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Abstract: Cerebellar dysfunction can be associated with ataxia, dysarthria, dysmetria, nystagmus
and cognitive deficits. While cerebellar dysfunction can be caused by vascular, traumatic, metabolic,
genetic, inflammatory, infectious, and neoplastic events, the cerebellum is also a frequent target of
autoimmune attacks. The underlying cause for this vulnerability is unclear, but it may be a result
of region-specific differences in blood–brain barrier permeability, the high concentration of neurons
in the cerebellum and the presence of autoantigens on Purkinje cells. An autoimmune response
targeting the cerebellum—or any structure in the CNS—is typically accompanied by an influx of
peripheral immune cells to the brain. Under healthy conditions, the brain is protected from the
periphery by the blood–brain barrier, blood–CSF barrier, and blood–leptomeningeal barrier. Entry of
immune cells to the brain for immune surveillance occurs only at the blood-CSF barrier and is strictly
controlled. A breakdown in the barrier permeability allows peripheral immune cells uncontrolled
access to the CNS. Often—particularly in infectious diseases—the autoimmune response develops
because of molecular mimicry between the trigger and a host protein. In this review, we discuss
the immune surveillance of the CNS in health and disease and also discuss specific examples of
autoimmunity affecting the cerebellum.

Keywords: cerebellum; autoimmunity; immune surveillance; ataxia; blood–CSF barrier; blood–
brain barrier

1. Immune Surveillance of the Central Nervous System (CNS)

The central nervous system (CNS) has long been viewed as immune-privileged, lack-
ing interaction with the immune system. Today, it is understood that while there is consid-
erably less interaction between the CNS and the immune system as compared to peripheral
organs, the immune privilege is not absolute [1]. Instead, the brain undergoes constant
immune surveillance by both microglia and peripheral immune cells [2,3].

Microglia are a central part of the innate immune system of the CNS [4]. As the
resident immune cells in the brain, microglia constantly survey the CNS for signs of
infection, ischemia, injury and disease [5].

While microglia reside in the brain and spinal cord, peripheral immune cells must
transmigrate into the CNS either at the blood–brain barrier (BBB), the blood–CSF barrier,
or the blood–leptomeningeal barrier (BLMB) [6,7].

Under physiological conditions, the BBB and the BLMB do not allow transmigration
of peripheral immune cells (absolute barriers), and leukocytes enter the CNS via the BCSFB
located at the choroid plexus (CP) (immune-regulatory barrier) [8].

1.1. Blood–CSF Barrier: Portal for Immune Surveillance during Physiological Conditions

The CP is located in each of the brain’s ventricles. Blood vessels in the CP are sur-
rounded by layers of fenestrated endothelial cells lacking tight junctions that allow access
for leukocytes to the stroma (Figure 1).
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Figure 1. Lymphocyte migration across the BCSFB. Lymphocytes expressing PSGL-1 interact with 
P-selectin constitutively expressed on the endothelial cell layer of the CP. In the stroma, lympho-
cytes expressing chemokine receptors (CKR) matching the chemokines present at the CP are at-
tracted to migrate across the ependymal cell layer. In the CSF of the CP, lymphocytes can either 
attach via interactions between integrins LFA-1 and VLA-4 with the respective cell adhesion mole-
cules ICAM-1 and VCAM-1, or remain in the CSF. 

Trafficking of immune cells requires the traditional steps of capture, rolling, arrest, 
crawling and diapedesis [9]. The high blood flow rate at the CP (~5–10 times greater than 
in other tissues) contributes to the greater opportunity of circulating immune cells to mi-
grate across the fenestrated capillaries into the stromal matrix [10].  

The initial capture and rolling steps at the CP rely on the constitutive expression of 
P-selectin on the endothelial cells [11]. Recognition of P-selectin by its ligand expressed 
on leukocytes enables capture and rolling [11,12]. Once the cells have crossed the endo-
thelial cell layer, they encounter different chemokines [13], and the expression of the cor-
responding chemokine receptor (CKR) on the immune cell determines whether the cell 
can transmigrate across the ependymal cell layer with its tight junctions [10]. The chemo-
kine profile in the CSF is dominated by CCL2, CX3CL1, CCL3, CCL15 and CCL20 [10]. 
CCR6+ T cells may be attracted to the CP by CCL20 (CCR6’s only ligand) [14]. Indeed, 
CCR6-deficient T cells do not migrate across the BCSFB [14]. Finally, the tight junction 
proteins expressed in the ependymal cell layer differ from those present at the BBB and 
are more permissive for diapedesis [15]. Immune cells that cross the BCSFB enter the CSF 
of the respective ventricle [7], where they may engraft through interactions with VCAM-
1 and ICAM-1 expressed on the apical side of the CP [16,17] or patrol the CNS via the CSF. 
For further reading and a more detailed discussion, we refer to the excellent review by 
Erickson and Banks [18]. 

The CSF totals approximately 140 mL in humans and is fully exchanged ~4 times 
every day. Under physiological conditions, the CSF contains up to 450,000 white blood 
cells, the majority (70–80%) being activated central memory T cells, with small contribu-
tions from B cells, NK cells, dendritic cells, mast cells, monocytes and granulocytes [10,19].  

The CSF flows through the ventricles and through the subarachnoid spaces sur-
rounding the brain and spinal cord. From there, it is either absorbed into the dural venous 
sinuses or is drained into the periarterial space, from which it travels through the brain 
tissues. It is then collected via the perivenous space into veins and is exposed to the lym-
phatic system [20]. CNS-derived antigens are collected in the CSF and presented to pa-
trolling central memory T cells by dendritic cells and macrophages [21–24]. Importantly, 
under physiological conditions, immune cells remain in the CSF-drained perivascular, 
leptomeningeal or ventricular spaces and are separated from the CNS parenchyma by the 
glia limitans [24].  

Figure 1. Lymphocyte migration across the BCSFB. Lymphocytes expressing PSGL-1 interact with
P-selectin constitutively expressed on the endothelial cell layer of the CP. In the stroma, lymphocytes
expressing chemokine receptors (CKR) matching the chemokines present at the CP are attracted to
migrate across the ependymal cell layer. In the CSF of the CP, lymphocytes can either attach via
interactions between integrins LFA-1 and VLA-4 with the respective cell adhesion molecules ICAM-1
and VCAM-1, or remain in the CSF.

Trafficking of immune cells requires the traditional steps of capture, rolling, arrest,
crawling and diapedesis [9]. The high blood flow rate at the CP (~5–10 times greater than in
other tissues) contributes to the greater opportunity of circulating immune cells to migrate
across the fenestrated capillaries into the stromal matrix [10].

The initial capture and rolling steps at the CP rely on the constitutive expression of
P-selectin on the endothelial cells [11]. Recognition of P-selectin by its ligand expressed on
leukocytes enables capture and rolling [11,12]. Once the cells have crossed the endothelial
cell layer, they encounter different chemokines [13], and the expression of the corresponding
chemokine receptor (CKR) on the immune cell determines whether the cell can transmigrate
across the ependymal cell layer with its tight junctions [10]. The chemokine profile in the
CSF is dominated by CCL2, CX3CL1, CCL3, CCL15 and CCL20 [10]. CCR6+ T cells may
be attracted to the CP by CCL20 (CCR6’s only ligand) [14]. Indeed, CCR6-deficient T cells
do not migrate across the BCSFB [14]. Finally, the tight junction proteins expressed in
the ependymal cell layer differ from those present at the BBB and are more permissive
for diapedesis [15]. Immune cells that cross the BCSFB enter the CSF of the respective
ventricle [7], where they may engraft through interactions with VCAM-1 and ICAM-1
expressed on the apical side of the CP [16,17] or patrol the CNS via the CSF. For further
reading and a more detailed discussion, we refer to the excellent review by Erickson
and Banks [18].

The CSF totals approximately 140 mL in humans and is fully exchanged ~4 times every
day. Under physiological conditions, the CSF contains up to 450,000 white blood cells, the
majority (70–80%) being activated central memory T cells, with small contributions from B
cells, NK cells, dendritic cells, mast cells, monocytes and granulocytes [10,19].

The CSF flows through the ventricles and through the subarachnoid spaces surround-
ing the brain and spinal cord. From there, it is either absorbed into the dural venous
sinuses or is drained into the periarterial space, from which it travels through the brain
tissues. It is then collected via the perivenous space into veins and is exposed to the
lymphatic system [20]. CNS-derived antigens are collected in the CSF and presented to
patrolling central memory T cells by dendritic cells and macrophages [21–24]. Importantly,
under physiological conditions, immune cells remain in the CSF-drained perivascular,
leptomeningeal or ventricular spaces and are separated from the CNS parenchyma by the
glia limitans [24].
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1.2. The Blood–Brain Barrier in Health and Disease

The BBB is composed of a monolayer of non-fenestrated endothelial cells linked by
tight junctions, the basement membrane (consisting of laminins proteoglycans, fibronectin
and type IV collagen), pericytes, microglia, and the glia limitans, consisting of astrocytic
end-feet (Figure 2a). Under physiological conditions, immune cells do not cross the BBB.
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terioration of the integrity of the BBB [29]. This affects all elements of the BBB: decreased 
expression of tight junction proteins [30], endothelial cell damage through apoptosis, 
membrane abnormalities, and mitochondrial damage [31], and the glia limitans begins to 
fail due to disruptions of astrocyte end-feet [32,33] (Figure 2b).  

In addition to these disruptive changes, inflammation can also induce non-disruptive 
BBB changes [9,34]. Systemic cytokines can activate cytokine receptors expressed on the 
brain endothelium [35] and induce the expression of P-selectin (Figure 2b). Cytokines also 
stimulate endothelial production of chemokines such as CCL2 [36] and the expression of 
endothelial adhesion molecules, including ICAM-1 [37]. These changes in BBB permeabil-
ity and/or cell surface proteins enable leukocytes to transmigrate across the BBB, begin-
ning with tethering to the endothelium. Attached leukocytes crawl on the CNS mi-
crovessels to search for sites of diapedesis and cross the BBB via the paracellular or the 
transcellular route. Through this transendothelial passage, the cells enter the perivascular 
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the brain parenchyma proper [1]. This step requires the degradation of tight junction pro-
teins anchoring the astrocytic end-feet processes to the basement membrane [38].  

Consequently, pathologic conditions, such as stress [39], infection and inflammation 
[40], traumatic brain injury or stroke [41], are accompanied by a drastic increase in num-
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As in peripheral autoimmune disorders, it is unclear what exactly causes the devel-
opment of a CNS autoimmune response. Contributing factors include molecular mimicry, 
genetic susceptibility, the release of sequestered antigens, infections, exposure to chemi-
cals or dietary components, and structural changes of proteins. Exposure of antigens that 
are usually sequestered in the CNS can cross the compromised BBB into the periphery 
[42,43] and trigger an autoimmune response.  

Figure 2. Blood–brain barrier. (a) Cellular components of the BBB. For details, see text. (b) Breakdown
of BBB integrity. Inflammatory conditions induce the expression of P-selectin on the endothelial
cells of the BBB, allowing PSGL-positive lymphocytes to tether. Tight junction proteins decrease
in expression, and the basement membrane breaks down. Finally, the breakdown of the astrocyte
end-feet allows access to the brain parenchyma.

1.2.1. Inflammation and Breakdown of BBB Integrity

Adverse conditions such as acute brain injury, stroke, and infection lead to the activa-
tion of the microglia and subsequent release of inflammatory factors, such as cytokines,
reactive oxygen species, and chemokines [25]. Initially, this immune response is limited
to the CNS, but chronic inflammation results in the breakdown of the BBB [26,27] and the
recruitment of peripheral immune cells for an inflammatory response [4,28].

The BBB can also be compromised by systemic inflammation when inflammatory
molecules including prostaglandins, cytokines, chemokines, and nitric oxide cause the
deterioration of the integrity of the BBB [29]. This affects all elements of the BBB: decreased
expression of tight junction proteins [30], endothelial cell damage through apoptosis,
membrane abnormalities, and mitochondrial damage [31], and the glia limitans begins to
fail due to disruptions of astrocyte end-feet [32,33] (Figure 2b).

In addition to these disruptive changes, inflammation can also induce non-disruptive
BBB changes [9,34]. Systemic cytokines can activate cytokine receptors expressed on the
brain endothelium [35] and induce the expression of P-selectin (Figure 2b). Cytokines also
stimulate endothelial production of chemokines such as CCL2 [36] and the expression of
endothelial adhesion molecules, including ICAM-1 [37]. These changes in BBB permeability
and/or cell surface proteins enable leukocytes to transmigrate across the BBB, beginning
with tethering to the endothelium. Attached leukocytes crawl on the CNS microvessels
to search for sites of diapedesis and cross the BBB via the paracellular or the transcellular
route. Through this transendothelial passage, the cells enter the perivascular space. The
second step of cell migration requires passage across the glia limitans to enter the brain
parenchyma proper [1]. This step requires the degradation of tight junction proteins
anchoring the astrocytic end-feet processes to the basement membrane [38].

Consequently, pathologic conditions, such as stress [39], infection and inflamma-
tion [40], traumatic brain injury or stroke [41], are accompanied by a drastic increase in
numbers and variety of immune cells in the CNS.

As in peripheral autoimmune disorders, it is unclear what exactly causes the devel-
opment of a CNS autoimmune response. Contributing factors include molecular mimicry,
genetic susceptibility, the release of sequestered antigens, infections, exposure to chemicals
or dietary components, and structural changes of proteins. Exposure of antigens that are
usually sequestered in the CNS can cross the compromised BBB into the periphery [42,43]
and trigger an autoimmune response.
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Peripheral CNS-specific autoantibodies may gain access to brain tissue either by
entering via a compromised BBB or non-specific transcytosis [44]. Likewise, the exposure
of CNS-specific antigens to infiltrating lymphocytes can initiate an autoimmune response
within the brain, which may be associated with intrathecal antibody production. Intrathecal
autoantibody production is indicated by the presence of oligoclonal bands in the CSF,
although these are not always present. Typically, these autoantibodies recognize different
antigens and/or antigen epitopes than autoantibodies present in the periphery.

It is important to acknowledge that the BBB varies in cellular content and microvas-
cular permeability in different brain regions [45]. These region-specific differences in BBB
permeability may account for the higher vulnerability of distinct brain regions (e.g., the
cerebellum) to autoimmune disorders.

1.2.2. Region-Specific BBB Permeability

As discussed above, the BBB permeability is maintained by pericytes, perivascular
macrophages, and astrocytes. However, the distribution, morphology and functionalities
of these cells show brain region-specific differences, affecting the BBB permeability [45]. As-
trocytes in different brain regions show distinct phenotypic and functional differences [46].
Pericytes are critical in the regulation of BBB permeability [47], and region-specific dif-
ferences in pericyte coverage and functional heterogeneity contribute to differences in
BBB permeability [48].

These regional differences in BBB permeability may affect the transmigration efficiency
of immune cells and, thereby, CNS inflammation. Increased BBB permeability is observed in
experimental allergic encephalomyelitis (EAE) mouse models and mice infected with rabies
virus [49]. In both models, BBB permeability changes are observed mainly at the cerebellum
and spinal cord and not the cerebral cortex, indicating that the BBB at the cerebellum is
more vulnerable [50]. However, the distribution of CD4+ T cells is considerably different
between these two models. In rabies-infected animals, CD4+ T cells are restricted to the
vascular endothelium with no or few cells in the perivascular space or the parenchyma,
respectively. In contrast, EAE mice show CD4+ T cell accumulation in the perivascular
space and deep in the CNS parenchyma. These differences may be due to qualitative
differences in BBB permeability. EAE mice show more extensive BBB permeability allowing
large molecules (10 to 150 kDa) access to the CNS, while 150-kDa molecules do not cross
the BBB during rabies infection, preventing antibodies from reaching infected CNS tissues.

Finally, experiments using in vitro cerebellar BBB models suggested that the BBB in
the cerebellum is more vulnerable to inflammation, partly because of lower expression of
BBB tight junction components claudin-1 and occludin and higher expression of VCAM-1
and ICAM [51].

2. Autoimmunity Specific to the Cerebellum

Different factors contribute to the high susceptibility of the cerebellum for autoimmune
disorders (see above). Often, the presence of autoantibodies directed against cerebellar
antigens aids in the diagnosis of autoimmune-mediated cerebellar ataxias (Table 1) [52]. In
the following, we will discuss pathways leading to autoimmune disease involving both
innate and adaptive immune responses. Overall, autoimmunity to the CNS (including
the cerebellum) may be initiated with and without BBB or BCSFB compromise. The latter
scenario can be caused by infectious pathogens that invade the CNS without damaging
the BBB (see also below). However, in most cases, the integrity of the BBB or BCSFB is
eventually compromised as a result of the ensuing inflammatory immune response.



Brain Sci. 2022, 12, 328 5 of 19

Table 1. Autoantibodies associated with autoimmune CA (compiled from [52–55]).

Autoantigen Clinical Presentation Association with Cancer

AP3B2 CA, peripheral neuropathy Unclear
Ca/ARHGAP26 CA Rare

CARP VIII CA Breast cancer, ovarian cancer,
colorectal cancer, SCLC

Caspr2 CA, LE, Morvan syndrome SCLC, thymoma
CV2/CRMP5 CA SCLC, thymoma

GAD65 LE, CA SCLC, neuroendocrine tumors,
thymoma

GFAP CA Thymoma, ovarian, prostate,
breast cancer

GluRdelta 2 CA, LE Unclear

GlyR CA, encephalitis Thymoma, breast cancer,
Hodgkin’s lymphoma, SCLC

Homer3 CA, encephalitis SCLC
Hu CA, LE SCLC

IgLON5 CA None
ITPR1 CA, encephalitis, Breast cancer

Yo CA Breast, ovarian cancer
KLHL11 Brainstem syndrome, CA Testicular cancer

LGl1 CA, encephalitis Thymoma, neuroendocrine
tumors

Ma2 LE, CA, brainstem encephalitis Testis and lung cancer
mGluR1 CA Hodgkin’s lymphoma
mGluR2 CA unclear

Neuro chondrin CA None

PCA-2 Limbic/brainstem encephalitis,
LEMS, CA SCLC

Ri CA Breast cancer
Septin 5 CA None
SEZ6L2 CA Unclear
TG 2, 6 Gluten ataxia None

Tr/DNER CA, LE Hodgkin’s lymphoma
TRIM 46, 9 & 67 CA SCLC

VGCC CA, LEMS SCLC
CA: cerebellar ataxia, LE: limbic encephalitis, LEMS: Lambert–Eaton myasthenic syndrome, SCLC: small-cell
lung cancer.

2.1. Innate Immunity

Members of the innate immune response in the cerebellum include cerebellar microglia
and astrocytes. Cerebellar microglia show a unique amoeboid morphology [56,57] and
are in a hyper-alert immune state compared to microglia in other brain regions [58]. Gene
expression studies revealed unique transcriptomes in cerebellar microglia, with enhanced
expression of genes regulating immune alertness and energy metabolism [58]. The ex-
pression of these genes amplifies with age, which may contribute to the age-dependent
onset of cerebellar ataxias. Furthermore, hyper-active microglia may further exacerbate
inherited forms of ataxia [59], such as spinocerebellar ataxia type 6 (SCA6) [60], SCA1 [61],
and Friedreich’s ataxia [62]. Cerebellar astrocytes fall into three main forms: white matter
astrocytes, granular layer astrocytes, and Bergmann glia [63]. Bergmann glia are highly
specialized astrocytes of the cerebellum and are critical for the proper function of Purkinje
cells. Bergmann glia and Purkinje neurons are in close physical interaction, and the soma
of Bergmann glia surround the cell bodies of Purkinje neurons [64]. Bergmann glia express
high densities of glutamate transporters and thereby prevent excitotoxicity [65]. The reduc-
tion of glutamate transporters in Bergmann glia and subsequent Purkinje cell degeneration
are associated with ataxia [61,66].

2.2. Adaptive Immune Response

As outlined above (Section 1.2.1), peripheral immune cells can gain access to the
cerebellum and contribute to the development of cerebellar autoimmune diseases. The de-
tection of B cells, autoantibodies and/or autoreactive T cells in patients presenting with
cerebellar dysfunction point to the involvement of the adaptive immune response. For some
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of the disorders, the associated autoantigen has been identified, e.g., onconeuronal antigens
in paraneoplastic cerebellar degeneration, while in other cases, the autoimmune target
has yet to be associated with a specific etiology. The later cases are diagnosed as primary
autoimmune cerebellar ataxia (PACA) until the etiology has been resolved [67].

However, autoantibodies and autoreactive T cells can be epiphenomenal, without
a pathogenic role in the disease. A pathogenic role for autoantibodies and autoreactive
T cells can be confirmed by adoptive transfer to a suitable animal model. The involved
pathomechanism can be established in other experimental designs, including ex vivo
assessment of toxicity to neurons, induction of cellular damage or immune activation, or
interference with synaptic transmission using whole-cell recordings.

Generally, neurodegenerative diseases show an age-related progression, including
many immune-mediated cerebellar ataxias that develop in middle age [68]. With age, both
the adaptive [69] and the innate [70] arms of the immune system undergo changes. While
T- and B-lymphocytes decrease in numbers and functionality [69], changes in the innate
immune response result in an age-related low-grade inflammation [71]. These changes
occur in parallel with a decline in the permeability of the BBB and the BCSFB. This is
in part due to changes in cellular function and morphology [72] and expression levels
of tight junction proteins [73]. This breakdown is region-dependent, occurring first in
the hippocampus [74] and spreading to other brain regions. A compromised BBB and
BCSFB will allow easier access of immune cells and proinflammatory cytokines to the CNS,
accelerating the development of neurodegenerative diseases. Detailed discussions of the
effect of age on BBB functions and the immune system are provided elsewhere [75].

3. Diversity in Cerebellar Autoimmunity

Immune-mediated cerebellar ataxias characteristically include divergent etiologies that
reflect different autoimmune backgrounds, such as differences in autoimmune stimuli (tran-
sient or persistent) and induced effecter cells (innate immunity, adaptive immunity, or both).

In the following, we will discuss different triggers of autoimmune cerebellitis and
their pathogeneses. Associated pathomechanisms and potential therapeutic approaches
are included, which will shed light on still-unknown underlying mechanisms (Figure 3)
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Figure 3. Autoimmune cerebellar diseases. PCD: the onconeural antigen expressed on the cancer
cells triggers an autoimmune response, which can recognize the same antigen in the cerebellum.
PIC: The infectious agent evokes an immune response to an antigen that bears similarity to a neural
antigen (mimicry). The infection also causes an inflammatory response, which compromises the
BBB, allowing antibodies and immune cells access to the CNS. GA: Autoimmune response to the TG-
gliadin complex results in TG-specific autoantibodies. TG autoantibodies can recognize brain-specific
TGs. Idiopathic CA: the triggering event resulting in the autoimmune response is unclear. The trigger
may occur in the periphery or in the CNS.
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A recurring theme in cerebellar autoimmunity is molecular mimicry between the
autoantigen and the triggering event. This is particularly evident in autoimmune responses
triggered by infections.

3.1. Postinfectious Cerebellitis (PIC)

To enter the CNS, infectious pathogens first need to penetrate the BBB or BCSFB via
transcellular or paracellular entry, or they may also ‘bypass’ the blood–CNS barrier by
migrating within nerves or being transported along axons.

Transcellular penetration occurs either by receptor-mediated uptake or pinocytosis
without disruption of cellular barriers. Viruses such as tick-borne encephalitis virus fre-
quently use this pathway [76]. During paracellular entry, the pathogen transmigrates
between cells. This pathway is either used when bone-marrow-derived cells are infected by
the virus and enter via the BCSFB route (HIV [77], Ebola virus [78]), or pathogens disrupt
tight junctions, thereby increasing BBB permeability (Influenza A [79]). Other pathogens
migrate within nerves to the CNS (poliovirus [80]). Once in the CNS, the pathogen induces
an inflammatory response, which may weaken the BBB integrity and thereby allow immune
cells access to the CNS.

Viruses that specifically target the cerebellum include non-polio enterovirus [81]
and West Nile virus [82]. Infectious agents associated with cerebellar autoimmune dis-
orders include varicella-zoster virus [83,84], Epstein–Barr virus [85], Mycoplasma pneu-
moniae [86], rotavirus, mumps, rubella, and influenza [87,88]. While several associated
autoantigens have been identified (centrosomes, myelin-associated glycoprotein, neurons,
and triosephosphate isomerase), a pathogenic role for these autoantibodies remains to
be established [83–86,89].

It remains unclear whether the autoantibodies are generated in the periphery as
part of the systemic immune response to the pathogen and cross into the cerebellum
during inflammation-mediated higher permeability of the BBB (outside-in), or whether the
pathogen initiates the autoimmune response within the CNS (inside-out). In most cases,
the disease resolves on its own, supporting a scenario where autoantibodies cross into the
CNS without intrathecal autoantibody production. The CNS symptoms resolve after the
infection is over and autoantibodies no longer have access to the CNS.

Pathomechanism: Autoimmune cerebellitis caused by Mycoplasma pneumoniae or
Campylobacter jejuni are prime examples of autoimmunity developing through molecular
mimicry. M. pneumoniae usually targets the respiratory system, causing lung infections,
but can also directly infect the CNS [90]. In this case, neurological symptoms may arise
within 7 days of the initial respiratory infection [91]. Cerebellitis arising ≥ 8 days after the
initial infection is indicative of indirect damage, possibly brought on by autoantibodies [92].
At this time, M. pneumonia DNA levels in the CSF are low or absent, indicating the absence
of active bacteria in the CNS. While antibodies directed to M. pneumoniae proteins are
essential and sufficient to clear the pulmonary infection [93], antibodies directed against M.
pneumoniae glycolipids are associated with the development of cerebellitis. These glycol-
ipids exhibit homology with mammalian myelin glycolipid galactocerebroside (GalC), and
antibodies directed against M. pneumoniae glycolipids crossreact with GalC [94]. Notably,
in the absence of neuropathy, anti-GalC IgG is not observed during M. pneumoniae infec-
tion [93]. No passive transfer studies with anti-glycolipid antibodies have been performed
to date to confirm the pathogenicity of the antibodies.

Molecular mimicry also underlies the pathogenesis of Miller Fisher syndrome (MFS).
Characteristically, patients with MFS present with acute ophthalmoplegia, areflexia, and ataxia.
The disease is often preceded by infections with Camphylobacter jejuni or Haemophilus influen-
zae [95]. The majority (70–90%) of patients test positive for autoantibodies directed against
ganglioside GQ1b [96,97], and the antibody titer is correlated with the disease course [96]. These
autoantibodies appear to arise as a result of molecular mimicry, with lipo-oliogosaccharides
isolated from C. jejuni or H. influenzae mimicking GQ1b [98–100]. The vast majority of MFS
patients lack pathological manifestations of the cerebellum as assayed via MRI [101]. Instead
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of a central cause of ataxia, a sensory origin has been proposed [102], where autoantibodies
bind to GQ1b expressed on muscle spindles [103]. This would also explain why MFS patients
recover without residual deficits [104]. The pathogenicity of autoantibodies has not yet been
confirmed in passive transfer studies.

Increasing number of cases with cerebellar ataxia in patients with COVID-19 are be-
ing reported, and in some cases, an autoimmune etiology has been proposed [105–109].
Affected patients tested positive for autoantibodies against NMDAR [105], GAD [106],
CASPR2 [109], and anti-myelin oligodendrocyte glycoprotein (MOG) [108]. The path-
omechanism by which SARS-CoV-2 infection triggers an autoimmune response in the
cerebellum is not yet understood.

Treatment: In most cases, PIC is self-limiting [110], and close observation without
medication is recommended. Should CA persist or progress, immunotherapy is recom-
mended [111]. Plasma exchange has been successfully used for EBV-associated CA [112].
Given the recent nature of the disease, no standard treatment of COVID-19-associated
CA has been developed; however, immunotherapy and/or steroid therapy have shown
beneficial outcomes [113,114].

3.2. Paraneoplastic Cerebellar Degeneration (PCD)

Other cerebellar autoimmune diseases are observed in association with paraneoplastic
neurologic disorders (PNS). PNS are characterized by an immune response directed against
neuronal antigens that are expressed by tumor cells and neurons (onconeural antigens).
The subsequent neurological symptoms are not caused by the tumor itself, but rather by
the immune system’s response to cancer.

Paraneoplastic cerebellar degeneration (PCD) is one of the most common forms of
PNS. Neurological symptoms include truncal and appendicular ataxia, dysarthria and
nystagmus caused by the loss of cerebellar Purkinje cells [115,116]. These symptoms often
precede the tumor diagnosis by months or even years [116,117].

The patients’ CSF often shows mild lymphocytosis, oligoclonal bands, and elevated
total protein levels, indicative of the presence of immune cells and antibodies [115,118].
A large number of PCD-associated onconeural antigens have been identified, and the
respective autoantibodies are associated with specific tumors (Table 1) [119]. Two of the
best-described PCD autoantibodies target the cytoplasmic protein Yo and the voltage-gated
calcium channel (VGCC).

3.2.1. Anti-Yo Autoantibody-Associated PCD

Anti-Yo autoantibodies are typically found in female patients with breast and ovarian
cancers [115,120,121], and less frequently in patients with endometrial, digestive or lung
cancer [117,122–124]. The autoantibodies are directed against two proteins, CDR2 (cere-
bellar degeneration-related 2) and its paralog, CDR2L. CDR2L is the major autoantigen
in PCD [125], and under physiological conditions, its expression is limited to cerebellar
Purkinje cells, brain stem neurons and the testes [126,127]; however, little is known about
its neuronal function.

While CDR2 and CDR2L share 45% of their sequences [126], their functions differ.
CDR2L interacts with ribosomal proteins with functions in protein synthesis, while CDR2
binds to nuclear speckles and is involved in mRNA maturation [128]. Ectopic expression
of CDR2 and CDR2L on ovarian tumor cells [129] may trigger the formation of autoanti-
bodies [130] and autoreactive T cells [131], especially when accompanied by mutations in
CDR2 genes [132].

Pathomechanism: Anti-Yo antibody-associated PCD is accompanied by cerebellar
atrophy caused by extensive loss of cerebellar Purkinje neurons [133,134]. The cell loss
is associated with inflammatory infiltrates present in the cerebellum composed of T and
B cells, plasma cells and macrophages/microglial cells [132,134]. Involvement of both
CDR2-specific CD8+ T cells [135] and/or autoantibodies [136] in Purkinje cell death has
been proposed, but the debate regarding the pathomechanisms involved continues.
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Autoantibody-mediated cell death is supported by studies showing antibody uptake by
Purkinje cells [137–140] and the demonstration of cell death after uptake of CDR2 antibodies [136].

As in other autoimmune cerebellar diseases [53,141,142], anti-Yo autoantibodies dys-
regulate cellular calcium homeostasis, eventually leading to cell death [143]. Experiments
in cerebellar organotypic slice cultures of rat brains confirmed uptake of anti-Yo antibodies
by Purkinje cells and loss of calbindin D28K [143,144]. Calbindin is a major calcium-binding
protein and acts as a calcium buffer, and calbindin D28K depletion has been reported in
PCD [145], Parkinsons’s disease [146] and Alzheimer’s disease [147]. Anti-Yo antibod-
ies thus interfere with intracellular calcium homeostasis, causing mitochondrial calcium
overload and increased reactive oxygen species production, likely resulting in Purkinje
cell apoptosis.

Other studies suggest that anti-Yo autoantibodies interfere with CDR2’s interaction
with c-Myc and subsequent disruption of c-Myc cytoplasmic pathways, leading to ac-
celerated neuronal apoptosis [148]. However, passive transfer experiments with CDR2
antibodies injected intraventricularly or into the brain parenchyma have not resulted in
significant Purkinje cell death [137,149].

A T-cell mediated cell death is suggested by the high frequency of Yo-specific CD8+ T
cells in PCD patients in some [150], but not all [151], studies. Some studies also detected
cytotoxic T cells in the CSF [152] and cerebellum of patients [153]. As Purkinje cells express
MHC class I, they could potentially present CDR2 peptides and thereby be recognized and
subsequently destroyed by CDR2-specific CD8+ T cells [135]. However, the transfer of
Yo-specific T cells into scid mice did not result in significant Purkinje cell death [149].

The currently most widely accepted pathogenetic scenario is that the ectopic expression
of CDR2 and CDR2L antigens on tumor tissue results in an immune response, with the
subsequent emergence of CDR2-reactive T cells and B cells in the CNS. After reaching the
cerebellum, autoantibodies and/or autoreactive T cells cause damage of Purkinje cells [152],
and autoantibody production continues intrathecally [154,155].

3.2.2. VGCC-Associated PCD

A clearer picture of autoantibody-mediated ataxia in PCD has emerged for autoan-
tibodies directed against the P/Q-type voltage-gated calcium channel (VGCC). While
these autoantibodies are mainly found in patients with Lambert–Eaton myasthenic syn-
drome (LEMS) [156], they may also be present in patients with paraneoplastic and non-
paraneoplastic cerebellar degeneration [157–159].

VGCC translate membrane depolarization to the increased influx of Ca2+, supporting
neurotransmitter release from the axon terminal [160]. The pathogenesis of VGCC autoan-
tibodies is supported by the induction of ataxic symptoms in mice that received intrathecal
administration of VGCC-Ab positive sera [161].

Pathomechanism: Acutely, VGCC-Ab may inhibit the channel function with a decrease
in Ca2+ influx, leading to impaired synaptic transmission [160]. Longer exposure to
VGCC-Ab may lead to channel internalization and loss of Purkinje cells, as observed in
autopsy studies [158,162].

Treatment options for PCD: Treatment of associated malignancies are of paramount im-
portance and may also alleviate paraneoplastic symptoms by removing the antigen-driving
tissue. This treatment is followed by immunotherapies (corticosteroids, IVIg, plasma
exchange, immunosuppressants, and rituximab, alone or in combination). The overall
prognosis of PCDs is relatively poor, often because of metastasis [133], and improvement
of neurological symptoms is rare [133]. However, a few cases of non-paraneoplastic CD
showed improvement with rituximab and IVIg treatment [163,164]. Treatment is likely to be
effective only if administered in the absence of irreversible damage of Purkinje cells [165].

While onconeural antibodies are often detected in patients with cerebellar ataxia
prior to the detection of associated tumors, the opposite situation can also arise when
onconeural antibodies are detected in patients with malignancies in the absence of cerebellar
degeneration [166]. In rare cases, activation of the innate immune response by intravesical
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BCG treatment or a tick bite can trigger cerebellitis in cancer patients with preexisting
systemic onconeural autoantibodies. The increase in systemic cytokine and chemokine
levels may cause a compromise in the BBB integrity, allowing onconeural autoantibodies
and associated immune cells access to the CNS [167].

For other autoimmune targets and pathomechanisms involved in PCDs, please see the
excellent review by Loehrer et al. in this Special Issue [54].

3.3. Gluten Ataxia (GA)

Gluten ataxia (GA) is manifested as sporadic cerebellar ataxia associated with gluten
sensitivity [168,169]. The reported prevalence ranges between 0–6%, depending on the
respective study [170]. GA can also occur in the absence of intestinal symptoms [171]. Pa-
tients with gluten ataxia often have oligoclonal bands in their CSF, evidence of perivascular
inflammation in the cerebellum, and autoantibodies reacting with Purkinje cells [172].

Patients with GA can show signs of cerebellar atrophy, which may be irreversible [173].
The presence of lymphocyte infiltrates in the cerebellum supports the involvement of the
immune system in its pathogenesis [174].

Pathomechanism: Cerebellar tissue of patients often shows lymphocytic infiltrates
consisting of T cells, B cells and macrophages [169]. Notably, cerebellar atrophy accompa-
nied by cytotoxic T-cells, but in the absence of B cells of plasma cells, has been observed
in the autopsy of a patient, suggesting the involvement of cellular autoimmunity [174].
Other studies point to a pathogenic role of autoantibodies against tissue transglutaminases
TG2 and TG6 and anti-gliadin antibodies [118,175–177]. TG6 is primarily expressed in
the brain, with weak expression on Purkinje cells [178], and cerebellar IgA deposits that
contained TG6-Ab have been identified in postmortem tissue from patients with GA [179].
Development of ataxia in mice after intraventricular administration of the autoantibodies
further support a pathogenic role of the autoantibodies [180].

Treatment: Adherence to a strict gluten-free diet (GFD) has been reported to result in
clinical improvement in some [171,181] but not in other studies [182]. This heterogeneity
may be due to the assessment of GFD adherence and progression of neuronal loss. It is
recommended that adherence to a GFD should be strictly monitored to restrict antigens
that can trigger autoimmune reactions.

3.4. GAD65Ab-Associated Cerebellar Ataxia

In other cases of autoimmune disorders affecting the cerebellum, the trigger of the
autoimmune response is unknown; these are primary, or idiopathic, autoimmune disorders.
While many of these diseases can also be triggered by the above-discussed pathways, in
the absence of a clinical history of infection, cancer or CNS injury, an idiopathic etiology
is assumed.

High titers of autoantibodies directed to the smaller isoform of glutamate decarboxy-
lase (GAD65) can be found in some patients with idiopathic cerebellar ataxia [183–185].

Pathomechanism: A pathogenic role for GAD65Ab was supported in vivo by passive
transfer experiments when intracerebellar administration of GAD65Ab in rats and mice
induced ataxic symptoms [118–121], and in vitro by depressed GABA release in cerebellar
brain slices incubated with GAD65Ab [140,186–188].

GAD65 has two roles in GABAergic neurotransmission, namely the synthesis of
GABA from glutamate and the shuttling of GABAergic synaptic vesicles to the synaptic
cleft [189,190]. GAD65Ab interferes with both GAD65 enzyme activity [191] and the as-
sociation of GAD65 with the cytosolic side of synaptic vesicles [189,190]. This results in
a decrease in vesicular GABA contents and inhibition of GABAergic vesicle transport to
the synapsis [140,186–188]. Under normal conditions, the released GABA spills over to
the neighboring excitatory synaptic terminals and inhibits presynaptic glutamate release
through GABA receptors. However, inhibition of GABA release interferes with this mecha-
nism, resulting in the elevation of glutamate release [186]. Taken together, GAD65Ab elicits
marked imbalances between GABA and glutamate. This is further accelerated through the
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involvement of microglia and astrocytes [185]. Microglia activated by excessive glutamate
levels can secrete various cytokines, which facilitate glutamate release presumably through
xc(-) on microglia, and suppress the uptake of glutamate through excitatory amino acid
transporters (EAAT) on astrocytes [192,193]. Thus, the neuroinflammation-induced chain
reactions accelerate the imbalance, leading to profound excitotoxicity. In agreement with
this notion, the cerebellar neurons are completely lost in patients with advanced-stage
GAD65Ab-associated cerebellar ataxia [194].

While the cytoplasmic location of GAD65 appears to contradict a direct involvement
of GAD65Ab in the pathogenesis, GAD65Ab are internalized in cultured AF5 cells [140,195],
and anti-GAD65 monoclonal antibodies were observed in CA1 interneurons and Purkinje
neurons shortly after injection in the medial septum/diagonal band and ipsilateral interpositus
nucleus, respectively [196], suggesting that GAD65Ab can gain access to their cytoplasmic
target [137–140], similar to the cellular uptake of Yo autoantibodies discussed above.

A pathogenic role of GAD65-specific T cells in neurological disorders has been sug-
gested by studies demonstrating that administration of monoclonal GAD65-specific CD4+
T cells induced neuronal death and ataxia in mice [197]. However, T cell infiltration was
not observed in the cerebellum, calling T cells’ contribution to cerebellar dysfunction into
question.

Treatment: Patients respond well to immunotherapy aimed at the removal or reduction
of GAD65Ab, either by plasma exchange or rituximab [165,198].

3.5. mGluR1-Associated Cerebellar Ataxia

Another example for idiopathic autoimmune cerebellar ataxia is associated with
autoantibodies directed against the metabotropic glutamate receptor (mGluR1). mGluR1 is
a cell surface receptor mainly expressed on Purkinje cells. Its activation through binding
by L-glutamate initiates calcium signaling in Purkinje cells [199]. Autoantibodies directed
against mGluR1 can be found in patients with ataxia with [200,201] and without evidence
of an accompanying malignancy [202].

Passive transfer experiments in mice strongly indicated a direct pathogenic effect of
the antibody with the development of ataxia [200]. Experiments in cerebellar mouse slice
cultures demonstrated that the application of mGluR1-Ab reduced the basal activity of
Purkinje cells [203].

Pathomechanism: The location of the autoantibody epitope at the N-terminal, ligand-
binding extracellular domain of the receptor suggests that the immediate impact of the
antibodies on Purkinje cells is likely mediated by blockade of the receptor and associated
reduction in the excitability of PC [200,201,203]. Long-term exposure likely causes cerebellar
atrophy with PC loss, as demonstrated in patients [201,203].

Treatment: Treatment with IVIg and/or plasma exchange may result in improvement
of cerebellar ataxia in some, but not all, patients [200–202]. These differences may be due to
individual stages of cerebellar atrophy or intrathecal antibody production.

4. Conclusions

Autoimmune cerebellar diseases are diverse regarding their antigenic targets, clinical
phenotypes, pathogenic mechanisms, and initiating triggers. To enter the CNS, immune
cells must transmigrate the BBB, the BLMB, or the BCSFB. Under physiological conditions,
the main point of entry is at the BCSFB, located at the choroid plexus. Entrance is restricted
to CD4+ memory T cells, which survey the CNS via the CSF. Inflammatory immune
responses trigger a breakdown of the BBB permeability, allowing immune cells to enter the
CNS while allowing neuronal antigens to enter the periphery. However, BBB permeability
is brain-region specific. The BBB at the cerebellum appears to be more permeable compared
to other brain regions.

Autoimmunity at the cerebellum can be triggered by a number of factors, including
infectious pathogens, paraneoplastic cerebellar degenerations, and gluten sensitivity, but
may also arise without any clear etiology.
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The mechanism of the autoimmune pathogenesis may involve both autoantibodies
and autoreactive T cells or the innate immune response.
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145. Laure-Kamionowska, M.; Málińska, D. Calbindin positive Purkinje cells in the pathology of human cerebellum occurring at the
time of its development. Folia Neuropathol. 2009, 47, 300–305. [PubMed]

146. Hwang, J.Y.; Lee, J.; Oh, C.K.; Kang, H.W.; Hwang, I.Y.; Um, J.W.; Park, H.C.; Kim, S.; Shin, J.H.; Park, W.Y.; et al. Proteolytic
degradation and potential role of onconeural protein cdr2 in neurodegeneration. Cell Death Dis. 2016, 7, e2240. [CrossRef]
[PubMed]

147. Palop, J.J.; Jones, B.; Kekonius, L.; Chin, J.; Yu, G.Q.; Raber, J.; Masliah, E.; Mucke, L. Neuronal depletion of calcium-dependent
proteins in the dentate gyrus is tightly linked to Alzheimer’s disease-related cognitive deficits. Proc. Natl. Acad. Sci. USA 2003,
100, 9572–9577. [CrossRef] [PubMed]

148. Okano, H.J.; Park, W.Y.; Corradi, J.P.; Darnell, R.B. The cytoplasmic Purkinje onconeural antigen cdr2 down-regulates c-Myc
function: Implications for neuronal and tumor cell survival. Genes Dev. 1999, 13, 2087–2097. [CrossRef]

149. Tanaka, M.; Tanaka, K.; Onodera, O.; Tsuji, S. Trial to establish an animal model of paraneoplastic cerebellar degeneration with
anti-Yo antibody. 1. Mouse strains bearing different MHC molecules produce antibodies on immunization with recombinant Yo
protein, but do not cause Purkinje cell loss. Clin. Neurol. Neurosurg. 1995, 97, 95–100. [CrossRef]

150. Tanaka, M.; Tanaka, K.; Tsuji, S.; Kawata, A.; Kojima, S.; Kurokawa, T.; Kira, J.; Takiguchi, M. Cytotoxic T cell activity against
the peptide, AYRARALEL, from Yo protein of patients with the HLA A24 or B27 supertype and paraneoplastic cerebellar
degeneration. J. Neurol. Sci. 2001, 188, 1–65. [CrossRef]

151. Sutton, I.J.; Steele, J.; Savage, C.O.; Winer, J.B.; Young, L.S. An interferon-γ ELISPOT and immunohistochemical investigation
of cytotoxic T lymphocyte-mediated tumour immunity in patients with paraneoplastic cerebellar degeneration and anti-Yo
antibodies. J. Neuroimmunol. 2004, 150, 98–106. [CrossRef]

152. Albert, M.; Austin, L.; Danress, R.B. Detection and treatment of activated T cells in the cerebrospinal fluid of patients with
paraneoplastic cerebellar degeneration. Ann. Neurol. 2000, 47, 9–17. [CrossRef]

153. Aye, M.M.; Kasai, T.; Tashiro, Y.; Xing, H.Q.; Shirahama, H.; Mitsuda, M.; Suetsugu, T.; Tanaka, K.; Osame, M.; Izumo, S. CD8
positive T-cell infiltration in the dentate nucleus of paraneoplastic cerebellar degeneration. J. Neuroimmunol. 2009, 208, 136–140.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.jneuroim.2007.10.014
http://doi.org/10.1007/s00401-017-1802-y
http://www.ncbi.nlm.nih.gov/pubmed/29299667
http://doi.org/10.1016/S1474-4422(08)70060-7
http://doi.org/10.1007/s004010050460
http://www.ncbi.nlm.nih.gov/pubmed/8740233
http://doi.org/10.1038/3315
http://doi.org/10.1097/NEN.0b013e3181f0c82b
http://www.ncbi.nlm.nih.gov/pubmed/20838245
http://doi.org/10.1016/0022-510X(91)90198-G
http://doi.org/10.1007/BF00309627
http://doi.org/10.1186/1742-2094-6-31
http://doi.org/10.3389/fnbeh.2015.00078
http://doi.org/10.1186/s12974-015-0357-x
http://doi.org/10.1186/s12974-015-0358-9
http://www.ncbi.nlm.nih.gov/pubmed/26377319
http://doi.org/10.1111/nan.12492
http://doi.org/10.1007/s00401-014-1351-6
http://www.ncbi.nlm.nih.gov/pubmed/25341622
http://www.ncbi.nlm.nih.gov/pubmed/20054781
http://doi.org/10.1038/cddis.2016.151
http://www.ncbi.nlm.nih.gov/pubmed/27253404
http://doi.org/10.1073/pnas.1133381100
http://www.ncbi.nlm.nih.gov/pubmed/12881482
http://doi.org/10.1101/gad.13.16.2087
http://doi.org/10.1016/0303-8467(95)00005-5
http://doi.org/10.1016/S0022-510X(01)00548-2
http://doi.org/10.1016/j.jneuroim.2003.12.026
http://doi.org/10.1002/1531-8249(200001)47:1&lt;9::AID-ANA5&gt;3.0.CO;2-I
http://doi.org/10.1016/j.jneuroim.2009.01.017
http://www.ncbi.nlm.nih.gov/pubmed/19217169


Brain Sci. 2022, 12, 328 18 of 19

154. Stich, O.; Jarius, S.; Kleer, B.; Rasiah, C.; Voltz, R.; Rauer, S. Specific antibody index in cerebrospinal fluid from patients with
central and peripheral paraneoplastic neurological syndromes. J. Neuroimmunol. 2007, 183, 220–224. [CrossRef] [PubMed]

155. Stich, O.; Graus, F.; Rasiah, C.; Rauer, S. Qualitative evidence of anti-Yo-specific intrathecal antibody synthesis in patients with
paraneoplastic cerebellar degeneration. J. Neuroimmunol. 2003, 141, 165–169. [CrossRef]

156. Lennon, V.A.; Kryzer, T.J.; Griesmann, G.E.; O’Suilleabhain, P.E.; Windebank, A.J.; Woppmann, A.; Miljanich, G.P.; Lambert, E.H.
Calcium-Channel Antibodies in the Lambert–Eaton Syndrome and Other Paraneoplastic Syndromes. N. Engl. J. Med. 1995, 332,
1467–1475. [CrossRef]

157. Graus, F.; Lang, B.; Pozo-Rosich, P.; Saiz, A.; Casamitjana, R.; Vincent, A. P/Q type calcium- channel antibodies in paraneoplastic
cerebellar degeneration with lung cancer. Neurology 2002, 59, 764–766. [CrossRef]

158. Fukuda, T.; Motomura, M.; Nakao, Y.; Shiraishi, H.; Yoshimura, T.; Iwanaga, K.; Tsujihata, M.; Eguchi, K. Reduction of P/Q-type
calcium channels in the postmortem cerebellum of paraneoplastic cerebellar degeneration with Lambert-Eaton myasthenic
syndrome. Ann. Neurol. 2003, 53, 21–28. [CrossRef]

159. Bürk, K.; Wick, M.; Roth, G.; Decker, P.; Voltz, R. Antineuronal antibodies in sporadic late-onset cerebellar ataxia. J. Neurol. 2010,
257, 59–62. [CrossRef]

160. Liao, Y.J.; Safa, P.; Chen, Y.R.; Sobel, R.A.; Boyden, E.S.; Tsien, R.W. Anti-Ca2+ channel antibody attenuates Ca2+ currents and
mimics cerebellar ataxia in vivo. Proc. Natl. Acad. Sci. USA 2008, 105, 2705–2710. [CrossRef]

161. Martín-García, E.; Mannara, F.; Gutiérrez-Cuesta, J.; Sabater, L.; Dalmau, J.; Maldonado, R.; Graus, F. Intrathecal injection of P/Q
type voltage-gated calcium channel antibodies from paraneoplastic cerebellar degeneration cause ataxia in mice. J. Neuroimmunol.
2013, 261, 53–59. [CrossRef]

162. McKasson, M.; Clardy, S.L.; Clawson, S.A.; Hill, K.E.; Wood, B.; Carlson, N.; Bromberg, M.; Greenlee, J.E. Voltage-gated calcium
channel autoimmune cerebellar degeneration. Neurol. Neuroimmunol. Neuroinflamm. 2016, 3, e222. [CrossRef] [PubMed]

163. Pellkofer, H.L.; Voltz, R.; Kuempfel, T. Favorable response to rituximab in a patient with anti-VGCC-positive lambert-eaton
myasthenic syndrome and cerebellar dysfunction. Muscle Nerve 2009, 40, 305–308. [CrossRef] [PubMed]

164. Rigamonti, A.; Lauria, G.; Stanzani, L.; Mantero, V.; Andreetta, F.; Salmaggi, A. Non-paraneoplastic voltage-gated calcium
channels antibody-mediated cerebellar ataxia responsive to IVIG treatment. J. Neurol. Sci. 2014, 336, 169–170. [CrossRef]
[PubMed]

165. Mitoma, H.; Manto, M.; Hampe, C.S. Immune-mediated cerebellar ataxias: From bench to bedside. Cerebellum Ataxias 2017, 4, 16.
[CrossRef] [PubMed]

166. Lancaster, E.; Dalmau, J. Neuronal autoantigens-pathogenesis, associated disorders and antibody testing. Nat. Rev. Neurol. 2012,
8, 380–390. [CrossRef]

167. Zhu, M.; Ma, Y.; Zekeridou, A.; Lennon, V.A. Case Report: Innate Immune System Challenge Unleashes Paraneoplastic
Neurological Autoimmunity. Front. Neurol. 2020, 11, 598894. [CrossRef]

168. Bürk, K.; Farecki, M.L.; Lamprecht, G.; Roth, G.; Decker, P.; Weller, M.; Rammensee, H.G.; Oertel, W. Neurological symptoms in
patients with biopsy proven celiac disease. Mov. Disord. 2009, 24, 2358–2362. [CrossRef]

169. Hadjivassiliou, M.; Grünewald, R.A.; Chattopadhyay, A.K.; Davies-Jones, G.A.B.; Gibson, A.; Jarratt, J.A.; Kandler, R.H.; Lobo, A.;
Powell, T.; Smith, C.M.L. Clinical, radiological, neurophysiological, and neuropathological characteristics of gluten ataxia. Lancet
1998, 352, 1582–1585. [CrossRef]

170. Mearns, E.S.; Taylor, A.; Thomas Craig, K.J.; Puglielli, S.; Cichewicz, A.B.; Leffler, D.A.; Sanders, D.S.; Lebwohl, B.; Hadjivassiliou,
M. Neurological manifestations of neuropathy and ataxia in celiac disease: A systematic review. Nutrients 2019, 11, 380. [CrossRef]

171. Hadjivassiliou, M.; Rao, D.G.; Grìnewald, R.A.; Aeschlimann, D.P.; Sarrigiannis, P.G.; Hoggard, N.; Aeschlimann, P.; Mooney,
P.D.; Sanders, D.S. Neurological dysfunction in coeliac disease and non-coeliac gluten sensitivity. Am. J. Gastroenterol. 2016, 111,
561–567. [CrossRef]

172. Hadjivassiliou, M.; Williamson, C.A.; Woodroofe, N. The immunology of gluten sensitivity: Beyond the gut. Trends Immunol.
2004, 25, 578–582. [CrossRef] [PubMed]

173. Rouvroye, M.D.; Zis, P.; Van Dam, A.M.; Rozemuller, A.J.M.; Bouma, G.; Hadjivassiliou, M. The neuropathology of gluten-related
neurological disorders: A systematic review. Nutrients 2020, 12, 822. [CrossRef] [PubMed]

174. Mittelbronn, M.; Schittenhelm, J.; Bakos, G.; De Vos, R.A.; Wehrmann, M.; Meyermann, R.; Bürk, K. CD8+/perforin+/granzyme
B+ effector cells infiltrating cerebellum and inferior olives in gluten ataxia. Neuropathology 2010, 30, 92–96. [CrossRef] [PubMed]

175. Zis, P.; Rao, D.G.; Sarrigiannis, P.G.; Aeschlimann, P.; Aeschlimann, D.P.; Sanders, D.; Grünewald, R.A.; Hadjivassiliou, M.
Transglutaminase 6 antibodies in gluten neuropathy. Dig. Liver Dis. 2017, 49, 1196–1200. [CrossRef]

176. Lin, C.; Wang, M.; Tse, W.; Pinotti, R.; Alaedini, A.; Green, P.; Kuo, S. Serum antigliadin antibodies in cerebellar ataxias: A
systematic review and meta-analysis. J. Neurol. Neurosurg. Psychiatry 2018, 89, 1174–1180. [CrossRef]

177. Hadjivassiliou, M.; Sanders, D.S.; Grünewald, R.A.; Woodroofe, N.; Boscolo, S.; Aeschlimann, D. Gluten sensitivity: From gut to
brain. Lancet Neurol. 2010, 9, 318–330. [CrossRef]

178. Liu, Y.T.; Tang, B.S.; Lan, W.; Song, N.N.; Huang, Y.; Zhang, L.; Guan, W.J.; Shi, Y.T.; Shen, L.; Jiang, H.; et al. Distribution of
transglutaminase 6 in the central nervous system of adult mice. Anat. Rec. 2013, 296, 1576–1587. [CrossRef]

179. Hadjivassiliou, M.; Aeschlimann, P.; Strigun, A.; Sanders, D.S.; Woodroofe, N.; Aeschlimann, D. Autoantibodies in gluten ataxia
recognize a novel neuronal transglutaminase. Ann. Neurol. 2008, 64, 332–343. [CrossRef]

http://doi.org/10.1016/j.jneuroim.2006.11.008
http://www.ncbi.nlm.nih.gov/pubmed/17229470
http://doi.org/10.1016/S0165-5728(03)00257-1
http://doi.org/10.1056/NEJM199506013322203
http://doi.org/10.1212/WNL.59.5.764
http://doi.org/10.1002/ana.10392
http://doi.org/10.1007/s00415-009-5262-8
http://doi.org/10.1073/pnas.0710771105
http://doi.org/10.1016/j.jneuroim.2013.05.003
http://doi.org/10.1212/NXI.0000000000000222
http://www.ncbi.nlm.nih.gov/pubmed/27088118
http://doi.org/10.1002/mus.21315
http://www.ncbi.nlm.nih.gov/pubmed/19609921
http://doi.org/10.1016/j.jns.2013.10.031
http://www.ncbi.nlm.nih.gov/pubmed/24215945
http://doi.org/10.1186/s40673-017-0073-7
http://www.ncbi.nlm.nih.gov/pubmed/28944066
http://doi.org/10.1038/nrneurol.2012.99
http://doi.org/10.3389/fneur.2020.598894
http://doi.org/10.1002/mds.22821
http://doi.org/10.1016/S0140-6736(98)05342-2
http://doi.org/10.3390/nu11020380
http://doi.org/10.1038/ajg.2015.434
http://doi.org/10.1016/j.it.2004.08.011
http://www.ncbi.nlm.nih.gov/pubmed/15489185
http://doi.org/10.3390/nu12030822
http://www.ncbi.nlm.nih.gov/pubmed/32244870
http://doi.org/10.1111/j.1440-1789.2009.01042.x
http://www.ncbi.nlm.nih.gov/pubmed/19622110
http://doi.org/10.1016/j.dld.2017.08.019
http://doi.org/10.1136/jnnp-2018-318215
http://doi.org/10.1016/S1474-4422(09)70290-X
http://doi.org/10.1002/ar.22741
http://doi.org/10.1002/ana.21450


Brain Sci. 2022, 12, 328 19 of 19

180. Boscolo, S.; Lorenzon, A.; Sblattero, D.; Florian, F.; Stebel, M.; Marzari, R.; Not, T.; Aeschlimann, D.; Ventura, A.; Hadjivassiliou,
M.; et al. Anti transglutaminase antibodies cause ataxia in mice. PLoS ONE 2010, 5, e9698. [CrossRef]

181. Hadjivassiliou, M.; Grünewald, R.A.; Sanders, D.S.; Shanmugarajah, P.; Hoggard, N. Effect of gluten-free diet on cerebellar MR
spectroscopy in gluten ataxia. Neurology 2017, 89, 705–709. [CrossRef]

182. Diaconu, G.; Burlea, M.; Grigore, I.; Anton, D.; Trandafir, L. Celiac disease with neurologic manifestations in children. Rev. Med.
Chir. Soc. Med. Nat. Iasi 2013, 117, 88–94. [PubMed]

183. Honnorat, J.; Saiz, A.; Giometto, B.; Vincent, A.; Brieva, L.; de Andres, C.; Maestre, J.; Fabien, N.; Vighetto, A.; Casamitjana,
R.; et al. Cerebellar Ataxia With Anti–Glutamic Acid Decarboxylase Antibodies. Arch. Neurol. 2001, 58, 225–230. [CrossRef]
[PubMed]

184. Baizabal-Carvallo, J.F.; Jankovic, J. Stiff-person syndrome: Insights into a complex autoimmune disorder. J. Neurol. Neurosurg.
Psychiatry 2015, 86, 840–848. [CrossRef] [PubMed]

185. Mitoma, H.; Manto, M.; Hampe, C.S. Pathogenic Roles of Glutamic Acid Decarboxylase 65 Autoantibodies in Cerebellar Ataxias.
J. Immunol. Res. 2017, 2017, e2913297. [CrossRef]

186. Mitoma, H.; Ishida, K.; Shizuka-Ikeda, M.; Mizusawa, H. Dual impairment of GABAA- and GABAB-receptor-mediated synaptic
responses by autoantibodies to glutamic acid decarboxylase. J. Neurol. Sci. 2003, 208, 51–56. [CrossRef]

187. Ishida, K.; Mitoma, H.; Song, S.Y.; Uchihara, T.; Inaba, A.; Eguchi, S.; Kobayashi, T.; Mizusawa, H. Selective suppression of
cerebellar GABAergic transmission by an autoantibody to glutamic acid decarboxylase. Ann. Neurol. 1999, 46, 263–267. [CrossRef]

188. Ishida, K.; Mitoma, H.; Mizusawa, H. Reversibility of cerebellar GABAergic synapse impairment induced by anti-glutamic acid
decarboxylase autoantibodies. J. Neurol. Sci. 2008, 271, 186–190. [CrossRef]

189. Tian, N.; Petersen, C.; Kash, S.; Baekkeskov, S.; Copenhagen, D.; Nicoll, R. The role of the synthetic enzyme GAD65 in the control
of neuronal γ-aminobutyric acid release. Proc. Natl. Acad. Sci. USA 1999, 96, 12911–12916. [CrossRef]

190. Asada, H.; Kawamura, Y.; Maruyama, K.; Kume, H.; Ding, R.G.; Ji, F.Y.; Kanbara, N.; Kuzume, H.; Sanbo, M.; Yagi, T.; et al. Mice
lacking the 65 kDa isoform of glutamic acid decarboxylase (GAD65) maintain normal levels of GAD67 and GABA in their brains
but are susceptible to seizures. Biochem. Biophys. Res. Commun. 1996, 229, 891–895. [CrossRef]

191. Dinkel, K.; Meinck, H.M.; Jury, K.M.; Karges, W.; Richter, W. Inhibition of γ-aminobutyric acid synthesis by glutamic acid
decarboxylase autoantibodies in stiff-man syndrome. Ann. Neurol. 1998, 44, 194–201. [CrossRef]

192. Massie, A.; Boillee, S.; Hewett, S.; Knackstedt, L.; Lewerenz, J. Main path and byways: Non-vesicular glutamate release by system
xc—As an important modifier of glutamatergic neurotransmission. J. Neurochem 2015, 135, 1062–1079. [CrossRef] [PubMed]

193. Wong, W.T.; Wang, M.; Li, W. Regulation of microglia by ionotropic glutamatergic and GABAergic neurotransmission. Neuron
Glia Biol. 2012, 7, 41–46. [CrossRef]

194. Ishida, K.; Mitoma, H.; Wada, Y.; Oka, T.; Shibahara, J.; Saito, Y.; Murayama, S.; Mizusawa, H. Selective loss of Purkinje cells in a
patient with anti-glutamic acid decarboxylase antibody-associated cerebellar ataxia. J. Neurol. Neurosurg. Psychiatry 2007, 78,
190–192. [CrossRef] [PubMed]

195. Hampe, C.S.; Petrosini, L.; De Bartolo, P.; Caporali, P.; Cutuli, D.; Laricchiuta, D.; Foti, F.; Radtke, J.R.; Vidova, V.; Honnorat, J.;
et al. Monoclonal antibodies to 65kDa glutamate decarboxylase induce epitope specific effects on motor and cognitive functions
in rats. Orphanet J. Rare Dis. 2013, 8, 82. [CrossRef] [PubMed]

196. Vega-Flores, G.; Rubio, S.E.; Jurado-Parras, M.T.; Gómez-Climent, M.Á.; Hampe, C.S.; Manto, M.; Soriano, E.; Pascual, M.; Gruart,
A.; Delgado-García, J.M. The GABAergic septohippocampal pathway is directly involved in internal processes related to operant
reward learning. Cereb. Cortex 2014, 24, 2093–2107. [CrossRef] [PubMed]

197. Burton, A.R.; Baquet, Z.; Eisenbarth, G.S.; Tisch, R.; Workman, C.J.; Vignali, D.A.A. CNS Destruction Mediated by GAD-Specific
CD4+ T Cells. J. Immunol. 2011, 184, 4863–4870. [CrossRef] [PubMed]

198. Arino, H.; Hoftberger, R.; Gresa-Arribas, N.; Martinez-Hernandez, E.; Armangue, T.; Kruer, M.C.; Arpa, J.; Domingo, J.; Rojc, B.;
Bataller, L.; et al. Paraneoplastic Neurological Syndromes and Glutamic Acid Decarboxylase Antibodies. JAMA Neurol. 2015, 72,
874–881. [CrossRef]

199. Hildebrand, M.E.; Isope, P.; Miyazaki, T.; Nakaya, T.; Garcia, E.; Feltz, A.; Schneider, T.; Hescheler, J.; Kano, M.; Sakimura, K.; et al.
Functional coupling between mGluR1 and Cav3.1 T-type calcium channels contributes to parallel fiber-induced fast calcium
signaling within Purkinje cell dendritic spines. J. Neurosci. 2009, 29, 9668–9682. [CrossRef]

200. Sillevis Smitt, P.; Kinoshita, A.; De Leeuw, B.; Moll, W.; Coesmans, M.; Jaarsma, D.; Henzen-Logmans, S.; Vecht, C.; De Zeeuw, C.;
Sekiyama, N.; et al. Paraneoplastic cerebellar ataxia due to autoantibodies against a glutamate receptor. N. Engl. J. Med. 2000, 342,
21–27. [CrossRef]

201. Iorio, R.; Damato, V.; Mirabella, M.; Vita, M.G.; Hulsenboom, E.; Plantone, D.; Bizzarro, A.; Del Grande, A.; Sillevis Smitt, P.A.E.
Cerebellar degeneration associated with mGluR1 autoantibodies as a paraneoplastic manifestation of prostate adenocarcinoma. J.
Neuroimmunol. 2013, 263, 155–158. [CrossRef]

202. Marignier, R.; Chenevier, F.; Rogemond, V.; Smitt, P.S.; Renoux, C.; Cavillon, G.; Androdias, G.; Vukusic, S.; Graus, F.; Honnorat, J.;
et al. Metabotropic glutamate receptor type 1 autoantibody-associated cerebellitis: A primary autoimmune disease? Arch. Neurol.
2010, 67, 627–630. [CrossRef] [PubMed]

203. Coesmans, M.; Sillevis Smitt, P.A.; Linden, D.J.; Shigemoto, R.; Hirano, T.; Yamakawa, Y.; Van Alphen, A.M.; Luo, C.; Van der
Geest, J.N.; Kros, J.M.; et al. Mechanisms underlying cerebellar motor deficits due to mGluR1-autoantibodies. Ann. Neurol. 2003,
53, 325–336. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0009698
http://doi.org/10.1212/WNL.0000000000004237
http://www.ncbi.nlm.nih.gov/pubmed/24505898
http://doi.org/10.1001/archneur.58.2.225
http://www.ncbi.nlm.nih.gov/pubmed/11176960
http://doi.org/10.1136/jnnp-2014-309201
http://www.ncbi.nlm.nih.gov/pubmed/25511790
http://doi.org/10.1155/2017/2913297
http://doi.org/10.1016/S0022-510X(02)00423-9
http://doi.org/10.1002/1531-8249(199908)46:2&lt;263::AID-ANA19&gt;3.0.CO;2-0
http://doi.org/10.1016/j.jns.2008.04.019
http://doi.org/10.1073/pnas.96.22.12911
http://doi.org/10.1006/bbrc.1996.1898
http://doi.org/10.1002/ana.410440209
http://doi.org/10.1111/jnc.13348
http://www.ncbi.nlm.nih.gov/pubmed/26336934
http://doi.org/10.1017/S1740925X11000123
http://doi.org/10.1136/jnnp.2006.091116
http://www.ncbi.nlm.nih.gov/pubmed/17119008
http://doi.org/10.1186/1750-1172-8-82
http://www.ncbi.nlm.nih.gov/pubmed/23738610
http://doi.org/10.1093/cercor/bht060
http://www.ncbi.nlm.nih.gov/pubmed/23479403
http://doi.org/10.4049/jimmunol.0903728
http://www.ncbi.nlm.nih.gov/pubmed/20348424
http://doi.org/10.1001/jamaneurol.2015.0749
http://doi.org/10.1523/JNEUROSCI.0362-09.2009
http://doi.org/10.1056/NEJM200001063420104
http://doi.org/10.1016/j.jneuroim.2013.07.015
http://doi.org/10.1001/archneurol.2010.51
http://www.ncbi.nlm.nih.gov/pubmed/20457964
http://doi.org/10.1002/ana.10451
http://www.ncbi.nlm.nih.gov/pubmed/12601700

	Immune Surveillance of the Central Nervous System (CNS) 
	Blood–CSF Barrier: Portal for Immune Surveillance during Physiological Conditions 
	The Blood–Brain Barrier in Health and Disease 
	Inflammation and Breakdown of BBB Integrity 
	Region-Specific BBB Permeability 


	Autoimmunity Specific to the Cerebellum 
	Innate Immunity 
	Adaptive Immune Response 

	Diversity in Cerebellar Autoimmunity 
	Postinfectious Cerebellitis (PIC) 
	Paraneoplastic Cerebellar Degeneration (PCD) 
	Anti-Yo Autoantibody-Associated PCD 
	VGCC-Associated PCD 

	Gluten Ataxia (GA) 
	GAD65Ab-Associated Cerebellar Ataxia 
	mGluR1-Associated Cerebellar Ataxia 

	Conclusions 
	References

