell-med-
iated neuropathology is driven by interactions with
microglia or monocytes [89]. A study on dopamine
neurons derived from human induced pluripotent
stem cells suggests that IL-17 producing CD4+ T
cells may play an important role in neuronal death
[95], with similar findings recently reported in post-
mortem studies of Lewy body disease [37]. Given that
CD4+ T cells release IFN-� or additional cytokines
that may drive neuronal MHC-I expression, multi-
ple steps may be involved in putative autoimmunity
directed towards alpha-synuclein epitopes.

In contrast, the report that clonally expanded,
mitochondrial antigen-specific CD8+ T cells can
transiently damage substantia nigra neurons in
PARK1 deficient mice [65] suggests that direct attack
of CD8+ T cells on antigen presenting neurons may
occur in some conditions. It is likely that many other
unknown autoimmune and foreign antigens are pre-
sented by neurons during disease. Moreover, the
aforementioned study suggests that axons may be
particularly susceptible to such attack, and it will
be important to study the timing and localization
of MHC-I display, particularly for the long-range
projection neurons that are the primary targets of
many neuropsychiatric disorders and neurodegener-
ative diseases.

Much of the research on antigen presentation
in neurodegeneration has been devoted to synucle-
inopathies, particularly PD. However, the detection
of CD8+ T cell reactivity towards narcolepsy-
associated antigens in Narcolepsy Type 1 patients
[63] suggests a role of antigen presentation in mul-
tiple brain disorders. Indeed, as more autoimmune
features of CNS disorders are identified [96], neu-
ronal antigen presentation may be a key piece of the
puzzle surrounding inflammation in neuronal disease.
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