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Abstract

Anti-IgLONS disease is a recently defined autoimmune disorder of the nervous system associated with
autoantibodies against IgLONS. Given its broad clinical spectrum and extremely complex pathogenesis,
as well as difficulties in its early diagnosis and treatment, anti-IgLONS disease has become the

subject of considerable research attention in the field of neuroimmunology. Anti-IgLONS disease has
characteristics of both autoimmunity and neurodegeneration due to the unique activity of the anti-
IgLONS antibody. Neuropathologic examination revealed the presence of a tauopathy preferentially
affecting the hypothalamus and brainstem tegmentum, potentially broadening our understanding of
tauopathies. In contrast to that seen with other autoimmune encephalitis-related antibodies, basic
studies have demonstrated that IgLONS antibody-induced neuronal damage and degeneration are
irreversible, indicative of a potential link between autoimmunity and neurodegeneration in anti-
IgLONS disease. Herein, we comprehensively review and discuss basic and clinical studies relating to
anti-IgLONS disease to better understand this complicated disorder.
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Introduction

Anti-IgLONS disease is a rare autoimmune neurological disorder associated
with autoantibodies against the IgLONS protein. In 2014, Sabater et al.
reported six patients presenting with IgLONS antibodies, unique rapid eye
movement and non-rapid eye movement sleep disorders, and tau deposition.
A growing number of cases have since been reported and have revealed the
heterogeneity of the disease. Most patients experience chronic onset and
no gender differences have been identified (Gruter et al., 2022). Patients
may present with sleep disorders, bulbar syndrome, gait instability, cognitive
impairment, and movement disorders (Sabater et al., 2014). The human
leukocyte antigen (HLA)-DRB1*10:01-DQB1*05:01 haplotype is strongly
associated with the disease, indicating that genetic factors may contribute to
anti-IgLONS disease susceptibility (Gaig et al., 2019).

Tau deposits mainly involving the hypothalamus and brainstem tegmentum
have been found in several patients (Sabater et al., 2014; Gelpi et al., 2016),
hinting at a correlation between autoimmunity and neurodegeneration in
this disease. Basic studies have investigated the long-term effects of the anti-
IgLONS antibody, which may include inflammation and neuronal damage
(Sabater et al., 2016; Ni et al., 2022a). Disruption of the blood-brain barrier
and intrathecal lymphocytosis have also been identified, confirming the
importance of autoimmunity (Strippel et al., 2022). Additionally, the anti-
IgLONS antibody seems to play a central role in this disease, implying
that neurodegeneration in anti-IgLONS disease may be a consequence of
autoimmunity.

Reviews focusing on anti-IgLONS disease are scarce and mostly concerned
with clinical manifestations. Herein, we review published clinical and basic
research on anti-IgLONS disease, mainly focusing on newly discovered
features, including clinical and imaging features, diagnostic clues, and
treatment prognosis. We also analyze the unique tauopathy and experiments
relating to anti-IgLONS disease aiming to understand its pathogenesis and
discuss the challenges and directions for future study.

Literature Search Strategy

In this review, PubMed was searched for articles published until June 2022.
The following keywords were used for the literature search: IgLONS, anti-
IgLONS disease, IgLONS antibody, IgLON, 1gG4-related diseases, tauopathy,
neurodegeneration, and inflammation. Only publications in English were
screened.

The Structure and Function of IgLON5

IgLONS is a cell adhesion molecule belonging to the IgLON family. Members
of this family are characterized by an N-terminal signal peptide, three Ig-
like domains, and a glycosylphosphatidylinositol (GPI) anchor (Vanaveski et
al., 2017). The IgLON family comprises five members, namely, opioid binding
protein/cell adhesion molecule (OPCML), neurotrimin (NTM), limbic system
associated membrane protein (LSAMP), neural growth regulator 1 (NEGR1),
and IgLON family member 5 (IgLONS). IgLONs form homo- or heterodimers
both in cis (on the same membrane) and in trans (between cells) (Reed et
al., 2004; Vanaveski et al., 2017; Venkannagari et al., 2020). Ranaivoson et
al. (2019) and Venkananagari et al. (2020) analyzed the crystal structure
of IgLONs and identified several possible configurations (Figure 1). IgLONs
participate in neural development and neural circuit formation (Karis et al.,
2018), and may also be involved in tumor inhibition, depression, and obesity
(Karis et al., 2018).

In humans, IgLONS proteins are mainly expressed in the brain and testis. In
the brain, the highest IgLONS protein levels are found in the cerebellum.
Meanwhile, IgLONS transcripts are distributed in a wide variety of tissues, but
particularly in the brain, retina, and testis (https://www.proteinatlas.org/).
However, the distribution of IgLONS transcripts in mice differs from that in
humans (Vanaveski et al., 2017), with mice displaying the highest IgLON5 RNA
expression in the thalamus and pons. IgLONS5 transcripts are also abundantly
present in mouse skeletal muscle but are absent in the liver (Vanaveski et al.,
2017).
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The function of IgLON5 remains mostly obscure. Lim et al. (2021)
demonstrated that IgLONS regulates the adhesion and differentiation
of myoblasts and promotes myogenesis and regeneration. Interestingly,
the authors reported that the antibody-mediated inhibition of IgLONS in
myoblasts led to a compensatory increase in IgLON5 mRNA and protein
expression levels. Additionally, IgLONS transcript levels were found to be
markedly lower in the dorsolateral prefrontal cortex of schizophrenic patients
who committed suicide than in those who did not, suggestive of a potential
role for IgLONS in central nervous systems development and regulation
(Karis et al., 2018). IgLONS levels may also be negatively correlated with the
prognosis of colon cancer (Chen et al., 2021) and positively associated with
limonin-mediated cardiac repair after myocardial infarction (Xiong et al.,
2021). More studies on the role of anti-IgLONS disease are needed to reveal
the functions of IgLONS, the last member of the IgLON family to be identified.

Current Knowledge of Anti-IgLON5 Disease:
Clinical Features, Diagnosis, and Treatment

Clinical features and imaging characteristics

Several cases of anti-lgLONS disease have been reported since its discovery
and they display significant heterogeneity. Relevant clinical studies performed
from 2014 to 2022 are summarized in Additional Table 1. Previous reviews
have fully described the core clinical phenotypes, which include sleep
disorders, bulbar syndrome, gait instability, and cognitive impairment
(Madetko et al., 2022). Dysautonomia, oculomotor abnormalities, and
neuropsychiatric symptoms are also frequently reported (Griter et al., 2022),
as are movement disorders, with 87% (63/72) of patients having at least one
type of dyskinesia (Gaig et al., 2021).

The range of symptoms has gradually expanded as more patients are
identified. One patient with tau deposition, mainly in the cerebellum,
displayed obvious symptoms associated with cerebellar dysfunction, such
as intention tremors and nystagmus (Schoberl et al., 2018). Peripheral
neuropathy has also been observed in several patients (Honorat et al., 2017;
Hansen et al., 2020; Macher et al., 2021), implying that the effects of anti-
IgLONS antibodies may extend to the peripheral nervous system. Some
patients had paresthesia, which manifested as tongue neuralgia (Haitao
et al., 2016), peripheral facial paralysis (Schroder et al., 2016), and cold
intolerance (Morales-Bricefio et al., 2018; Aslam and Shill, 2020). Some
cases may present as motor neuron disease. For instance, Tao et al. (2018)
described a patient who displayed progressive dysphagia and limb weakness
with muscle atrophy. Electromyography showed extensive denervation in limb
and thoracic paraspinal muscles. Epilepsy has also been observed in patients
with anti-IgLONS disease, although only rarely. One case series identified
electrographic seizures without clinical manifestation in one patient (Honorat
et al., 2017); however, only a few cases of epilepsy have been described since
then (Macher et al., 2018, 2021; Montagna et al., 2018; Chen et al., 2020;
Stoyanov et al., 2021; Fu et al., 2022; Ni et al., 2022b; Wang et al., 2022).
Recently, Fu et al. (2022) found signs of inflammation in the hippocampus
of a patient who experienced seizures as the main symptom, suggesting
inflammation-induced hyperexcitability. Ni et al. (2022b) identified some
unusual manifestations, such as “dancing belly and restless legs syndrome”.
Takotsubo cardiomyopathy, a fatal condition, was observed in one patient
during stridor (Montojo et al., 2016). Another case reported the occurrence
of pop music hallucinations, which had never been observed before (Stoyanov
etal., 2021).

New cases can provide novel insights into the occurrence and development
of the disease. A few patients demonstrated influenza-like illnesses and
exhibited headache, fever, and vomiting (Chen et al., 2020; Swayne et al.,
2021; Wang et al., 2021). Both the Epstein-Barr virus (Ni et al., 2022b) and
the herpes virus (Wang et al., 2022) have been reported in patients with anti-
IgLONS disease. A few patients also had other autoimmune diseases, such as
vitiligo, Hashimoto’s thyroiditis, and connective tissue disease (Haitao et al.,
2017; Honorat et al., 2017; Ni et al., 2022b; Griter et al., 2022). Notably, a
2-year-old boy with Langerhans cell histiocytosis showed IgLONS antibodies in
serum (Ye et al., 2021). He was the youngest patient reported. Furthermore,
the IgLONS antibody was found to coexist with other antibodies, such as
LGI1 (Honorat et al., 2017; Ni et al., 2022b), GAD65 (Honorat et al., 2017),
gamma-aminobutyric acid type B receptor (Chung et al., 2019), amphiphysin
(Griter et al., 2022), and MOG (Ni et al., 2022b), indicative of B-lymphocyte
dysfunction. The role of these coexisting antibodies in anti-IgLONS disease
pathogenesis requires further study. Importantly, diagnosis should be carefully
managed because it is difficult to determine the primary ‘culprit” antibody.

Gaig et al. (2021) documented that 76% (55/76) of patients with anti-lgLONS
disease had some form of chronic manifestation (> 4 months) while another
clinical study reported that approximately 28% (15/53) of patients had
acute to subacute manifestations (< 4 weeks) (Gruter et al., 2022). Subacute
manifestations are associated with inflammation-related changes in the
cerebrospinal fluid (CSF) and are regarded as part of the early period of the
disease (Gruter et al., 2022). Pathologies previously described by Gelpi et al.
(2016) included a lack of inflammation and the presence of p-tau deposition
mainly in the hypothalamus and brainstem tegmentum; however, subsequent
cases did not involve tauopathy (Montagna et al., 2018; Morales-Bricefio
et al., 2018). The differences in clinical features and pathological changes
highlight the heterogeneous nature of this disorder.

Patients with anti-IgLONS disease can display diverse magnetic resonance
imaging (MRI) changes. In one study, 12.5% (9/72) patients had distinct

alterations on MRI (Tagliapietra et al., 2021). Brain atrophy (Gaig et al., 2017;
Honorat et al., 2017; Macher et al., 2021), T2 hyperintensity (Macher et al.,
2018; Ramanan et al., 2018; Wang et al., 2022), and white matter changes
(Honorat et al., 2017; Macher et al., 2021; Ni et al., 2022b; Videnovic et al.,
2022) have all been observed, in addition to other signs (Additional Table 1)
mainly involving the hippocampus, brainstem, white matter, cerebellum, and
cortex. Recently, “high-convexity tight sulci” (defined as the compression of sulci
at the vertex, enlarged CSF spaces in the Sylvian fissure, and ventriculomegaly)
on MRI, a marker of CSF dynamics problems, was reported in one patient
(Urso et al., 2022). Hyperperfusion was also seen in the high-convexity area on
single-photon emission computed tomography and arterial spin labeling-MRlI,
which may reflect the increased gray matter density of the convexity (Urso et
al., 2022). Additionally, single-photon emission computed tomography imaging
using dopamine transporter radioligands showed decreased ligand uptake
mostly in the striatum (Montojo et al., 2016; Fuseya et al., 2020; Gonzélez-
Avila et al., 2021), suggesting that the dopaminergic pathway had had been
affected (Gonzélez-Avila et al., 2021). Meanwhile, on '*F-FDG positron emission
tomography scans, some patients displayed hypermetabolism in the basal
ganglia (Haitao et al., 2016, 2017; Zhang et al., 2016; Morales-Bricefio et al.,
2018; Ni et al., 2022b), cerebellum (Haitao et al., 2016; Zhang et al., 2016),
brainstem (Morales-Bricefio et al., 2018), and other areas (Haitao et al., 2017;
Wang et al., 2022). White matter and left temporal lobe hypometabolism has
also been observed in some patients (Ni et al., 2022b).

Diagnosis

At present, anti-IgLONS disease diagnosis is mainly based on clinical
manifestations and the detection of IgLONS antibodies in serum and/or CSF
of patients. The most common symptoms at diagnosis are sleep disorders,
bulbar syndrome, movement disorders, cognitive impairment, oculomotor
abnormalities, and dysautonomia. Most patients have IgLONS antibodies in
both serum and CSF, which can help confirm diagnosis (Gruter et al., 2022).
The serum antibody titer increases with disease duration and decreases after
long-term immunotherapy. IgG4 is the most commonly identified subtype,
followed by IgG1 and IgG2 (Gaig et al., 2017; Gruter et al., 2022).

Other tests may be helpful for diagnosis. Recently, signs of inflammation in
the CSF or on MRI have been reported in some patients (Montagna et al.,
2018; Hansen et al., 2020; Gruter et al., 2022; Strippel et al., 2022), and may
be a predictor of the initial stage of anti-IgLONS disease. Meanwhile, HLA
genotyping may represent a means of identifying susceptible patients. The
HLA-DRB1*10:01 and HLA-DQB1*05:01 alleles are highly present in patients
with anti-lgLONS disease (Sabater et al., 2014), with HLA-DRB1*10:01
confirmed as having a stronger correlation with the disease than HLA-
DQB1*05:01 (Gaig et al., 2017). Employing prediction algorithms, Gaig et al.
(2019) determined a strong binding affinity between the IgLONS peptide and
HLA-DRB1 molecules. They also found that patients carrying HLA-DRB1*10:01
were more prone to sleep abnormalities, medulla oblongata dysfunction,
and autonomic dysfunction; however, cognitive impairment was associated
with being HLA-DRB1*10:01-negative. In contrast, Gruter et al. (2022)
did not report finding the same associations, except for the link between
sleep disorders and the HLA-DRB1*10:01 and HLA-DQB1*05:01 alleles.
Notably, they also observed younger ages in both HLA-DRB1*10:01 and HLA-
DQB1*05:01 carriers than HLA-DRB1*non-10:01 and HLA-DQB1*non-05:01
carriers, and anti-IgLONS 1gG titers were higher in patients with HLA-
DRB1*10:01 than in those with HLA-DRB1*non-10:01. This evidence links
genotype and phenotype, providing guidance for the diagnosis and treatment
of anti-IgLONS disease.

Regarding pathology, the detection of hyperphosphorylated tau protein can
serve as important evidence in anti-IgLONS disease diagnosis. Gelpi et al.
(2016) proposed the establishment of levels of certainty-definite, probable,
and possible—as criteria for the diagnosis of anti-IlgLON5-related tauopathy.
The levels of certainty are mainly based on pathology, autoantibody, HLA
genotype/clinical history. Although these criteria are helpful for diagnosis,
they have limitations. Evidence from both clinical and basic studies has
shown that tau deposition occurs in the late stages of anti-IgLONS disease;
however, not all patients can be diagnosed at this stage, which may result in
pathological changes going undetected.

The mortality rate is higher for anti-IgLONS disease than for other types of
autoimmune encephalitis (AE) (Sabater et al., 2014), particularly in patients
with respiratory disorders. It can be inferred from existing cases that laryngeal
spasm (Tagliapietra et al., 2021), respiratory failure (Honorat et al., 2017),
central hypoventilation (Gruter et al., 2022), aspiration pneumonia (Hogl et
al., 2015), and cardiac complications (Cagnin et al., 2017; Gaig et al., 2017;
Griter et al., 2022) are the most likely causes of death. Extra care must be
taken when treating patients with these symptoms.

Treatment progress

The prognosis for patients with anti-IgLONS disease, even with treatment, is
assumed to be poor (Sabater et al., 2014; Gaig et al., 2017). Nevertheless,
recent studies have suggested that patients may benefit from immunotherapy,
although whether immunotherapy can improve the long-term prognosis
of the disease remains unknown (Gruter et al., 2022). The main treatment
consists of first- and second-line immunotherapy as well as symptomatic
therapies. First-line therapy is the treatment of choice and comprises steroids,
intravenous immunoglobulin, and plasmapheresis (Tagliapietra et al., 2021).
The response rate to first-line therapy was reported to be 55.8% (39/70),
while that to second-line therapy, such as rituximab, cyclophosphamide,
azathioprine, and mycophenolate mofetil, was 63% (17/27) (Fu et al., 2022).
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Moreover, one study revealed that 52.9% (27/51) patients had relapse-like
exacerbations during the course of the disease (Gruter et al., 2022). Among
these, 41% (11/27) showed improvement after first-line therapy. In the same
study, long-term immunotherapy, including first- and second-line therapy,
was found to be effective in 75% (27/36) patients. In general, immunotherapy
seems to be more effective than was previously thought and can be effective
in half of the patients. Long-term use may benefit an even greater number of
patients.

Factors other than drug selection may also affect prognosis. Patients who
develop anti-IgLONS disease and already have a chronic disease were
reported to be more likely to relapse or deteriorate due to late discovery,
while those with acute and subacute attacks were typically diagnosed
earlier (Griter et al., 2022). Patients with cognitive impairment and atypical
phenotypes showed better outcomes than those with typical symptoms such
as sleep and bulbar disorders (Cabezudo-Garcia et al., 2020). Early treatment
is crucial for patients (Griter et al., 2020; Pi et al., 2021). Gruter et al. (2022)
identified that the initiation of short-term, first-line treatment within 6 weeks
of initial deterioration, or the initiation of long-term treatment within 1 year
of onset, were predictors of clinical improvement; moreover, a low serum
level of neurofilament light chain before treatment was found to be correlated
with a better prognosis.

The presence of inflammation may be indicative of early-stage disease and its
identification is likely to be associated with better outcomes (Montagna et al.,
2018; Cabezudo-Garcia et al., 2020; Hansen et al., 2020). Gruter et al. (2022)
reported that 37.3% (19/51) patients exhibited inflammation-related changes
in the CSF, while the CSF cell count was negatively correlated with disease
duration. Approximately 8.1% (4/49) of patients had IgLONS antibodies only
in serum (Tagliapietra et al., 2021) and some of these patients recovered after
immunotherapy (Pi et al., 2021; Wang et al., 2021). Several studies reported
poor outcomes in patients with IgG4 subtype predominance (Hogl et al.,
2015; Simabukuro et al., 2015; Haitao et al., 2017; Ni et al., 2022b). However,
this effect seemed to be associated with HLA-DRB1*10:01 negativity, which is
related to better outcomes (Gaig et al., 2019; Werner et al., 2021). Additional
studies are needed to clarify the relationship between antibody subtypes,
genotypes, and prognosis.

A recent study revealed an increase in B cell numbers and the presence of
plasma cells in the CSF of patients with IgLONS disease. Patients with plasma
cells in the CSF responded well to rituximab (Strippel et al., 2022). This
observation explains the key role of B cells and antibodies in the pathogenesis
of the disease and confirms the effectiveness of anti-B cell drugs. In addition,
anti-B cell drugs, such as rituximab, have been confirmed to be effective in
treating IgG4-related diseases (Dalakas, 2021, 2022) and, thus, may be a
better choice for treatment. Additional strategies may be developed once the
underlying mechanisms have been determined.

Research Progress on the Pathogenicity of the
IgLON5 Antibody

Auto-IgLON5 antibody-related tauopathy: Broadening our understanding of
tauopathies

Anti-IgLONS disease has been associated with tau deposition since its
discovery. Sabater et al. (2014) were the first to report tau deposition in
patients with anti-IgLONS disease in 2014. Neuropathological examination
revealed p-tau deposition mainly in the hypothalamus and brainstem
tegmentum. Gelpi et al. (2016) proposed the concept of anti-IgLONS disease-
related tauopathy and summarized its possible pathological features, including
neuronal loss, gliosis, and lack of inflammatory infiltration. Consistent with
the pathological analysis, a few patients had increased tau and p-tau levels
in the CSF (Briiggemann et al., 2016; Vetter et al., 2018; Logmin et al., 2019;
Griter et al., 2022; Hansen et al., 2020).

However, some patients do not exhibit the above typical pathology. One
patient showed tau deposition mainly involving the cerebellum (Schoberl et
al., 2018). Notably, this patient had inflammation in the leptomeningeal area
(Schoberl et al., 2018). Another patient showed tau deposition primarily in the
hippocampus as well as inflammation-related changes, such as lymphocyte
infiltration and microglia activation (Erro et al., 2019). Interestingly, one
case reported TDP-43 aggregation, in addition to tau deposition, in various
microglial populations, which suggested the possibility of microglial-induced
neuronal damage (Cagnin et al., 2017). In these patients, tauopathy was
accompanied by inflammation or an abnormal immune microenvironment.
Furthermore, in two patients, biopsy results showed no evidence of tau
deposition (Montagna et al., 2018; Morales-Bricefio et al., 2018). One of
these patients had severe white matter lesions with increased macrophage
and lymphocyte infiltration (Montagna et al., 2018), while the other showed
infiltration of histiocytes and lymphocytes, increased numbers of microglia,
microglial activation, and edema (Morales-Bricefio et al., 2018). These patients
had immune and inflammatory activation in the brain, but no evidence of
tauopathy. Combined with the finding of increased B cell numbers in the CSF,
these observations suggest that inflammation may independently dominate
the disease in the early stages. These distinct pathological manifestations
highlight the need for clinicians and researchers to carefully consider the
correlation between autoimmunity, inflammation, and neurodegeneration in
the treatment of anti-IgLONS disease.

Anti-IgLONS disease-related tauopathy may involve a novel neurodegenerative
disease process that differs from that of traditional tauopathies. Tau isoforms

and deposition sites in anti-IgLONS disease are different from those in
other traditional tauopathies, such as Alzheimer’s disease (AD), progressive
supranuclear palsy, and corticobasal degeneration (Arendt et al., 2016). The
tau isoforms identified in anti-IgLONS disease to date include three-repeat
(3R) and four-repeat (4R) isoforms (Gelpi et al., 2016). These are mainly
found in neurons, and only seldom in glia and white matter (Gelpi et al.,
2016). Moreover, the complex pathology of this disorder makes it difficult to
classify it as a traditional tauopathy. More work is needed to determine the
connection between tau and anti-IgLON5S antibodies. The neuropathological
findings since 2014 are summarized in Table 1.

Anti-IgLONS Antibody as a ‘Culprit’ Antibody:
the Link between Neuroimmunology and
Neurodegeneration

Because anti-IgLONS disease was only recently described, research relating to
this condition is still limited. However, important insights and information can
still be obtained from related studies.

In vitro experiments

Sabater et al. (2014) detected IgLONS antibodies and tau deposition in
patients with anti-IgLONS disease. They further demonstrated that the
1gG1 subtype, which targets the Ig-like domain 2 of IgLONS5, induced the
time-dependent, irreversible internalization of IgLONS in rat hippocampal
neurons (Sabater et al., 2016). Two studies have provided evidence for
neurodegeneration in vitro. Landa et al. (2020) revealed that the IgLON5S
antibody disrupted the cytoskeleton in rat hippocampal neurons, resulting
in dystrophic axons and axon swelling after 3 weeks. They also discovered an
increased concentration of neurofilament light chain in CSF, which is a marker
of axonal damage. One clinical study reported that a correlation may exist
between high serum concentrations of neurofilament light chain and the risk
of death (Griter et al., 2022). Although this study demonstrated damage to
the cytoskeleton, which has a close association with tau protein (Mietelska-
Porowska et al., 2014), p-tau deposition was not observed. Ryding et al.
(2021) demonstrated that anti-IgLONS antibodies induced p-tau accumulation
in differentiated human neural stem cells and further reported that the
proportion of p-tau-positive neurons was increased, while synaptic structure
and function were disrupted. Additionally, increased neuronal death was
observed after 21 days of exposure to anti-IgLON5S antibodies compared with
exposure to control 1gG (Ryding et al., 2021). Finally, the authors found that
neurodegeneration was accompanied by a continuous reduction in IgLON5S
concentrations (Ryding et al., 2021). Combined, these studies confirmed that
anti-IgLONS antibodies can directly damage nerve cells.

In vivo experiments

A pilot study in mice confirmed p-tau deposition in vivo (Alvente et al., 2022).
Humanized transgenic hTau mice and C57BL/6J wild-type (WT) mice, which
served as controls, were infused intracerebroventricularly with human IgLONS
antibody or control antibody for 14 days. Neuropathological examination
showed p-tau deposition in the hippocampal CA4 region, mossy fibers, and
posterior periependymal areas in both WT and transgenic mice. Furthermore,
a longer ventilatory period during sleep and a shorter inter-lick interval
during wakefulness were observed in IgLON5 antibody-treated mice with no
additional differences in sleep, respiration, or motor function. These results
were suggestive of an increase in airway resistance and possible behavioral
stress following the infusion of the IgLONS antibody. Ni et al. (2022a) revealed
long-term cognitive impairment and anxiety-like behavior in mice infused with
anti-IgLON5 antibodies. They established two models of anti-IgLONS disease
using C57BL/6 mice—stereotactic injection in the hippocampal CA1 region
and ventricular cannula embedment—and noted that cognition-related
neural circuits and synaptic homeostasis were both disrupted, which could
explain the behavioral results.

The most recent study has provided clues regarding the dual effects of the
IgLONS antibody (Ni et al., 2022a). First, the IgLON5 antibody was found to
exert long-term pathogenic effects in vivo. The authors reported the extended
binding between anti-IgLONS5 antibodies from patients and the mouse brain
(Ni et al., 2022a), which was consistent with the findings of Sabater et al.
(2016). Three other studies also directly revealed the neuronal damage and
degeneration induced by the IgLONS5 antibody, thereby consolidating the
linkage between the antibody and neurodegeneration. Secondly, IgLON5S
antibodies may induce brain inflammation. Neuroinflammation was observed
in vivo, and included the gradual activation of microglia and astrocytes, as well
as an increase in the relative mRNA expression levels of several inflammatory
factors, including TGF-B, CCL5, and CXCL13 (Ni et al., 2022a). Inflammation-
related changes in the CSF and pathological findings have also been reported
in several cases. These observations indicate that the IgLON5 antibody can
affect neurons both directly and indirectly by inducing inflammation. Ni et al.
(2022a) reported neuronal loss and morphological changes on day 30 after
IgLONS antibody injection in the presence of both antibody and inflammation.
Nevertheless, the function of the IgLONS antibody is still largely unknown, and
the crucial pathways involved in how IgLON5 antibodies promote neuronal
damage remain to be determined. The possible mechanisms underlying the
pathophysiology of anti-IgLONS disease based on current knowledge are
depicted in Figure 2. We hypothesize that the deposition of tau protein seen
in some of the patients was the result of the long-term effect of the IgLON5S
antibody.
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Table 1 | Neuropathological findings from patients with anti-IlgLON5 disease since 2014
Reference Patient Age (yr) Sex Neuropathology Autopsy/biopsy/PET
Sabater et al., 2014 1 53 Male P-tau deposition mainly involving the hypothalamus and brainstem tegmentum. Autopsy
2 76 Female
Gelpi etal., 2016 3 53 Male Tau pathology with predominant involvement of the hypothalamus and brainstem tegmentum, — Autopsy
4 76 Female with a rostrocaudal gradient of severity to include the upper cervical cord.
5 54 Female
6# 77 Female
T# 48 Male
8t 49 Male
Cagnin et al., 2017 9 69 Female Tau deposition in the nucleus basalis, amygdala, hypothalamus, hippocampus, and locus Autopsy
coeruleus.
TDP-43 aggregation in various microglial populations.
Montagna et al., 2018 10 75 Female Extensive white matter destruction and the presence of numerous macrophages and Biopsy
lymphocytosis.
No tau deposition.
Morales-Bricefio et al., 11 49 Male Frontal cortex: meningeal thickening, lymphocyte and microglia infiltration, edema, gliosis. Biopsy
2018 Cerebellum: edema, gliosis, and loss of Purkinje cells.
No tau deposition.
Schoberl et al., 2018 12 70 Female Tau-PET: increased tau deposition in the cerebellar hemispheres and midline, upper and lower ~ PET
brainstem.
TSPO-PET: microglia activation in the leptomeninges
Erroetal., 2019 13 71 Male Few perivascular CD8" T cell infiltrates and increased microglial activation in the posterior Autopsy

hypothalamus, amygdala, hippocampus, and brainstem.
P-tau deposition consistent with AD, no p-tau found in the brainstem.

#: 1gLONS antibody test was not done. Patients 3 and 4 are the same as the patients 1 and 2, respectively. AD: Alzheimer’s disease; CSF: cerebrospinal fluid; PET: positron emission

tomography; TSPO: translocator protein.
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Figure 1 | The crystal structure and possible configurations of IgLON5.

The possible trans-dimers (between cells), cis-dimers (homodimers or heterodimers
within the same membrane), and monomers in the synaptic cleft. Adapted from
Venkannagari et al. (2020). The crystal structures of the IgLON5 monomer and
homodimer were downloaded from Protein Data Bank Japan (PDBj) (https://pdbj.org/).
GPI: Glycosylphosphatidylinositol.

Perspective: Challenges and Future Directions

Anti-IgLONS disease was only recently described; accordingly, several
important questions regarding this condition remain to be answered.

First, what is the definite cause of anti-IgLON5 disease? Abnormal immunity,
viral infection, tumor, and genetic susceptibility are all possible etiologies.
Some patients exhibited vitiligo (Haitao et al., 2017) or renal oncocytoma
(Ramanan et al., 2018) before disease onset. Also, it is known that the skin
and adrenal glands express IgLON5 RNA. Meanwhile, the Epstein-Barr virus
(Ni et al., 2022b) and herpes virus (Wang et al., 2022) have been detected in
some patients, and either virus could induce cross-reactions. HLA-DRB1 was
proposed to present sequences in the signal peptide and Ig-like domain 2 of
IgLONS to CD4" T cells and induce antibody production (Gaig et al., 2019).
Furthermore, some patients display fasciculation (Wenninger, 2017) and
cardiac symptoms (Montojo et al., 2016). Given that IgLON5 was reported
to be present in skeletal muscle and myocardium, it should also be clarified
whether organs outside the central nervous system can be directly targeted.

Second, what are the differences between the IgG1 and IgG4 subtypes?
Current evidence only explains the effect of internalization of the I1gG1 subtype
in anti-IgLONS disease. The IgG1 antibody is bivalent and Fc-dependent, which
causes cross-linking between antigens and the complement cascade in other
diseases, such as anti-NMDAR autoimmune encephalitis (Hughes et al., 2010)
and neuromyelitis optica spectrum disorder (Duan et al., 2019). It seems that
the 1gG4 subtype mainly disrupts protein-protein interactions because of
the univalent nature of Fab-arm exchange, which affects signal transduction
and cell adhesion (Koneczny, 2020). 1gG4-mediated autoimmune diseases
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Figure 2 | The possible mechanisms underlying the pathophysiology of anti-IlgLON5S
disease.

HLA genotypes, viruses, and tumors are the probable triggers of anti-IgLONS disease in
clinical cases; these may induce B cell immunity. B cells may differentiate into plasma
cells and produce IgLONS antibodies in the peripheral blood. Moreover, lymphocytes may
infiltrate the central nervous systems through the disrupted BBB. Peripheral infiltration
or intrathecal synthesis of IgLONS antibodies can further cause neuronal damage via two
or more possible mechanisms. These include the irreversible internalization of IgLON5S
and the induction of inflammation in the microenvironment, such as glia activation. The
internalization of IgLONS may lead to the disruption of the cytoskeleton and synapses
through unknown mechanisms. Finally, the resulting neuronal damage may be the

cause of the neurodegeneration and p-tau deposition observed during pathological
examination. In addition to the already identified pathways, there may be other as yet
unknown mechanisms that could lead to neurodegeneration. BBB: Blood-brain barrier;
CSF: cerebrospinal fluid; HLA: human leukocyte antigen.
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are insidious and fatal (Perugino and Stone, 2020). These characteristics are
highly consistent with anti-lgLONS5 disease, suggesting the important role of
IgG4. As both subtypes are present simultaneously in patients, it should be
further clarified whether these subtypes exert dominant or synergistic effects
in this disease.

Third, which pathways mediate the effects of the antibodies on
neurodegeneration? As discussed above, the IgLONS antibody acts in concert
with IgLONS to initiate the neurodegenerative process. However, the specific
signaling pathways involved need to be further explored. IgLONS antibodies
may exist in the body for extended periods due to genetic abnormality,
thereby exerting long-term effects on neurons. In addition, inflammation
has been observed in vivo and may be another cause of neuronal damage.
Appropriate animal models must be established, such as those relating to
active immunity, to better explore the natural processes of the disease.

Finally, how can the diagnosis and treatment of anti-IgLON5 disease be
improved? Given the complex phenotypes and potentially poor long-term
outcomes, early diagnosis and treatment are needed to improve patient
survival and prognosis. As the IgLONS antibody may cause irreversible
damage to neurons, exploring new strategies in addition to traditional
immunotherapy, such as small-molecule targeted therapy (requires further
study of antibody structure), as well as developing neuroprotective therapy,
will be important for the future treatment of this disease.
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Additional Table 1 Clinical research of anti-IgLONS disease from 2014 to 2022
Study Patient information Clinical presentation Antibody CSF MRI Neuropathology Treatment Outcome HLA
Age (yr) Sex Typical syndromes Atypical symptoms Serum/CSF DRB1*1001/
(Male/Female) g B G C M DQB1*0501
Sabater et al., 2014 59 3/5 8/8 8/8 5/8 2/8 5/8 Oculomotor disroders(5/8), +/+(5/8) N(8/8) N(8/8) tau deposition in the Steroids(1/8), IVIg(1/8), Not improved(2/8), +/+(4/4)
(52-76) dysautonomia(7/8) +/NK(3/8) tegmentum and steroids+CTX(3/8), not improved+deceased(5/8),
hypothalamus(2/8) steroids+IVIg+CTX(1/8), improved-+deceased(1/8)
steroids+RTX(1/8), steroids+IVIg+RTX(1/8)
Hogl et al., 2015 54 0/1 + + Mild bilateral ptosis, mild +/+ NK NK NK CPAP, modafinil, laterofixation of left vocal ~ Partially improved +/+
broadbased gait cord deceased
Simabukuro et al., 71 0/1 + + + + Oculomotor disorders, +/+ Mild pleocytosis, N NK CPAP, haloperidol, IVIg, RTX Not improved +/+
2015 depression increased protein
Briiggemann et al., 64 1/0 + + + + Oculomotor disorders, +/- Mild increase of total N NK BiPAP, steroids, IVIg, RTX, baclofen Partially improved +/+
2016 dysautonomia tau and p-tau deceased
Haitao et al., 2016 64 0/1 + + + + Burning pain of buccal cavity =~ +/+ Increased protein N NK Levodopa, benserazide, IVIg, MMF Substantially improved -/+
and tongue
Montojo et al., 2016 70 0/1 + + + Oculomotor disorders, +/NK NK mesencephalic atrophy NK IVig Stable deceased NK
dysautonomia
Bonello et al., 2017 45 1/0 + + + + Neck pain, depression, +/+ Pleocytosis, increased N NK Prednisolone, IVIg, plasmapheresis, CTX Substantially improved +/+
weight gain protein
Gaig et al., 2017 64.5 10/12 22/22 20/22 16/22 9/22 14/22 Oculomotor disorders(13/22),  +/+(14/16) pleocytosis(6/20), Mild brainstem NK Methylprednisolone(13/20), IVIg(11/20), Partially improved(2/20), +/+(13/15)
(46-83) dysautonomia(14/22) +/-(2/16) increased protein(10/20), atrophy(3/22), bilateral RTX(9/20), plasmapheresis(6/20), not improved(18/20),
OB(+)(1/14) hippocampal atrophy(1/22) CTX(5/20) deceased(13/22)
Haitao et al., 2017 61 1/0 + + + Vitiligo, paroxysm +/+ N NK NK IVIg, prednisone, MMF Partially improved +/+
unconsciousness, visual
hallucinations
Honorat et al., 2017 62 9/11 12/20 12/20 14/20 6/20 13/20 Oculomotor disorders(8/20), +/+(7/20) Increased protein(5/8) Leukoariotic changes(6/20), NK CPAP(3/20), steroids(3/20), Substantially improved (2/10) NK
(46-75) neuropsychiatric +/NK(12/20) cerebral atrophy(6/20), steroids+AZA(1/20), steroidstMMF(1/20), partially improved (5/10)
disorders(8/20), NK/A+(1/20) cerebellar atrophy(2/20) steroids+CTX+AZA(1/20), initially improved with
dysautonomia(9/20), steroids+plasmapheresis(1/20), subsequent worsening(1/10)
electrographic seizures Ster+1VIg+MMF+RTX(1/20), not improved(1/10)
(1/20), peripheral IVIg+plasmapheresis (1/20), not improved+deceased(1/10)
neuropathy(8/20) plasmapheresis(1/20) deceased(3/20)
Schroder et al., 2016 77 0/1 + + Right-sided ptosis, peripheral ~ +/NK NK N NK Tracheotomy, methylprednisolone, steroids, Substantially improved NK
facial palsy, weight loss plasmapheresis deceased
Wenninger, 2017 58 1/0 + + + +/+ N N NK Prednisolone, physiotherapy Partially improved NK
deceased
Macher et al., 2018 71 0/3 + + + Vertigo, seizure +/+(3/3) Increased protein(3/3) T2 abnormalities in NK Steroids, IVIg, immunoadsorption, RTX, One patient diagnosed after 7 NK
(64-76) hippocampal (1/3), T2 AZA, CTX years of bilateral vocal cord palsy
abnormalities in globus had improved
pallidus bilateral (1/3)
Montagna et al., 75 0/1 + + Neuropsychiatric disorders, +/+ Mildly increased Spotty enhancement in the severe white matter destruction Steroids, plasmapheresis, levetiracetam, Substantially improved +/+
2018 fever, seizure protein, OB(+) right temporal and with many macrophages and AZA
frontal lobes, focal lymphocytosis. no tau deposition
leptomeningeal enhancement
and edema
Morales-Bricefio et 49 1/0 + + + + Cold intolerance, +/+ N N frontal cortex: meningeal Plasmapheresis, IVIg, RTX NK +/+
al., 2018 hypersalivation thickening, lymphocyte and
microglia infiltration, edema,
gliosis. cerebellum: edema,
gliosis, loss of Purkinje cells. no
tau deposition
Moreno-Estébanez 65 1/0 + + + + Emotional lability +/+ Pleocytosis Paramagnetic deposits inthe ~ NK Tetrabenazine, quetiapine, trazodone, CPAP,  Partially improved +/+
etal., 2018 basal ganglia, substantia methylprednisolone, RTX
nigra, red nucleus
Ramanan et al., 73 1/0 + + + Constipation, confusion, +/+ Increased protein, Subtle T2 hyperintensities in ~ NK Outside hospital: antimicrobials, Rapidly improved NK
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2018 emotional lability headache, pleocytosis hypothalamus antiepileptics, dexamethasone
chills, fever, renal Mayo Clinic: supportive care
oncocytoma
Schoberl et al., 2018 70 0/1 + + + Oculomotor disorders, +/+ Pleocytosis, increased N tau-PET: increased tau deposits Steroids, AZA Partially improved NK
cerebellar symptoms, protein in cerebellar hemispheres and
depression midline, upper and lower
brainstem. TSPO-PET: microglia
activation in leptomeninges
Tao et al., 2018 57 1/0 + + + Limb weakness, muscle +/+ N N NK Mechanical ventilation, prednisolone, IVIg, Not improved +/+
atrophy plasmapheresis
Vetter et al., 2018 79 0/1 + + + +/+ Intrathecal antibody N NK NK NK NK
synthesis, elevated tau
and p-tau
Bhatia and Singh, 58 1/0 + + + + + Cerebellar symptoms +/NK NK T2 hyperintensities in NK CPAP, ropirinole, BiPAP Partially improved +/+
2020 bilateral ventricles HLA-DR*14
Brunetti et al., 2019 69 1/0 + + + Dysautonomia +/+ NK N NK Tracheotomy, I[VIg, prednisolone, AZA Substantially improved +/+
Chen et al., 2020 40+ 0/1 + Psychobehavioral disorders, +/NK Increased protein Reduced diffusion in bilateral NK Paroxetine, buspirone, methylprednisolone, Partially improved +/+
headache, fever, vomit, dorsal midbrain, deep plasmapheresis deceased
generalized seizures cerebellar white matter,
superior cerebellar
peduncles, superior
cerebellar decussation,
ventrolateral thalamus
Chung et al., 2019 58 1/0 + + + + + Psychobehavioral disorders, +/+ NK N NK Methylprednisolone, plasmapheresis, CTX Partially improved +/+
weight loss (IgLONS)
+/- (GABABR)
Gaig et al., 2019 63 17/18 Parasomina(18/  25/35 21/35 21/35 chorea(5/35), Oculomotor disorders(18/35), NK NK NK NK NK Substantially improved(5/19) +/+(20/35),
(42-81) 35), sleep ataxia(1/35) , dysautonomia(16/35) -/+(7/35)
breathing stiff-person(1/35) MAPT H1(22/27)
disorder(27/35)
Logmin et al., 2019 56 1/0 + + + Oculomotor disorders +/+ Increased protein, Macroadenoma of the NK Tiapride, corticosteroids, IVIg Substantially improved -+
increased p-tau pituitary gland
Nissen and 61 1/0 + + + + + Oculomotor disorders +/+ Mild pleocytosis T2 hyperintensities in white NK CPAP, steroids, plasmapheresis, RTX, Partially improved +/+
Blaabjerg, 2019 matter of brainstem tracheotomy
Aslam and Shill, 58 1/0 + + + + Anxiety, dysautonomia, cold Positive N N NK IVIg, steroids, CTX, olanzapine, Worsening NK
2020 intolerance, headache (details were tetrabenazine, plasmapheresis, RTX
unknown)
Erro et al., 2019 71 1/0 + + + + + Weight loss +/+ N N few perivascular CD8+ T-cell and  IVIg Not improved +/+
microglial activation in posterior deceased
hypothalamus, amygdala,
hippocampus, brainstem;
pTau deposition consistent with
AD, no pTau in brainstem
Fuseya et al., 2020 78 0/1 + + + Cortical sensory deficit +/- NK CORTICALI atrophy mainly NK Methylprednisolone, IVIg Partially improved -/+
in right parietal lobe HLA-DRBI1*01:01
Griiter et al., 2020 82 0/1 + + + + Dysesthesia, dysautonomia, +/NK NK N NK IVIg Complete recovery -+
right-side ptosis
Hansen et al., 2020 65 1/0 + + + + Axonal neuropathy +/+ Pleocytosis, mildly Right-side frontal subcortical ~NK Methylprednisolone Partially improved NK
increased lesions, unspecific
phosphorylatedTau-18  periventricular white-matter
1, BBB disturbance lesions, mild global atrophy
Peeters et al., 2020 65 0/1 + + + + + +/NK N N NK Steroids, plasmapheresis, RTX Worsening +/+
Aghelan etal., 2022  37.5(33-48) M+F=4 Isolated chronic insomnia disease +/NK(4/4) NK NK NK NK NK NK
Asioli et al., 2021 68 0/1 + + + + Fragmented ocular pursuit, +/+ Mild pleocytosis Calcification in bilateral NK Pramipexole, IVIg, plasmapheresis Not Improved +/+
apathy, depression pallidal nuclei deceased
Chen and Vasani, 70 1/0 + + +/NK N N NK Methylprednisolone, tracheostomy Substantially improved NK

2021
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El Shazly et al., 67 0/1 + + + Stroke, depression, diabetes +/+ N N NK CPAP, gastric bypass surgery, Partially improved NK
2021 mellitus type 1 methylprednisolone, IVIg, plasmapheresis,
AZA
Gaig et al., 2021 62 40/32 63/72 53/72 52/72 38/72 27/72 Neuromuscular(10/72), +/+(52/72) Pleocytosis(17/63), brainstem atrophy(6/70), NK Immunotherapy(55/72) Sustained improvement of +/+(35/36)
(42-91) oculomotor disorders(45/72),  +/-(6/72) increased cerebellar atrophy(3/70), movement disorders(7/55) +/-(1/36)
dysautonomia(38/72) +/NK(14/72) protein(29/63), other abnormalities(3/70)
OB(+)(5/28)
Gonzélez-Avila et 66 1/0 + + + + + Oculomotor disorders, NK/+ N frontal atrophy NK NK NK NK
al., 2021 diabetes mellitus type 2
Helmchen et al., 74 0/1 + + Bilateral vestibulopathy, +/+ NK N NK Doxycycline, IVIg, RTX NK +/+
2021 tingling and paresthesia in
lower legs, broad-based gait
Liu et al., 2021 62 1/0 + + +/+ NK N NK Carbamazepine, escitalopram, prednisolone,  Substantially improved NK
tacrolimus
Macher et al., 2021 72(64-77) 1/3 4/4 3/4 1/4 4/4 3/4 Oculomotor disorders(4/4), +/+(3/4) Mild pleocytosis(1/4),  Bilateral hippocampal NK Steroids, IVIg, plasmapheresis(3/4); Stable(2/4) NK
(3/4) dysautonomia(2/4), slightly increased atrophy(1/4), AZA, RTX, CTX(2/4) deceased(1/4)
polyneuropathy(3/4), protein(4/4) leukoencephalopathy(2/4),
seizure(1/4), vertigo(1/4) ischemic area thalamus(1/4)
Park et al., 2021 84 0/1 + + + + + Oculomotor disorders, NK/+ N Left temporal meningioma, NK Warfarin, sertraline, hydrocodone, Worsening NK
psychobehavioral disorders, persistent leptomeningeal acetaminophen (refused steroid and
dysautonomia enhancement in cerebellum immunosuppressive therapy given the risks)
and upper cervical spinal
cord
Pietal., 2021 37 1/0 + + Left abducent paralysis +/- OB(+) Diffusion restriction in left NK Steroids, IVIg, MMF Complete recovery HLA-DRBI1*11:01,
tegmentum of midbrain and *15:01
occipital horn of right lateral HLA-DQB1*03:01,
ventricle *06:02
Shambrook et al., 59 0/1 + + + + Oculomotor disorders, +/+ N N NK Clonazepam, steroids, plasmapheresis, RTX,  Substantially improved NK
2021 psychobehavioral disorders, CTX, neuroleptics
cerebellar symptoms, weight
loss
Stoyanov et al., 50 1/0 Visual hallucinations, +/NK NK Right temporal lobe changes =~ NK Anticonvulsants, AZA, prednisone Complete recovery NK
2021 musical hallucinations of
mainstream popular music,
speech difficulties, headache,
seizures
Swayne et al., 2021 70 NK + + + Speech disturbance, +/+ Increased protein NK NK IVIg, RTX Partially improved NK
dysautonomia, flu-like illness
Tagliapietra et al., 65 0/1 + + + + Oculomotor disorders, +/- Increased protein T2-hypeintense in brainstem NK IVIg, prednisone, AZA, tracheostomy Partially improved DQB1*05
2021 constipation, cough, fatigue, tegmentum from open DQAI1*01:01,
headache, diabetes mellitus medulla oblongata to the *01:02
type 2 caudal pons and DRBI1*01, *15
hypothalamus MAPT H1
Villacieros-Alvarez 74 0/1 + + + Oculomotor disorders +/+ N N NK Methylprednisolone, IVIg Partially improved -/+
et al., 2021
Wang et al., 2021 62 1/0 + + + Psychobehavioral disorders, +/- Increased pressure, N NK Cefoxitin sodium, oseltamivir, acyclovir, Rapidly improved +/+
dysautonomia, fever, increased protein, mannitol (no immunotherapy)
headache pleocytosis
Werner et al., 2021 70 5/0 4/5 5/5 2/5 2/5 4/5 Dysautonomia(4/5) +/+(2/5) mild-to-moderate N(5/5) NK CPAP+ BiPAP (2/5), CPAP+ASV(2/5), Partially improved(2/5), +/+(3/5)
(52-77) +/-(2/5) increased protein(5/5) mercaptopurine(1/5), not improved(3/5) Patient 1:
+/NK(1/5) methylprednisolone(3/5), IVIg (1/5), DQB1*05:01,
plasmapheresis(4/5), RTX(4/5) DRB1*01:01,
DRB1*04:04
Patient 3:

DRBI1*03: 01
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Ye et al., 2021 2 1/0 + + Langerhans cell histiocytosis,  +/- N Enhancement of the NK Chemotherapy, immunotherapy NK -/-
nystagmus meninges and spinal cord
Griiter et al., 2022 63.8+10.3 32/21 27/53 29/53 21/53 15/53 Neuromuscular Psychobehavioral +/+(43/53) Pleocytosis(17/51), NK NK First-line short-term immunotherapy(27/53),  Improved after short-term +/+(22/44)
(40-82) hyperexcitability disorders(9/53), +/-(6/53) OB(+)(6/47), long-term immunotherapy(36/53) therapy(11/27), -/+(10/44)
(18/53), dysautonomia(19/53) +/NK(3/53) blood-CSF-barrier stable after long-term -/-(10/44)
hyperkinetic(11/53), -/+(1/53) dysfunction(21/46), therapy(27/36), +/-(1/44)
hypokinetic(5/53) increased deceased (10/53) +/NK(1/44)
protein(24/51),
increased
total-tau(1/25),
increased p-tau(3/20),
decreased APi142(2/27),
decreased
APi1-421140(1/16)
Ni et al., 2022 60 7/6 8/13 4/13 4/13 713 6/13 Diplopia(2/13), +/+(6/13), Increased Brain atrophy(2/13), white NK Steroids+IVIg(5/10), IVIg(2/10), Responded well(4/10), +/+(4/7)
(33-73) psychobehavioral disorders +/-(6/13), protein(5/10), matter lesions(2/13), steroid(2/10),  IVIg+CTX+MMF(1/10), responded poorly(6/10) -/-(3/7)
(7/13), dysautonomia(4/13), -+(1/13) pleocytosis(2/10) diffuse antiviral+immunotherapy(1/10)
seizure(1/13), signs of leukoencephalopathy(1/13),
infection(2/13) focal swelling in right frontal
cortex(1/13), bilateral lesions
in hippocampus(1/13)
Videnovic et al., 67 1/0 + + + + + Dysautonomia, diabetes +/NK NK Moderate bilateral neural NK Melatonin, trazodone, riluzole, CPAP, Partially improved NK
2022 mellitus type 2 foraminal narrowing in modafinil, methylprednisolone, IVIg, RTX
C3—C4, punctate subacute
infarct in the left posterior
centrum semiovale, chronic
infarcts in left middle frontal
gyrus and right cerebellum,
moderate-to-severe
white-matter changes
Strippel et al., 2022 68 M+F= 11 8/11 9/11 711 2/11 Oculomotor disorders(7/11), +/+(8/11) Increased protein, NK NK Methylprednisolone(11/11), Stable(patients with increased NK
(49-81) neuropathy(2/11), +/NK(3/11) pleocytosis(3/10), plasmapheresis(9/11), AZA(1/11), CSF plasma cells, treated with
neuroendocrine tumor(1/11) Blood-CSF-barrier RTX(4/11), immunoadsorption(3/11) RTX)(4/11)
impairment(6/10),
OB(+)(1/10),
increased intrathecal B
cells and plasma cells
Wang et al., 2022 51 1/0 + + Fever, coma, seizure, NK/A+ Increased protein, T2 hyperintensities in left NK Acyclovir, IVIg, methylprednisolone, Partially improved +/+
psychobehavioral disorders pleocytosis temporal lobe and antiepileptic
hippocampus
Bhatti, 2022 75 0/1 + + + Oculomotor disorders +/NK NK Incidental right middle NK Botulinum toxin, IVIg NK NK
cranial fossa arachnoid cyst
Cao et al., 2022 77 1/0 + + + + + Oculomotor disorders +/+ Pleocytosis, increased N NK Plasmapheresis, steroids, AZA Not improved NK
protein deceased
Fuetal., 2022 61 0/1 + + Epileptic seizures, acute +/+ N Abnormal signals and NK Intravenous thrombolysis, [VIg, Complete recovery -/+
ischemic stroke increased volume of the right levetiracetam, RTX
hippocampus and a few
unspecific periventricular
white matter lesions
Urso et al., 2022 63 1/0 + + + + Dysautonomia, oculomotor +/+ N Temporal atrophy, NK NK NK NK

disorders

high-convexity tight
sulci(hyperperfusion in this
area), midbrain atrophy

molecule 5; IVIg: intravenous immunoglobulin; M: movement disorders; MMEF: mycophenolate mofetil; N: normal; NK: not known; OB: oligoclonal band; PEG: percutaneous endoscopic gastrostomy; RTX: rituximab; S: sleep disorders.

ASV: Adaptive servo-venti; AZA: azathioprine; B: bulbar syndrome; BBB: blood brain barrier; BiPAP: bilevel positive airway pressure; C: cognitive impairment; CPAP: continuous positive airway pressure; CSF: cerebrospinal fluid; CTX: cyclophosphamide; G: gait instability; HLA: human leukocyte antigen; IgLONS: immunoglobulin-like cell adhesion
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